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ABSTRACT
As electric vehicle and renewable-energy systems push toward ever-higher voltages,
reliable insulation resistance monitoring (IRM) becomes critical to ensure safety,
prevent insulation degradation, and maintain system availability. Key IRM perfor-
mance parameters include common-mode and delta-voltage excursions (which drive
dielectric stress, insulation aging, and electromagnetic compatibility risk), measure-
ment time (set by resistance–capacitance time constants, crucial for real-time fault
detection), and measurement accuracy (to avoid false positives/negatives).

Results show that under balanced conditions the resistor-switching Volvo TVPDCU
exhibits ∆-voltage excursions up to 263 V with floating-bus bias under 15% of pack
voltage, whereas the pulse-based Bender iso175 confines ∆V to 11.3 V and holds
bias within 7%. In single-pole fault tests, TVPDCU drives the healthy pole up
to ≈ 16.9% of pack voltage (simulated hand-to-hand currents peaking at ≈ 1.57
A), while Bender limits it to ≈ 10% (currents ≈ 1.01 A). Both methods generate
discharge energies exceeding the ISO 0.2 J safety threshold for voltages above 600 V.
The balanced condition discharge energies span ≈ 0.20˘0.464 J (TVPDCU ≈ 0.02
J higher), and healthy-pole energies in fault tests range ≈ 0.32˘0.89 J, with faulty
pole.

Despite manual data extraction and component tolerances, rigorous recalibration
and transparent procedures ensure reproducibility and validity of the results. These
findings inform IRM selection trade-offs voltage headroom, real-time responsiveness,
accuracy, electromagnetic compliance and insulation longevity, and point to future
work on active balancing, novel algorithms, and material effects under high ∆-
voltage stress.

Keywords: Insulation Resistance Monitoring (IRM), High-Voltage Automotive
Systems, Electric Vehicle Safety, Resistor-Switching Method, Pulse-Based Measure-
ment, Delta Voltage Excursions, Resistance-Capacitance Time Constant, Measure-
ment Accuracy & Sensitivity.
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

AC Alternating Current
ADC Analog to Digital Conversion
BES Battery Energy Storage
BMS Battery Management System
DAQ Data Acquisition
EKF Extended Kalman Filtering
EMC Electromagnetic Compatibility
EOL End of Line
ESS Energy Storage System
HV High Voltage
HVDC High-Voltage Direct Current
IEEE Institute of Electrical and Electronics Engineers
IEC International Electrotechnical Commission
IRM Insulation Resistance Monitoring
IRMD Insulation Resistance Monitoring Device
IRMU Insulation Resistance Monitoring Unit
ISO International Organization for Standardization
KCL Kirchhoff’s Current Law
KVL Kirchhoff’s Voltage Law
MCU Micro Controller Unit
RC Resistor–Capacitor
SR Switching Resistor
TRL Technology Readiness Level
TVM Traction Voltage Monitoring
TVPDCU Traction Voltage Power Distribution Control Unit
TVS Traction Voltage System
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Nomenclature

Below is the nomenclature of parameters that have been used throughout this thesis.

Parameters

C1 Y capacitance in IRM circuit, positive pole to chassis
C2 Y capacitance in IRM circuit, negative pole to chassis
Ceq Equivalent Y capacitance in IRM circuit
Cn Y capacitance in IRM circuit, negative pole to chassis
Cp Y capacitance in IRM circuit, positive pole to chassis

∆t Time discretization step (time interval)
∆V Voltage span, V max − V min

fs Sampling frequency of measurements

Ib Simulated body current under fault condition

Rb Body impedance (hand-to-hand), 575 Ω
RC1 Current-limiting resistor in pulse method IRM circuit positive

branch
RC2 Current-limiting resistor in pulse method IRM circuit negative

branch
Req Equivalent pole-to-chassis resistance
Rf Sampling resistor in pulse method IRM circuit
RISO Equivalent resistance determined in pulse method off-line mode
Rn Equivalent negative pole-to-chassis resistance
Rp Equivalent positive pole-to-chassis resistance
Rref Reference resistor in switching method

Rm Reference resistor in switching method
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t Time variable in transients

U Nominal battery voltage
UESS Nominal energy storage system voltage
Udc Switching method measured battery voltage
U+

f Pulse method measured voltage in positive half-cycle
U−f Pulse method measured voltage in negative half-cycle
UIMD Pulse method voltage source contribution to pole-to-chassis voltage
Unc Switching method measured voltage in negative half-cycle
Upc Switching method measured voltage in positive half-cycle
U+

s Pulse voltage in positive half-cycle

%bias Common-mode bias, 100 |V̄ |/Vpack

V max Maximum pole-to-chassis voltage recorded
V min Minimum pole-to-chassis voltage recorded
VN Negative pole-to-chassis voltage
VN ′ New negative pole-to-chassis voltage measured in switching method
VP Positive pole-to-chassis voltage
VP ′ New positive pole-to-chassis voltage measured in switching method

τ Time constant
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1
Introduction

1.1 Background Information: What is a IRMU in
automotive applications

Maintaining a safe level of insulation resistance is essential to all HVDC technol-
ogy safety and paramount to avoid electrical shock, personal injury and �re. In
automotive applications, IRM is required by standards and regulations such as IEC
61851-23-2023 ISO 6469-1:2019 and GB 18384-2020. It is achieved through a device
called an IRMU. The IRMU ensures electrical safety regarding the insulation in
electrical vehicles by monitoring the insulation resistance levels between the battery
poles and the chassis of the vehicle in real time, enabling the vehicle systems to
react to a potential fault.

Figure 1.1: ESS (Energy storage system) connected to IRMU

Two state-of-the-art methods are predominantly utilized in IRMUs, namely switch-
ing resistors and pulse methods. Switching resistors method operates on the basis
of switching between two known resistors in parallel to the equivalent resistances
between the HVDC poles and the chassis respectively. Voltage and current measure-
ments at the switched on reference resistor allow for computation of the equivalent
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1. Introduction

resistance values using standard circuit analysis. The pulse method operates on
the basis of AC voltage injection and measuring the systems response to the pulse
through measurements of re�ected voltage at a known sampling resistor. Through
signal �ltering, A/D conversion and mathematical analysis, the DC and AC compo-
nents of the signal can be computed, and values for ohmic and capacitive impedance
can be obtained.

1.2 Problem Statement

Figure 1.2: Circuit representing body impedance (RBody ), when touching positive
pole and chassis ground in fault condition.

ˆ This project aims to compare and evaluate the performance parameters of two
IRM methods (pulse and switching) relevant to electric automotive applica-
tions, in order to bridge the current gap in knowledge.

ˆ As voltage levels in electric vehicles continue to rise, insulation resistance mon-
itoring (IRM) becomes increasingly critical for detecting changes in insulation
within HVDC systems.

ˆ Key performance factors for automotive applications include:
� Response time : A shorter delay between fault occurrence and signal

generation enhances overall vehicle safety.
� Voltage levels and fault current magnitude : These in�uence com-

ponent stress and compliance with safety standards.
� Accuracy: Ensures that the vehicle reaction is not over or under dimen-

sioned under fault scenario.

2



1. Introduction

1.3 Research Objectives

The primary objective of this research is to evaluate and compare insulation resis-
tance monitoring techniques used in HV automotive systems.

Speci�c objectives include: To theoretically analyze state of the art IRM methods
currently utilized in commercial automotive applications. To empirically test and
validate the systems through laboratory tests and simulations. Test how di�erent
parameters in�uence IRM accuracy, reliability, time to measure, and voltage lev-
els and safety, thus providing a knowledge base for further research and informed
decisions.

1.4 Research Questions

Based on the comparative analysis of the Bender iso175 (pulse method) and the
Volvo TVPDC board (switching method) under balanced and unbalanced conditions
at 600 V, 800 V, and 1000 V, this study seeks to answer the following research
questions:

1. How do the experimentally measured time constants for charging and discharg-
ing (determining system time to measure) compare to the theoretical values
for each method and how do the methods compare?

2. What are the maximum pole-to-chassis voltage levels and the implications
for touch-current magnitudes and electric energy discharge predicted by each
method under insulation-fault conditions, and how do they compare to the
limits speci�ed in IEC 61851-23, ISO 17409:2020 and ISO 64693:2018?

3. How does the IRM methods compare with respect to variations in pole-to-
chassis (� V) voltages and what are the implications for system stability, com-
ponent stress, and electromagnetic compatibility?

4. How robust is each method to measurement error when estimating equivalent
pole-to-chassis resistance, and what are the and worst-case relative errors?

1.5 Signi�cance of the Study

The signi�cance in this study lies in bridging the gap between theoretical IRM meth-
ods and their practical implementation in safety-critical HV automotive systems.
Through systematic evaluation of state-of-the-art IRM methods, theoretically and
experimentally, the study contributes to both academia and industry understanding,
by enabling informed decisions for IRM system selection and future optimization.
Stakeholders can leverage these insights to enhance safety, reliability, and e�ciency
in automotive HVDC system applications.
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1.6 Scope and Limitations

The scope of this study is limited to theoretical and empirical evaluation of two
commercially available IRMUs and automotive HV applications.

1.7 Thesis Structure

The thesis is structured into the following main chapters:
Chapter 1: Introduction
This chapter introduces the research background, outlines objectives, de�nes re-
search questions, and establishes the signi�cance and limitations of the study.
Chapter 2: Theory
Provides an overview of relevant theory and prior research on IRM technologies,
focusing on methodologies, standards, and applications.
Chapter 3: Methods
Describes the theoretical analysis methods, experimental setup, and validation pro-
cedures used to evaluate IRM system performance.
Chapter 4: Results
Presents detailed experimental data, analysis of IRM performance, comparative eval-
uations, and discussions on the implications of �ndings.
Chapter 5: Conclusion
Summarizes key �ndings, discusses practical implications, acknowledges limitations,
validity, reliability, and suggests directions for future research.
Appendices
Include detailed mathematical derivations, additional complete data sets, and sup-
plementary material to support the main text.
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2
Theory

2.1 Important factors for IRM

2.1.1 Capacitance levels

Capacitance impacts the system mainly in two ways. First, standards in the au-
tomotive industry, such as ISO 17409:2020 regulate allowed levels of Y-capacitance
as a safety measure, since capacitance determines how much energy is stored and
potentially discharged in the case of an insulation fault. Secondly, the impact of
capacitance on the RC time constant directly a�ects the time to reach steady state,
and thus, time to measure. In real-time IRM, a short time to measure is desirable
as faults are detected as early as possible, improving performance.

2.1.2 Maximum voltage and fault-current

Electric vehicles are subject to regular maintenance and operation in many envi-
ronments. In the event of an insulation fault, the HVDC bus voltage that appears
across the parasitic capacitance between the component(s) and the chassis. This
creates a pathway for fault or body currents to �ow to the chassis, which can then
be contacted inadvertently by personnel. Thus, considering the maximum voltage
magnitude from pole-to-chassis in the system is important, since any potential fault
or body current magnitude depends on it. Body current is regulated as 10 mA DC
in IEC61851-23 and ISO17409:2020.

2.1.3 Measurement error analysis

Measurement accuracy of the insulation resistance in HVDC systems is critical, espe-
cially in automotive applications where both safety and performance are paramount.
[1,2].

Resistor tolerances have an impact on the accuracy, since in the systems there are
often known resistors (Rref ), in a voltage divider or injection network, that is used
for calculating the pole-to-chassis insulation resistancesRp and Rn . Since these di-
rectly stands in relation to Rref , even smaller tolerances can result in proportional
errors. For instance a 1% error inRref often leads to a similar error in the measured
insulation resistance. [3].
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The ADC used to sample have a direct impact on the measure ability since the
quantization error due to its �nite resolution.
For example, a 10-bit ADC provides210 = 1023 discrete steps. So, for an 800V
system:

Step Size =
800V
1023

� 0:78V: (2.1)

This means that each ADC step corresponds to an approximate 0.78V increment
in the measured voltage. Any further error that can be in the ADC process will
have further o�set accuracy and gain errors of the calculated resistances. Thus, it
is important to consider the resolution when choosing the ADC. [1].

Measurement errors in real world measurements can come from noise generated from
factors such as ADC input noise, electromagnetic interference, or voltage ripple from
power electronics. These �uctuations may lead to both random errors and system-
atic o�sets in the measured voltage. Filtering techniques such as EKF have been
shown to substantially reduce error. One study showed that �ltering reduced mea-
surement error from around 20% down to below 5%. [4].

On overall impact, a sensitivity analysis shows that the fractional error in insulation
resistances is roughly the sum of the fractional errors inRref and the measured volt-
age ratio. An example is Texas instruments which reference designs have achieved
measurement errors below 0.598% for measurements up to 500V by employing pre-
cision, low-tolerance resistors and high resolution, stable ADCs. [1].
So, minimizing measurement errors can be achieved by using high precision com-
ponents along with robust �ltering and calibration techniques to reduce noise and
compensate for systematic o�sets. As an example, the TVPDCU does an EOL
calibration that substantially reduces the error from 1.33% to 0.3% in voltage mea-
surement.
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2. Theory

2.2 State of the art measurement methods

A thorough understanding of the electrical circuits is paramount to establish the
knowledge for evaluation of state-of-the-art IRM methods and further development
withing the subject. There are two predominant methods in state-of-the-art IRM.
These are of the switching resistor bridge method and the low-frequency AC pulse
injection method.

2.2.1 Switching resistor method

In the switching resistor method, IRM is achieved through using switches to connect
and disconnect two known resistors in parallel to the equivalent positive and negative
HVDC pole-to-chassis resistance. This enables calculation of the equivalent pole-to-
chassis resistances through standard circuit analysis [5].

2.2.1.1 Circuit Derivation

The circuit shown in �gure 2.2 shows that the equivalent positive pole-to-chassis
resistanceRP and one of the two reference resistorsRRef are connected in parallel
for the positive side. Similarly, the equivalent negative pole-to-chassis resistance,
RN and second reference resistorRRef are connected in parallel for the negative side
of the HVDC system. By controlling the switchesS1 and S2 in sequence, such that
a single reference resistor is connected at a time, two di�erent circuits are created
as a basis for circuit analysis. For ease of analysis the circuit can be redrawn as a
voltage divider (see �gure 2.1 and 2.2).

Figure 2.1: Equivalent resistances
between battery poles and chassis.

Figure 2.2: Figure 2.1 redrawn as volt-
age divider with added switches and par-
allel reference resistors.

The circuit analysis is performed by applying KCL, KVL and Ohm's Law. A system
of equations will be obtained and used to calculate the equivalent resistances. To
see the entire derivation, see appendix C.

The circuit analysis yields equations forRp and Rn :

RP =
RRef

V 0
N

�

1 +
VP

VN

�

(VN � V 0
N ) (2.2)

RN =
RRef

V 0
P

�

1 +
VN

VP

�

(VP � V 0
P ) (2.3)

7
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Where:
ˆ V 0

N is the measured voltage across the reference resistor between the positive
pole and chassis, used to determineRN (negative pole-to-chassis resistance).

ˆ V 0
P is the measured voltage across the reference resistor between the negative

pole and chassis, used to determineRP (positive pole-to-chassis resistance).
ˆ VN is the measured voltage across the negative pole-to-chassis.
ˆ VP is the measured voltage across the positive pole-to-chassis.

2.2.1.2 Determine stray capacitance and time constant

Consider the node of interest (the middle node) connected to three resistors and
two capacitors according to �gure 2.3. Each resistor leads from the node to a �xed
potential (e.g. reference, chassis, or battery rail). Each capacitor leads from the
same node to a low-impedance rail or chassis (assumed AC ground).

Figure 2.3: Circuit for determining equivalent capacitance and resistance of RC
circuit.

For small-signal or AC analysis, the external nodes are treated as ground, Hence,
from the node's perspective, all three resistors appear in parallel:

Req =
� 1

Rref
+

1
RN

+
1

RP

� � 1

(2.4)

Since each capacitor also goes from the node to AC ground, the capacitors simply
add:

Ceq = C1 + C2: (2.5)

The time constant of the resulting single-pole RC network is the product of the
equivalent resistance and capacitance:

� = Req Ceq =

 �
1

R ref
+ 1

RN
+ 1

RP

� � 1
!

(C1 + C2): (2.6)

By measuring the RC time constant of the signal and the insulation resistance, we
are thus able to determine the Stray capacitance.
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2.2.1.3 Maximum voltage di�erence

The maximum voltage di�erence is important, since it directly a�ects potential
fault body-current magnitude. It can be obtained through voltage division. This
approach results in expressions 2.7 and 2.8.

V max
p = UESS

Rp
Rn R ref

Rn + R ref
+ Rp

(2.7)

V min
p = UESS

Rp R ref

Rp + R ref

Rp R ref

Rp + R ref
+ Rn

(2.8)

2.2.1.3.1 Impact of balanced vs unbalanced circuit on pole-to-chassis
voltage In a balanced system the pole-to-chassis voltages should reach equal mag-
nitudes, thus we have the safest voltage levels possible for this method (see �gure
2.4).

Figure 2.4: Positive pole-to-chassis voltage and chassis to negative pole in balanced
conditions (Rp = Rn = 1M 
 ).
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In an unbalanced system the maximum voltage will depend on the resistance ratio,
where the largest voltage will be seen across the largest equivalent resistance as seen
in �gure 2.5. An unbalanced circuit is thus detrimental to safety aspects of IRM.

Figure 2.5: Positive pole-to-chassis voltage and chassis to negative pole in balanced
conditions (Rp = 0:5M 
 ; Rn = 1M 
 ).

2.2.1.4 O�-line operation

In o�-line operation, that is, when the battery system is physically disconnected,
a DC voltage source will be needed to enable measurement in o�-line mode. The
operating measurement principle of the method remains unchanged.
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2. Theory

2.2.2 Pulse method

A pulse generator injects a frequency square wave voltage signal into the system,
which is analyzed by measuring its response over time. Two half-periods corresponds
to the time to measure, as the response of a high and low pulse needs to be recorded
for determining insulation resistances between positive and negative pole-to-chassis
respectively. The signal propagates and interacts with both the insulation resis-
tance and the Y-capacitance, which represents the parasitic capacitance between
the HVDC system and the chassis. The transient and steady-state behavior of the
re�ected voltage waveform provides information on the insulation characteristics.
The analysis of the step response is performed in two ways, using either transient
or steady-state response. The transient phase is the initial response of the system
and is characterized by rapid changes in voltage and current levels. The transient
state is taken over by the steady-state in which voltage and current levels are stable
in comparison [6].

The circuit response measurement is performed by measuring the re�ected volt-
age waveform at a sampling resistor in series with the pulse voltage source and
ground. After signal �ltering and analogue to digital conversion (ADC), algorithms
on a micro controller unit (MCU) analyze the step response data to compute and
evaluate the impedance levels.

When the pulse is injected it travels from the pulse voltage source and splits into
the positive and negative equivalent pole-to-chassis insulation resistances. These
are represented asRp and Rn . It then propagates into the two known current-
limiting resistancesRc1 and Rc2 (see �gure 2.6). The square wave signal propagates
di�erently depending on sign and allows for equations relevant for the respective
half-cycle. Combining these equations allows for mathematical computation ofRp

and Rn .

Figure 2.6: Pulse injection IMD circuit
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2. Theory

2.2.2.1 Circuit analysis

The circuit shown in �gure 2.6 is built such that the capacitorsCp and Cn are
connected in parallel withRp and Rn to account for the parasitic capacitance. A
sampling-resistor,Rf , and a pulse-generator,Us, are added in between the node of
connection of the two known current-limiting resistors,Rc1 and Rc2. KCL and KVL
are applied through basic circuit theory to determine the equivalent resistances of
the poles to chassis (see appendix A.0.1 for full derivation).

The resulting expressions are obtained as:

Rp =
U

"
Rf (U+

s � U�
s )

U+
f � U�

f
�

�

Rf + R
2

� #

�
U+

s + U
2

�
�

U+
f (U+

s � U�
s )

U+
f � U�

f

: (2.9)

Rn =
U

"
Rf (U+

s � U�
s )

U+
f � U�

f
�

�

Rf + R
2

� #

U+
f (U+

s � U�
s )

U+
f � U�

f
�

�

U+
s � U

2

� : (2.10)

Where:
ˆ U is the battery system voltage.
ˆ R = Rc1 = Rc2 (current-limiting resistors).
ˆ U+

f and U�
f are measured voltage in positive and negative half-cycle respec-

tively.
ˆ U+

s and U�
s are square wave voltage source values during positive and negative

half-cycle respectively.
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2.2.2.2 O�-line operation

O�-line operation means that the battery system is disconnected from the HVDC
bus. Without DC battery voltage bias, the analysis will show that we may not
determine the equivalent insulation resistancesRn and Rp, between the poles and the
chassis individually. According to equations A.17 and A.16 for sample voltageU�

f
and U+

f , the battery voltage U creates an asymmetry that provides two independent
equations that can be used to solve forRn and Rp. With battery disconnected the
o�-line circuit is as seen in �gure 2.7.

Figure 2.7: Pulse IMD circuit, o�ine mode

The circuit is now two parallel branches with equivalent pole-to-chassis resistances
Rp and Rn in series with an internal current-limiting resistor Rc1 and Rc2. These
parallel branches then connect in series with the measuring resistorRf .
Thus, if we establish

R = RC1 = RC2; (2.11)

and the equivalent resistance for the parallel resistor combinations:

RISO =
(Rp + R)(Rn + R)

Rp + Rn + 2R
; (2.12)

then the measured voltageUf through voltage division is

Uf = Us
Rf

RISO + Rf
; (2.13)

which yields

RISO =
UsRf

Uf
� Rf (2.14)

Hence, we are limited to computing a total insulation resistance valueRISO of the
parallel branches including the pole-to-chassis resistances.
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2.2.2.3 Derivation of Equivalent Y-capacitance, Resistance, and RC Time
Constant

In analyzing the transient behavior of high-voltage DC systems, particularly when
performing insulation resistance monitoring, it is crucial to accurately identify the
equivalent circuit parameters. Among these parameters, the equivalent Y-capacitance,
the resistance, and the resulting RC time constant signi�cantly in�uence the sys-
tem's voltage response to diagnostic pulses. This can be accomplished by employing
the Laplace transform and superposition principle.

2.2.2.3.1 Explanation of the System The transient response observed in di-
agnostic methods arises fundamentally due to the system's equivalent capacitance
and resistance network. Physically, these parameters represent the inherent stray
capacitances between the system poles and chassis, as well as the resistive paths
formed by the insulation. When a diagnostic voltage pulse is applied, the voltage
across the sample resistor re�ects the charging and discharging behavior dictated
by these parameters. The equivalent Y-capacitance, denoted asCeqv, is the parallel
combination of the stray capacitances from both positive and negative poles to the
chassis. The equivalent resistance,Reqv, similarly combines resistive paths in the
circuit into one representative value. Together, they determine the system's char-
acteristic RC time constant, � , which quanti�es how quickly the voltage stabilizes
after a transient event.

2.2.2.3.2 Key Formulas The key formulas are provided below (for full deriva-
tion see appendix B). The equivalent Y-capacitance and resistance can be calculated
using:

Ceqv = Cp + Cn ; (2.15)

Reqv =
RpRn (R + 2Rf )

(Rp + Rn )(R + 2Rf ) + 2 RpRn
: (2.16)

From these parameters, the system's RC time constant is directly given by:

� = ReqvCeqv =
RpRn (R + 2Rf )

(Rp + Rn )(R + 2Rf ) + 2 RpRn
(Cp + Cn ): (2.17)

The voltage response of the system can thus be simply expressed by the standard
exponential behavior as:

Charging: U(t) = Umax
p +

�
U(0) � Umax

p

�
e� t

� ; (2.18)

Discharging: U(t) = U(0)e� t
� : (2.19)

where U(0) is the initial voltage and Umax
p is the �nal steady state voltage. After

one time constant, that is whent = � , the voltage will have changed by 63.2% of
the di�erence between initial and �nal value, and thus dictates how fast the voltage
can change and consequently the time to measure of the system. When discharging
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the capacitance, att = � the voltage will have dropped to about 36.8% of the initial
value.

2.2.2.4 Maximum voltage

The maximum pole-to-chassis voltage can be obtained through voltage division.
This approach results in expressions 2.20 and 2.21 when considering the square
wave half-cycle sign change and thatRf ! 0 since it is much smaller than other
resistors.

Umax
p = UIMD

Rp Rn

Rp + Rn

Rp Rn

Rp + Rn
+ R

2

+ UESS

Rp R
Rp + R

Rp R
Rp + R + Rn R

Rn + R

: (2.20)

Umin
p = � UIMD

Rp Rn

Rp + Rn

Rp Rn

Rp + Rn
+ R

2

+ UESS

Rp R
Rp + R

Rp R
Rp + R + Rn R

Rn + R

: (2.21)

2.2.2.4.1 Impact of balanced vs unbalanced circuit on pole-to-chassis
voltage In a balanced system the pole-to-chassis voltages should reach equal mag-
nitudes, thus we have the safest voltage levels possible for this method (see �gure
2.8).

Figure 2.8: Positive pole-to-chassis voltage and chassis to negative pole in balanced
conditions (Rp = Rn = 1M 
 ).
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For unbalanced condition the average voltage is moved to a di�erent level increasing
the magnitude of one pole-to-chassis voltage depending on unbalance ratio (see �gure
2.9.

Figure 2.9: Positive pole-to-chassis voltage and chassis to negative pole in balanced
conditions (Rp = 0:5M 
 ; Rn = 1M 
 ).
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3
Methods

3.1 Literature review

Data was initially collected through literature review of IEEE papers, internal Volvo
documentation, industry standards and patents. The literature was selected based
on relevance, impact of the citation / peer reviewed, and alignment with the project
objectives. Through the team at Volvo, a continuous discussion was held to collect
relevant data and information from di�erent individuals and groups. The search
was kept limited to automotive applications and thus maritime and power systems
applications and research were not included.

3.2 Circuit analysis

The conceptual circuits for the di�erent IRM methods were analyzed using standard
circuit theory such as Kirchov's Laws, Ohm's law, Superposition principles and the
Laplace transform. By applying linear algebra to the derived expressions for the
measured voltages, we arrived at the expressions for the equivalent pole-to-chassis
resistances needed for computation.

3.3 Simulation and theoretical veri�cation and com-
parison

A �rst step in verifying the mathematical expressions and the circuit theory was to
simulate the circuits in a software environment.

3.3.1 LTspice

LTspice software was used to construct circuits to verify and compare the behavior
of the circuits. This allowed us to obtain theoretically precise values for comparison
with computed values based on derived mathematical expressions.
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3.3.2 MATLAB

MATLAB is a versatile engineering software that allows, for example, mathematical
computations, simulations, graph plotting, and optimization. It was utilized to
verify the algebraic expressions derived from the circuit analysis. A forward and
inverse approach was implemented in several scripts for various veri�cations and
comparisons. That means we �rst calculated, for example, measured voltages based
on actual equivalent resistance values in a forward step and then in an inverse step
using these calculated measured values to calculate equivalent resistances. This
approach both veri�es the validity of derived algebraic expressions and produces
values to compare to simulated circuit values. In addition, MATLAB was utilized
to read and perform data analysis of the �les with measured values from the lab.

3.3.3 Mathcad

Mathcad software is used to symbolically or numerically solve mathematical prob-
lems. It was utilized to rework mathematical expressions for measured voltages in
circuits by solving for resistances of interest.

3.4 Measurement error sensitivity comparison

To make a simpli�ed comparison without considering exact circuit components and
con�gurations, a generalized approach was implemented. By assuming a standard
error for all the measured quantities, the computation of equivalent resistances and
their relative error can be compared for all methods. This will show how measure-
ment error impacts each method, respectively. The chosen approach was to assume
a measurement error of plus or minus 1 % for all measured quantities to show how
a negative and positive measurement bias a�ects each method. The± 1 % measure-
ment error represents a typical instrumentation tolerance level, commonly accepted
within industry standards, providing a realistic baseline for comparative analysis.
Using MATLAB, the worst case relative error combination was determined. The
relative error was computed as a function of a sweep of resistor values, since the
relative error varies on the basis of resistor ratios. First a 8� 8 dataset was pro-
duced with a custom range of resistance values. This was done to get a table with
numerical values for direct comparison. In addition higher resolution datasets were
plotted as heat diagrams and 3D plots (see �gures 4.17, 4.18, 4.19, and 4.20) to
illustrate how the error varies. Both positive and negative equivalent pole-to-chassis
resistances were swept from 100k
 to 4M
 in 5k
 increments.

3.4.1 Switching method error sensitivity analysis

In order to characterize the e�ect of measurement errors on our extraction of the
resistor valuesRp and Rn , a worst case analysis can be performed by applying an
error scaling factor to the measured voltages. SinceUpc and Unc are measured on
the same physical resistor (in the �positive-branch� and �negative-branch� circuit
con�gurations, respectively), we apply the same fractional error� Uu to both of
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these voltages. MeanwhileUdc has its own independent fractional error� Udc. This
yields a total number of error combinations of22 = 4.
Let the perturbed voltages be given by

U0
dc =

�
1 + � Udc

�
Udc;nom; U0

pc = U0
nc =

�
1 + � Uu

�
Uu;nom: (3.1)

The inverse formulas used to recoverRp and Rn from these measurements are

Rp;calc =
R2

m U0
dc

�
U0

pc � U0
nc

�

Rm U0
dc U0

nc
= Rm

U0
pc � U0

nc

U0
nc

; (3.2)

Rn;calc =
� R2

m U0
dc U0

pc + R2
m U0

dc U0
nc

Rm U0
dc U0

pc � Rm (U0
dc)2

= Rm
U0

nc � U0
pc

U0
pc � U0

dc
: (3.3)

Equations 3.2 and 3.3 are derived from voltage division expressions from the switch-
ing resistor IRM circuit (where Rm is the reference resistors switched in parallel)
and by using Mathcad the explicit expressions forRp and Rn were found.

3.4.2 Pulse method error sensitivity analysis

To assess the impact of measurement error on the pulse-method extraction ofRp and
Rn , a worst case error sweep can be performed by applying an error scaling factor
to the pulse voltages and the battery voltage. Since the positive- and negative-half-
cycle sample voltages are measured across the same sampling resistorRf , a common
fractional error � Uf is applied to bothUf; + and Uf; � , while the battery voltageUESS

is assigned its own independent fractional error� UESS . This yields 22 = 4 total
error combinations.

Let the perturbed quantities be

U0
ESS =

�
1 + � UESS

�
UESS;nom; U0

f; � =
�
1 + � Uf

�
Uf; � ;nom: (3.4)

The extracted resistances then follow directly from the pulse-method inversion:

Rp;calc =
U0

ESS

� Rf (Us;+ � Us;� )
U0

f; + � U0
f; �

� (Rf + R
2 )

�

�
Us;+ + 1

2 U0
ESS

�
� U0

f; +
Us;+ � Us;�

U0
f; + � U0

f; �

; (3.5)

Rn;calc =
U0

ESS

� Rf (Us;+ � Us;� )
U0

f; + � U0
f; �

� (Rf + R
2 )

�

U0
f; +

Us;+ � Us;�

U0
f; + � U0

f; �
�

�
Us;+ � 1

2 U0
ESS

� ; (3.6)
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