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Impedance measurement techniques for DC biased systems

Literature study and experimental evaluation of interfaces for impedance measure-
ment of DC-biased systems in electric vehicles.

Axel Henriksson

Department of Electrical Engineering

Chalmers University of Technology

Abstract

This thesis compiles information about six methods for impedance measurement of
DC biased systems. It describes a physical interface for low-voltage Devices Under
Test (DUTSs) using the shunt-through method with DC-blocking capacitors. The
interface is used to measure impedance versus frequency of three pouch cells of dif-
ferent dimensions and chemistries.

In addition to the cell measurements, a separate set of measurements are carried out
on inductors and capacitors with and without the use of the DC-blocking interface.

The measurements show how parameters such as heat, conductor length and mea-
surement setup aledt the measured impedance. An interface model is presented
that explains in what frequency and DUT impedance ranges each parasitic interface
parameter aledts the measurement results, and in what way.

The conclusion of the thesis is that the used capacitor-based impedance measure-
ment method was not accurate when measuring the low impedance of an electric
vehicle battery cell. However, with the modification and improvements outlined in
the thesis, the interface type could be used to measure devices with larger impedance,
such as a complete high voltage electric vehicle battery consisting of the same cells.

Keywords: EMC, Batteries, impedance, EIS, Impedance Spectroscopy, Power Elec-
tronics.
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1

Introduction

1.1 Background

With electri cation of transport being considered one of the pillars of the green
transition, the demand for electric vehicles (EV) and electric vehicle research has
increased drastically.

For EV manufacturers the focus is on increasing product value while simultaneously
reducing development and manufacturing cost. In order to improve and optimize
existing EV high voltage (HV) systems, increasingly detailed and accurate knowl-
edge of the system behaviour is required.

For departments responsible for the products' adherence to electromagnetic compat-
ibility (EMC) directives, accurate knowledge of their subsystems' intended as well as
unintended electrical behaviour is vital. Knowledge of the subsystems' impedance
from DC up to GHz allows for e ective design of lters that reduce the system's
electromagnetic emissions and thus improve electromagnetic (EM) compliance. This
system knowledge also opens up for new design optimizations, leading to improved
performance and reliability per cost.

Due to the high sensitivity to component geometry and synergy, measurements of
these impedances are ideally carried out on the complete powertrain as it is to be
used for the application. This poses a challenge as o -the-shelf (OTS) impedance
measurement instruments are incompatible with the high voltages of the powertrain.

1.2 Previous work

Volvo Cars and Chalmers have previously collaborated on creating time- and frequency-
domain models of electric powertrains. The project presented in [1] models the com-
plete powertrain of a Volvo Car. For this purpose EIS measurements were conducted
on single cells, a small number of active cells, and on the complete battery after the
cells of the pack had been discharged and made inert. The results were compared
with pre-existing full battery impedance data and it was found that extrapolating
single cell behaviour to the complete pack level fails to approximate the true pack
impedance above kHz. At high frequencies, the inductive e ects of conductors and
other components will dominate the pack level impedance. It was also found that
inert packs are not entirely representative of the energized pack. The report presents

1



1. Introduction

a detailed impedance model of the battery pack capturing both Di erential-Mode
(DM) and Common-Mode (CM) behaviour over a wide frequency rangel[1].

Per Widek conducted high-frequency, battery pack level impedance measurements
with the help of a capacitive DC blocking interface in his licentiate thesis[2]. The
approximate bandwidth was600Hzto 1 MHz. Measurements were conducted on
a 750VDC system. Information on the specics of the measurement interface is
restricted.

Reference [3] presents a method of measuring frequency-dependent impedance of
high-voltage batteries. Few speci cs are provided and the measurement accuracy is
not thoroughly discussed.

In the literature there is a lack of documented impedance measurement methods
that can measure impedance of DUTs with a DC-bias of up t800 V.

1.3 Purpose

The purpose of this thesis is to lay the foundation for the development of an
impedance measurement method that is applicable for energized HV EV batter-
ies and powertrains. The end goal of the method is to enable the collection of
impedance data used in guiding the design process of EMC lIters for any measured
system.

The thesis will achieve this goal by investigating what is required to go beyond the
limited voltage and frequency range of documented impedance measurement meth-
ods. This will be done through literature review, construction and validation of an
exemplary low voltage interface; and through a proposal for an interface capable of
HV battery impedance measurement. The goal of the proposed method is to enable
measurements up t0 MHz at the presence of DC voltages of up t800 VDC. Both
common mode and di erential mode measurements are to be investigated.

The thesis intends to identify the possible limitations, compromises and sources of
error that need to be regarded in the design of these kinds of interfaces. It also
proposes ways for future interfaces to further improve the measurement bandwidth.
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Theory

2.1 Impedance

Impedance is the complex relation between AC voltage and current. The impedance
of an electric circuit element determines the phase shift and amplitude ratio between
the complex voltage across the element and the complex current through it;

Z:R+jX:\I/ (2.1)

whereR = Re(Z) is the element's resistance, anX = Im(Z) its reactance. Thus,
for a purely resistive element, the impedance is only real;

Zr = R (2.2)
For capacitive and inductive elements the reactance varies by frequency. As;

o o1
Ze=Xc= e (2.3)
Zo= XL =]l (2.4)

wherelL is element inductance(C is element capacitance antl =2 f is the angular
frequency of the AC voltage or current.

2.1.1 Representation

Impedance can be represented in di erent ways that are presented in this section.
A simple impedance network is used as an example (Figure 2.1) and consists of
C=1 F,L=1mH andR =1k connected in series.

H 1k 1mH

° I e A
]

Figure 2.1: Example circuit model.

Its impedanceZ can be expressed analytically using as

1
Z=__—_ +R+jlL 2.
iic i (2.5)



2. Theory

or
Z=R+] IL ! 2.6
= | c (2.6)
This results in an impedance magnitude of
S
1 2
Z = R2+ IL o8 (2.7)
and an impedance phase of
!
L &
argZ = arctan —Rr (2.8)
(b) Nyquist representation from
(a) Cartesian representation of 1Hz to 50 Mhz of the impedance
impedance at a speci ¢ frequency. of the circuit in Figure 2.1.

Figure 2.2: Representations of the impedance of the circuit in Figure 2.1.

From the expressions in section 2.1, the impedance can be presented as in Figure
2.2a. For non-ideal elements, this only represents the DUT impedance at a speci c
frequency.

As the impedance of real components vary with frequency, impedance is often rep-
resented in a nyquist-plot such as the one seen in Figure 2.2b. Here, the DUT
resistance and reactance are plotted on the x- and y-axis respectively. This repre-
sentation is commonly used in Electrochemical Impedance Spectroscopy (EIS) to
make the relation between physical phenomena and cell impedance more intuitive.

For battery cell EIS data, the convention is to invert the imaginary axis so that
negative (capacitive) reactance is positive (up) and positive (inductive) reactance
Is negative (down). This convention is followed in Figure 2.2b and all following
nyquist-plots.

4



2. Theory

(a) Impedance magnitude. (b) Impedance phase.

Figure 2.3: Impedance of the example circuit in Figure 2.1.

By separating impedance magnitude and phase, the frequency dependent impedance
can be represented in a Bode diagram (Figure 2.3). In this representation each ele-
ment can be seen to dominate in its own frequency band. The DUT can be consid-
ered capacitive up to300 Hz resistive between300 Hzand 100 kHz and inductive
abovel00kHz This is seen both in the slope of the impedance magnitude plot (Fig-
ure 2.3a), and in the phase of the DUT impedance (Figure 2.3b). A decreasing slope
for the impedance magnitude and a phase of90 indicates capacitive behaviour;

no impedance slope and a phase 0f indicates resistive behaviour; a decreasing
impedance slope and a phase 60 indicates inductive behaviour.

2.1.2 Capacitance

Capacitance is the ability of two conductive elements, that are electrically isolated
but still capacitively coupled, to store electric charge.

Theoretically, the capacitance between two plates can be calculated as

A
c=7 (2.9)

where is the dielectric absolute permittivity, A is the area with which the plates
overlap, andd is the distance between the plates.

Fringe capacitance is additional capacitance that extends outside the area with which
the plates overlap.

2.1.3 Inductance

Inductance is the tendency of a conductor to resist change in the current conducted
in it (see (2.10)).

di
& (2.10)

A change in this current changes the magnetic ux surrounding the conductor. The
inductance of a conductor increases when it is easier to change this electric eld.

v(it)=L

5



2. Theory

For example, a conductor surrounded by a toroid of a material with low reluctance
(i.e. high permittivity) has a higher inductance than one surrounded only by air.

2.1.3.1 Circuit loop area

The area which an electrical conduction path forms in space a ects the leakage
inductance of the conductor. A large loop area results in higher leakage inductance
according to [4];

D 8
L — In —— 2 : 2.11
loop or 2 d ( )
A large loop area also makes the circuit in question sensitive to external electromag-
netic ux interacting with the loop area. This ux may induce small undesirable

currents, i.e. disturbances, in the circuit.

2.1.4 Non-electrical elements

In some cases, non-linear elements that have no electrical equivalent are used for
phenomena which cannot otherwise be expressed. One example is the Warburg
impedance shown below;

Zw = P+ P+ (2.12)
|
2.1
W W W (2.13)

For cell modelling, the Warburg impedance is often used to achieve a constant
impedance phase below a certain frequency. This behaviour is for modelling chemical
phenomena [5] and is irrelevant for measurements aboli&Hz.

2.1.5 Measurement

The impedance of a component is measured by either applying a voltage across it
and measuring the resulting current (potentiostatic measurement), or injecting a
current into it and measuring the resulting voltage (galvanostatic measurement).
This is usually done across a speci ¢ frequency range for passive components, lters
and antennas.

Dedicated impedance measurement instruments such as vector network analyzers
(VNAs), Impedance Analyzers (IAs) and Frequency Response Analyzers (FRAS)
combine both excitation and measurement in a simple package.

Other instruments are speci cally designed for Electrical Impedance Spectroscopy
(EIS) where there often is a DC bias present. An example is potentiostats from
Gamry Instruments, such as the Gamry Reference 3000.

6



2. Theory

2.1.6 Deembedding

Impedance deembedding is the process of extracting the sought impedance from
a measurement by mathematically compensating for known parasitic impedances.
This can be considered a form of instrument calibration for the speci ¢ measurement

setup.

The unwanted impedances are commonly parasitic impedances such as series resis-
tance and inductance stemming from cable length, or parallel capacitance stemming
from conductor proximity. If there are other intentional elements in the measure-
ment circuits such as connectors, diodes and fuses, the impedances they impose on
the measurement circuit should also be deembedded from the measurement results.

Impedance measurement instruments include some type of setup compensation de-
pending on the measurement method in use. For most measurements open-short-
load calibration is preferred as it enables measurement of the full S-parameter matrix
(see (2.15)).

In the case of the shunt-thru and series-thru methods (see 3.3.1 and 3.3.2 respec-
tively), only the transmission gain S;;, see 2.1.7) is required [6]. Because the
parasitic impedances are in series with the DUT, they can be measured and com-
pensated for simply by shorting the two DUT connectors, simplifying the calibration
procedure.

The best approach is to design the physical measurement circuit so as to need as
little deembedding as possible. This results in the highest contrast between the
sought impedance and any parasitic impedances. A common example of this is 4-
wire measurements, that are used when the DUT resistance is on the same order of
magnitude as the resistance of the test leads, i.e. very small. 4-wire measurements
circumvent this problem by having separate leads for the test current and the voltage
measurement.

2.1.7 Scattering Parameters

Scattering parameters is a term used mostly in the context of Radio-Frequency (RF)
engineering and other electrical engineering domains at high frequencies.

S-parameters present a way to abstract a complex electrical system into a black
box with a set number of electrical ports. When an AC signal is transmitted from
a porti to a port j (may be the same in the case of re ection ), the resulting gain
and phase shift of the signal is expressed in the complex parame8r. l.e. §; is
the speci c transfer function for the transmission of any signal from port to port

J.

b = Sij a; (214)

Where g; is the input signal andh is the output signal.
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S-parameters for a multi-port system are represented in an n wheren denotes
the number of input ports. The S-matrix for a two-port network (e.g. a battery
with a negative and positive pole) is written as

"bl# "S s #" #
_ O11 SO12 &
v St Sz & (2.15)
where

S;1 is the input port re ection coe cient.

S,, is the output port re ection coe cient.

S, is the input port transmission coe cient (or reverse voltage gain )

S, is the transmission coe cient (or forward voltage gain )
Here, diagonal parameters are re ection coe cients as the signal enters and exits
the two-port system at the same port (i.e. a; to b, and a, to b,). O -diagonal
parameters are transmission coe cients as the signal is transmitted from one
port to another (i.e. a; to b, and a, to b)[7].
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Method evaluation

There are a number of methods used for measuring impedance on DC-biased sys-
tems. Each method exhibits di erent pros and cons. In this chapter, the most
promising methods are presented and conclusions are drawn on which methods to
implement.

3.1 Voltage-current measurement with transformer
probes

This method is presented in [8] and [3]. The measurement (Figure 3.1) is conducted
with voltage and current probes connected to a VNA from which impedance is
calculated using (2.1).

Figure 3.1: Diagram of the direct measurement method.

3.1.1 \Voltage probe

Voltage is measured through a DC-blocking high-pass lIter. This enables the mea-
surement of the injected AC signal without the system's high voltage DC or low-
frequency (LF) components damaging the ampli er or interfering with the signal.
The fact that the signal is bu ered by an external high impedance di erential ampli-

er means the signal receiver a ects the measurement minimally. The absence of a
grounding connection common to the other injection and receiver ports means that
ground loops are eliminated as well. These would otherwise a ect low impedance
measurements at low frequencies.



3. Method evaluation

Note that for the voltage measurement, the high voltage DC-bias is blocked by the
Iter. This protects the ampli er's low attenuation, low-voltage input. If a high
voltage di erential ampli er with built-in all-band attenuation is used (such as the
Tektronix THDP0200 with its input attenuation of 500x in its 1:5kV mode[9]), the
AC signal will be very small and di cult to measure accurately.

3.1.2 Current probe

The small signal current can be measured either with a current-sensing shunt resis-
tor or a transformer-based measurement probe.

3.1.2.1 Resistance-based

For the shunt resistor case, a di erential probe would measure the voltage across
the resistor as in Figure 3.2. The value of the resistance will determine the signal
strength ratio between the current measurement and the voltage measurement. A
larger resistance leads to a larger current sensing signal amplitude, but also a smaller
voltage sensing signal amplitude for the same injected power. This can be tuned for
a given DUT impedance in order to obtain the best signal-to-noise ratio for each
voltage or current receiver without overloading them.

The Bode 100 has settable input attenuation on each receiver to prevent receiver
overloading at a given injected power. The downside to this is that the signal power
is lost in the attenuator. By tuning the current shunt resistance, the signal strength
of the current signal receiver can be transferred to the voltage signal receiver, and
vice versa.

The Gamry Reference 3000 utilizes a current sense shunt resistor and is able to
multiplex resistances in decades froBOm to 500M for the best measurement
accuracy[10].

3.1.2.2 Inductance-based probes

An important consideration in the use of inductive coils is their susceptibility to
external and common mode noise. The injected AC voltage can easily couple to the
output of the current probe if the probe is placed on the positive pole. This e ect is
small but increases with frequency. It is recommended to conduct the measurement
on the grounded negative pole of the DUT[11], however grounding the DUT would
in this case mean an increased risk as a single isolation fault can cause a catastrophic
failure.

Rogowski coils are a common inductive current measurement probe. The investi-
gated coils were however not precise enough for the application. For example, the
Teledyne LeCroy T3RC0120-UM has a noise oor af0 mA and a limited bandwidth

10



3. Method evaluation

of 34Hz 30 MHz[12].

Reference [2] used a Pearson 2877 wideband current monitor for impedance mea-
surements. Two similar current probes were evaluated and the results can be seen
in Section 6.3.2.

3.1.3 Signal injection

The AC sweep signal is injected through a high-voltage interface, usually an injec-
tion transformer.

There are a number of injection transformers available on the market; however,
none have been found that are suitable fd800 V systems. Most also lack satisfac-
tory bandwidths. For the application, designing one or more custom transformers
will be required. To measure the complete frequency range, multiple measurements
with transformers optimized for di erent frequency ranges will be required. The
designing of such transformers is outside the scope of this work.

Depending on the topology of the current probe, it may also be possible to utilize
a second measurement probe in reverse to induce the excitation current in the
measurement circuit. This is however not investigated in this thesis.

It is possible to use a capacitor pair for signal injection, foregoing the injection
transformer. This approach is discussed further in section 3.2.

3.2 \Voltage-Current Measurement with DC Block-
ing Capacitors

In [2], Per Widek used a custom HV interface for high voltage battery measurements

with a PSM3750 Frequency Response Analyzer (FRA). This method uses the same
voltage and current measurement principle as discussed in section 3.1, only that it
utilizes capacitive interfaces also for signal injection and current measurement. The

voltage measurement is practically identical to the one in section 3.1.

11



3. Method evaluation

Figure 3.2: Diagram of Per Widek's di erential capacitor interface [2].

In this method (see Figure 3.2), the signal generator of the FRA injects a swept-
frequency signal across the DUT through a pair of DC blocking capacitors and a
common mode choke (CMC). The current measurement is implemented indepen-
dently and consists of 80 shunt resistance, the voltage over which is measured
by a di erential ampli er. The input of the ampli er is isolated by the use of capac-
itors and conditioned with a common mode choke. The DUT voltage measurement
is conducted identically to the voltage measurement over the current shunt.

Although not speci ed by Widek, it is presumed that both ampli ers have a high
input impedance and are mounted on the interface PCB as close to the agitation
signal circuit as possible.

3.2.1 Limitations

The estimated bandwidth of the interface is approximately6O0Hz 1 MHz. This
bandwidth was determined by comparing impedance measurements of a capacitor
with and without the interface [13]. Little information on the implementation of the
method is available beyond the diagram in Figure 3.2. The interface's practicality
and bandwidth-limiting factors are unknown without further investigation.

At low frequencies, Widek encountered changes in permittivity within the blocking
capacitors leading to changes in their capacitance. This is acceptable as long as the
per-frequency capacitance is unchanged from the time of calibration to the time of
measurement.

If there are other changes in setup impedance in-between calibration and measure-
ment (e.g. due to the blocking capacitors' applied DC bias or temperature) the
impedance di erence will be interpreted as part of the DUT impedance.

The lower impedance limit can possibly be reduced by increasing the DC block ca-
pacitance [13].

For high frequencies, the DC-blocking capacitors are expected to form resonant cir-
cuits with the parasitic inductances present in the setup. These resonances are not

12



3. Method evaluation

the main issue, but rather a symptom of large parasitic impedances which will, by

themselves, make accurate measurements di cult. In the case of capacitor size se-
lection there commonly is a trade-o between high capacitance and low parasitic

series inductance. The e ects of the di erent types of parasitic impedances are dis-

cussed further in the thesis.

Another possible issue at high frequencies is signal re ection. Re ection can be es-
pecially prominent in the traces leading to the high impedance di erential ampli ers

due to the large impedance mismatch. Impedance mismatches will also be present in
the rest of the circuit as well as in the leads [14]. Reference [14] mentions re ection
as a major issue with measuring at high frequencies with conventional EIS methods.

3.2.2 Safety Aspects

As the capacitors are to be biased with a high DC voltage, their charge and dis-
charge needs to be controlled. When connected to the HV system, the current
through them needs to be limited in order to ensure high inrush currents do not

damage components in the circuit. Attention needs to be paid where the current is
restricted so that low voltage circuits are not subjected to high voltage transients on

connection. In addition to this, the capacitors need to be discharged when the DUT
is disconnected in order to prevent potential electric shock due to residual energy
stored in the capacitors.

3.2.3 Transformer Coupling

Transformers are a common way to achieve DC isolation in HV EV systems. For the
current injection and current measurement ports respectively, a transformer would
be able to replace the DC blocks, current shunt and CMCs, leading to a solution
resembling Figure 3.1. Voltage measurement is less trivial as it would require a
transformer winding (in series with a DC-blocking capacitor) to shunt the DUT
with its low HF impedance. This would divert a portion of the injected current
and lead to a design where either the current or voltage measurement is a ected by
impedances inherent in the other.

An important aspect to consider for a transformer solution is that the core per-
meability is a ected by the injected power (through ux density) and its frequency.
This change in permeability a ects the transformer's inductance[15]. Saturating the
core material leads to non-linear transformer behaviour and will negatively impact
the measurement.

Communication isolation transformers such as the Pulse Electronics HM2113ZNL or

Coilcraft ZA975X can be used for the application. These transformers are designed
for low power signals and frequencies between the 100s of kHz to tens of MHz.
Lower and higher frequency transformers will be required for measurements in other
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3. Method evaluation

frequency ranges. Due to availability, only the HM2113ZNL is investigated further
in Section 5.2.1 and Section 6.2.1.

3.2.4 Conclusion

Compared to the one- and two-port methods (see 3.3), where one or both signal
receivers are connected internally inside the measurement instrument itself, the
voltage-current method is the most exible. It is in theory adaptable to all types of
measurements. Ampli ers and lters can be changed depending on requirements,
the signal generator can be disconnected and voltage-current measurements can be
carried out on source-load systems as well.

There are examples of successful battery impedance measurements using capacitive
interfaces. A benet is their simple design and behaviour. However, they require
additional safety circuits to safely charge and discharge the interface capacitors.

3.3 One- and two-port methods

The simplest methods of measuring impedance is by using the signal generators and
signal receivers built-in to the measurement instrument with a minimal amount of
peripheral equipment.

These measurements are made by inferring impedance fr@n (re ection) or Sy,
(gain-phase) measurements (see 2.1.7). The bene tis that the methods only use one
and two ports respectively without requiring any equipment other than a xture.

3.3.1 Shunt-through method (two-port)

The 2-port shunt-through method is recommended for impedance rangesloh

100 [16][6][17], but can be used for up td k using the Bode 100[18]. This
impedance range is the best match with the expected full battery impedance range
of 20m 1k . The upper limit relates to the noise-level and dynamic range
of the Bode 100 measurement instrument[18]. The range can be modi ed and in-
creased further by the use of series resistors and port extension as presented in
[18]. Landinger et al. [14] utilize the 2-port shunt-through method to measure the
impedance of a 18650 li-ion cell in a frequency range bkHz 300 MHz
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Chlock Chlock

[ I
I i

50

= Ground resistance =

Figure 3.3: Diagram of the 2-port shunt-through method using the capacitor in-
terface. The internal grounding connection in the Bode 100 is also visualized.

In the Bode 100 the measurement is conducted on a voltage-current basis, whére
measures the voltage across the DUT, and

is the current through the DUT.

In 3.3, V; denotes the receiver of theransmitted signal, while Vg denotes the re-
ceiver of there ected signal. This nomenclature carries little importance as there is
no true signal directionality involved. The circuit function can be easily understood
without accounting for signal scattering (see 2.1.7). VNAs measuring at higher fre-
guencies usually use a directional coupler to separate the reference signal, re ected
signal and transmitted signal before measurement.

A simpler alternative to the shunt-thru method is the 1-port re ection method.
This method is discussed further in Section 3.3.3.

To provide full battery isolation and measurement accuracy in the full battery ap-
plication, the implementation by Landinger et al. needs to be modied (Figure
3.3). An additional DC-blocking capacitor should be placed in between the DUT
ground and both ports to ensure safety in case one isolation barrier breaks and the
measurement has to be aborted.

A ground loop is formed by the connection of the two port grounds as they are
already connected internally in the instrument (see Figure 3.3). When measuring
very small impedances at low frequencies, the impedance in the ground connection
may be comparable to the DUT. With a low frequency signal this may result in a
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potential di erence between the two port grounds, leading to measurement distor-
tion.

According to [3] and [6], ground loops should be suppressed by the use of a common
mode choke or a di erential ampli er on port 2. This will suppress the common
mode current passing through the parasitic ground-ground impedance. If this is not
done, [17] claims signi cant measurement errors can be present for low impedance
measurements at frequencies up th00kHz For DUTs of higher impedance, the

di erential-mode voltage exceeds the common-mode voltage in icted by the ground
loop

3.3.2 Series-through method (two-port)

Omicron Lab recommends the series-through method for DUT impedancesldf to
> 1M . Due to this it is likely the preferred method for common-mode impedance
measurements.

Chiock Zout Chiock

| E— ]

50

Figure 3.4: Diagram of the 2-port series-through method.

As seen in gure 3.4, the ground connection between the two ports cannot pass
through the DUT. The complex geometries of cell, module or battery DUTs can
create large conductor loop areas with parasitic inductance or capacitance that are
likely to deteriorate the measurement.

3.3.3 Re ection method (one-port)

When using the Bode 100, the one-port re ection method (Figure 3.5) is similar to
the two-port shunt-thru method. Here the signal transceivers\, Vr in Figure 3.3;
V1, V, in Figure 3.5) are connected internally and only a single port conects to the
interface or DUT.

As the injected current is conducted through the same path and series parasitic
impedances as the voltage measurement, it will distort the voltage measurement.
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Thus, Omicron Lab's recommended impedance range for the one-port method is
500m to 10k , i.e. higher than that of the shunt-thru method.

J ZDUT

<
i
S

Figure 3.5: Diagram of the 1-port re ection method with Bode 100 internal con-
nections.

In Figure 3.5 the receivers are again denoteds and V;. This is purely to keep
consistency with gures 3.4 and 3.3.

3.3.4 Conclusion

The two two-port methods are the simplest to implement as they do not require any
active components in the measurement. With a thought-through design, the series-
through and shunt-through interfaces can be combined, enabling the evaluation of
the di erent methods on the same hardware.

3.4 Transformer Interface

Mazzola et al. [19][20] present an approach of measuring impedance directly with
an impedance analyzer through an isolating transformer (Figure 3.6). Some type
of DC blocking device is required so as not to short-circuit the high voltage system
with the secondary winding of the transformer. In this case a blocking capacitor is
used.

17
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Figure 3.6: Diagram of the transformer-based method proposed by Maz-
zola[19][20].

The upper impedance limit of this method is determined by the open-circuitimpedance

of the transformer and the accuracy of the impedance measuring instrument. Should

the impedance of the DUT be much greater than the open circuit impedance, there

may not be enough precision in the instrument to determine the DUT impedance.

As the open circuit impedance decreases with increasing frequency due to conductor-
conductor or transformer distributed capacitance[15], the range of measurable impedance
is reduced as well.[20]

The lower impedance limit is determined by the short-circuit impedance of the
transformer and the accuracy of the impedance measuring instrument. Should the
impedance of the DUT be much lower than the short-circuit impedance, there may
not be enough precision in the impedance measurement to determine the DUT
impedance. As the short circuit impedance increases with increasing frequency
due to conductor and transformer leakage inductance, the range of measurable
impedance is reduced as well. Open/short measurements can be conducted to de-
termine these measurement limits[20].

3.4.1 Hequency

The frequency ranges of the evaluated methods are summarized Figure 3.7.
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Hz | kHz | MHz

1|10|100|1|10|100|1|10|100

Instrument Bandwidths

Gamry 3000

Bode 100

PSM3750

BATT470m

Agilent E5061B

Keysight Fieldfox

Interface Bandwidths

Widek

Mazzola I

Landinger

Figure 3.7: Usable frequency ranges of the investigated methods according to their
respective sources.
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Electrical Modelling

Electrical modelling was employed in order to gain a better understanding of the
methods and to enable isolated investigation of di erent circuit behaviours.

4.1 Battery Model

In this section, a battery model is constructed for use within thd kHz 100 MHz
range. It is tted to cell-level EIS data previously collected by VCC.

4.1.1 EIS Reference Data

(@) Complex Impedance 10 mHz
100 kHz (b) Impedance magnitude.

Figure 4.1: EIS Data extracted from a CMA cell at di erent temperatures.

Figure 4.1 shows the EIS data collected by VCC. The frequency ranges fraidimHz

to 100 kHzand thus fails to capture the resonant behaviour expected at higher fre-
guencies. This means it is not useful for measurement veri cation abou®0 kHz

A model based on the data was constructed regardless and used for interface design
as there was no better impedance estimation available.

As can be seen in both the complex and amplitude gures in Figure 4.1, cell chem-
istry modelling starts becoming irrelevant abovd kHz. This is due to the increasing
dominance of the cell's inductance.
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4. Electrical Modelling

4.1.2 Single Cell Model Construction

In [14], where frequencies abovékHz are investigated, a very simple RL circuit
(Figure 4.2) is used as a battery model. The model seen in Figure 4.2 contains
element values tted to the EIS data.

1:243m 555nH

I e

Figure 4.2: RL battery cell model.

Figure 4.3a compares the EIS data collected from the cell, with the values replicate
by the circuit model after curve tting. It is evident that this model contains too
few elements for accurate modelling of the cell's complex impedance.

(a) Complex Impedance of simple cell (b) Impedance magnitude of simple
model 10 mHz 100 kHz cell model.

Figure 4.3: Impedance results from RL battery cell model.

In order to improve low frequency accuracy, a series capacitance is added. To im-
prove complex impedance accuracy at higher frequencies, ark R link was added.
The parameters of the new model in Figure 4.4 were obtained by curve tting
to the EIS data. This was done in the Python programming language using the
scipy.optimize.curve_fit() function.

3:78 nH

0:744 m

Figure 4.4: CRLRL Battery model with curve- tted parameters.
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(@) Complex Impedance of (b) Impedance magnitude of
CRLRL model 10mHz 100kHz CRLRL model.

Figure 4.5: Impedance results from CRLRL battery model.

The result in Figure 4.5 is a better tting model; however, the complex impedance
accuracy can be improved further by the use of an additional RL link. The result

is the model seen in Figure 4.6. Again, the element parameters were obtained by
curve tting to the EIS data.

7:64 nH 3:09nH

-

5255nH

Figure 4.6: CRLRLRL Battery model with curve- tted parameters.

(@) Complex Impedance of CRL- (b) Impedance magnitude of CRL-
RLRL model 10mHz 100 kHz RLRL model.

Figure 4.7: Impedance results from the CRLRLRL battery model.
Again, for frequencies higher tharl00 kHzwhere reference data on the cells to be

investigated is missing, the DUT behaviour will no longer conform to these models
and additional elements may need to be considered.
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Frequencies down to 10 Hz are also of interest. These can be represented with more
conventional battery model elements. As the bandwidth of the interface to be im-
plemented was not expected to reach beloivkHz, this frequency range is left for
future work.

4.2 Two-port Shunt-through Model

The two-port shunt-through method was modelled in LTSpice.

Figure 4.8: LTSpice model of the shunt-through method.

The model in Figure 4.8 contains the signal generator and measurement circuits of
the Bode 100 VNA. The Bode 100 contains one signal generator and two signal re-
ceivers which measure AC voltage magnitude and phase. Signal receiver 1 measures
the voltage over V1, i.e. the signal generator. Signal receiver 2 measures the voltage
across the terminating resistor R2. Coaxial and banana plug cables are modelled as
simple RL loads.

The capacitance between positive and negative conductors is omitted as it is not
critical for the current purpose of demonstrating other aspects of the measurement.
This capacitance is an important limiter of the frequency range which can be mea-
sured, and should be included in future models.

For the circuit in Figure 4.8, the DUT impedanceZpyr is expressed as;

ZO S21

Zpout +2Zpiock = 271 s
21

(4.1)
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according to [17].Z, is the characteristic impedance of the test setup. When using
the built-in termination resistors of the Bode 100Z¢ = Riermination = 50

Furthermore, according to [21], the forward gair§,; can be expressed as

Vout - % (4 2)
Vgen 2
Using (4.1) and (4.2),Z putr can be expressed as
Vout
Z =Zo———m— 2Z (4.3)
DUT OVgen 2Vout block

whereVge is the voltage across the voltage source, before the input resistor[8].

Note that in (4.3), Zpock IS deembedded from the measurement to extrapyr .
For more on deembedding, see section 2.1.6.
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Method

This section rst presents what instruments were used to measure and collectimpedance
data (Section 5.1). Secondly, it presents the two prototype interfaces that were used

to verify the methods using passive components (Section 5.2). Lastly, it presents
the interface and methods used to conduct measurements on energized cells (Section
5.3).

5.1 Impedance Measurement Instruments

Two impedance measurement instruments were used in this thesis; A Bode 100 VNA
manufactured by Omicron Lab, and a FieldFox handheld RF analyzer manufactured
by Keysight.

The Bode 100 is the more economical alternative and is designed for impedance
measurement in a frequency range dfHz to 50 MHz. Common use-cases are res-
onance and impedance analysis of passive elements (e.g. capacitors, inductors and
crystals) and stability analysis of active circuits (e.g. power converters).

The Keysight FieldFox is a handheld RF analyser and operates in a frequency range

of 30 MHz to 6:5 GHz. Common use-cases are antenna and cable analysis, Spectrum
analysis and 5G/LTE testing. The FieldFox is used to enable impedance measure-

ments beyond the50 MHz limit of the Bode 100.

5.2 Passive DUT Measurements

In this section, the measurement setups used during measurements on passive com-
ponents are presented.

5.2.1 Prototype Transformer Interface Setup

Two simple transformer interfaces were tested. The rst is the Bode 100 Wide-
band Injection Transformer (B-WIT) and can be seen in Figure 5.1a. The second
consists of an HM2113ZNL signal transformer soldered onto a breadboard and can
be seen in Figure 5.1b.

The open-circuit and short-circuit impedances of the interfaces were measured in
order to evaluate their viability for use in the transformer-based interface presented
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in Section 3.4.

(a) B-WIT setup (b) HM2117ZNL setup

Figure 5.1: Interface transformer impedance measurement setups.

Figure 5.2: Diagram for the transformer prototypes without DC-blocking compo-
nents.

The schematic diagram of the two transformer prototypes can be seen in Figure 5.2

5.2.2 Prototype Capacitive Interface Setup

A crude prototype capacitive interface (see Figure 5.3) was tested on passive DUTs
without DC bias. This prototype consisted of two2:2 mF axial electrolytic capacitors
connected to the measurement instrument and the DUT using screw terminals and
a breadboard.
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(a) Coaxial setup.

(b) Banana lead setup.

Figure 5.3: Capacitive prototype interface setups.

5.2.3 Reference DUTs

Figure 5.4: Passive components used for interface veri cation.

A varied set of inductors and capacitors were used in order to evaluate the usability
of the interface prototypes. These can be seen in Figure 5.4. DUT number 1 is the
inductor designed to mimic the inductance of the full battery.

Table 5.1: Example DUTs and their parameters.

#inFigure 543 [L( H) [C( F) | Type

1 1.65 - 2p' Cylindrical Inductor
- 1.8 - SMT? Inductor

4 18 - SMT? Inductor

3 22 - SMT? Inductor

2 100 - SMT? Inductor

- - 0.0001 | Ceramic Capacitor

5 - 0.001 | Ceramic Capacitor

- - 0.01 Polyester Capacitor

8 - 0.1 Polyester Capacitor

6 - 4.7 Polyester Capacitor

7 - 4.7 ML* Ceramic Capacitor
- - 2200 Electrolytic Capacitor
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1 Two parallelly soldered inductors.

2 Surface Mount Techology.

3 '." entries are not present in Figure 5.4.
4 Multi-Layered.

Note in table 5.1 that all inductors exhibit some capacitance, and all capacitors
exhibit some inductance. These parasitics were not quanti ed here, but are hugely
important for impedance measurement. This is especially true for the capacitors
that exhibit considerable ESL and become inductive at relatively low frequencies
(usually below1 MHz).

5.3 Cell Level Testing

Cell level testing was conducted on lithium-ion pouch cells using a custom capacitive
DC-blocking interface. The tests were conducted with the same pouch cells of the
VCC CMA platform for which the EIS data was presented in Figure 4.1.

5.3.1 Cell Testing Interface Design

The cell testing interface was designed for measurements on single or multiple cells
up to 40V.

Figure 5.5: General overview of the interface design, where K: Relay, F: Fuse, R:
Resistor.

The interface, see Figure 5.5, consists of two DC blocking capacitors with connectors
to which the measurement instrument and the DUT can connect. Additional safety
features are implemented:

" DUT connector fusing (F1, F2)
To prevent capacitor inrush current or short circuit currents from dam-
aging the interface.
Precharge circuit (Kere, Rpre)
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To safely precharge the DC blocking capacitors before connecting the
measurement ports. Inrush current would otherwise damage theD
port termination resistors inside the instrument.
Discharge circuit (Kpis, Rpis)
To safely discharge the energy stored in the capacitors when measurement
is complete. Otherwise there is a risk of rapidly discharging the energy
into sensitive equipment or to discharge it fast enough to damage the
interface itself.
Instrument Disconnection Circuit (Kyeas)
To disconnect the measurement instrument from voltages that may dam-
age it.
Automatic precharge/measurement control circuit.
Designed to automatically control the precharge and measurement relays
depending on the capacitor voltage.
This was not utilized in tests as manual control is faster to implement
and unlikely to fail.
Status, precharge and discharge indication LEDs
To ease troubleshooting and increase the detection rate of faults that may
damage the equipment or persons.
Note that two types of relays are used in the circuit (Figure 5.5); normally open (NO)
and normally closed (NC). When designing for high-voltage safety, it is important
to consider when and where high voltage can be allowed. Selecting the correct relay
types allow safety features like interface de-energization in case of power loss. More
details on the interface operation sequence are presented in Sections 5.3.1.1, 5.3.1.2
and 5.3.1.3.

N

(@) LV capacitor interface circuit (b) LV capacitor interface inside its
board. aluminum enclosure.

Figure 5.6: LV Capacitor interface.

The board was designed fo2 mF 50V capacitors to enable as low frequency mea-
surements as practical. Doersam et al. usé&®00 F and measured down to 1.7
at 1kHZ3]. As the cells and battery packs are expected to have a much lower
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impedance at much lower frequencies; the larger capacitance is needed.

The circuit board is placed inside an aluminum enclosure with minimal openings to
ensure best immunity to external noise. Attention was paid to not ground the BNC
connectors by contact to the enclosure. This would, according to Doersam et al.[3],
open up for measurement distortion by ground loops. As seen in section 6.3.1.1, this
isolation seemed to have little signi cance.

The interface uses three modes, selectable with a three-position switch, to ensure
safe operation:

" The discharge mode, where the interface capacitor charge is constantly de-
pleted.
The pre-charge mode, where the capacitors are safely charged to the DUT
voltage.
The measurement mode, where interface parasitic impedances are minimized
to obtain best measurement accuracy.

5.3.1.1 Discharge Mode

Figure 5.7: Discharge Mode.

The interface is in the discharge mode (Figure 5.7) whenever the power to the inter-
face is turned o, or when the three-way switch is in the downwards ("discharge")
position. This is the safe mode of the interface where capacitors are discharged and
protected from short-circuits. The DUT and instrument sides are isolated in this
mode.

In this mode, none of the relays are energized; their connection depends on if they
are of normally open (NO) type or normally closed (NC) type.

The precharge relay and measurement relays are of NO-type. This means the
precharge resistance and measurement instrument are disconnected from the ca-
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pacitors in the discharge mode, and when the interface is unpowered.
The discharge relays on the other hand are of NC-type, meaning that they connect

the discharge resistors to the capacitors whenever the interface is in discharge mode,
or no power supply is connected.

5.3.1.2 Pre-charge Mode

Figure 5.8: Pre-charge Mode.

The interface is in the pre-charge mode (Figure 5.9) whenever the interface is pow-
ered and the three-way switch is in the middle ("pre-charge") position.

During pre-charge, the discharge relays are energized, meaning the discharge resis-
tors are disconnected. The measurement relays are still not energized to protect the
instrument.

5.3.1.3 Measurement Mode

Figure 5.9: Measurement Mode.

The interface is in the measurement mode (Figure 5.9) when the interface is pow-
ered, and the three-way switch is in the upwards ("measurement”) position.
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In this mode, the discharge resistors are kept disconnected by the discharge relays.
The pre-charge resistor is also disconnected by the pre-charge relay to not a ect the
measurements. Lastly, the measurement relays connect the measurement instrument
to the measurement path.

5.3.1.4 Interface Versatility

A bene t of the interface design is that it is general enough to be used for all of the
presented capacitive measurement methods with no modi cations post manufacture.

Figure 5.10: Setups for di erent measurement methods.

As seen in Figure 5.10, a single interface can be used to conduct 1-port and 2-port
shunt-through measurements. Two additional solutions, which use two interfaces,

are also shown. One is an alternative version of the shunt-through method; the

other is a series-through method.
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Figure 5.11: Proposed setup for Widek's method.

In Figure 5.11, an additional solution is shown where three interfaces are used. This
resembles the interface used by Widek [2]. Dierent peripheral equipment such as
ampliers and lters can in this case be connected between the interface and the
instrument.

Any ampli ers or lters need to be chosen properly if they are not to limit the
bandwidth of the measurement. Common-mode and power supply noise entering an
ampli er will be transmitted into the instrument receiver input. The noise sensitiv-

ity depends on the ampli er's Common-Mode Rejection Ratio (CMRR) and Power
Supply Rejection Ratio (PSRR), respectively.

Note that the bene ts of the Widek interface, such as minimal conductor length
between DC-blocking capacitors and ampli er, are not retained with the presented
interface. Additional safety aspects may also need to be taken into account, such as
the equalization of potential between the measurement ports.
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