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Abstract

Precise knowledge of magnetic flux-linkage is a fundamental requirement for high-pre-
formance control of electrical machines. Conventional estimation methods — whether
based on current look-up tables or voltage integration — are prone to significant errors
arising from steep PWM voltage slopes, high-frequency components, and inverter-related
switching delays, particularly in SiC and GaN systems To address these limitations, this
dissertation develops and evaluates novel volt-second sensor concepts that directly mea-
sure flux-linkage by combining continuous analog voltage sensing with FPGA-based digital
processing.

The work introduces six new measurement architectures, including feed-forward volt-
age-distortion modeling for IGBT-based inverters as well as asynchronous and synchronous
voltage-to-frequency converter designs These converters translate continuous phase-volt-
age signals into discrete volt-second values that can be processed in real time, overcoming
the accuracy and implementation constraints inherent to purely analog or purely digital
approaches.

A comprehensive comparative study evaluates fourteen measurement methods under vary-
ing operating points on an industrial half-bridge test bench. The analysis covers measure-
ment accuracy, instantaneousness, and cost, and includes application-oriented validation
on a traction-drive test bench The results demonstrate that the proposed sensor con-
cepts enable precise and instantaneous determination of flux-linkage and corresponding
phase voltage, while the underlying hardware can be flexibly adapted to different control
algorithms through modifications in the FPGA-based evaluation logic.

Overall, the dissertation establishes a unified measurement framework that leverages com-
plementary analog and digital technologies to overcome long-standing challenges in PWM
voltage sensing. The introduced volt-second sensors provide a robust basis for enhanc-
ing control accuracy in modern electric-drive inverters and open new avenues for future
research and technological advancement.
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1 Introduction

1.1 Motivation, Goal and Task of this Work

Many control methodologies for electrical machines depend on the magnetic flux-linkage
as a key variable. Most torque controllers are based on field-oriented control algorithms
in which the amplitude and position of the flux-linkage is indispensable. This variable is
typically calculated either utilizing current-based look-up tables (LUTSs) or integrating the
measured pulse width-modulation (PWM) voltage. Though, measuring pulse-modulated
voltage accurately can be challenging due to its steep slopes, especially when dealing with
silicon carbide (SiC) and gallium nitride (GaN) inverters. Additionally, high-frequency
voltage components and time delays during switching further complicate this process
especially in the low-speed range. Typical measurement methods for PWM voltages
involve sample-and-hold (S&H) procedures with successive-approximation-register (SAR)
analog-to-digital converters (ADCs), which may not effectively capture the applied phase
voltage.

This dissertation focuses on direct, accurate, and instantaneous measurement of magnetic
flux-linkage of electrical machines to prevent inaccuracies in voltage measurement or the
conversion using LUT, respectively. This research aims to design and assess multiple
volt-second sensors and a straightforward voltage-source inverter (VSI) simulation model
that replicates volt-second inaccuracies if sensor technology is absent. Progress is made
on the formulation of evaluation algorithms that utilize commercial voltage-to-frequency
converter (VFC) integrated circuits (ICs), and, moreover, a design of an innovative volt-
second sensor is presented merging the benefits of continuous voltage sensing of analog
circuit technology with the execution of an field-programmable gate array (FPGA). A
mathematical mapping of the simulation model enables its utilization as a feedforward
measurement strategy.

The performances of the new volt-second evaluation approaches, the novel volt-second
sensor, and the model-based approach are evaluated by contrasting them with conven-
tional voltage measurement techniques. Therefore, the author conducts and appraises the
measurement methodologies developed within this thesis, promising measurement meth-
ods in science, and industry-standard measurement procedures on the test bench for a
comparative study. The main target is for the newly innovated volt-second sensor to out-
perform other partially already existing, partially newly developed measurement methods
in terms of accuracy, instantaneousness, and cost effectiveness.



1 Introduction

1.2 Major Scientific Contributions and Outline

The success of algorithms depends along with other things on the precision of their
recorded control variable. If the actual variable is defective, achieving the desired ref-
erence value cannot be attained. Consequently, if the measured quantity is more precise,
the control algorithm operates with higher accuracy. Therefore, many scientists focused
on measuring instantaneous voltage for PWM VSIs to obtain an accurate average phase
voltage value per PWM period for the control algorithm. Nevertheless, the direct sensing
of the applied volt-second is not given appropriate attention. The contribution of this
study effectively covers the gap in research, emphasizing the impact of small duty cycle
and phase currents on volt-second deviation in the low-speed range.

The volt-second distortions of a VSI are examined comprehensively, mirroring findings
from earlier research. However, this investigation revised common mathematical inac-
curacies present in scholarly writings and subsequently validates the simulation model
and its mathematical representation through measurements conducted on the test bench.
Through this profound knowledge of the behavior of voltage trajectories in PWM VSlIs,
various approaches for measuring volt-seconds and voltages have been established. Ini-
tially, the author explores the characteristics of commercial VFCs by utilizing them for in-
stantaneous voltage sensing before developing a specialized volt-second sensor to meet VSI
requirements. This novel volt-second sensor combines both analog and digital technologies
in a holistic measurement approach. The layout and design of the highest-performing volt-
second sensor are presented based on various inverter-specific requirements. Moreover, the
author details the deriving of the corresponding applied phase voltage from the measured
magnetic flux-linkage if this quantity is necessary for the user. This determined phase-
voltage is then juxtaposed in an unprecedented comparative study in terms of accuracy,
standard deviation and cost. Afterward, the volt-second sensor is installed on a motor
test bench to assess its capability in dielectric strength and electromagnetic compatibility
(EMC) coupling. In conclusion, the author demonstrates how VFC-based measurement
approaches serve to measure the flux-linkage of electrical machines for PWM-less control
algorithms.

These major scientific contributions are elaborated across five chapters in the disserta-
tion. Besides the introduction, the written version starts with the fundamentals of voltage
sensing for electrical machines and focuses on two main components of the electrical driv-
etrain — inverter and electrical machine — as well as the basics of instantaneous voltage
measuring. Additionally, the text describes the basic operating principle of VFCs as they
are key features of the innovative volt-second sensor technology.

The core of the dissertation lies in the third chapter, where four novel measurement tech-
niques for the magnetic flux-linkage and one for voltage are introduced and discussed.
The opening section delves into accurately modeling of insulated-gate bipolar transis-
tor (IGBT)-based three-phase VSIs and validates its mathematical model on the test
bench. This feed-forward voltage-distortion model is implemented and combined with
an ADC to assign the determined phase-voltage value for comparison. The second sec-
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tion introduces measuring techniques applying the sensor family of VFCs. Asynchronous
voltage-to-frequency converters (AVFCs) and synchronous voltage-to-frequency convert-
ers (SVFCs) rely on the following analog technology: They convert the continuously
measured PWM voltage into discrete volt-second quantities that are passed to various de-
veloped evaluation logic implemented in the FPGA. While these approaches ensure high
levels of accuracy, they have disadvantages in IC costs. Therefore, in the following section
a discrete synchronous voltage-to-frequency converter (dASVFC) sensor is developed based
on the working principle of the corresponding commercial SVFC IC. The dSVFC sensor
is thoroughly synthesized, analyzed and optimized before incorporating it into the final
measurements for comparison in Chapter 4.

An evaluation is conducted on 14 measurement methods examining accuracy, instanta-
neousness and cost. All measurement techniques are tested and evaluated on a standard
industrial IGBT-based half-bridge with a constant phase current source as load. The
construction of this evaluation setup is specifically intended to meet the requirements of a
comprehensive and thorough investigation. All measurement circuits are tested regarding
their preciseness in the range of low phase currents. Therefore, the established test bench
allows for adjusting both the reference duty cycle and reference constant phase current
to investigate the measurement deviation of the measurement circuits for different oper-
ating points (OPs). The assessment method for the measurement results is outlined in
conjunction with the dedicated test bench. After this, a comprehensive review is under-
taken on the 14 measurement methodologies to determine their measuring accuracy, and
subsequently, they are directly compared based on statistical values. Additionally, the
costs are examined for the investigated measurement techniques. Within this chapter, the
author extensively studies the dSVFC for its potential utilization in volt-second sensing
on a traction drive test bench evaluated in the next section. Therefore, two dSVFCs
are implemented to measure the phase-to-phase voltage focusing on dielectric strength,
EMC, and also precision. At the end of Chapter 4, the author also demonstrates how the
same hardware sensor can be adjusted for PWM-less control algorithms by modifying the
employed evaluation algorithm of volt-seconds.

Finally, the dissertation finishes with the conclusion and suggests remaining future tasks.






2 Fundamentals of Voltage Sensing for
Permanent Magnet Synchronous Machines

This chapter introduces all fundamental topics required to understand the various topics
of this thesis. At the beginning, it considers a model approach of the permament magnet
synchronous machine (PMSM) and introduces the magnetic flux-linkage as an essential
parameter for torque control and a wide variation of control methodologies. The bene-
fits of having precise knowledge of flux-linkage are discussed along with state-of-the-art
methods used to determine it. As VSIs provide the flux-linkages in the machine, the
following section presents a standard three-phase inverter with its voltage distortion and
demonstrates where to effectively measure the flux-linkage.

To demonstrate the method for measuring flux-linkage in this study, the author introduces
the operating principle of voltage-to-frequency converters (VFCs) below as they will be
the basis of novel developed volt-second measuring principles. This chapter concludes
by explaining the concept of instantaneousness in relation to voltage and flux-linkage
measurement methods.

2.1 Model and Control of Salient Permanent Magnet
Synchronous Machines

This thesis focuses, without loss of generality, on modeling and controlling three-phase
AC PMSMs. However, this concentration does not disregard other categories of electrical
machines like e. g. induction machines (IMs) or switched reluctance machines (SRMs). In
addition, the measurement approaches introduced and developed in this research have the
opportunity that they are not limited to flux-linkage sensing for electrical machines but can
be utilized across various types of flux-linkage and voltage measurements, respectively.

2.1.1 Dynamic Model of Salient Permanent Magnet Synchronous
Machines

This first section focuses on modeling three-phase AC salient synchronous machines (SMs)
with stator windings distributed in a quasi-sinusoidal manner. A popular type of salient
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Figure 2.1: Synchronous machine model with salient rotor

SM is the interior permament magnet synchronous machine (IPMSM) which carries mag-
nets within the rotor lamination. The machine model of the IPMSM is explained through
the ideal rotating transformer (IRTF) model [1] shown in the rotor-oriented dg-frame in
Fig. 2.1. Besides stator resistance Rs and stator leakage inductance L, it incorporates
the rotor-side magnetizing inductance Ly,q and Ly, of the machine.

When the inductance L,,q is paired with the current source i, the rotor-side of the model
displays the flux-linkage ¢ of the permanent magnet excitation. Additionally, the rotor
position affects the reluctance of salient SMs, such as IPMSMs with their magnets in the
rotor lamination. For this reason, for PMSMs the real axis of the dg-reference frame is
per definition locked to the direction of field flux-linkage ¢ [2].

Rearranging the inductances Lgs, Lmd, and Ly, of the symbolic model enables the de-
duction of the salient rotor-flux-based model in equation (2.1) consisting of stator voltage
@49 (equation (2.1a)), stator flux-linkage 1% (equation (2.1b)), and electric torque 7T,
(equation (2.1c)) in dg-frame [3].

I/Jd

= Rid9 4+ 5 4 juapd (2.1a)
ng = Lsdisd + jqu'ésq + ¢f (21b)
3, . 3 .
T, = §¢flsq + 3 (Lsa — Lsq) #sdisq (2.1c)
S—— S ~~
electromagnetic torque reluctance torque

The equation set basically relies on the knowledge of the stator current qu the stator
resistance Ry, and the electrical angular frequency ws. The stator 1nductances Lgsg and Ly,
along with the flux-linkage @bs , are not linearly dependent on the present stator current
value 799 due to saturation effects or temperature [1]. Thus, the stator inductances as
well as the flux-linkage are typically established through finite element (FE)-simulations
and then stored in LUTs [4].

The equation set is now adjusted to exclusively correlate with the stator flux-linkage
2/1 , which in turn depends on the stator current components iyq and iy, (equation (2.2)

[5])-
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3 .
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By exclusively having information on the stator current is, the stator flux-linkage 1/_);,
and the rotorposition 6, for the Clarke and Park transforms, the acquired equation set
allows for the torque calculation (equation (2.2c¢)). When the stator flux-linkage is —
like the phase current — precisely measured, the determination of torque operates using
only independent variables. In addition, the frequently utilized flux-linkage as a control
variable can be directly accessed for control algorithms, which will be outlined in excerpts
in the following subsection.

2.1.2 Determination of Stator Flux-Linkage

A powerful control technique is e. g. deadbeat (DB) direct torque and flux control (DTFC)
that accurately regulate machine torque within one control interval [6]-[8]. In addition
to controlling the torque, this strategy also regulates the flux-linkage, requiring the use of
flux-observers like for SRMs [9], [10] or IMs [11], [12], especially at low-speed operation
[13]. An extensively employed flux-observer is the gopinath-style flux-observer in both con-
tinuous [14]-[17] and discrete time [18] implementations. Hence, LUTs and flux-observers
are obsolete if the magnetic flux-linkage is accessible, which preserves both computing ca-
pabilities and storage limits which compromise the preciseness of the calculated quantity
[19]-[22].

The question now arises, how to ascertain the stator flux-linkage JS by installing a mea-
suring instrument within the electric drivetrain. Since the stator flux-linkage Uy is difficult
to access physically, the stator voltage g as the input quantity at the terminals of the ma-
chine will be the quantity of interest to determine the stator flux-linkage of the SM model.
Accordingly, the volt-second sensor developed in this thesis is connected to the stator volt-
age Uy to measure the flux-linkage J at the terminals of the machine (Fig. 2.2). It is
common practice to quantify the stator resistance RS (or the 1mpedance of the machine,
respectively) before commissioning and to measure the stator current i in operation.
Hence, the author proceed with the assumption that those three quantltles are available
through sensors at the test bench. These measurements enable the calculation of the
stator flux-linkage 1, like shown in equation (2.3).
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Figure 2.2: Synchronous machine model with measured terminal flux-linkage Jgh
G= G- RO [T (2.9

At this point, it is essential to clarify the terminology; Fig. 2.2 and equation (2.3) show
that the stator flux-linkage JS differs from the terminal flux-linkage or phase flux-linkage
Jph, while the stator voltage s is equal the terminal voltage or phase voltage @, (equa-
tion (2.4a)). Moreover, the stator current i is equivalent to the phase current th at the
terminals of the machine (equation (2.4b)).

ﬁs = ﬁph (24&)

Ty = ipn (2.4b)

In the context of electrical machines, the terminology of stator values are commonly used,
whereas phase values are more prevalent related to VSIs, hence the need to introduce
these distinct variables (equation (2.4)). The stator current i, and the stator voltage i,
and, thus, the terminal flux-linkage Jph is commonly applied to the electrical machine
and controlled by a VSI, which will be delved into the upcoming section.

2.2 Voltage-Source Inverters

VSIs as shown in Fig. 2.3, e. g. realized as IGBT-based VSI, control three-phase electrical
machines by converting a direct current (dc) voltage Uy into corresponding alternating
current (ac) voltages that represents the terminal voltages s of the electrical machine.
This electric drivetrain is employed in a wide range of various applications. They begin
at low power levels in microsystem technology, progress through e.g. household appli-
ances, industrial robots, and traction drives in electric vehicles and reach high power
categories such as railway systems and energy generation systems as wind turbines or
hydroelectric power plants. The diversity of applications results in a broad spectrum of
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Figure 2.3: Voltage source inverter with three-phase machine

modeling techniques and control strategies. Notwithstanding, as mentioned above, the
magnetic flux-linkage is an essential parameter in multiple methodologies in addition to
the foundational torque, speed, and position control algorithms. The presence of (in-
stantaneous) flux-linkage could be advantageous for emerging application fields e.g. as
an additional quantity in verification of condition monitoring [23]-[25], or artificial in-
telligence (Al)-assisted or Al-based approaches, for example for temperature estimation
[26], [27]. Control strategies like optimized pulse pattern (OPP) approaches, as in model
predictive control [28] or flux trajectory control [29], or enhancing noise vibration harsh-
ness (NVH) of PMSMs through injection of flux-linkage harmonics [30] could also see
improvements.

2.2.1 Phase-Voltage Determination

Conventional drive systems consist of a dc-link that is connected to the VSI. The drive
system shown in Fig. 2.4 features a split dc-link on the left side, consisting of two capacitors
of the same size connected in series, with a neutral point N located between them. As
depicted before, six switching cells with IGBTs and anti-parallel diodes form the VSI. A
series connection of stator inductance Ly, stator resistance Ry, and a voltage source u;
(1 € [1,2,3]) representing electromotive force (EMF) is used to model the three machine
phases on the right hand side. Furthermore, the measurable quantities phase current
th, supply voltages u,n (i € [1,2,3]), zero sequence component ugy, and phase-to-phase
voltages 115 and ugs are declared.

The VSI is usally not able to specify the flux-linkage Jph, but phase current th or phase
voltage 1,1, since in general case the phase current th is directly measured and the phase
voltage i, can be determined by the supply voltages wx (i € [1,2,3]) and the zero se-
quence component ugy. The magnetic flux-linkage is either calculated from LUTs or by
software integration of the phase voltage. The latter leads to a more extensive discussion
of determining the phase voltage.

The phase voltage is either determined through measurement or estimation [31]. Estimat-
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Figure 2.4: Electrical drive system with corresponding voltages

ing the phase voltage involves considering the inverter’s switching state and the dc-link
voltage [32], or it can be predefined by the reference voltage vector [33], thereby neglecting
several effects causing volt-second errors. The dead time of the controller, the on-stage
voltage drop of the semiconductor devices, and the nonlinearities of VSIs are all factors
that contribute to these effects as outlined in detail later on.

VSIs vary frequency and magnitude of the output voltage by generating high-frequency
pulses. There are manifold modulation schemes that are either continuous PWM (CPWM)
[34] (e.g. carrier-based sinusoidal PWM (SPWM) [35], space-vector PWM (SVPWM)
[36], or third harmonic injection PWM (THIPWM) [37]), or discontinuous PWM (DPWM)
[38] as needed with overmodulation methods [39], [40] (like DPWM1, DPWM2, DPWMS3).
CPWM scheme is generated when the zero sequence component ugy is continuous and,
consequently, DPWM scheme is generated when the zero sequence component is discon-
tinuous as there is a possibility for the modulator to have a phase segment that is clamped
to either positive or negative dc-rails for a total of 120°, which means that there is no
switching action within one phase segment over 120° electrical degrees.

Five specific evaluation criteria are mainly considered when deciding on the modulation
scheme to be applied: current waveform quality, swichting losses, voltage linearity, com-
mon mode voltage, and overmodulation region performance. These guidelines indicate
that CPWM, like SVPWM, is the preferred choice for low modulation ranges, whereas
generalized DPWM (GDPWM) is advantageous for high modulation ranges [38].

Independent of the modulation method utilized, the following considerations are univer-
sally applicable to all strategies. The main objective is to obtain the terminal flux-linkage
Ypn as process variable for an arbitrary flux-linkage-based control algorithm. This control

10
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variable zﬁph is ascertained through the parallel connection to the stator voltage s, i.e.
the phase voltage i, (Fig. 2.2). Nevertheless, star point-connected machines are unable
to metrologically achieve the phase voltage @, due to the unavailability of star point 0.
One potential approach is to measure either the three supply voltages u;y — when assum-
ing a symmetrical load — or two phase-to-phase voltages. Mainly for cost optimization,
the decision is to implement two than three flux-linkage sensors. Hence, a deduction for
the two phase-to-phase voltage or flux-linkages, respectively, conducts.

It is referred to Fig. 2.4, start by using three mash equations across the inverter and
electrical machine, which are added in equation (2.5).

3 3
Z U;N = Z Uphs +3- UON (25)
i=1 i=1

With the hypothesis of the load being symmetrical, the phase voltages ,, add to zero
and the equation system with the switching states for a three-phase drive system in
equation (2.6) results.

2 1 1
Uph1 3 T3 T3 UiN
_ 12 1
Uph2 | — | =3 3 —3 U2N (2.6)
1 1 2
Uph3 —3 T3 3 U3N

The representation of phase voltage (e.g. &’*ph) can be depicted as a space vector in the
af-plane shown in Fig. 2.5 as a combination of real part u, and imaginary part ug. The
Clarke transformation in equation (2.7) now converts the amplitude invariant three-phase
to two-phase system.
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" 2 1 _1 Hpht
o 3 3 3

N (0 L L) " | Ypn2 (2.7)
Ug V3 V3

Uph3

Hereafter, the phase voltages u,; are substituted by two phase-to-phase voltages. Select-
ing phase 2 as reference voltage for both sensors is crucial to guarantee the functionality
of two single-ended measuring volt-second sensors. This particular circuitry generates the
necessary measurements of w5 and ugs and, thus, ¥15 and 139, while eliminating the need
for differential probes as demonstrated in a previous study [41]. While upn is equal to g,
the phase relationship of 120° between the phase voltages u,n; causes the phase-to-phase
voltage usp to be perpendicular to u,,; and differ in magnitude by a constant factor of

V3 (equation (2.8)).

Uq = Uph1 (28&)

1
Ug = ——7= * U32 (28b)

V3

The phase-to-phase voltage w15 is the focus for measurement, replacing the phase voltage
upn1- In order to accomplish this objective, a system of equations (equation (2.9)) is
formulated using three independent equations derived from the electric drive train mesh
analysis, and subsequently solved to ascertain the phase voltage wpp;.

Uiz = Uph1 — Uph2 (2.9a)
U3z = —uphg + uphg (29b)
Uphg = —Uphl — Uph2 (2.9¢)

When equation (2.9¢) is inserted into equation (2.9b) and the phase voltage upho is re-
placed with equation (2.9a), the space vectors u, and ug depending on the phase-to-phase
voltages 112 and ugg in equation (2.10) remain.

2 1
Uy 3 3 U2
= (8 _i) : (2.10)
Uug 3 U32

The space vectors can be calculated accordingly by measuring two phase-to-phase volt-
ages, so it is unnecessary to use three sensors. Conclusions about the flux-linkage variables
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Figure 2.6: Volt-second error during one center aligned PWM period with d = 0.5

in the af-system and, consequently, the stator flux-linkage 1;5 can be inferred by analyzing
the phase-to-phase flux-linkage measured.

2.2.2 Voltage Distortion of Voltage-Source Inverters

A related subject regarding VSIs pertains to devising a model for determining the resulting
phase voltage uy in situations where obtaining the measured value is not feasible. The VSI
applies the reference phase voltage u;), to the electrical machine, yet the resulting phase
voltage upn will deviate from a perfect rectangular shape due to nonidealities producing
volt-second errors over a PWM-period. Nevertheless, IGBT-diode combinations as a
switching cell of a inverter are often modeled as ideal switches although ideal switches
neglect volt-second errors caused by the dead time Ty of the controller, turn-on delay T,
and turn-off delay Tyg of the devices, power devices on-stage voltage drops of the IGBTs
Uigsr and the diodes Ugioqe, as well as the limitied voltage gradient during commutation
time as shown in Fig. 2.6. As a note, it should be stated here that the limited voltage slope
is neglected in for the actual phase voltage upy, since it depends on the phase current iy,
and therefore is discussed more in-depth in Section 3.1. Particularly at lower speeds, the
volt-second error becomes significant, especially the dead time becomes relatively large
in comparison to the on-time of a PWM-period [35]. Thus, either a precise model or
volt-second compensation should be taken into account.

Literature explores diverse methods when aiming for a more accurate inverter model,

including the enumerated deviations, than that provided by ideal switches. In 1988,
the initial IGBT modeling method is introduced in the publication by A.R. Hefner and is
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commonly referred to as the Hefner model [42]. His analytical model is the first to provide
a consistent depiction of the IGBT’s steady-state behavior and switching transients under
loading conditions. He validated the accuracy of his model through practical experiments
using devices with diverse parameter settings. Nonetheless, while his model is exact, it
consumes a considerable amount of time. In [43] and [44], a model that is more practical
but less precise than the Hefner model is presented over a decade later. The authors
recommend retrieving information from datasheets and experimental configurations to
establish the parameters of the analytical model. [45] suggests enhancing this model by
optimizing the IGBT parameters using an algorithm to accelerate simulation in SPICE-
based environments. The modeling method proposed by [46] accurately represents voltage
distortion in IGBT and diode converters for advanced motor drives, which has been
adopted in other studies like [47]-[51]. This methodology is also implemented in the
investigation and interpretation outlined in Section 3.1. Novel techniques, such as self-
identification through current injections [52] or online current- and voltage-sensor offset
adation schemes [53], provide an accurate portrayal of the nonlinear characteristics of
voltage distortion.

Furthermore, this author developed a modeling approach with regard to implementation
in PLECS [54]. The software tool enables rapid simulation of power electronics at a
system level and allows for seamless integration of these models into MATLAB/Simulink
for designing control algorithms [55]. The accuracy of this model is verified by employing
a test bench that is developed specifically for this task within this study and already
introduced in [56].

Along with precise models for VSIs, there are the aforementioned multiple approaches
to volt-second compensation aimed to counteract deviations. They start with (online)
dead-time compensation [57]-[59], going to self-tuning dead-time compensation [60], feed-
forward (offline) compensation of nonlinearities of IGBT inverters [61], [62], or direct
dead-time effect compensation scheme [63]. With the intention of obtaining an accurate
measurement of volt-seconds, these methods will not be pursued beyond this point.

2.3 Instantaneous Measuring Techniques

The terminology of instantaneousness is established, before discussing various measure-
ment techniques. The measurement strategies outlined in the latter part of this section
address direct or indirect voltage or flux-linkage measurements for power electronic cir-
cuits, whereby instantaneous signifies the sensing of averaged VSI output quantity (volt-
age Upwm or flux-linkage 1,um) to precisely detect it for each (half) PWM period. This
section supposes the sensing of phase voltage upn equal to upym without loss of generality.
Flux-linkage or volt-seconds, respectively, are a suitable description for PWM voltages
because of its rectangular shape. As previously stated, having precise knowledge of the
present volt-seconds is critical for controlling electrical machines effectively. A deviation
by incorrect estimation or inaccurate measurement can affect the stability of the control
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Figure 2.7: Filtered and sampled PWM voltage

[64]. Nevertheless, the challenging aspect lies in the measurement of the steep voltage
slopes of a PWM signal [65].

The upcoming paragraph is an explanation of the conventional measurement methods for
PWM trajectories in a general scope. Three main divisions exist for direct measurement
techniques of PWM voltages: Filtering of the signal, analog integration, and digital inte-
gration of a PWM voltages.

One of the initial measurement methods involves the application of a low-pass filter to
smooth the PWM voltage upywm and filtering out the high-switching components to extract
the fundamental component. An almost ripple free voltage tpwm a1 Output is achieved by
employing a sufficiently high smoothing capacity. Subsequently, this voltage is sampled
and digitally examined (Fig. 2.7). However, this technique results in an undesired and
significant phase shift between the actual and the measured voltage [8]. Moreover, the
filter can compromise the stability of the control system as voltage value changes are not
instantaneously reflected in the sampled phase voltage for each switching period anymore.
Therefore, the efficiency of this measurement method is diminished, and it is not regarded
as instantaneous.

Various techniques apart from the filtering and sampling method involve analog or digital
integration (Fig. 2.8, left, and Fig. 2.8, right) for establishing the average value of the
PWM signal to counteract the drawback of low-pass filtered circuits. The analog integra-
tion technique requires a reset of the integrator operational amplifier circuit at the end
of each PWM interval, causing a temporary loss of volt-seconds due to the interruption
in input voltage detection. As will be introduced in Section 2.3.1, the literature presents
a range of strategies for resolving this particular problem. To achieve digital integration,
an ADC must sample the PWM voltage frequently, along with a computational logic
that implements numerical integration methods like backward-euler, forward-euler, or the
trapezoidal rule. The rate at which ADCs converts signals is of greater significance than
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Figure 2.8: Analog and digital integration of PWM voltage

its accuracy, with research indicating that resolutions as low as 8 bits can be effective
[66]. The preference for digital integration over analog integration is due to its ease of
use, simplicity, high level of accuracy, and straightforward approach to signal processing.

In recent years, various techniques have emerged for precisely measuring PWM phase or
line-to-line voltages in electrical machines. Instantaneous voltage and volt-second mea-
surement techniques are explored in literature through analog and digital methods. The
progress of the diverse measurement circuits is explained in the upcoming sections, along
with a demonstration of the enhanced volt-second sensing developed in this thesis.

2.3.1 Instantaneous Voltage Measurement

A publication of 1997 marks the introduction of a technique for measuring instantaneous
voltage accurately without employing a low-pass filter but an analog integrating circuit
[65]. Two operational amplifiers measure the phase voltage in an alternating procedure
using an integrator while evaluating and resetting the integrator capacitor of the other am-
plifier to overcome the loss of volt-seconds [67]. Nonetheless, this initial design demands
a significant number of components due to the necessity of three operational amplifiers
and eight switches for voltage measurement.

[68] utilizes the same measurement method in a modified arrangement requring only one
analog integrator but complement a differential amplifier to reject the common-mode volt-
age of the PWM input. Thus, the output voltage of the inverter remains constant at low
speeds, ensuring stable operation. An issue with this method is that the parallel switch
resets the capacitor, resulting in a decrease in the average volt-seconds.
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Another analog integration approach is presented in [64], in which the differential ampli-
fier is substituted by an RC-circuit employing only one operational amplifier. In addition,
it authorizes calculations on half of a symmetrical PWM-period starting at the midpoint
to improve speed in applications. The main issue with this method is the lack of consid-
eration for asymmetries induced by dead-time effects in system operation.

The specialized PWM voltage measurement apparatus in a US Patent [69] is designed
for a three-phase electrical machine to measure and filter all phase voltages using a low-
pass filter with a cutoff frequency below the output frequency. Voltage followers decouple
the potentials, then an analog subtractor with an offset for bipolar supplies creates two
line-to-line voltages, which are combined by an analog integrator. Through the implemen-
tation of analog buffering, a range of buffered voltage signals can be produced, allowing
for reduced ADC sampling rates, albeit with the need for extensive analog circuit design.
A precise phase-voltage measurement technique using digital integration is introduced in
[70]. This FPGA-based digital integrator is combined with high-speed high-cost ADCs for
oversampling of the PWM-signal. An analog single-ended operational amplifier, similar
to [69], determines the difference in incoming phase voltages to create two line-to-line
voltages for a differential ADC driver.

A combination of filtering and oversampling of PWM phase voltage for instantaneous
sensing is introduced in [71]. Utilizing the time-lag behavior of low-pass filtering inten-
tionally reduces the slope of the PWM-signal, resulting in oversampling of the filtered
voltage slope. As the volt-second area under a PWM-period remains unaffected by the
filter, it can be used to shape the steep voltage gradient into exponential curves, which
are subsequently sampled with an ADC.

A microcontroller-based voltage measuring method by obtaining the actual phase voltage
based on the digital integration of PWM-voltage using the capture modulator in existing
drive microcontrollers (MCUs) is presented in 2020 [72]. This method eliminates the need
for separate ADC and communication hardware, despite the complexity of the signal pro-
cessing software that follows.

The authors in [73] and [74] shift the utilization of commercial ICs for PWM-voltage
detection. The second-order delta-sigma modulator (DSM) ADS1201 [75] and an asyn-
chronous voltage-to-frequency converter (AVFC) VFCI110 [76] are investigated for their
effectiveness in voltage and current measurement in medium- and high-voltage inverters
given their high signal-to-noise ratio (SNR). These ICs convert a range of voltages into
a corresponding range of frequencies that increase in direct proportion to their input
voltage. The output signal from both ICs consists of a digital pulse train that can be
transmitted with minimal interference utilizing an optic fiber link. Additionally, the com-
bined feature of both ICs prevents the loss of volt-seconds.

Owing to these advantages of converting a continuous PWM-voltage signal into a dis-
crete digital pulse train by an AVFC, [56] also applies this IC as a key component of a
measurement circuit. Moreover, VFCs in general address the integrator reset challenge
by performing charge-balancing on the integrator capacitor rather than fully resetting it
(see a more detailed explanation in the following Section 2.4). Although this measure-
ment method is already more advantageous than the previously presented measurement
circuits, the disadvantage is that a residual voltage remains on the capacitor at the end
of each PWM period, which can be interpreted as quantization error. The authors sug-
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gest sampling the residual voltage of the integration capacitor with a 12-bit successive-
approximation-register (SAR) ADC to gain maximum accuracy. In Section 3.2, a more
elaborate description of this measuring circuit is provided. In spite of this, the costly
AVFC component acts as a barrier to the extensive adoption of this instantaneous mea-
surement system, limiting its practical use to almost only laboratory applications.

In conclusion, the approaches of analog and digital integration still have two significant
disadvantages when compared to the class of VFCs that are the preferred analog sensing
technique in this work. Firstly, the limitation of linearity in these circuits stems from the
fact that their transfer functions are influenced by varying capacitance values dependent
on voltage, frequency, and temperature. Secondly, the analog integrated voltage requires
conversion by an ADC for processing, whereas VFCs produce pulses that can be read as
a 1-bit signal by a digital input. A more detailed explanation is outlined in Section 2.4.

2.3.2 Instantaneous Volt-Second Measurement

The advantage of this direct volt-second measurement method has been acknowledged by
the authors of [77] as well. This time, instead of using a DSM or AVFC like described
in the section before, another associate of the VFC-group — a synchronous voltage-to-
frequency converter (SVFC) — is applied to extend the low speed range on the one hand
and to improve disturbance rejection of back-EMF-based self sensing on the other hand
[13], [78]. Their study indicates that their measurement strategy effectively deals with the
problem of diverse back-EMF' estimation methods, like integrating the terminal voltage
[79]. Additionally, the researchers delve deeper into enhancing algorithms by illustrating
techniques to increase the accuracy of torque [8], [80].

This innovative method avoids volt-second inaccuracies arising from various origins, such
as inverter nonlinearity including dead time, voltage drops, dc-link voltage fluctuation
and static error, ripple content, and poor SNR for controller bandwidth, while enabling
negligent phase delay over each PWM period. These advantages are also approved for
other machine types as the SRM in [81]. However, this measuring technique comes with
the same significant drawback as the approach of sensing with an AVFC in [56]: Im-
plementation of the high-expensive SVFC is limited to laboratory settings, as it is not
feasible for utilization in industries like automotive. Although, the accuracy of measur-
ing the +1.2kV input voltage range (phase-to-phase voltage) with a resolution of 0.5V,
which is equal to 0.02%, demonstrates remarkable precision. The resolution of volt-
seconds requires accounting for either the PWM period Tjm or the switching frequency
fsw, Tespectively. A volt-second quantum 1. of 0.33 - 1072 Vs at a quite low switching
frequency fs, of 1.5kHz is stated within the study. These quantities will be evaluated in
the subsequent Chapter 4.

The opportunities for improving a variety of algorithms is the motivation for this present
study. It can be argued that this investigation has been greatly inspired by the innovative
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work of those researchers from Wisconsin Electric Machines and Power Electronics Con-
sortium (WEMPEC), the technology center at the University of Wisconsin-Madison. The
author’s intention of this work is to revise the drawbacks employing a cost-intensive and
fixed commercial SVFC by combining the advantages of analog integration, scalable and
low-cost design, digital transmission, and adjustable evaluation by using already existing
hardware. Therefore, a novel precision volt-second sensor for PWM VSIs is developed
within this research, along with the previously measurement methods presented in [56].
The first prototype of this newly developed volt-second measurement instrument is al-
ready introduced in [82], [83] and, furthermore, stated as a WIPO Patent Cooperation
Treaty [84].

In essence, the discrete synchronous voltage-to-frequency converter (dASVFC) is also foun-
ded on the charge-balancing process of VFCs, which is extensively discussed in theory,
simulation, and measurement results in [83]. By implementing this procedure, an arbi-
trary input voltage range is converted into a digital pulse train with a certain propotional
output frequency fp¢. It is explained how to dimension the transfer function of the dASVFC
through this correlation and how to determine the instantaneuous volt-second value ¥pym
(also defined in this context as the average value over a PWM period). The further de-
velopement of the dSVFC with its analysis and evaluation is outlined in Section 3.3. Sec-
tion 4.3 explores the performance of this method when contrasted with other measurement
methodologies to provide a categorization of the sensor. Finally, two dSVFCs are installed
on a traction drive application on a test bench to validate the measurement instrument
by sensing phase-to-phase voltage in a range of 400V in Chapter 4.4. Additionally,
the author suggests how to adapt the evaluation algorithm to receive instantaneously a
positive or negative volt-second quantum . (instead of the average value @pwm of one
PWM period), thus enabling the applicability for control algorithms like OPP.

2.4 Voltage-to-Frequency Converters

Delving further into the topic, this section focuses on VFCs that were previously intro-
duced. Basically, a VFC converts an input voltage u;, into an output frequency fy;. The
output frequency fy is direct proportional to the input voltage w;, (Fig. 2.9). A VFC IC
is consistent and has the capacity to operate with very low power consumption [85]. It
has been noted that VFCs offer the advantages of a high linearity range in addition to a
long transmission path without interference. Furthermore, they solve the integrator reset
challenge, which was presented in the literature of instantaneous phase voltage measur-
ing, by carrying out charge balancing on the integrator capacitor instead of discharging
it entirely [86].

However, when it comes to VFCs, there are still inaccuracies like offset error, gain error,
and (low) linearity error that must be considered. The dSVFC development in Section 3.3
will focus on addressing these three errors and demonstrating methods to minimize these
three errors.
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Figure 2.9: Correlation between input voltage u;, and output frequency fp,; of a VFC
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Figure 2.10: Current-steering voltage-to-frequency converter

Overall, VFCs can be classified into two primary groups: VFCs that use (current-steering)
multivibrators and those that implement charge-balance strategies. A current-to-frequency
converter, like the AD537 [87], changes the input voltage u;, into a current 4;, that is re-
sponsible for charging and discharging a capacitor C', subsequently triggering a threshold
(Fig. 2.10). The resulting voltage transient across the capacitor is a linear triangular
shape. By using a stable reference voltage U,.¢, the switching thresholds are established,
leading to an output frequncy f,; that correlates with the input voltage. Achieving linear-
ities of around 14 bits is feasible using this approach. Comparator threshold noise, thresh-
old temperature coefficient, and the stability and dielectric absorption of the capacitor
(being generally a discrete component) are the factors that typically set the performance
limits.

This type of VFCs is inexpensive even so less precise than the charge-balance type. In
addition, multivibrators lack the capability to integrate negative input voltage, resulting
in an inadequate volt-second measurement approach for this research, as the detection of
phase-to-phase flux-linkage demands the ability to process negative input transients.
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In 1988, [88] introduced the principle of charging-balancing through a switched capacitor
realized as an IC. Concerning the charge-balance VFCs, such as the AD650 [89], these
units are structured with three key elements: An integrator, a comparator, and a precision
charge source. Consequently, this category of VFC presents increased complexity, higher
requirements for supply voltage and current, but also superior precision with a linearity
range between 16 to 18 bits. Two primary categories of charge-balancing VFCs exist:
asynchronous VFCs and synchronous VFCs.

2.4.1 Asynchronous Voltage-to-Frequency Converters

The essential functionality is comparable to that of the multivibrator and illustrated in
Fig. 2.11. The input voltage u;, is applied to an integrator whose capacitor Cj, is charged.
Reaching the threshold of the comparator, the precision charge source I is triggered, and
as a consequence, it removes a fixed and defined amount of charge. The key point lies
on the uninterrupted flow of the input current i;, to ensure no input charge dissipates.
The frequency at which the charge source is activated is dependent on the input to the
integrator, ensuring that the removal rate of charge matches the supply rate and, conse-
quently, the output frequency f, is proportional to the input voltage u;,. The operational
concept of an AVFC and a SVFC remains consistent.

Considering an AVFC now (Fig. 2.11), similar to the VFC110 [76], the removed fixed
charge is set by the precision current source [y and the pulse width of a precision monos-
table. The transient problem of the integrator is addressed by an single pole, double
throw (SPDT) switch since on- and off-transients are eliminated and the output stage
of the integrator perceives a constant load. AVFCs excel in promptly generating pulses,
contrasting with SVFCs that exhibit minimal jitter through their bistable multivibrator.
This benefit is utilized in innovative measurement techniques introduced in this study
in Section 3.2 and also introduced in [56]. Nevertheless, dealing with the stability and
transient response of the precision monostable proves problematic, but this issue can be
solved by substituting the monostable with a clocked bistable multivibrator.
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Figure 2.12: Synchronous voltage-to-frequency converter
2.4.2 Synchronous Voltage-to-Frequency Converters

Replacing the monostable with a bistable multivibrator, which is driven by an external
clock, enhances both stability and linearity up to 18 bit with a steadiness in tempera-
ture stability (cf. equation (2.11)). The discharge event is now synchronized with this
external clock to a defined pulse length, eliminating the instantaneous — also meaning
arbitrary — discharging process. Connecting an SVFC, like the AD652 [90], to exter-
nal control hardware benefits from the ease of handling synchronous data transfer in
comparison to asynchronous transfer. The main benefit of synchronized output pulses
is simultaneously unfavorable since significant jitter is mapped to the discharging pulses
resulting in non-equidistant pulses. Moreover, nonlinearities in output frequency close to
certain subharmonics of the clock frequency can be observed due to the coupling of the
clock signal into the comparator as it causes the SVFC to behave as an injection-locked
phase-locked loop (PLL). Nevertheless, there are design guidelines for the printed cir-
cuit board (PCB)-layout that can minimize these nonlinearities, which will be taken into
consideration during the incorporation of sensors utilizing bistable multivibrators.

The subsequent discussion will provide a brief, yet detailed overview of how an SVFC
operates, as the measurement methods devised in this study are rooted in this approach.
(Fig. 2.12) depicts the basic circuitry of an SVFC (according to the topology of the
ADG652). The input voltage wu;, is converted through the resistor Ry, into the input
current i;, that charges the integrator capacitor Cl,; and, thus, the integrator output
voltage uys increases (equation (2.11)) until it exceeds the reference voltage U,es.

t
= = / b (£) AT+ Up (7 = 1) (2.11)
Cint t=

—to

If the input voltage uy, is larger than the reference voltage U, the output voltage wu
of the comparator is rising to its positive supply voltage and subsequently triggers the
clocked bistable multivibrator. At this point, the synchronized output pulses f,; are in
operation since the bistable multivibrator is controlled by the external clock frequency fex.
The clock-synchronized output pulses consistently have a duration equivalent to one clock
period Tiy. The length of one pulse matches the clock period Ty as the inverted output
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of the latch is looped back to the D flop. The input signal D of the D flop switches to
output Q on the falling slope of the clock signal f.. With the subsequent rising edge of
the clock signal, the output signal Q of the D flop is switched to the output of the latch Q
and thereby setting the frequency of the output signal w(fy¢). The maximum reachable
output frequency f, of the pulse train lies at half of the clock frequency fo/2.

Simultaneously, the output of the latch ) controls the position of the SPDT switch S,
with its default position L charging the capacitor Ciy. Once the reference voltage Ues
is exceeded, a pulse is created at the multivibrator output causing the switch S, to
position L. Accordingly, the input current i;, is superposted with the current Iy of the
constant current source (equation (2.12)), discharging the capacitor Ciy for the duration
of the clock period T.

.in — h; if Sco L
i = {Z Fius [ e 08 (2.12)

tin — g = ;:zt — Iy, if S, on H

As the input voltage w;, increases, the charging current i;, also increases, leading to
a direct correlation between the input voltage wu;y, and the output voltage wys of the
integrator circuit. As a result, the comparator’s threshold voltage U, is exceeded at a
faster rate, causing a rise in the pulse generation frequency fu¢. In summary, the input
voltage w, correlates directly with both the output frequency f,; and the number of
pulses in each PWM period. It is now apparent that there are limitations to how large
the input current 4;, and the constant current I, can be chosen. Section 3.3.1 will provide
a thorough discussion of this topic when designing and dimensioning the dSVFC.

Different techniques are also employed in literature for the discrete or integrated applica-
tion of SVFCs. Several publications have introduced this method at the complementary
metal-oxide-semiconductor (CMOS) level [91]-[94]. Differential voltage measurements like
in this study are carried out by a particular CMOS-based 1C, which is configured with a
preceding fully differential difference amplifier [95]. Two second-generation current con-
veyors are chosen over a differential difference amplifier in [96] for the realization of a
differential VFC. Both techniques convert the differential input voltage into a current,
which is utilized to control a subsequent logic circuit responsible for generating the pulse
train. The main divergence in this work occurs in the realization at CMOS-level as the
suggested measuring instrument is based on discrete components. In addition, the newly
developed dSVFC is able to sense both positive and negative input voltages by adjusting
its characteristic curve as will be presented in Section 3.3.2.

23



24



3 Voltage-Integration Measuring Techniques

This chapter introduces three new measuring techniques for instantaneous volt-second
measurement according to which the chapter is also divided. The first approach presented
involves precise model development of an VSI within PLECS and the calculation of voltage
disturbance combined with a standard sample-and-hold (S&H) ADC installed on the
test bench. The second and third methods are hardware-based volt-second measurement
instruments. One category of measurement methods is based on a commercial AVFC.
Multiple evaluation methodologies are established to determine voltage or volt-seconds,
employing the identical sensor in place. The third approach is the elaboration of a novel
volt-second sensor based on the working principle of an SVFC. The presentation includes
an in-depth examination of the design process, and the subsequent hardware and software
implementation is demonstrated. A comparison is conducted in Chapter 4 between these
three approaches and common measurement techniques.

3.1 Accurate Voltage-Distortion Model of
Voltage-Source Inverters

A detailed representation of the VSI is beneficial for both initial simulation studies and
integration into a control algorithm for an electric traction drive. Precise representa-
tion of volt-second errors @/;pwm@rr from nonidealities is crucial. Within this work, frist,
an IGBT-based VSI voltage distortion model is implemented in PLECS and its typi-
cal characteristics are validated on a test bench. Second, an additional mathematical
characterization for this model is added to represent influences of the phase current iy,
and the dc-link voltage Ug.. The objective of this precise modeling is to incorporate the
mathematical results into a model-based feed-forward (MBFF) measurement approach,
integrating them into the comparative investigation.

3.1.1 Voltage-Distortion Simulation Model

The PWM-period average t,y, is the key quantity for most common control algorithms (see
also the defintion of instantaneousness in Section 2.3). Once again, the focus is on a PWM-
shaped phase voltage up,, without loss of generality. The determination of the occurring
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Figure 3.1: Model approaches of half-bridge with nonideal commutation cell in PLECS

voltage deviation during a PWM-period is based on a IGBT half-bridge model that will
later be multiplied to a three-phase VSI. Basically, voltage drops across a conducting
IGBT Uigpr or diode Ugjoqe cause a distortion in the amplitude of the actual phase
voltage up,. Simultaneously, a time distortion through the dead time T4, of the controller,
which provides protection against half-bridge shoot-through, and delays in switch turn-
on T}, and turn-off T,g occur. Additionally, due to the charging and discharging event of
the IGBT’s Miller-capacitance, the voltage gradient during commutation time is limited,
which is investigated more extensively within this section.

The established method of using a parallel snubber capacitor Cy. with the switching cell
is applied to limit the voltage slope during commutation and, thus, replicate an precise
voltage distortion model of a half-bridge converter. A further equivalent series resistance
(ESR) R (of which its value is based on empirical factors) is connected to more accurately
represent the current first order time lag behavior within the switching cell and prevent
simulation errors. The voltage drops of the the semiconductors are simulated through
respective voltage sources Uigpr and Ugioge, While time deviations are modeled through
corresponding delays. Figure 3.1 illustrates the resulting voltage-distortion model for one
inverter leg that is ready for immediate implementation transforming to a three-phase
IGBT-based VSI in PLECS (Fig. A.1) as this author presents in detail in [54]. The
carried-based SPWM utilized in this scenario is arbitrarily applied without any further
consequences on the volt-second errors that are to be evaluated (Fig. A.2).

The required simulation parameters in Table 3.1 are on the one hand taken from the
datasheet of the SEMIKRON trench IGBT module SKM 600GB066D [97] and on the
other hand from the PWM-framework that is employed at a later stage during validation
on the test bench (Section 3.1.3). The inductive load L is assumed to be infinite resulting
in a approximated constant phase current [,,. This strategy removes dependencies on
the load and allows for the consideration of the phase current’s influence.

A qualitative evaluation of the relevant simulated electrical quantities can be seen in
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Table 3.1: Model parameters of VSI simulation in PLECS

IGBT Module PWM Parameters Additional Capacitance
UIGBT Udiode Ton Toi‘f Udc fsw d Tdt Csc Rsc
1.45V 14V  270ns 670ns 60V 5kHz 0.5 3pus 2.3nF 100

Fig. A.3 and Fig. A.4 in Section A.1. The first graph shows the reference gate signals
for the upper and lower IGBT, the second graph indicates the dead time Ty of the
controller, while the third presents the actual gate signals including turn-on and turn-off
delays. The resulting actual phase voltage up, with its deviation is then shown in Fig. 3.2a
and Fig. 3.2b, respectively. It is necessary to establish a differentiation at this point since
the phase voltage up, depends on the polarity and magnitude of phase current I,,. Four
distinct scenarios are noticeable. Two scenarios are observable in the voltage gradient for
cach polarity of the phase current I, Fig. 3.2: a pure linear response (dark blueish-colored
trajectory) or a noticeable step within the phase voltage signal (bright blueish-colored
trajectory) followed by a voltage drop Uigpr across the IGBT. Whether the linear or
nonlinear case occurs depends on the amplitude of the phase current I,,. The voltage
drop Uigpt across the IGBT is also reflected in a current flow through each corresponding
conductive IGBT (Fig. A.3 and Fig. A.4). Which semiconductor devices are utilized for
current conduction is determined by the polarity of the phase current I,,. The upper
IGBT S; and the lower diode D, function as the conducting devices when the current I,
is positive, while the upper diode D; and the lower IGBT S, take on this role in the case
of a negative current I,.

Further, time distortions occurring at the rising slope at the beginning of the voltage
pulse lead to a subtraction from the reference phase voltage uf,, whereas at the falling
slope at the end of the voltage pulse, time distortions result in an addition. The focus
now shifts to examining the commutation periods more closely. Due to the ability of an
IGBT to switch on and off independently of its current, commutation from a diode to
an IGBT leads to an infinite voltage slope, while commutation from an IGBT to a diode
results in a limited voltage gradient. The diode’s takeover of current is associated with the
additional parallel capacitance C. that needs to be charged and discharged adequately. If
the magnitude of the phase current I, surpasses a predefined threshold I,y 1im, the phase
voltage wupy, in this linear scenario decreases entirely before activating the second IGBT
resulting in a commutation process for classical zero-voltage switching (ZVS).

If the magnitude of the phase current I, does not surpass the threshold current I, jim,
the nonlinear case described earlier can be identified. The detailed explanation is pro-
vided including four sections utilizing a positive phase current that comes under the limit
Iw < Loniim (Fig. 3.3). In section @, the upper IGBT is still conducting during turn-off
delay time T, and, consequently, the capacitance Cy.; is completely discharged, while
capacitance Cs. is fully charged with a voltage drop of Uy.. After the delay T, has
passed, both IGBTs are turned off in section @, and a charge reversal of the additional
capacitors Cy.; and Cie.2 begins. Due to the identical impedance in both RC' series cir-
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Figure 3.2: Trajectories of disturbed phase voltage wu,, with additional capacitance
(cf. [54])

cuits, the phase current I, is evenly distributed into half of the amount. In case the
current falls beneath the threshold Iy jim, recharging will not be completed during dead
time Ty and switch-on time T}, of the lower IGBT. Thus, the second IGBT causes an
infinitely high voltage slope at the transition to section @ by turning on. Accordingly,
the voltage Uigpr of the IGBT is now applied to the load. The present current iy is now
determined by the voltage Uiggr and the components of the capacitance Cy.o and the
resistance Cy.o. The first order time lag behavior of the current ics is reflected in both,
the current i¢; flowing in the upper capacitor Cy.; and the current igs flowing in the sec-
ond IGBT. When capacitor Cy.; is fully charged and Cy., is discharged within the charge
reversal time 7., diode D, initiates conduction in section @ so that the commutation
from IGBT S; to diode D is successfully executed.

Knowing the threshold current I, i, is now of significance as the transition point between
the distinct phase-voltage patterns can be established as calculations for the mathematical
model will rely on this current limit. Two equations for charges serve as the foundation
for the determination of the threshold current I, 1im. The electric charge Q as the product
of current I, and time (equation (3.13a)), and simultaneously, the electric charge Q is
equal to the product of applied voltage Uy, to the capacitors Cy. of both switching cells
of the inverter leg (equation (3.13b)).

28



3.1 Accurate Voltage-Distortion Model of Voltage-Source Inverters

A *
& U 5 — Uph
§ Py de 1 ’Iphm\ — Uph
S =z Usc — UrgnT Iulin
> <
s £
=
= UigBT N

1 1 2 3 4 is1

152
2 .
g —~ Iph — /LDl
< % 2 — ic1
= I
E= I , | = ic
—Ipn ;
P — Tofr— ~Ton} Time ¢ (s)
Tdt 4_T’(‘,r_>

Figure 3.3: Simulated commutation at positive phase current I, (cf. [54])

Q=1Ipm-t (3.13a)
Q = 2Csc . Udc (313b)

If the nonideal voltage values and also the respective time during the PWM-period are
considered, the resulting limit current I, im can be determined (equation (3.14)).

2Cs¢ - (Uae £ Urest F Udiode)
Tdt + Ton - Toff

‘Iph,liml = (3.14)

The mathematical model for an accurate volt-second error &pwmﬂr during one PWM-
period will now be developed on the basis of the simulation results.

3.1.2 Mathematical Model of Voltage-Distortion

The combination of voltage amplitude and time distortions enables the determination of
distortion volt-second area ¥pym e, providing a detailed analysis of the switching prop-
erties of a IGBT-based half-bridge. The mathematical models yield three different levels
of complexity that are related to each other. The initial and most basic model focuses
solely on the divergent rectangular volt-second areas (cf. Fig. 2.6) and is therefore labeled
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the rectangular model. The phase current I, is assumed to be infinite resulting in a volt-
second area during commutation from an IGBT to a diode that is zero (cf. Fig. 3.3, phase
voltage wupp, section @) This results in equation (3.15) for volt-second error 77Z_)pwm,err
during one PWM-period

—Towm * (dUrgt + (1 — d)Ugiode) , if Ipn >0

) (3.15)
+prm . (dUdiode aF (1 — d)UIGBT) , if Iph <0

QZrect,err - :FAT - AU + {

with the following summarized differences in equation (3.16) for the given voltages and
time intervalls. These voltage and time differences were also depicted in the formular for
the threshold current Iy, i, in equation (3.14).

AU = Uge + Ugiode — UigeT (316&)
AT =T5 +To, — Tog (3.16b)

Equation (3.15) describes in the first term the volt-second losses due to commutation, and
in the second term the volt-second errors during on- and off-state. Identification of the
conducting semiconductor is easily accomplished through observation of the corresponding
voltage drop.

The development of a more exact model during commutation time is based on the sim-
ulation results. This mathematical model is labeled as full model. For this purpose, the
phase current is now assumed to be finite leading to volt-second errors during commuta-
tion that are dependent on the phase current (cf. Fig. 3.3, section @) A differentiation
is established here by considering whether the phase current is under or over the threshold
current I jim, as previously outlined.

First, the absolute phase current value |I,,| should be greater or equal than the limit
current |Ipp 1im| resulting in the linear case in which commutation from IGBT to diode is
completed within the time duration AT. The time ¢}, needed to finalize the commutation
process relies on the phase current I, and can be calculated utilizing equation (3.17).

(Udc - UIGBT) . Csc2

tlin ([p ) - Iph/2

(3.17)

During this interval, the volt-second error &1in7err in equation (3.18) is being calculated.
This result reveals that the volt-second error in the linear case is inversely proportional
to the phase current.
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(Uge — Urapr)? + Caca
I

ph

l/jlin,err(lp ) - (318)

Second, the absolute phase current value |I,,| should be less than the limit current |Zp jim|
resulting in the nonlinear case, i. e. the completion of the commutation process is unattain-
able within the given time AT. The deviating volt-second error ?Znonnn,err is now described
by the difference between two volt-second areas. In this case, the height of the voltage
step correlates with the phase current like equation (3.19) shows.

AT I,
CSC2 2

Upin (Ipn) = (3.19)

In this nonlinear case, a linear correlation between the volt-second deviation 1/_1non1m,err and
the phase current I, results in equation (3.20).

L, AT?
405(:2

rQEnonlin,err(Ip ) = (Udc - UIGBT) - AT — (320)

In addition to this deviation @Enonhn’err, the voltage-time-area error must be supplemented
with the volt-second error &Cr,err caused by the conducting IGBT during charge reversal of
both additional capacitors Cys.. The transfer function (TF) is preferred for analyzing the
switching cell with the current Ico(s) flowing through the ohmic-capacitive impedance as
output quantity and the voltage drop Uigpr(s) across the conducting IGBT as output
quantity. The inverse Laplace transform enables the equation of the derivative-element
with first order lag in time domain (equation (3.21)).

—il
Ics(s) _ 5Cxe2 “ inea(t) = uigeT(t)
UIGBT(S) 1 + SRSCQCSCQ Rsc2

W e (3.21)

The author assumes that the charge reversal process is completed once the current ico(t)
attains zero. Within the scope of control theory, this occurs after the passage of five
times the time constant. This time interval T, is dependent on passive components with
fixed values. Thus, the voltage ujgpr(t) of the IGBT solely influences the charge reversal,
which, however, is also constant. The resulting volt-second error 1 o, in equation (3.22)
is therefore a constant value.

ZZcr,err - UIGBT : Tcr - UIGBT : 5RSCQCSC2 (322)

If these volt-second errors are finally totalized, the result of the total averaged volt-
second 9pwm err depending on the phase current Iy, over one PWM-period is depicted by
equation (3.23).
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n T QZIin err; 1f IIph| Z |Iph 1im|
TP Wi, rr(I h) = ¢;k t,err + - - . ’ (323)
P © P e ¢nonlin,err 3 ¢cr,err7 1f |]ph| < |]ph,lim|

It is important to ensure that the time intervals, and thus, the volt-second distortion zzrﬁct,err
of the reactangular model is adapted since the time t);, of the full model must be taken into
account. In conclusion, it is important to highlight that the comprehensive development
of the full model of an IGBT-based PWM VSI is conducted due to frequent inaccuracies
or calculation errors identified in previous research.

Figure 3.4 illustrates both volt-second distortions, the volt-second error @Erect’err of the
rectangular model, and the separated volt-second error caused by the additional capaci-
tors Cg. The impact of phase current I, on the volt-second error, taking into account
the capacitive effect, is apparent. The yellow background color serves to highlight the
linear case in which the phase current I, is lower than the threshold current Iy jin,. The
nonlinear case is in an inversely proportional relation to phase current I, is observable
that causes the capacitively induced volt-second error to rapidly decay to zero. Dashed
lines are utilized to demonstrate the continuation of volt-second distortion for the full
range of the plot.

Combining both volt-second impacts demonstrates that the error reaches a steady state
at a certain phase current magnitude (Fig. 3.5). In case where negative volt-second errors
coincides with a positive phase current, the VSI output results with a reduced number
of volt-seconds. Conversely, negative phase currents always exceed the desired average
volt-second value. The minor influence of the capacitive effect on the average voltage-time
area is readily apparent from the visual depiction of the derivated equations in Fig. 3.4
and Fig. 3.5, respectively. Even with low levels of current below Ip,pm (the nominal
current of the module considered here numbers 760 A), the largest influence is almost
negligible. Nevertheless, these particular influences at low currents and small duty cycles
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are a crucial part of this study, because a model that is accurate as possible is the overall
goal regardless optimization of computational resources.

The evaluation of the influence of three variable input parameters is performed as part of
the integration of the model into an MBFF measurement technique. The variable input
parameters are the measured dc-link voltage Ud%, the actual duty cycle d, and the mea-
sured phase current igh.

The most significant parameter in this context is the phase current as the case differentia-
tion is determined by this quantity (equation (3.23)). Figure 3.6 illustrates the impact of
a superimposed current measurement inaccuracy on volt-second deviation within the full
model. The most significant discrepancies (exceeding 4 % relative to the voltage-time area
of dc-link voltage Uy, and PWM-period T} ) occur if the case differentiation inaccurately
determines the polarity of phase currents. Hence, if the noise from the current sensor is
higher than the phase current iy, it is meant to detect, the full model will produce ma-
jor inaccuracies, leading to unreliable results. Errors in volt-seconds below 0.5 % occur
if the magnitude of phase current 7, is overestimated, as indicated by the expressions
that detail the effects of the capacitive distortion. At high phase current magnitudes,
even a 0.5 A measurement noise is considered insignificant since the capacitive influence
becomes negligible. In essence, precise identification of phase current polarity outweighs
the significance of general current sensor accuracy.

It is common practice to combine volt-second error models or rather voltage distortion
models with adaptation algorithms that incorporate feedback from the system that the
model is applied to [51], [98], [99]. Additionally, the model’s acquired data can be utilized
in reverse to adjust system estimated parameters in real-time [53]. As the upcoming setup
will not replicate the complete integration of this model into a three-phase drive system,
thereby preventing the establishment of a feedback loop for model adjustments while in
operation, the model is utilized in a feedforward approach.
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Figure 3.6: Impact of current measurement error on full-model accuracy
3.1.3 Validation of Voltage-Distortion Model

The evaluation of the simulative and mathematical model is conducted by measuring the
analyzed SEMIKRON trench IGBT module SKM 600GB066D [97] on the test bench that
will be introduced in detail in Section 4.2. The precision of the volt-second distortion
model in replicating IGBT switching behavior of one module and, thus, a half-bridge is
examined considering the trajectories of the phase voltage up,. Measurements for phase
voltage up, are conducted with an oscilloscope for various dc-link voltage levels Uy, and
reference phase currents I, set with the load side current source. The current that is

being examined is the constant reference phase current I3, of the current source, not

the measured phase current z'gh, as will be explained in Section 4.2. It is important to

note this discrepancy as the measured phase current i;?h may not consistently correspond
with the reference current I}, especially for low current magnitudes. A total of 108
OPs is carried out for nine dc-link voltages Ug. from 20V to 60V, and 12 reference
currents [, between 0 A and 8 A to analyze the capacitive effect during commutation.
Measurements are constrained to a maximum of 60V due to limitations in the available
test bench equipment (cf. Section 4.2). The impact of these two parameters on the
switching behavior of the IGBT half-bridge can be seen in Fig. 3.7. Fig. 3.7a shows a
reference current sweep at a dc-link voltage of 60V, while Fig. 3.7b depicts a dc-link
voltage sweep at a reference phase current of 0.75 A.

The simulated phase voltage trajectory upy, matches the measured phase voltage ugh for
almost the entire PWM-period. Yet, a more in-depth investigation needs to be conducted
during commutation towards the diodes as Fig. 3.7 shows. Basically, the measurement
results verify the case differentiation between the linear and nonlinear case since the
voltage tail of the IGBT appears when the threshold current I,y jim is undershot and the
IGBT S conducts once the dead time Ty elapsed. Despite this, there is a discrepancy
regarding the characterization of the phase voltage waveform u}?h in section @ (Fig. 3.3)
using a linear equation that starts after the turn-off delay T,g of IGBT S; has ended.
The measurements in Fig. 3.7a reveal that the reference phase current level If) impacts
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Figure 3.7: Measured phase voltage U;?h trajectories

the start of phase voltage decrease and, additionally, the voltage gradient. Furthermore,
the negative voltage gradient is more similar to a second-degree polynomial rather than a
linear equation. The measurements in Fig. 3.7b illustrate that varying dc-link voltage Uy,
does not impact the starting point when the phase voltage begins to decrease, even though
a minor dependency on the voltage slope is recognizable, which needs further analysis.

The turn-off process of IGBT S; starts with a falling gate voltage g reducing the channel
current. Simultaneously, the gate-collector current i, starts charging the Miller capaci-
tance Cy. and the quasi-parallel output capacitance Cq, that is equal to Cy.1. Afterwards,
the voltage commutation starts slowly but barely detectable as the output capacitance C,
decreases with increasing voltage drop u.. This confirms to the varying starting point of
phase voltage decreasing since the charging process of the Miller capacitance Cy. and the
output capacitance C¢, depends on the actual phase current ipy.

As the gate voltage ug cannot be further reduced requiring the entire gate current to
discharge the Miller capacitance Cy, the gate plateau occurs when the channel current
is nearly zero. At the same time, almost the entire phase current iy, still charges the
output capacitance C., of IGBT S;, which is also reflected in the visible voltage drop
of the phase voltage u,,. It is a drawback that the simulation model cannot accurately
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depict this changing starting point ¢4 .

Measuring the IGBT module enables the preciseness of the voltage distortion model
through the utilization of LUTs during the commutation process. The rectangular model
is retained and the corresponding functions tq4¢4(1},, Uac) and Cy{1},, Uae) are mapped
instead of the linear or non-linear volt-second deviations. For this purpose, the commuta-
tion time interval is split into the additional time delay t4¢; and a linearized section with
a variable and determined parallel capacitance Cy. (Fig. 3.8). The evaluation is performed
based on the measurements of the previously mentioned 108 OPs for variantions of the
de-link voltage Uq. and the reference phase current I5),. The results of both functions are
shown in Fig. 3.9. The additional time delay t4¢ is solely influenced by the reference
phase current I7), (Fig. 3.9, left), as already seen by the dc-link voltage sweep in Fig. 3.7b.
Regardless of the dc-link voltage levels, an analogous reduction in time delay tq., is
observed as the reference phase current I} increases. The additional capacitance Cs. ex-
hibits a dependency on both parameters, the dec-link voltage Uy, and the reference phase
current I3 (Fig. 3.9, right). Both rising de-link voltage and reference current result in
higher capacitance values. If the additional delay time ¢4, emains throughout the entire
commutation section, the capacitance Cy. is equal zero. When linear behavior is observed,
the determined capacitance is found to be significantly greater than the specified capaci-
tance Coes that equals 2.3nF in the datasheet [97]. As conditions for output capacitance
measurement in the datasheet are collector-emitter voltages u.. of 25V and a frequency of
1MHz. It is improbable that the variance in output capacitance C,e is due to difference
in voltage levels between the dc-link voltage and the nominal voltage of the IGBT mod-
ule. The capacitances of the datasheet might be biased by the high frequency, resulting
in noticeable differences when compared to the measurements taken.

In conclusion, concerning modeling, it can be concluded that the goal of this study is
to validate a precise simulation model that is straightforward to implement and rapid to
execute. The PLECS model evaluation reveals that the quality of the simulated phase
voltage trajectories align acceptably with the test bench measurements. The highly non-
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Figure 3.9: Evaluation of measured voltage distortion model parameter ¢4y and Ci.

linear nature of the processes in the switching cell as described in [100] is not adequately
depicted in this model. Nonetheless, the purpose of this modeling approach should not
fullfil those requirements. Elaborate models like the three-capacity model are appropri-
ate for this purpose but cannot be utilized in PLECS due to programming constraints
as explained in [54]. The simulation model introduced in this section is therefore recom-
mended for implementation in offline control appoaches for electrical drive trains. Finally,
an analytical model is established using the simulation results, which will be employed
for an online MBFF measurement technique later in this investigation (Section 4.3).
Outlined below are remarks concerning the measurement. The required dc-link voltage Uy,
for this volt-second distortion MBFF approach is acquired by an averaged, possibly vary-
ing, dc-link voltage measurement over one switching period. The limited time averaging
is utilized to reduce noise while maintaining the capability to respond to fluctuations in
dc-link voltage between periods. The duty cycle d necessary for the model corresponds
to the reference duty cycle established by the VSI's control algorithm. The most crucial
quantity is also the most challenging to provide: the actual phase current i,,. Accurate
measurement is crucial for optimal results during commutation from IGBT and diode
as the divergence of volt-seconds is influenced by the polarity of the phase current as
discussed in this section. As the reference phase current I, of the current source is not
accessible for the rapid control prototype (RCP)-system, a current transducer [101] and
a current clamp [102] sample and average the measured phase current i;?h during commu-
tation. Another approach would be to apply a dead-time current predictor that uses a
PWDM-period averaged phase current and machine parameters to reconstruct the phase
current ripple, which for positive phase currents is at its maximum during dead time
commutations toward diodes. The preferred strategy in this study is to apply current
measurement.
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3.2 Measuring Techniques with Voltage-to-Frequency
Converters

Commercial VFCs are considered as a further approach of direct volt-second measurement.
The evaluation of phase voltage sensing is presented here as most common measurement
methods refer to instantaneous voltage measurement and not volt-second measurement.
Additionally, the reference measurement is employed on an oscilloscope and therefore
voltage is the quantity of choice. Yet, it becomes apparent that the conversion from volt-
seconds to volts during a PWM-period is only dependent on the scaling in relation to
the switching frequency. All measurements are performed with the SEMIKRON trench
IGBT module SKM 600GB066D [97] on a test bench that will be introduced in detail in
Section 4.2.

The volt-second approaches are single-ended measurement techniques, which are com-
pared to each other in Section 4.3. Section 3.1.1 demonstrated that positive and negative
phase current 7,, behave very similarly to each other. There is a difference in semicon-
ductor voltage drops between the two cases of positive and negative phase current, and
capacitive dead-time effects are observed during the transition to the opposite phase volt-
age level. However, a different current polarity does not show significant differences in
behavior, hence supporting the utilization of the outlined setup to focus on positive phase
currents exclusively.

The basis of these measurement methods is on the one hand an AVFC and on the other
hand an SVFC whose commonalities and differences are discussed in Section 2.4. This
section presents various analysis methodologies for the determination of the instantaneous
volt-second value 1, over one PWM-period based on one commercial IC each. An iden-
tical external circuitry with its setting option, which is utilized for both ICs, is presented
first before a detailed explanation on well-known and novel evaluation methods used for
determining volt-seconds follows.

The manipulation of the input current #;, and subsequent adjustment of the input voltage
range of VFCs can be achieved through various options as shown in Fig. 3.10a. Firstly, the
obligatory input voltage divider brings the phase voltage u,}, in the range of acceptable IC
input voltages u;,. The components preceding the VFC serve the purpose of modifying
the characteristic curve to meet the desired design target (Fig. 3.10b). The resistor R
imposes a static offset to enable the detection of negative diode voltage drops, injecting
an additional fixed offset input current that is 1/8 of the internal current source of the IC.
A trim potentiometer Ry, im Mmanipulates the total series input resistance of the VFC
adjusting gain or linearity of the characteristic curve, respectively. Another potentiometer
Ros trim allows to elevate integrator bias voltage at the INTH- pin slightly above ground to
fine-tune the static adjustment of the resistor R,s. Only the SVFC offers the possibility of
utilizing the clock input. Section 4.2.3 discusses the evaluation of the VFC measurement
methodologies in detail. The signal processing of the RCP-system is presented for this
objective.
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Figure 3.10: Design for asymmetric bipolar voltage input range
3.2.1 VFC with Pulse Counting Calibration

As previously explained in Section 2.4 and also stated by its name, the VFC converts an
input voltage into an output pulse train with a certain frequency that is proportional to the
input voltage. The main contrast between an AVFC (Fig. 2.11) and an SVFC (Fig. 2.12)
is that the output pulse width of the AVFC is solely defined by the one-shot block. The
SVFC is superior to the AVFC in ensuring the precision of the output pulse width as
the input clock frequency f.x is considerably more precise than the one shot module.
However, the advantage of the AVFC’s solely dependence of the one shot module is a
continuousness in generating output pulses, while the SVFC exhibits an intrinsic delay
through the synchronization with the input clock frequency feop.

For this study, the selected AVFC IC is the VFC110 [76] and it is compared with the SVFC
IC AD652 [90]. As stated before, the design objective illustrated in Fig. 3.10 is applied to
both VFCs, even though the AVFC can produce frequencies of up to 4 MHz, albeit with
lower anticipated linearity compared to the SVFC’s maximum output frequency of 2 MHz.
Consequently, the AVFC is designed for a 2 MHz frequency to ensure valid comparisons
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Table 3.2: Components of SVFC circuit for pulse calibration

Voltage divider Linearity Offset Output

Rvdl Rvd2 Rintl RintZ Rlin,trim Cint Roso Ros1 Ros2 Ros,trim Rpullup Cos
52.3kQY  7.5kQ 20k 2MQ 500 2 50pF 80k 350k 20k2 500 2 6802 OF

Table 3.3: Components of AVFC circuit for pulse calibration, pulse counting feed-
forward, and pulse counting and frequency feed-forward method

Voltage divider Linearity Offset Output

Rvdl Rde Rintl RintQ Rlin,trim Cint RosO Ros1 Ros2 Ros,trim Rpullup Cos
52.3kQ 7.5k 100k 56k 1kQ 50pF 144kQ  340kQ  20kQ 500 Q 680 Q2 56 pF

between the two VFCs. The calibration of both VFCs, along with their external circuitry,
follows the characteristic curve in Fig. 3.10b within the —1.25V to 8.75V input voltage
range and the 0 Hz to 2 MHz output frequency range, enabling the storage of gain and
offset parameters in the software. Consequently, the output frequency f,; is correlated
back to the input voltage u;, through the resulting linear function. The component values

for both external circuitry are listed in Table 3.2 for the SVFC and Table 3.3 for the SVFC.

According to the datasheet of the VFC110, a precision monostable causes the SPDT
switch to move to position L resulting in an output pulse whose length is defined by
the one-shot capacitor C, connected to the COS pin. While the SVFC outperforms the
AVFC variant in terms of output pulse width, linearity, and precision, the latter does
offer the advantage of advanced output pulse interpretation techniques due to its entirely
continuous nature of the output frequency that are introduced in the following sections.

3.2.2 AVFC with Pulse Counting Feed-Forward

One pulse N of the VFC’s output pulse train wup(fp) is the smallest amount of volt-
seconds that is achievable. For this reason, it is commonly referred to as volt-second
resolution or volt-second quantum . (equation (3.24)). Section 3.3.2 and [83] cover the
process of determining the volt-second resolution 1. represented by one output pulse in
detail.

'QZ)E o— uin,range (324)

- fpt ,range

The volt-second quantum ). is mapped to the volt resolution ). by scaling with the
switching frequency fy, of the VSI like shown in equation (3.25).
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Ug = we : fsvv (325)

After establishing the weight of a pulse, the number of pulses N in each PWM-period
needs to be counted, which are then multiplied by the volt-second quantum ). or volt
quantum . to derive the averaged volt-second value 9pm (equation (3.26a)) or the
averaged volt value Upym (equation (3.26b)) over one PWM-period. Thus, in the pulse
counting method, the resolution value of volt-second or volt, respectively, is predetermined
establishing it as a feed-forward strategy.

&pwm =N- 1/)5 (326&)
Tpwm = N s (3.26b)

The advantages of counting pulses are exemplary the simple provision of galvanic isolation,
and the high noise immunity at transmission as well as the integrated voltage is readily
available for digital signal processing without the need for another ADC.

3.2.3 AVFC with Pulse Counting and Time Sensing Feed-Forward

Since the output frequency fp; of the AVFC is continuous, low frequencies and therefore
long time durations between pulses can be measured additionally to solely counting the
pulses over a PWM-period. The benefit of measuring time intervals Atpop between two
pulses instead of measuring pulses N themselves can be outlined as such: In case a high in-
put voltage is applied to the VFC, it delivers accurate results, while achieving satisfactory
resolution within a reasonable sample time is challenging for a slow running VFC generat-
ing only a few pulses. Therefore, it is more promising to measure the time Atpsp between
two pulses. This measured time interval Atpop can be inverted to its corresponding fre-
quency fpe and this in turn is converted back to an input voltage by utilizing the AVFC’s
characteristic curve illustrated in Fig. 3.10b. The determined input voltage represents
the average voltage i, pop between these two pulses. This process of time measurement
offers a different way to interpret the pulse train applying identical hardware.

The following analysis contrasts the pulse counting and time-sensing approach in resolu-
tion u.. Setting the sampling frequency fsamp of the digital input that processes the output
pulse train wup(fpt) equal 10 MHz, calculation of time sensing resolution is enabled. The
resolution of the pulse counting method is carried out as explained in the section before;
the calculated volt quantum wu, is utilized by multiplying it by the number of pulses N
(equation (3.26b)). Both resolutions are now compared within a PWM-period of a VSI in
(Fig. 3.11). The resolution w, is normalized to a dec-link voltage Uy, of 60V, the applied
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Figure 3.11: Resolution of pulse couting and time sensing of an AVFC

inverter switching frequency f, leading to a PWM-period of 0.2ms, and an maximum
input current 4;, of the AVFC of 0.5mA (cf. Fig. 3.10a).

The key motivation for incorporating both evaluation strategies lies in the ability to exploit
the superior level of resolution in their best performing range. As already mentioned,
Fig. 3.11 shows that the time sensing method is outstanding at low input voltages wu,,
while the pulse counting method is superior at high voltage input u;,. As a consequence,
the PWM-period is split into two parts: The first part is when the dc-link voltage Uy, is
applied to the load and, thus, a high input voltage u;, results in a high input current 4.
Accordingly, the second part corresponds to the upper switch of the half-bridge opened
resulting in a slightly negativ input voltage u;, for positive phase currents i,,. Figure 3.12
further illistrates this concept of utilizing the method of pulse counting first, and time
sensing second at a duty cycle d of 0.4. Combining these two methods yields the following
equation (3.27) for the instantaneous voltage Upwm:

Upwm (N, Atpop) = N - u,| + zain,PQP(AtPQP) with Atpap = fpr ' (3.27)

s .
in,high Uin low

Distinguishing between these two input voltage levels is achieved by implementing an
edge detection that relies on the pulse train frequency defining a threshold for the time
interval between two pulses. If this time threshold is exceeded, a low input voltage level is
detected. It is essential to note that the interpretation of time measurement is based on
the observation of two pulses occurring within one PWM-period. Therefore, left-aligned
PWM is advantageous for this combined evaluation method maximizing the low level
duration.

The design aim in Fig. 3.10b indicates that the combination of pulse counting and time
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Figure 3.12: Concept of pulse couting and time sensing of an AVFC

sensing is anticipated to operate until a duty cycle of approximately 97 %, given that the
time interval between pulses for small negative voltages must not exceed 3 % of the PWM-
period Tpwm (Fig. 3.11). Since the external circuitry is designed to exhibit only a few pulses
at a low input voltage level, the average voltage i, pop between two pulses gained from
the time measurement is extrapolated to be present during the whole detected low level
duration. Additionally, counter/timer arrangement enables to measure the approximate
output frequency fy; of multiple cycles and maintain high resolution over a wide range
of inputs. The pulse couting and time sensing method is also decribed as a feed-forward
strategy since both parts of this technique are based on predetermined values like the volt
quantum . or the function represented through the characteristic curve.

3.2.4 Residual Voltage Sensing of AVFCs

Nonetheless, there is a distinct characteristic present in all measurement approaches uti-
lizing VFC: Despite the accurate measurement by VFCs through the charge-balancing
procedure, there will always be a discrepancy at the end of each period since residual
voltage remains on the integrator capacitor Ci, of the VFC. Figure 3.12 illustrate this
(here maximum) quantization error as the integrator capacitor Ciy is fully charged by the
end of the PWM-period resulting in a pulse at the beginning of the next PWM-period
although there is no voltage equivalent to charging a volt quantum wu. yet. Thus, the resid-
ual voltage is equivalent to the quantization error. Another novel developed measuring
technique is implemented to sense this residual voltage, thereby compensating the quan-
tization error and increasing the instantaneous voltage. The primary recommendation
for voltage sensing lies in the measurement of residual voltage, ensuring no disruption to
volt-second-conversion process (equation (3.25)). This approach is thoroughly discussed
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Table 3.4: Components of AVFC circuit for residual voltage sensing method

Voltage divider Linearity Offset Output

Rvdl Rvd2 Rintl RintZ Rlin,trim Cint Roso Ros1 Ros2 Ros,trim Rpullup Cos
52.3kQY 7.5k 120k 180k 1k 50 pF 0Q 0Q 0Q 5002 6802 56 pF

in [56] and will be briefly outlined here.

Initially, the characteristic curve for the AVFC in Fig. 3.10b is adjusted to its original
position by removing the offset injection setting R.s equals zero. Three resulting cases
during low level PWM are now depicted in Fig. 3.13 by showing an input voltage w;, of
exactly 0V (purple trajectories), a slightly negative input voltage u;,  (blueish trajecto-
ries), and a slightly positive input voltage u;,+ (greenish trajectories). For clarification
purposes, the author states that the pulse train wupy(fpt) is plotted as inverted function
and right-aligned PWM is assumed.

First, the residual voltage for an ideal case of an input voltage u;, of 0V is examined.
The integrator output voltage uys remains steady at a voltage level between 0V and the
reset reference voltage as zero input voltage u;, is applied and, thus, no input current #;,
available that charges the integrator capacitor Ci,. The voltage level where the plateau
is observed corresponds to the residual voltage reflecting the discharge level at the end
of PWM-period k without generating an additional output pulse. As stated before, there
is consequently an excessive amount of charge on the integrator capacitor Ci, at the
beginning of the next PWM-period k + 1.

Detecting the residual voltage becomes problematic when the low-level voltage is slightly
negative or slightly positive in non-ideal situations. In case of negative low level input
voltage uy,—, the integrator capacitor Cy, is charged, which usually only happens during
resets when the comparator threshold voltage is surpassed. At positive low level input
voltage u;, 1, the voltage gradient is notably less steep than at higher levels, although peri-
odic pulses are still present. In both nonideal cases, the residual voltage is only detectable
for a brief period right after the PWM voltage changes from high to low (cf. Fig. 3.13)
rather than the entire duration of the full low level period of the constant voltage level
being available. Continuous sampling of the integrator’s output voltage uys with a 12-bit
ADC [103] is therefore essential for identifying residual voltage.

The objective of residual voltage measurement is to acquire the charge level of the in-
tegrator capacitor Cj,; through the use of an additional ADC as applied in Fig. 3.14,
represented by a voltage measurement at the integrator output voltage uys. It ensures an
increase in precision by measuring the least significant bit (LSB) of the AVFC with the
resolution of an ADC employing only one pulse. An implemented logic holds the sample
value of the residual voltage as long as either a rising slope for consecutive sample values
for negative low level voltage is true, or a change in a negative integrator output voltage
slope is detected for positive low level voltage.

In conclusion, the residual voltage sensing method is a new inclusion in the measure-
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Figure 3.13: Simulated trajectories of residual voltages in AVFC (cf. [56])

ment approaches for AVFCs previously examined. Two residual voltage measurements
are utilized to construct digits after the decimal point for the pulse count. Between two
high levels of phase voltage up, in PWM period £ and k + 1, residual voltage always
contains information that affect measurement evaluation for both PWM periods. The
charge stored in the previous PWM-period k£ without pulse generation negatively impacts
the digits after decimal point of the pulse count, while the charge of the following PWM-
period k+ 1 positively impacts the digits as the charge is not sufficient for another output
pulse. Consequently, pulse counting extends by including decimal values, determined by
the quality of logic operations and the resolution of the utilized ADC.

Table 3.4 shows the parameter set for the residual voltage measurement technique. In-
creasing the total input resistance is essential to avoid saturation of the AVFC integrator
guaranteeing charge-balancing to prevent any loss of charge.
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Figure 3.14: Block diagram of AVFC with additional ADC for residual voltage sensing

3.3 Discrete Synchronous Voltage-to-Frequency
Converter

The promising results from the literature [8], [74], [77], [78], [81], conducted at WEM-
PEC and Institute for Power Electronics and Electrical Drives (ISEA), RWTH Aachen
University, applying commercial VFCs for precise PWM voltage and volt-second sens-
ing have one common disadvantage: the acquisition costs of VFC ICs (as compared in
Section 4.3.3). With the development of a cost-optimized volt-second sensor, the author
tackles that issue. At the same time, a comprehensive sensor layout is provided for the
purpose of customization to meet each application’s requirements for resolution and per-
formance. Basically, the concept of the newly invented dSVFC is based on the working
principle of an SVFC like the AD652 [90]. However, the clocked bistable multivibrator
and the subsequent one-shot with its bipolar transistor (cf. Fig. 2.12) are substituted by
already existing control hardware combining the advantages of analog circuit technology
with the performance of an FPGA as depicted in the block diagram in Fig. 3.15. In
addition to evaluating the pulses, the FPGA is also responsible for selecting the SPDT
switch S, which controls the charging process of the integrator capacitor Ciy.

The measurement of bipolar voltages, like phase-to-phase voltages, is a necessary require-
ment of the dSVFC, as indicated by the assessment of the two commercial VFCs in
Section 3.2.1. In this way, the dSVFC is expanded with an offset resistor R,y to allow
the measurement for negative input voltages through the injection of an additional input
current I,g. The input voltage range to be measured should be distributed over a fre-
quency range of 5 MHz. It is essential for the dSVFC to possess a bandwidth that allows
for the measurement of inverter switching frequencies fi, up to 20kHz. Additionally, a
preceding subtractor is supplemented enabling differential volt-second sensing as differen-
tial measurement has the main advantage over single-ended measurement regarding noise
rejection.

The first prototype of the dSVFC was already presented in [82] and [83], and also published
as a patent in cooperation with Mitsubishi Electric Corporation in [84]. A thorough
explanation of the charge-balancing procedure is given, along with an overview of the
fundamental method of counting volt-second pulses. Nevertheless, this first prototype is
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Figure 3.15: Block diagram of discrete synchronous voltage-to-frequency converter

limited to a clock frequency fux of 100kHz and, thus, an output frequency f, of 50 kHz,
and the proof of concept is conducted for an emulated switching frequency fs, of only
1kHz. This disqualifies the first prototype of volt-second sensor for employing on control
algorithms for modern electrical drive trains e.g. in battery electric vehicles (BEVs)
with switching frequencies greater than 10kHz. The advancement of the volt-second
measurement instrument presented here as dSVFC overcomes this lack of performance and
resolution as the evaluation on a test bench with a 100 kW IPMSM powertrain confirms
in Chapter 4.4.

3.3.1 Designing the Discrete Synchronous Voltage-to-Frequency
Converter

At the heart of every VFC is the charge-balancing concept, which is managed by the
integrator and the associated SPDT-switch S;. The dimensioning of the charge-balancing
process is determined by the currents within the dSVFC. The focus in the following will
be on the design of each module of the dSVFC: the preceding subtractor, the integrator,
and the subsequent comparator (Fig. 3.15). This also adequately fulfills the commit-
ment to provide a comprehensive explanation of the working principle of an SVFC in
Section 2.4.2.

First, the subtractor is applied to convert the differential measurement input voltage wyeas
into a single-ended input voltage u;,. The response characteristic of the subtractor (equa-
tion (3.28)) is defined by the ratios of the resistors Ry to R4, which are chosen R; equals
Ry and R3 equals Ry4 resulting in a sufficiently high gain [104], [105]. Through selection
of Ry greater than R3, the measured input voltage tmyeas is also scaled down.

R
uin(umeas) — R_j * Umeas (328)

While the input current 4;, (equation (3.29a)) is defined through the integrator resistor Rjy
and the varying input voltage wi,, the injected offset current I, (equation (3.29b)) is a
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variable but fixed quantity dimensioned by the fixed positive supply voltage +U; and the
offset resistor R.g.

’iin(umeas) = —um%jli?:%) (329&)
+Us

Ig = 3.29b

. ROSO ( )

Consequently, equation (2.11) in Section 2.4.2 extends by the additional offset current /g
resulting in equation (3.30).

'in meas Io ) f Sco L
iint(umeas) - {Z (u ) e ! o (330)

iin(“meas) + Ioff - IO; if Sco on H

Regardless of the SPDT-switch position S.,, the output current i,, of the integrator
circuit results in equation (3.31), which is why a constant load is present for the operational
amplifier (OpAmp).

et Wrone)) = dp = Jom = Do Wvemns) (3.31)

Once the dependencies of the currents within the dSVFC have been outlined, the next
step is to determine suitable ranges for the related currents. The equivalent circuits of
both switching states L and H in Fig. 3.16 are involved for this analysis. To ensure that
the integrator’s output voltage uys oscillates around the the reference voltage U, the
discharge current iy, (Fig. 3.16a) of the constant current source I, must exceed the
charging current i;, by a factor of two. If the input voltage w;, inceases to a level when
the charging current 4y 1, is exactly half of the constant current source Iy, the pulse train
will be generated at an output frequency f, of halve of the clock frequency fox.

The constant offset current I,¢ is injected to the input current ¢;;, ensuring an integrator
current 7;,; that is always greater equal 0 A if a negative input voltage uy, is applied, while
the SPDT-switch S, is in position L. Accordingly, the offset current I,g is selected by
the maximum input voltage u;, as follows in equation (3.32).

|Uin (umeas) |max

Rint

Lot = (3.32)

Determining the constant current [y of the precise current sourve requires calculating the
chrage balance of both switches states H and L, i. e. the amount of charge during charging
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Figure 3.16: Equivalent circuits of S, switching states H and L of the dSVFC

process of the integrator capacitor Cy,, equals the amount of charge during discharging,
while the SPDT-switch S, is in position H. With the internal clock frequency f.y of the
FPGA as a reference, the switching state H is maintained for one clock period Ty, while
the switching state L can endure multiple clock periods n (equation (3.33)).

Unt,I, * T Lok

C’int

Gt J81 © Ll

Cint

(3.33)

Through the current equation (3.30), it is now viable to ascertain a specific factor n
according to equation (3.34).

I
iint (umeas) =+ Ioff

(3.34)

n:‘l—

Consequently, this factor n serves as a requirement for the constant current value I in
equation (3.35). Interpretation of these equations will be clarified in Section 3.3.3 through
simulations results.

Iy > 2 (4ing(Umeas) + Lof) , for n > 1 (3.35)

The component values for the designed dSVFC are listed in Table 3.5. Selection of
resistors R; and Rj3 results in a 1:12 ratio for the voltage divider of the voltage tmeas tO
be measured. This permits the detection of the dc-link voltage Uy, of £60V delivered
by the test bench to the SEMIKRON trench IGBT module SKM 600GB066D [97]. This
results in an input voltage u;, of the integrator of £5V. The current values in Table 3.6
are derived from the definition of the components in Table 3.5.
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Table 3.5: Components of dASVFC sensor

Subtractor Integrator Comparator
Rl = RZ R3 = R4 Rint ROSO Cint +Us _Us Uref
240 k2 20k 5k 55k 1nF 55V —-25V 3.3V

Table 3.6: Currents of dSVFC sensor

Constant Currents Current Boundaries
IO Ioff iin Z‘int
4mA 1mA —1mA..1mA —4mA..6mA

3.3.2 Characteristic Curve and Volt-Second Quantum

Following the circuit synthesis, the equation for the measured averaged volt-second over
one PWM period ¢pym is determined by referring to the general characteristic curve of

the dSVFC in Fig. 3.17.

This is also demonstrated in a comparable way in [83]. Throughout the process of de-
riving the instantaneous flux-linkage 7,Z_1pwm in dependence of the output pulses N, various
interpretations for the volt-second quantum ). are elucidated. The general characteris-
tic curve of the dSVFC is described as already presented for the SVFC and AVFC in
Section 3.2.1. The frequency of the output pulse train f is linear proportional to the
measured input voltage upyeas as illustrated in Fig. 3.17 and described mathematically in
equation (3.36).

fpt | Umeas,max
fpt (umeas) - * Umneas T fpt|umeas:0\/ (336)
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Figure 3.17: Characteristic curve design fut(tmeas) for dASVFC
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The equation is reformulated to rely solely on the provided clock frequency fo and
the defined minimum and maximum measured voltages Umeasmin a0d Umpeasmax. Lhe
maximum output frequency f,; at maximum measured input voltage Umeas,max €quals half
of the FPGA’s clock frequency fux, and the offset frequency of the characteristic curve
at an input voltage of 0V is determined utilizing the point-slope form. Therefore, two
OPs are defined: The first is an output frequency f,; of 0kHz at the minimum measured
voltage Upeasmin, and the second is the maximum output frequency fux equals 1/2fq
at an maximum measured voltage Upeasmax- Consequently, the offset frequency of the
characteristic curve results in equation (3.37).

% ) fclk

gl Jk 3.37
fpt|Umeas—0V 1 + Umcas,max ( )

Umeas,min

As a result, the overall equation for the characteristic curve of a dSVFC is established
with the variable but fixed parameter set of clock frequency fe.y, and the measured input
voltage range from Upeas min 10 Umeasmax fOr a specific application (equation (3.38)).

% ’ fclk

Umeas,min + Umeas,max

fpt (Umeas> = : (Umeas + Umeas,min) ) Umeas,min >0 (338)

The inverse function in equation (3.39) now enables the determination of the input quan-
tity of measured voltage umeas depending on the output quantity of frequency f,; of the
Sensor.

Umeas,max + Umeas,min Urneas,max + Umeas,min
“fot — (3.39)

% : fclk

umeas (.fpt) = 1 + Umeas,max

meas, min

The slope of this inverse function equation (3.39) equals the ratio of the entire measured
input voltage range and the entire output range of frequency. Thus, the slope of the
inverse function corresponds to the volt-second resolution . of the sensor that is defined
in equation (3.40). This is the also reasoning behind the defintion of the volt-second
quantum in equation (3.24).

Urneas,max + Umeas,min
Ye 1= i (3.40)
9" f clk

The volt-second quantum 1. represents the proportionality factor between the measured
input voltage umeas and the output frequency fy; and is therefore a constant value.
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3 Voltage-Integration Measuring Techniques

Nevertheless, this condition is only valid when a constant input voltage upeas i applied.
When measuring a dynamic input voltage like the PWM voltage of a VSI, it is necessary
to measure various voltage levels and voltage transients as well. Hence, the assumption
of a consistent output frequency fy; is no longer tenable. Instead, it is possible to accu-
mulate the quantity of pulses N per PWM period allowing for the determination of the
instantaneous volt-second value &pwm. The number of pulses N per PWM period results
from the ratio of the output frequency f, and the switching frequency fs, of the VSI in
equation (3.41).

ot

N =
Jow

(3.41)

By counting pulses, the output frequency f, of a constant input voltage is reassigned from
equation (3.39) to a dynamic input voltage within a specific time interval of in this case
fsw . Accordingly, equation (3.42) presents the general function of the instantaneous
PWM voltage @pym.

_ Umeas,max + Umeas,min
Upwm <1V) = ¢6 : fsw -N— 1+ Uwnoas max (342)

Umcas,min

The voltage resolution u. varies with the switching frequency fq, (cf. equation (3.25)),
highlighting the absence of a fixed value like the volt-second quantum . (equation (3.40)).
Hence, increasing measurement accuracy is associated with larger time intervals Ty or
lower switching frequencies fi,, respectively, indicating a compromise between accuracy
and speed.

The calculation of the instantaneous flux-linkage ¥y, is finalized by scaling the PWM
voltage Upwm With the VSI switching frequency fi, resulting in equation (3.43). The result
shows that the resolution and, thus, the gain of the function ¢y, is independent of the
switching frequency fs. In contrast to the determination of measured voltage tipwm, Wwhere
the gain varies with the switching frequency fy, in this case the offset shifts, resulting
in undetectable volt-second below the defined resolution ., which does not affect the
resolution at all.

Umeas,max + Umeas,min 1
1 + Umeas,max fSW

Umea,s,min

&pwm(N):wa'N_

(3.43)

In conclusion, the averaged volt-second @Epwm over one PWM period is defined through
the accumulation of the number of pulses N per PWM period weighted with the volt-
second quantum .. The negative offset derived demonstrates the feasibility of measuring
negative volt-seconds. An extensive examination will be conducted based on the specified
sensor requirements and the equations that have been formulated within this section.
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Figure 3.18: Simulation results for voltage trajectories of ASVFC for teas = 0V

3.3.3 dSVFC Simulation and Analysis

The working principle of the proposed volt-second sensor topology is validated with the
simulation software PLECS. Figure A.5 shows the simulation model with the component
values listed in Table 3.5 and the electrical quantities defined in the previous section. The
FPGA source code is implemented as the clocked bistable multivibrator of the AD652
[90] since the FPGA code will be introduced in the next Section 3.3.4. As a demonstra-
tion, the results from two different measured input voltages u,e.s are exhibited here to
interpret the ratio n representing the ration of charge and discharge time of the integrator
capacitor Ciy in equation (3.34).
First, a measured input voltage unyeas 0f 0V is applied whose simulation results are de-
picted in Fig. 3.18. An output frequency f,; of 2.5 MHz occurs as expected since the input
current 7;, is 0 A and integrator capacitor Cj,; is only charged by the offset current I,g.
In this case, the relation of the currents in equation (3.34) equals the integer 3, i.e. the
charging duration is three times the discharging time of the integrator capacitor Ciy.
It follows that the output frequency fy; is constant as the pulses are generated in time
equidistant intervals.

If the current ratio in equation (3.34) results in a non-integer, then the integrator out-
put voltage uys shows irregular patterns in its macroscopic behavior due to the uneven
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Figure 3.19: Simulation results for voltage trajectories of ASVFC for upeas = 30V

distribution of output pulses. In case of a measured input voltage tmeas 0f 30V, the mul-
tiple n is equal to 3/3 resulting in deviation of charging and discharging time (Fig. 3.19).
However, it is necessary for the charging intervals to be in multiples of the FPGA’s clock
period T,. As a result, there are two consecutive discharge events that occur at regular
intervals followed by another discharge every two cycle periods. This pulse sequence can
be associated with a specific period T,,. Averaging over the period duration T results
in both the expected ratio of 5/3 of the charging and discharging time and the calcu-
lated output frequency fp; of 3.75 MHz. It should be noted that the rate of charging and
discharging is influenced by the measured input voltage uyeas and the input current i;,,
respectively (cf. equation (2.11)). The dependencies are outlined in equation (3.44). The
greater the measured input voltage une.s, the flatter the discharge curve and the steeper
the charge curve — and vice versa.

duyg 8o
B T ) Sf, T, cl}arglng.. Sco on L (3.44)
52| J, discharging: S, on H
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Figure 3.20: Printed circuit board of modular dASVFC
3.3.4 Modular Sensor Hardware Concept

The proof of concept of the hard- and software implementation is already introduced in [82]
and [83]. The second dSVFC prototype presented in this section faces new requirements
as stipulated at the beginning of Section 3.3. This time, the second prototype is designed
with a modular approach as shown in Fig. 3.20. The center board is built by a PCB hub
that connects all surrounded satellite PCBs realizing the different elements of the dASVFC.
The benefits consist of the ability to commission and optimize independently and replace
individual components with ease. The depiction in Fig. A.6 showcases the modular design
concept and provides an overview of utilized electrical signal exchange between the hub
and the satellite boards. Each satellite with its component of the dSVFC is described in
the following. Additional information is available in [106] for a more thorough explanation.

The power supply PCB on the left ensures that all modules receive the appropriate volt-
age level (see also Table 3.7). It operates on a 24V power source Uy, and converts it to
5.5V and —2.5V through a dc-dc converter and two Linear- and Low-Dropout-Controllers
(LDOs) providing the analog parts of the sensor. The digital components of the sensor
receive power from a 5V supply converted by an additional isolated dc-dc converter and
LDO. The analog and digital reference potentials are solely linked at the de-dc converter,
while being galvanically and physically isolated otherwise. The input of the power supply
PCB is protected against reverse polarity.

The differential measured input voltage Umeas is connected via Mini-Bayonet Neill-
Concelman (BNC) connectors to the subtractor, stepped down with the ratio 1:12, and
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Table 3.7: Voltage levels of modular dSVFC sensor

Usup +Us *Us Us,dig Uref
24V 55V =25V 5V 33V

+Us
Dl Radj
Dy
Res I,

Figure 3.21: Discrete constant current source of dSVFC

converted into a single-ended signal. Several placeholders are provided to enable cali-
bration of the integrator circuit; One located at the integrator resistor R, and another
positioned at the offset resistor R.s. One more placeholder is situated in parallel to the
integrator capacitor Cj,; allowing for modification of the integrator’s frequency response.
As suggested in [86], a Teflon capacitor is employed to reduce dielectric absorption. In
addition to handling the integrator output voltage uys, the comparator satellite interfaces
with the RCP system and the FPGA, respectively. Three digital isolators are in place to
secure the RCP system inputs and outputs.

Two variations are available for both the constant current source and the current mirror,
which implement the SPDT-switch S.,, to examine their transient behavior in detail. The
combination of both modules serves to discharge the integrator capacitor Ci,. A com-
parison is made between the performance of the Texas Instruments LM334 IC [107] and
a well-known discrete current source topology for the variable constant current source I
(Fig. 3.21). Due to its simplicity in adjusting current levels and lower price, the discrete
current source is preferred over the commercial IC, as they both reliably deliver a constant
current of 4mA.

The evaluation and verification of the current mirror pose a greater challenge than the
analysis of the constant current source. Since the current mirror functions as SPDT
switch S.,, three paths must be implemented as current mirror bank. The biasing-path
corresponds to adjusting the OP with the reference current I, delivered by the constant
current source, and to control the gate voltage of current mirror metal-oxide semicon-
ductor field-effect transistors (MOSFETSs). The constant current I/, must be switched
alternately between the negative input H and the output L of the integrator circuit to
operate the sensor (cf. Fig. 3.15). The switching MOSFETs Mgy and Mg, activate and
deactivate the two paths.
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Figure 3.22: Current mirror with MOSFETSs realizing the SPDT switch S,

Figure 3.22 shows two various topologies realizing the current mirror bank. Figure 3.22a
depicts the implementation with the switching MOSFETs Mgy and Mg, above the current
mirror (highlighted in blue), while Fig. 3.22b illustrates them below the current mirror.
Maintaining a negative potential —Uj is essential due to the integrator circuit’s negative
input potential u;,— being set at 0 V. Therefore, the gate voltages applied to Mgy and
Mg, are configured at 0V and the negative potential —Us, respectively, while generating
pulses, and conversely in the alternate case. Investigation into the transient response of
the current mirror paths is necessary as it result of the high-frequency switching events.
To accomplish this goal, the generation of one pulse is examined. Besides the integra-
tor input voltage win,— that equals the current trajectory of ip i due to an applied shunt
measurement, the voltage performance of the MOSFETsS is also under investigation. The
examination of drain voltages uq; g and uqz i is conducted when the switching MOSFET's
are placed above the current mirror, while the examination of source voltages ug g and
Uso,p1 1s conducted at the other case. Since the current ¢, in path L does not impact the
output voltage behavior uy, of the integrator, the subsequent analyses focus solely on the
current 7oy of the high side.

Figure 3.23 depicted the measurement results in path H related to GND of both current
mirror variants. First, the trajectories of the current mirror with the switching MOSFETs
above are considered in Fig. 3.23a. The high side path has both MOSFETSs open before
a pulse is activated, resulting in the drain voltages uqn and uqou being equivalent to
the negative supply voltage —Us. Consequently, the current iy is blocked causing an 8 V
drop at the shunt resistor measuring the inverted integrator input u,;_. If a pulse is now
triggered through switching MOSFET Mgy on, the drain voltages u4; i and uqe n of both
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Figure 3.23: Measured voltage and current trajectories of current mirror

MOSFETSs in the high path rises up to a constant voltage level of 15mV. This marks the
beginning of current conduction of ipy with a simultaneous voltage decreasing of iy
as the MOSFETSs are turned on. For the integrator to generate a linear output voltage
curve uys, it is crucial to maintain a constant current value of i 5, despite the observable
time lag effect. This indicates a lack of speed of the switching behavior of the MOSFETs
for the required pulse duration 7},;s. Nonetheless, the accurate operation of the measuring
circuit is sustained as long as the charge balance in equation (3.45) is secured during pulse
generation.

T o Atpop
Qon = / Yint— gy — / Vs 4t = Qo = const. (3.45)
i i

t=to Fspunt t=Tp1s Rehunt

In addition, the amount of charge @),, must be large enough so that the integrator capac-
itor Ciy is sufficiently discharged during the duration T}, of the pulse.

Next, the trajectories of the current mirror with the switching MOSFETs below are
considered in Fig. 3.23b. This topology is considered unsuitable as outlined below. The
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Figure 3.24: FPGA source code for control of current mirror of dASVFC

source voltages ug i and ugs g are undefined voltage levels when not in the pulse duration.
Hence, the conduction of the current 7y is significantly delayed as the MOSFETS require
time to become operational after MOSFET Mgy is activated. The current igy initiates
once the pulse duration has already ended. The negative impact on integration behavior
caused by the delay in discharge results in the exclusion of the topology with the switching
MOSFETSs below the current mirror for the subsequent phases of the study. Accordingly,
the current mirror with the switches above as depicted in Fig. 3.22a is applied for the
dSVFC.

Following the introduction of the hub and its satellites, the FPGA source code utilized for
pulse counting and current mirror controlling is presented. As stated in the introduction
of Section 3.3, the dSVFC applys already available control hardware by replacing the
clocked bistable multivibrator of a commercial SVFC IC with FPGA source code that is
illustrated in Fig. 3.24. Thus, the FPGA receives the comparator’s output voltage u.; and
sets the gate signals ug, i and ugy, of the MOSFETs Mgy and Mgy, which are emulating
the SPDT switch S.,. First, a delay of two clock cycles is present in the code to stabilize
the read signal u.. If the AND gate produces a true output, a pulse with the duration
of Tpjs that equals 100 ns is generated. To prevent another pulse from happening within
the next 100ns after the initial pulse, it is sent and inverted to the AND gate during
this time period. After the selection of each component within the modular dSVFC has
been evaluated, the second prototype sensor is validated on the test bench in the next
section.

3.3.5 Validation of Modular dSVFC Measurement Board

The real time (RT)-system of choice for the laboratory set-up is the MicroLabBox DS1202
provided by dSPACE GmbH [108]. It involves a Xilinx Kintex-7 FPGA with a clock
frequency fax of 100 MHz, which evaluates the number of pulses N and, thus, the de-
termination of the instantaneous volt-second value @prm. Despite this, the MicroLabBox
is incapable of controlling the SPDT switch S, of the dSVFC due to a 120ns output
signal delay, which is too slow to guarantee a consistent pulse pattern for the discharging
process of the integrator capacitor Cjy. Therefore, an FPGA from Xilinx’s Spartan 7
series [109] is employed to control the current mirror. The introduced FPGA source code
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Figure 3.25: Measured characteristic curve of modular dSVFC

in Fig. 3.24 is implemented in very high-speed integrated circuit hardware description
language (VHDL).

The initial step consists of determining the volt-second sensor’s characteristic curve with
the integrator input voltage w;, as input quantity and the frequency f,; of the pulse train
as output quantity. The characteristic curve then corresponds to that of commercial VFC
ICs. The dynamic behavior with varying input voltage levels is examined with the third
prototype — the integrated dSVFC — in the following Section 3.3.6. Subsequently, a more
detailed examination is carried out on the voltage trajectories and they are compared with
those of the commercial SVFC AD652.

The characteristic curve is established within the —5V to 5V integrator input voltage
interval (corresponding to a measuring range of £60V with a divider ratio of 1:12), with
increments of 0.5V, mapped to the output frequency range from 0Hz to 5 MHz. The
measured OPs are presented in Fig. 3.25 along with the linear regression line for analysis.
With a coefficient of determination R? approaching one, the dSVFC demonstrates a linear
behavior in its operation. However, it is noticeable that the highest output frequency fy
of 5MHz is not achieved at an integrator input voltage w;, of 5V, but rather at 8.5V.
According to equation (3.40), this results in a deviation of 1% in volt-second resolution ).
due to the larger input voltage range.

The sensor’s modular adaptation alternatives to optimize the volt-second resolution are
now demonstrated by utilizing this mismatch in the input-output ratio. In order to meet
the design objective that is outline in Fig. 3.17, the volt-second resolution . must be
minimized, which increases the sensor’s gain. Increasing the charging current ¢y, or
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Figure 3.26: Measured integrator output voltage uys and pulse train up(fpt)
at uy, = —2.5V

reducing the discharging current 4,y (Fig. 3.16) accomplishes this requirement. When
increasing the charging current %, through downsizing of the integrator resistor Ry,
it must be ensured that the offset current is also adapted correcting the offset output of
the sensor. When the charging current 4, 1, is increased by reducing the integrator re-
sistor Ry, the offset current I,¢ needs to be correct adjusting the sensor’s output offset.
It should be emphasized that a drastic reduction in the discharge current ;i dimin-
ishes the voltage oscillation of the integrator output voltage uys causing the switching
transients in the output voltage to become larger relative to the ac voltage component.
This occurrence is observable in the trajectories of the integrator output voltage uys in
Fig. 3.26 and Fig. 3.27. In this situation, there is no guarantee of a continuous setting
for the number of pulses N. Furthermore, the integrator output voltage uys should not
exceed the voltage supply Usy, to prevent saturation and the consequent loss of pulses.

The trajectories presented in the following are measurements in OPs taken from the
characteristic curve in Fig. 3.25. Figure 3.26 depicts the measured integrator output
voltage uys and the corresponding output pulse train uy(fyt) at a constant integrator
input voltage u;, of —2.5V. The integrator output voltage uys is displayed only in the
ac-component reaching a 500 mV peak-to-peak value. The trajectory shows linear voltage
gradients and also salient switching frequency caused by the switching MOSFETSs of the
current mirror. The output frequency f,; of the pulse train equals 0.93 MHz. In Fig. 3.27,
the maximum available integrator input voltage u;, of 8.5V is applied to the dSVFC which
cause an output voltage frequency fp of the previously discussed value 5 MHz. The charge
and discharge duration matches in this OP as the output frequency f,; here is exactly
half of the FPGA’s clock frequency f.i and, therefore, the maximum reachable output
frequency. The peak-to-peak value of the integrator output voltage uys now approxi-
mately equals 200mV, whereby the amplitude and duration the of switching transients
are therefore relatively more significant. This has a pronounced effect on the linearity
of the integrator’s output voltage gradient, which, however, does not affect the working
function of the dSVFC as the pulses are generated without errors. This completes the
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Figure 3.27: Measured integrator output voltage uys and pulse train upy(fpt)
at uy, =85V

successful validation of the modular dSVFC with constant integrator input voltages w;,.

3.3.6 Transient Analysis of dSVFC Sensor

After successful commissioning of the modular dSVFC, the conclusions drawn from the
design objectives are utilized for the integration of the volt-second sensor onto a single
PCB. The advantages of an integrated dSVFC sensor are the elimination of the contact
resistances of the connectors from the satellites to the hub, the EMC-optimized design
of the PCB and the arrangement of the components, a further reduction in costs and
increased robustness against mechanical influences. Figure 3.28 shows the third integrated
dSVFC prototype applied for further investigations. The design ensures that only one
power supply is mandatory in addition to the direct phase conductor voltage connections.
The connector is designed to plug directly to the connector of the Arty S7 board as shown
in Fig. A.7 [109].

The study now incorporates an analysis of the the dynamic performance of the dSVFC,
which is defined as the response to a variable input voltage, e.g. a PWM voltage input.
Two different investigations are conducted. First, the correlation between the volt reso-
lution u. and the switching frequency f, of a VSI in equation (3.25) is validated through
measurements. Here, the PWM input voltage at the integrator input side wu;, is emulated
with a function generator. Second, the volt-second sensor’s performance during commu-
tation of a inverter half-brdige. These measurements are performed with the SEMIKRON
trench IGBT module SKM 600GB066D [97] on a test bench that will be introduced in
detail in Section 4.2.

The derivation of the volt-second quantum ). in Section 3.3.1 revealed its constancy as
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Figure 3.28: Front (top) and rear (bottom) view of the integrated dSVFC sensor,
96 mmx19mm
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Figure 3.29: Measured resolution of modular dSVFC with regression function

it is solely defined by fixed requirement parameters, i.e. minimum and maximum input
voltage Umeasmin a0d Upeas max, and the FPGA’s clock frequency fux (equation (3.40)).
However, this implies that the volt quantum wu. linearly depends on the VSI’s swichting
frequency fs, linked by the volt-second quantum ). as stated in equation (3.25). There-
fore, a 125 kHz bandwidth is examined, starting at a switching frequency fs, of 1kHz,
while maintaining a high PWM voltage level of 5V. During each switching frequency,
the duty cycle d of the PWM signal is increased in steps of 10 %. The average value of
the number of pulses N within each PWM-period T}y is computed based on 100 PWM-
periods. For the dynamic gain, the averaged pulses N must be considered relative to the
period duration 7T,y of the switching frequency fs,. Figure 3.29 presents the result of
the conducted measurements. The linear correlation between swichting frequency f5, and
volt resolution u, validate a constant volt-second resolution v).. Nevertheless, this implies
that as the switching frequency f,, rises, the voltage resolution u,. deteriorates. This is
now confirmed by the calculation of the volt resolution u. utilized in this evaluation. The
value of volt resolution w. is determined based on the ratio of averaged measured PWM
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voltage ugh and averaged measured number of pulses N. Thereby, the difference of two
various OPs is established for both voltage and pulse values. Given the linear relationship
between pulses N and PWM voltage uﬁh, the choice of duty cycle values at 1% and 99 %
in equation (3.46) is without loss of generality.

u_Oh . _<>h

1% 1%

M — = d=0.99 — d=0.01 (3.46)
|d:0.99 - |d:0.01

With an increase in switching frequency fg, there is a reduction in the number of pulses N
within each period Tjwm and, consequently, a loss of volt resolution. Since the volt
resolution wu. is typically a measurement requirement like the measured input voltage
range and the swichting frequency of the VSI, the demanded clock frequency foy of the
FPGA determines the performance of the dSVFC (equation (3.47)).

2 fow
fclk(Umeas,mina Umeas,maxy Ue, fsw) — : (Umeas,max I Umeas,min) 9 Umeas,min > 0 (347)

Ue

Finally, the transient behavior of the dSVFC is compared with the commercial SVFC
ADG652 [90]. The test bench that will be introduced in Section 4.2 is once again utilized in
this measurement series. The measurements are applied at a dc-link-voltage Ug. of 40V,
a reference phase current I, of 0.75 A, a swichting frequency fs, of 20kHz and a duty
cycle d of 50 %. A measurement section during commutation from IGBT S; to diode D,
in the linear case (cf. Section 3.1.2) is presented. The measured phase voltage ugh and
the resulting output pulses N are displayed.

Figure 3.30 depictes the measurment results of the dSVFC. A clear correlation exists
between the phase voltage decrease of U;?h and the reduction in pulse frequency fp;. Ad-
ditionally, the variation in frequency f,; when changing the phase voltage level u}?h can
be observed.

The relationship between the measured input voltage ul?h and the output pulses N gen-
erated by the SVFC is shown in Fig. 3.31. The basic operational procedure of the SVFC
is clearly observable. However, both signals demonstrate an oscillation, contrasting with
the dSVFC, which are likely attributed to the layout of the measurement board presented
in Section 4.2. But it also points to the differential measurement input of the dSVFC
that operates effectively.

In closing, the specifications of the innovative volt-second sensor are detailed. The first
step involves a comparison of the volt-seond resolutions . of the two sensors dASVFC
(equation (3.48a)) and SVFC (equation (3.48b)) based on the maximum input voltage wu;,
of the integrator of 10 V. The dSVFC’s resolution is enhanced by a factor of 2.5 due to
its increased clock frequency fqx of 10 MHz.
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3.3 Discrete Synchronous Voltage-to-Frequency Converter
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Figure 3.30: Measured phase voltage ugh and pulse train wup(fpt) of ASVFC
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The volt resolution u. at corresponding switching frequencies f,, is also determined for
reference in the upcoming comparative study that will center on the measured phase
voltage ul?h. The input voltage range of the applied half-bridge equals 60V at a dc-link-
voltage Ug. of 60V (including the on-stage voltage drop of IGBT and diode). This leads
to a 12pVs quantum v, (equation (3.49a)) conducting the calculation of the volt resolu-
tion u. for 5 kHz and 20kHz in equation (3.49b). This equates to a 1 % relative resolution
at a switching frequency fs, of 5kHz or 4% at 20kHz. The dSVFC is calibrated for
the subsequent measurements, i.e. gain and offset are determined on the basis of the
measured input voltage U;?h to the average of 12 periods of output pulses N.

us = 12pVs- fo (3.49a)
Ue sy, = 60mMV, Uelygy, = 240mV (3.49b)

The dSVFC’s required power should be emphasized as a final point. Its power con-
sumption Pygyrc is in direct proportion to the input voltage level uy, it receives, and by
extension, to the generated output pulse train u( fpt), necessitating the power evaluation
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3 Voltage-Integration Measuring Techniques

| — Measured Phase Voltage ugh — Output Voltage wup(fpt)

VR
3 I I I I I
=S x x .

—

O
ph

o
)

<
"~

0.2

o
(=)
) (*4)¥n o98eyjop mdino

oy
A

:

Measured Phase Voltage w.

Time t (us)

Figure 3.31: Measured phase voltage u;)h and pulse train uy(fpr) of SVEC AD652

of different duty cycles d. In equation (3.50), these values recorded via the utilized the
power supply are documented.

PdSVFC‘d:O.O? = 500 mW (350&)
Pasvrc| .93 = 530 mW (3.50b)
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4 Comparative Study of Instantaneous Volt
Sensing Approaches

The comparison of the measurement approaches evolved in this work is now being con-
ducted alongside each other and, additionally, with broadly employed measurement tech-
niques that are based on sample-and-hold (S&H) ADCs. The author chose the quantity of
voltage for comparison over the volt-seconds as an oscilloscope for the reference voltage is
employed. Additionally, the majority of typical measurement techniques are designed for
instantaneous voltage measurement rather than instantaneous volt-second sensing, and
the integrating element in the control algorithm should be excluded in this context. Fig-
ure 4.1 provides a complete overview of all measurement approaches that are part of the
comparison.

A test bench is specially designed to meet the measurement criteria for testing all mea-
surement techniques. The arrangement of this setup including all components and the
handling of the measurement signals are explained. In order to address the accuracy of
measuring volt-second distortions, a comparison of phase voltage measurements is specifi-
cally carried out within the low phase current range. Apart from the two dSVFC versions,
all other measurement methods are executed on a single measurement board, which is in-
troduced in this chapter. The comparison of measurement methods involves analyzing
measurement errors in various OPs depending on the reference current and the duty cycle
illustrated in a characteristic diagram, and average measurement errors including their
standard deviations. Additionally, a cost analysis is conducted for the various measure-
ment approaches. Ultimately, the dSVFC established in this investigation is employed on
a 100kW drivetrain for the purpose of voltage measurement and its subsequent evalua-
tion. The author also proposes an approach for evaluating the volt-second quantum of
arbitrary VFCs for PWM-less control methods such as OPP.
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Measuring Methods

Sample&Hold ADC Integration Approaches for direct Volt-Second Sensing

Figure 4.1: Overview of evaluated measurement methods

4.1 Sample-and-Hold Measuring Methods

In this section, the S&H methods utilized in the comparison are presented. The three
measurement methods (de-link measuring, voltage distortion model, and low-pass filtering
with oversampling) are each applied to two different ADCs with a resolution of 12 bit
[103] and 14 bit [110]. Both ADCs are based on the SAR architecture shown in Fig. 4.2.
The SAR architecture is known to strike a good balance between conversion speed and
accuracy [104], and also cost. The usual procedure involves the ADC sampling and
holding the input voltage for a relatively brief acquisition time before converting it to a
digital representation. Through an iterative process, the namesake approximation register
is steadily converging towards its ultimate value by switching bits sequentially from the
most significant bit (MSB) to the LSB. Subsequently, these bits are returned to the control
unit utilizing a digital-to-analog converter (DAC). The subsequent content will present
the two voltage methods that have not been introduced previously.

o— S&H
Control| Approximation
Clock o—s Unit Register
<3
UADC,in 29
21
20
Y
? DAC
uout(z)l _|__

Figure 4.2: SAR ADC architecture (cf. [111])
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Udc

R
vdl UADC,in
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Rvd2

Figure 4.3: Dc-link measurement circuit

Table 4.1: Components of dc-link measurement circuit

Resistors
Rya1 Ryaz
56k 3.8k

4.1.1 Dc-Link Measuring Techniques

The dc-link measuring method is an indirect measurement technique as it involves sensing
of other quantities and applying reference values to compute the actual phase voltage up.
It is the most basic measurement approach as it consists of the multiplication of the
reference duty cycle d* of a PWM-period by dc-link voltage Ug. (equation (4.51)). The
dc-link voltage is acquired by an averaged, possibly varying, measured value U d?: over one
PWM period. The reason behind implementing time-limited averaging is to minimize
noise interference while still being able to adjust to changes in de-link voltage U, d% between
PWM periods.

Upwm = d* - UJ (4.51)

Figure 4.3 depicts the measurement circuit consisting of an input voltage divider R,q;
and R,q2, an OpAmp buffer, and a dual Schottky diode to protect the subsequent ADC
IC from negative input voltages or overvoltages. The corresponding values of the passive
components are listed in Table 4.1.

Another benefit, in addition to its simplicity, is that dc-link measurement is typically ac-
cessible for other uses and only one measurement circuit is needed when utilizing reference
duty cycles, regardless of the number of phases. One potential enhancement to employing
the reference duty cycle d* involves measuring the width of the PWM voltage pulse, a
method demonstrated in [72]. By defining the duty cycle d more accurately, the issue of
time distortion effects highlighted in Section 3.1.2 is resolved, yet amplitude distortions
are not taken into consideration with this method.
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Figure 4.4: Inverting low-pass filter circuit for oversampling
4.1.2 Limiting Low-Pass Filter with Oversampling

This theory proposes a technique utilizing a time-delay characteristic of low-pass filtering
to decrease the steepness of the voltage signal and subsequently sample it at a higher rate
[71] as ADCs usually struggle with the very steep voltage gradients of PWM voltages as
transients can occure between two sample points. As low-pass filtering causes a measuring
error due to quantization and discretization errors, a design procedure that evaluates this
error is presented. Parameters are chosen to optimize the low-pass filter’s ability to smooth
phase voltage slopes while keeping measurement phase delay minimal. Furthermore, the
issue of steep phase voltage transients is magnified by digital signal processor (DSP)
timer jitter, which can introduce discrepancies in sample timing [112], thus highlighting
the necessity of employing low-pass filtering before data acquisition.

It is advantageous to position the low-pass filter in Fig. 4.4 on the high voltage side to
minimize measurement noise. Equation (4.52) shows the TF of an inverting low-pass
filter with offset [105]. Gaining insight into the design process according to [71] involves
examining the component values specified for a design with a dec-link voltage Ug. of 75V,
comparable to the dec-link voltage Uy, of 60V in this study.

Ry (Ry + Ry) Ry Uin(s) .
U in =—-=" U e e th T = RyC 4.52
ADC,in(8) Ry (Rs 1 Ra) ef (8) R, 1+ sTipp with T1,pp 2Co (4.52)
offset gain LPF

Initiating the design process requires establishing the maximum fundamental stator fre-
quency beforehand, a specification that is not accessible in this study. Therefore, the
same value of 250 Hz is assumed. The second necessary parameter is the switching fre-
quency fsw, which is set at 5kHz to enable the acquisition of 100 samples per PWM
period. Subsequently, a provided graph enables the identification of the required filter
corner frequency 1/7pr and expected error, whereas equation (4.52) highlights the surplus
choices available in component selection. Selecting an appropriate resistor R; is crucial
for limiting the input current in the low-pass filter circuit, while resistor R is chosen to
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Table 4.2: Components of dc-link low-pass filter measurement circuit

Resistors Capacitors Reference voltage
Ry Ry R3 Ry & Cs Uref
56k 2k 33002 3.6k 100nF 600 pF 4.5V

match the gain indicated in the 75V design. The capacitor Cs is distinctly determined
by the previously established filter corner frequency /i, while the remaining elements
are chosen to ensure that the offset reaches 95 % of the reference voltage u,er. This allows
for the detection of minor negative voltages of the measured PWM voltage uﬁh, like the
voltage drop across the diode Dy with positive reference phase current I5). The additional
elements derived from this design process are listed in Table 4.2.

After a brief overview of the design of these two measurement circuits, the following
section will present the test bench and the measurement board utilized to evaluate the
various instantaneous measurement concepts.

4.2 Test-Bench Structure for Measuring Concept

This section provides an overview of both the test bench topology of supply and mea-
surement instruments including the concept design of the measurement board, and the
deployment of the RCP system. Additional information is available in [113] for a more
thorough explanation.

4.2.1 IGBT-Based Half-Bridge with Reference Phase Current

A measurement setup must be established to validate the measurement methods dis-
cussed in the preceding sections. One inverter leg configuration, i.e. one half-bridge
module, is satisfactory for assessing measurement techniques designed for single-ended
measurements. As stated in the sections before, the SEMIKRON trench IGBT module
SKM 600GB066D [97] is the module of choice, which is why the voltage distortion model
in Section 3.1 is simulated based on its values. The setup requires a distinct specification
of both the reference duty cycle d* and reference phase current I7,. The precision of
measurements could be affected by the duty cycle, particularly when employing sample-
based ADC methods that face challenges with extremely small PWM pulse widths. In
order to maintain independence from dynamic phase current, a constant reference phase
current I}, is applied via constant current sources. This combination of reference values
enables a thorough analysis of the impact of duty cycle and phase current on the accuracy
of phase voltage measurement.
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Figure 4.5: Measurement setup with variable reference duty cycle d* and reference
phase current I,

The test bench arrangement depicted in Fig. 4.5 satisfies these conditions (cf. [56]). The
half-bridge consists of a 3kW voltage source [114] supplying the IGBT module with a
constant dc-link voltage Uge of 60V, which is stabilized by a capacitor bank Cy. [115].
The load path contains a smoothing inductance Ly, with a value of approximately 4 mH,
which will be elaborated in relation to the current sources employed. Additionally, a re-
verse polarity protection (RPP) diode D, [116] is installed allowing only positive phase
currents protecting the dc-link voltage source that is incapable of sinking current. With-
out the RPP diode D, limiting power flow in the direction to the voltage source, the
half-bridge might act similarly to a boost converter causing overvoltages at the dc-link
source.

The half-bridge configuration is established utilizing a load that functions as a current
source, two of which apply [117]. Their capacity includes both sourcing and sinking
voltages within the range of —1V to about 31V, as well as currents of up to £8.2A.
This constraint is the rationale behind restricting the measurements to a maximum of
60 V. The first current source aims to apply the reference phase current I}, for a given
PWM period, while the second current source enables duty cycles of over 50 %. Utilizing
only one current source would surpass the maximum voltage limit of 31V due to the
average phase voltage Upwm set by the half-bridge, causing a continuous positive voltage
across the smoothing inductor Lj,¢ and leading to a continuous increase in positive phase
current. The ability to maintain a constant current level I, is not always feasible because
of superposition with the PWM voltage up, modulated by the duty cycle. At particular
OPs, the current ripple induced by the inductor Ly, is below half of the average phase
current set by the first current source as the negative set voltage supplied by the device
cannot be decreased any further reaching its limit. An increase in the duty cycle d
and, consequently, the PWM voltage u,y,, intensifies this problem. Despite the less than
optimal conditions, the inductor Ly, enables the setting of the reference current I in
sufficiently small intervals. The accuracy of the setup is demonstrated to be sufficient
to detect variations caused by the phase current even under limit operation and also for
the highly current dependent model based feedforward technique at low phase current
levels I, .
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The voltage-distortion model in Section 3.1.1 already pointed out the similarities in be-
havior between positive and negative phase current I,,. Semiconductor on-stage voltage
drop may vary for each case, and the commutation process is present during the transi-
tion to the opposite phase voltage level, however, a change in current polarity does not
fundamentally result in different behavior. Hence, it is considered acceptable to utilize
the provided configuration and focus solely on analyzing positive phase currents. In case
there is a desire to analyze the negative phase current /,;, with this measurement setup,
it is possible to perform the procedure on the upper switching cell of the half-bridge
employing a differential probe set at a 1:1 division ratio. However, it is crucial to note
that the turn-on and turn-off delays are swapped, which is an important aspect for the
model-based approach.

The test bench equipment, e.g. measurement equipment or auxiliary supplies, not af-
fecting the electrical behavior of the test bench is detailed below. The determination of
measurement error is enabled through the reference measurement of phase voltage uﬁh
applying a differential voltage probe [118] and an 200 MHz oscilloscope with 4 GSa/s [119].
One capture will allow for 65,000 samples, with twelve PWM periods being evaluated for
each OP in sequence, resulting in slightly over 5,400 samples per PWM period. Con-
sequently, the reference measurement is sufficiently fast to outperform the ADCs of the
various measurement approaches by over ten times in sample rate. Measurement of phase
current Iy, is achievable by using a transducer [101] positioned at the center tap of the
half-bridge, or a current clamp [102] connected to either the oscilloscope or RCP system
(cf. Section 4.2.3), as external access is not provided by the current sources. An aux-
iliary 12V power source [120] and 24V power source [121] is employed to operate the
gate drivers, and the measurement board. An overview of the arrangement is shown in
Fig. A.23.

4.2.2 Voltage Measurement Board

A variety of measurement methods were outlined in the previous sections and must be
implemented on a measurement board. As previously stated in the evolution of the
dSVFC, neither the modular volt-second sensor nor the integrated dSVFC is considered
in the measurement PCB. The measurement board itself is organized into distinct sections
for general tasks like supply and reverse polarity protection, measurend dc-link voltage U d%
and phase voltage ur?h input, and a part dedicated to functionalities associated with the
RCP system. Furthermore, the various measurement techniques like VFC measurement
circuits [76], [90], 12 and 14 bit ADC measurement circuits [103], [110], and a DSM
measurement circuit [122] are structured into segments. The measurement board including
these sections are depicted in Fig. 4.6 and its schematics are accessible in Section A.3. It
should be highlighted that the presentation of the measurement board in [56] is due to
the fact that the residual voltage measurement at the AVFC is discussed in that research.
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Figure 4.6: Front and back view of assembled measurement board (cf. [56])

Table 4.3: Supply voltage levels of measurement board

Type Voltage Level Application

Analog +15V VFCs

Analog 9V Intermediate level

Analog 5V 12 and 14 bit ADC

Analog 3.3V DSM

Analog 1.8V 12 bit ADC

Digital 5V Pulse train of VFCs

Digital 3.3V 12 and 14 bit ADC
Reference 4.5V 12 bit and 14 bit ADC
Reference 3.3V DSM

Initially, the measurement board receives a 24V supply voltage which passes through a
reverse polarity protection. Following this point, the supply voltage splits off to multiple
dc-dc converters and LDO regulators to convert it into the required supply voltage levels
for the measurement circuits as listed in Table 4.3. As measurement circuits function as
the connection point between analog and digital sectors, it is important to pay close at-
tention to standard layout recommendations that are also addressed when laying out the
dSVFC. All signals and supply voltages on the PCB are consequently spatially separated,
and the top layer is predominantly reserved for power planes, while the top signal, bottom
signal, and bottom layer accommodate the ground planes in the four-layer stack-up. A
crucial element involves linking the dc-dc converters output grounds to the overarching
analog and digital ground planes separately, except a single net tie connection for equal-
izing electrical potential at a singular star point. A variety of slots for jumpers allows
for changing between measurement circuits that receive the measured input voltage tycas
ensuring to decouple the different measurement circuits. In general, the communication
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can switch back and forth between the 14 bit ADC and three separate 12 bit ADCs uti-
lized for, firstly, measuring dc-link voltage Ud?: and, secondly, measuring voltage Upeas
individually, as they are single channel devices unlike the 14 bit ADC. The third 12 bit
ADC is provided for the residual voltage measurement of the AVFC.

Once the analog input voltage upe.s has been processed by the different measurement
circuits, it must be transmitted to the RCP system discussed in the following section.
Digital isolator 1Cs placed throughout the corresponding section on the PCB are im-
plemented to protect the DSP system processing the measurements. In relation to the
VFC measurement circuits, it is essential to consider that the AVFC is equipped with an
internal integrator capacitor, whereas the integrator capacitor of the SVFC is situated
externally to the IC. In this instance, the SVFC datasheet suggests utilizing a mylar ca-
pacitor or a similar variant with low dielectric absorption to ensure high linearity. The
DSM is deemed to be the most configuration intensive because it entailed writing config-
uration registers with a serial peripheral interface (SPI) master that has slave data out
(SDO) communication line capabilities to utilize it in the intended way for PWM voltage
measurement.

4.2.3 Rapid Control Prototype System

An RCP system is employed to operate the half-bridge module and to evaluate the mea-
surements taken from the measurement board. The same RT system is utilized as in
Section 3.3.5: The MicroLabBox DS1202 provided by dSPACE GmbH [108]. The soft-
ware structure of the MicroLabBox is categorized into a real-time processor (RTP) realized
by a DSP and FPGA levels. The necessary functionalities for this work include analog
and digital IO capabilities, and a sensor supply output to power the RCP side of the
digital isolators on the measurement board. The lower FPGA level is as usual responsible
for handling IO processing, while the higher DSP level is in charge of user interaction and
communication with the host.

An overview of the RCP system’s DSP level signal processing is depicted in Fig. 4.7. For a
comprehensive list of all signals implemented, a more thorough description can be found in
Fig. A.24. Through the human-machine-interface (HMI), the user sets input parameters
for the entire RCP system, which are then processed at the DSP level and forwarded to
the FPGA. The FPGA executes the signal processing with high speed requirements and
IO handling and passes the output signal back to the DSP for operations, e.g. floating
point multiplication and division, displaying the parameters in the HMI again.

The description of processing and evaluation in the subsequent part specifically targets
the VFC measurement cicuits. Details on the processing and evaluation of the remaining
measurement methods are explained in Section A.3.1. Internal evaluation of both VFC
versions is performed by a VHDL unit, similar to the dSVFC setup. The established VFC
evaluation unit helps in interpreting the VFC pulse train at the FPGA level. The unit
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Figure 4.7: Signal flow diagram of RCP system

produces a counter that increments in accordance with the FPGA frequency f.y, tracking
both high and low PWM voltage levels (Fig. A.25, signal hent and lent), and associating
them with their occurrence during high or low levels (Fig. A.25, signal hpent and 1pent).
The AVFC pulse counting with time sensing approach incorporates an additional FPGA
clock frequency counter (Fig. A.25, signal 1bpcnt) representing the duration between the
last two accurately identified pulses. The DSP carries out the processing of the FPGA
output signals as described in Section 4.3.1.

A problem arises as center-aligned PWM is the only type of PWM supported by the PWM
half-bridge module. However, AVFC interpretation methods necessitate left-aligned for
the pulse counting and time sensing method and right-aligned the for the residual voltage
measurement technique. As the setup is not incorporated within an application employing
PWM timings, an internal construct aligns the switching signals for the aforementioned
approaches. The VFC evaluation module utilizes the upper gate signal wuge g1 to trigger
the synchronous latching of outputs at the rising edge of the signal, rather than using
the PWM trigger. Additionally, the upper gate signal wuge g1 is channeled to an impulse
generator, which then transmits it to the evaluation module, as the residual voltage
evaluation model’s logic is discretely applied, not through a VHDL block. In this instance,
the ADC is continuously acquiring samples. When there is a reduction in value detected
by the ADC between two samples, the latest low sample is saved. However, if the ADC
indicates a rising slope between two samples, the stored information is maintained and
no further updates are executed. The successful filtering of residual voltage from the
continuous samples is accomplished by applying this logic to the waveform from Fig. 3.13
for positive phase currents I, and negative low level input voltages tmeas. Subsequently,
two registers in series are linked to store the ADC values of residual voltages for evaluation
the current PWM period when the upper gate’s rising edge impulse signal occurs.

An overview of the evaluation periods and update timing schemes is depicted in Fig. 4.8a
for ADC based measurements and in Fig. 4.8b for VFC based measurements. As the ADC-
based measurement methods aligns with the PWM modulators’ output trigger, the signals
from the ADC averaging unit are observed to latch symmetrically onto the center of the
bottom gate switching signal uge g2. As stated before, the PWM trigger is disregarded and
updates occur at rising edge of the upper gate switching signal uge g1 for the VFC-based
techniques.

Once the test bench topology, measurement board, and signal processing of the RCP
system have been clarified, it is important to describe how the final measurements will be
executed for the various OPs in the upcoming Section 4.3. Therefore, the measurement
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Figure 4.8: Evaluation periods and update timing schemes

trigger is explained further, as with this trigger via the HMI, a synchronization with the
PWM trigger follows first, which is needed for recording the measurement data over one
OP. Three measurement trigger signals are generated within the FPGA by considering a
measurement window that consists of a total of 12 PWM periods.

The corresponding reference measurement is captured by the oscilloscope, which is con-
nected to the half-bridge setup through a differential voltage probe, as previously indi-
cated. The oscilloscope is triggered by a separate signal by connecting another oscilloscope
channel to a test point on the measurement board that is connected to the RCP system.
These two measurement trigger signals are utilized to initiate and terminate recordings in
the RCP system, respectively. This guarantees the synchronization of the 12 PWM peri-
ods being analyzed between the measured data on the RCP system and the reference data
on the oscilloscope. In the absence of any time-critical tasks other than measuring the
PWM voltage, all values compared to the reference measurement are obtained between
the PWM triggers in the middle of a PWM period. Despite VFC-based measurements
being delayed compared to ADC-based measurements, both are accessible before half of
the consecutive PWM period passed. Throughout all measurements — even at high duty
cycles — the DSP is always fast enough to process all updates, and a sample to compare
against reference measurement.
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Table 4.4: Identifiers for investigated measurement appoaches

Identifier Description
dUdc12/14 Dc-link measurement with 12/14 bit ADC multiplied by reference duty cycle
MBff12/14 Voltage-distortion model based feedforward with 12/14 bit ADC
LPF0S12/14 Low-pass filter with oversampling with 12/14 bit ADC
DSMCal DSM calibrated to reference measurement
AVFCPcCal AVFC total pulse counting calibrated to reference measurement
AVFCPcff AVFC pulse counting feedforward
AVFCPcTsff AVFC pulse counting and time sensing feedforward
AVFCRes AVFCPcCal plus reference measurement for residual voltage measurement technique
SVFCPcCal SVFC total pulse counting calibrated to reference measurement
moddSVFC Modular dSVFC total pulse counting calibrated to reference measurement
dSVFC Integrated dSVFC total pulse counting calibrated to reference measurement

4.3 Comparison of Various Measuring Approaches

After outlining a comprehensive analysis of the complete test bench setup, the following
section will discuss the evaluation of each introduced measurement approach. Table 4.4
serves as an overview of the 14 investigated methods being contrasted and their assigned
identifiers. The key aspect is the accuracy of the measurements regarding the capture
of an instantaneous PWM voltage. As stated before, the synchronization between the
oscilloscope reference measurement and the measured PWM voltage for twelve consecutive
PWM periods per capture is utilized. Following the examination of the accuracy of
each individual measurement technique, they are compared with each other based on the
selected operating range. Lastly, the costs of the individual measuring circuit devided
into ICs and discrete components are contrasted.

The test bench introduced in Section 4.2 is employed to configure individually 72 OPs
for each reference duty cycle d* and reference phase current I} combination as listed in
equation (4.53).

d* = {7%,20 %, 40 %, 60 %, 80 %, 93 %} (4.53a)
I ={0A,0.1A,02A,03A,04A,05A,0.75A,1A,2A,3A,5A,8A}  (4.53b)

The boundary conditions represent the lower and upper limit of the reference duty cycle d*
that can practically exhibit switching actions with a chosen VSI switching frequency fy
of 5kHz and a dead time Ty of 3 ps.
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Figure 4.9: Accuracy of dc-link voltage based method

4.3.1 Evaluation of Measurement Accuracy

The relative average PWM voltage measurement error e s,,,, within the characteristic
diagram serves as a metric for evaluating measurement accuracy. It is important to con-
sider the various levels of the color bar in each contour plot as some measurement methods
are overall more accurate than others. This depiction enables a precise evaluation of ac-
curacy levels across the entire operating range and demonstrates potential correlations
with the phase current 7} or the duty cycle d*. It is important to note that the analysis
only considered the 72 OPs and the average voltage error values e g,,,, normalized to
the reference de-link voltage Uy, of 60V are interpolated. In addition, when following
this plot layout, the relative average voltage measurement error ereyg,,,, for each mea-

surement approach is established by computing the average values for all 12 captures of
PWM periods.

The accuracy plot shown in Fig. 4.9 represents the results obtained from the first mea-
surement technique, which entails the multiplication of the reference duty cycle d* by the
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measured dc-link voltage U for both 12 bit ADC (Fig. 4.9a) and 14 bit ADC (Fig. 4.9b).
The commissioning and calibration of the 12 and 14 bit ADCs are verified solely for volt-
ages around 60 V, as the complete measurement range is not essential for de-link measure-
ment. The measured PWM voltage u,y, is calculated according to equation (4.51) for both
dUdc12 and dUdc14. The measurement error in both the dUdc12 and dUdc14 techniques
is predominantly attributable to the voltage distortions due to time delays like discussed
in Section 3.1. As derived in Section 3.1.2 for positive reference currents I , there are two
voltage-distortion areas caused by time delays in every PWM period — one for IGBT and
one for diode commutation. The first commutation consistently diminishes the reference
PWM voltage, while the second commutation, including capacitive effects, increaes it (cf.
Section 3.1.2). A high influence on the PWM voltage especially in the low phase current
range is displayed in the measurements of the PWM voltage trajectories in Fig. 3.7a. In
situations where reference phase currents I}, are extremely low, the voltage-time area at
the beginning and end of the high PWM voltage level effectively counteract each other,
resulting in the most accurate OPs of dUdc12 and dUdc14. When the phase current I,
rises, less and less of the earlier volt-second area is neutralized by the subsequent dead
time interval. This explains the dependence on the phase current I} of the resulting
measurement error €relq,,,, of this measuring technique. dUdc12 displays a reduced de-
pendency on reference duty cycle d*, notably at 40 %, whereas dUdc14 demonstrates an
even weaker association at 20% for even lower phase current levels. The difference in
value between the two measurement series, as they operate similarly, is unlikely to be a
result of technique error, but rather due to previous calibration. Furthermore, it is estab-
lished that the measurements do not show any significant differences in their evaluation,
as the choice of ADC for sampling the nearly constant dc-link voltage Uy is of minimal
significance.

In the examination of the voltage-distortion model that follows in Fig. 4.10, the current
clamp [102] is employed due to its superior resolution compared to the available LEM
transducers, which enhances the model’s performance with precise measurement of low
phase currents I7. Thus, the accuracy of measurements achieved should be seen as
the highest level of precision attainable through the model-based feedforward technique
MBff12 (Fig. 4.10a) and MBff14 (Fig. 4.10b), rather than expecting similar levels of
accuracy in less precise implementations of current measuring in other applications. Since
the model approach is also depending on the dc-link voltage and the duty cycle, the
same value as before are utilzed, i.e. measured dc-link voltage and reference duty cycle.
Considering that the model approach is also based on the dc-link voltage and duty cycle,
the same values as previously are employed, i.e. the measured dc-link voltage Ud% and
reference duty cycle d*.

dUdc12 and dUdc14 exhibit a minimum error of 2 %, which is the largest error percentage
found in the measurements obtained through the model-based appoaches MBff12 and
MBff14. For high reference phase currents I, there are low dependencies on current and
moderate average errors, whereas high current dependencies in the nonlinear case of the
model are exhibited for low reference currents as expected. Nonetheless, the most notable
deviation occurs at a phase current level slightly exceeding 0.75A. The experimental
results reveal that the limit current Ippum is at 0.713 A and, thus, differing from the
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Figure 4.10: Accuracy of voltage-distortion model feedforward

theoretically expected limit phase current. The reason for this may be that when the
phase currents are at this threshold value I, jim, the model switches abruptly between the
linear and nonlinear case resulting in the highest measurement errors seen. Nevertheless,
an average measurement error of well under 2 % can be obtained, which is satisfactory for
a simplistic model that is not constructed based on any prior measurements but solely
datasheet parameters (cf. Section 3.1). Improving the accuracy of the model approach
could be aresult of determining the limit phase current I, through measurements. Similar
to dUdc12 and dUdc14, the most effective operation of MBff12 and MBff14 is observed
at lower phase currents, where the impact of dead time volt-second areas is nullified. As
expected similar to the prior measurement series, there is no observable advantage to
increasing the resolution of dc-link measurement.

The final investigated method for ADC-based measurements involves employing low-pass
filtering and oversampling for both 12 bit ADC (LPF0S12) and 14 bit ADC (LPF0S14)
in Fig. 4.11. Unlike dc-link measurement techniques, the average measurement error
does not vary with the reference phase current I3, but with the reference duty cycle d*. A
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Figure 4.11: Accuracy of low-pass filtering with oversampling method

decrease in reference duty cycle d* corresponds to a higher average measurement error due
to overestimation of the measurement circuit. Nevertheless, there has been a significant
enhancement in the general precision of measuring instantaneous PWM voltage ug}h. Once
again, a reduction in resolution from 14 bit (Fig. 4.11b) to 12 bit (Fig. 4.11a) does not
seem to influence the average measurement error, with only a slight variance in offset
between the two ADCs noted, although the overall error range is nearly identical in both
scenarios. In conclusion, low-pass filtering and oversampling measurement techniques are
superior among the previously ADC-based approaches, though demanding one ADC per
phase instead of just one overall ADC for dc-link measurement.

In the following, after the low-pass filter with oversampling measurement method, the sec-
ond direct voltage measurement circuit is examined. The DSM is another ADC IC mainly
employed in audio and measurement systems like precision digital multimeters, data log-
gers, and sensors. Typically, their application involves serving as sensors for temperature,
pressure, acceleration, or magnetic field detection [123] to enable accurate and noise-free
measurements. A DSM also produces a pulse train like a VFC as its output, converting
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Figure 4.12: Accuracy of DSM measuring method: DSMCal

an analog input signal into a high-frequency digital bitstream. This pulse train represents
the modulated signal, which is then converted into a precise digital signal through digital
filtering and decimation.

Although the DSM configuration is challenging, measurements are conducted with it as
displayed in Fig. 4.12. In the same manner as the VFC circuits to be examined subse-
quently, there is no dependency on reference phase current I, or reference duty cycle d*
throughout the entire characteristic diagram. Alongside the low-pass filter oversampling
approach, this measurement method DSMCal covers a wide range where measurement im-
precision is nearly nonexistent. This indicates that it outperforms all other measurement
techniques analyzed thus far.

In the subsequent analysis, the focus shifts to the accuracy levels of the VFC-based mea-
surement methods. Starting with the AVFC with pulse counting feedforward method
(Fig. 4.13a), it is observable that this evaluation scheme AVFCPcff exhibits high mea-
surement errors across the entire range. This direct measurement technique shows the
weakest performance, even if the majority remains under a deviation of 3 %. The desired
progress is attained through the additional integration of time sensing between pulses at
low PWM voltage via edge detection leading to an approximate halving of measurement
error (Fig. 4.13b). Yet, there is a clear positive discrepancy in the accuracies derived from
both evaluation methods AVFCPcff and AVFCPcTsff. The performance of both feedfor-
ward techniques can suffer due to variations in input PWM voltage on the PCB and
uncertainties in the voltage divider ratio. Similar to the DSM, there is no indication of any
correlation on phase current or duty cycle.

Even though there is an enhancement in AVFCPcTsff, it is overshadowed by the notably
superior results of the AVFC pulse counting calibration method AVFCPcCal depicted in
Fig. 4.13c. Through the direct correlation of generated output pulses N and reference
voltage measurement uy,, it becomes possible to eliminate any unwanted influences and
presumptions by means of calibration. As projected, the SVFC proves to be marginally
more linear than its asynchronous alternative, consequently enhancing its precision. The
SVFC outperforms other commercial VFC ICs due to its wide range of measurement er-
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Figure 4.13: Accuracy of AVFC measuring method

rors around 0%, which is shown in Fig. 4.14. A significant observation is that the SVFC
shows superior performance compared to the anticipated volt resolution u. of 0.25% as
per equation (3.25) during the evaluation of measurement errors. The cause of this oc-
currence is the phenomenon described in Section 3.3.3 where the number of pulses N
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Figure 4.15: Accuracy of AVFC with residual voltage sensing (cf. [56]): AVFCRes

per PWM period varies based on the currents in the input node of the inverter circuit
(equation (3.34)). Averaging over 12 PWM periods per OP contributes positively to min-
imizing the average measurement error of the SVFC. The investigation in Section 4.3.2
will indicate that the deviation is reflected in another statistical quantity: the standard
deviation oy,,,, of the calculated average measurement error el g, -

The last instantaneous measuring approach based on a commercial VFCs is to extend an
AVFC extended with an additional ADC to sense the residual voltage once per PWM
period. In order to effectively detect residual voltage, it is necessary to modify the offset
circuit to prevent the integrator output voltage from saturating. This adjustment leads
to the overall pulse count for one PWM period being halved, yet this has minimal impact
on the precision of the AVFC, as extensively discussed in [56]. In addition to this near-
constant resolution, the additional residual voltage sensing AVFCRes exceeds the accuracy
of the AVFC calibration method AVFCPcCal as Fig. 4.15 depictes. Nevertheless, the
combination of AVFC and ADC is still unable to surpass the precision of the highly linear
SVFC.
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Figure 4.16: Accuracy of dSVFC with pulse counting calibration

Lastly, an analysis is conducted on the newly created volt-second sensor dSVFC, con-
sidering both its modular moddSVFC and integrated variations dSVFC. Both versions are
being examined to observe a possible impact on the measurement error due to the change
of contact resistance of the connector or modified PCB design. Upon initial observation,
there is a general alignment in the patterns of the measurement error within the operating
range. By contrasting the measured deviations with the anticipated volt resolution u. of
the dSVFC outlined equation (3.49b), it is proven that the calculated limits of 0.1 % are
maintained throughout the majority of the measurement range. One exceedance at the
result of moddSVFC occurs to reference phase currents I, below 0.7 A when operating at
a 20 % reference duty cycle d*. A first explanation is the assignment of the phase current
range to the nonlinear case being less than the limit phase current I, im. Nevertheless,
the correlation is dismissed due to the highest negative measurement error occurring in
the dSVFC at a reference duty cycle d* of 7% and reference phase currents I}, exceeding
the limit current I, )im. Basically, the characteristic diagram of the two types of volt-

second sensors closely align the measurement error of the SVFC, differing only by a factor
of 2.
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4.3.2 Accuracy and Instantaneousness in Comparison

Comparing the individual measuring approaches can be challenging due to significant dif-
ferences in both average measurement errors and varying dependencies on phase current
or duty cycle, as demonstrated by characteristic diagrams. To address this difficulty, the
average relative measurement error €l g,,,, is calculated across all OPs to evaluate the
accuracy of each measurement method. It gives a condensed overview of the thorough
analysis on average measurement error €re g, il Section 4.3.1.

Furthermore, the standard deviation oy,,,, of the determined average measurement er-
TOT €relu,,, 15 added as an additional statistical quantity. It is common knowledge that
the standard deviation oy, relates to the degree of consistency in the measured value
recorded per PWM period by the measurement circuit. This measured value per PWM
period is exactly the measured instantaneous volt value ugh. Consequently, the standard
deviation oy, serves as an interpretative indicator for the instantaneousness of a mea-
surement circuit. Ideally, the standard deviation oy, would be zero if the measured
instantaneous voltage value remained consistent at one OP. Thus, a more instantaneous
measurement method results in a lower calculated standard deviation.

Figure 4.17 presents the results for the average relative measurement error €y g, of all
72 OPs and the standard deviation o, for each measurement method. The ADC-based
measurement methods are characterized by two saliences: They exhibit the highest level
of inaccuracy, yet consistently reflect this inaccuracy in every PWM period. The outcome
is expected given that if the input variables, such as the reference duty cycle d*, the con-
stant measured dc-link voltage U, d?:, or the constant reference phase current I’} , are held
constant during the computation, the resulting PWM voltage will not change.
The VFC-based measurement methods — excluding the feedforward techniques — achieve
a good average measurement error, yet an approximately ten times higher standard de-
viation than the ADC-based techniques. Averaging data over multiple PWM periods
has a positive impact on reducing the average measurement error especially for the SVFC
(which exhibits the smallest average measurement error), while deviations in each individ-
ual PWM period are stated through its high standard deviation. The developed residual
measurement technique, which combines advantages from VFC-based and ADC-based
methods, ensures low average measurement error and standard deviation. In direct com-
parison to the SVFC, it can be seen that the standard deviation of the residual voltage
method is nearly five times lower and, thus, it is more reliable when requiring instanta-
neousness.

The comparison of the dSVFC indicates that the integrated volt-second sensor shows
superior performance in average measurement error and standard deviation compared
to its modular alternative. The measurement devation is nearly the same as the devia-
tion of the residual measurement approach, even though its standard deviation is slightly
worse. In contrast, it outperforms the commercial SVFC significantly in terms of standard
deviation, making it equally suitable for instantaneous measurements like the residual
measurement.
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Figure 4.17: Average measurement error € g,,,, and standard deviation o,
of investigated measurement methods at fs, = 5kHz

To conclude, commercial VFC-based methods are not ideal for instantaneous phase volt-
age assessment because of their high standard deviation. Increasing the VSI's switching
frequency f,, contributes to a degradation in volt resolution u,, thereby reducing the accu-
racy of the measured average PWM voltage across a single PWM period. This problem is
solved through the implementation of the residual voltage measurement technique, which
effectively enables the instantaneous measurement of phase voltage for AVFC. The dSVFC
also demonstrates remarkable results when utilizing a 5kHz switching frequency fs, as
the chosen test parameter. Its volt resolution also deteriorates with rising switching fre-
quency f., but the design principles developed in this study allow for its modification
for higher switching frequencies; a feature that is not achievable with commercial VFCs.
Moreover, every VFC-based approach possesses a key benefit that is absent in both the
ADC-based methods and the residual voltage technique: they have the ability to mea-
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sure volt-seconds directly, not just within a PWM cycle, but also in control systems that
deviate from traditional PWM methods. An example demonstrating the application of
hyper-instantaneous volt-second sensing is shown in Section 4.4.2 utilizing OPPs.

In reference to the DSM, it should be noted that the average measurement error €rel g,
is very low, in line with expectations from the characteristic diagram in Fig. 4.12, and is
comparable to that of the other VFC measurement methods in terms of magnitude. How-
ever, the DSM seems to demonstrate a considerable disparity in voltage measurements for
each PWM period, what can be concluded from its high standard deviation oy,,,,. The
author suggests that the reason for this could be the DSM’s inadequate configuration,
indicating that its measurement capabilities may be more potential than received by the
results in this study.

Ultimately, it is important to highlight that a calibrated measurement approach is the pre-
ferred option over any feedforward measurement method as it produces the most accurate
results.

In essence, the limitations experienced by control algorithms at low speeds become appar-
ent when examining the results obtained from the conventional techniques of measuring
the dc-link voltage and multiplying it by the reference duty cycle. By utilizing the conclu-
sions of this study, a user can decide on the appropriate circuit for a specific use case.

4.3.3 Acquisition Costs of Sensor Technologies

If the cost of the measurement circuits is prohibitively high, an effective and reliable
measurement technique is not implemented in field. Therefore, at the end of this section,
a cost analysis of all the measurement techniques examined here will be presented. In the
course of this, the cost evaluation is consistently based on a single sensor, even though
some measurement methods would require multiple sensors to fully measure a three-phase
VSIs. Thereby cost advantages associated with the measurement of multiple voltages
using an IC (e.g. dc-link measuring technique) are disregarded. The expenses of each
measurement circuit are subdivided into the prices of ICs and costs of further passive and
active components. Calculations are done on basis of prices of 24" March 2023 for full
reel instead of single cut-tape. As PCBs, connectors, cables, FPGA or DSP or the like are
determined by their application, they are not presented in this description. Furthermore,
the prices for the substractor of the dSVFC and the measurement equipment for the
model-based approach are not incorporated in cost calculations.

The accrued costs are visualized in Fig. 4.18. With the ADC-based technique, the 14
bit ADC is more cost-intensive than the 12 bit ADC. Since the resolution of the ADC
does not have an impact on its accuracy, the additional costs here are not lucrative. The
AVFC-based techniques are equal in price, due to being based on the same hardware and
only varying in evaluation methods. Respectively, because of the additional ADC the
residual measurement is more expensive than the related AVFC-based circuits. Thus,
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Figure 4.18: Costs of investigated measurement approaches

the higher costs result in an improvement of the accuracy The measuring accuracy due
to the high linearity of the SVFC also entails correspondingly high acquisition costs; at
a cost of over €30, it is by far the most expensive measuring circuit. The goal of cost
optimization of the dASVFC has been successfully achieved, as it is one of the most cost-
effective measuring circuits at just over €5, making it almost six times cheaper than its
integrated SVFC variant. The dSVFC is clearly the best in cost-benefit efficiency at this
point in view of the fact that it comes close to the measuring accuracy of the dSVFC and
at the same time outperforms it in standard deviation. Only the DSM at less than €5 is
even cheaper than the dSVFC.

4.4 Magnetic Flux Determination of Electrical Machines

Following the comprehensive analysis and contextualization of the dSVFC in the prior
section, the volt-second sensor is evaluated for its appropriateness on a 100 kW electrical
drivetrain. Investigation into the influence of EMC on measurement results is required,
in conjunction with dielectric strength when measuring two phase-to-phase voltages with
a peak-to-peak voltage value of 800V,,. Following the measurement of instantaneous
phase-to-phase voltage, the author makes a proposal for employing the volt-second sensor
in PWM-free control strategies.

4.4.1 Instantaneous Volt Sensing at a Three-Phase IPMSM

A 100kW electric drive train on a motor test bench is equipped with two volt-second sen-
sors, as specified in Section 2.2.1. The task of measuring one phase-to-phase voltage uo
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and ugs, respectively, is assigned to each dSVFC sensor as depicted in Fig. 4.19. Pictures
in the appendix displays both the motor test bench in Fig. A.34 and the dSVFC sensors
that have been put into operation in Fig. A.35. The device under test is an IPMSM
controlled by an field-oriented control (FOC) with an IGBT-based VSI. A swichting fre-
quency fs, of 10kHz is applied to the VSI. After adjusting the voltage divider ratio to
1:80, calibration is carried out on both dSVFCs to enable an input voltage range tpeas
of £400V. Accordingly, the relative voltage resolution u. equals 0.2% for this case of
application.

The measurements are once more conducted using voltage sensing rather than flux-linkage
sensing, as the reference measurement is performed using a four-channel LMG500 power
analyzer manufactured by ZES Zimmer [124]. The voltage measurement capability of
this device includes ports that allow direct measurement of voltages up to 1kV. In this
evaluation, the power analyzer measures the three-phase voltage and computes the phase-
to-phase voltages w15 and uss.

As an example measurement, the drive train is operated at an OP with an applied dc-link
voltage of 200 V, mechanical speed at 2000 rpm, a flux-generating stator current compo-
nent isq of —52A, and a torque-generating stator current component iz, of 89 A. Fig-
ure 4.20 depictes the measured PWM phase-to-phase voltages of both the reference mea-
surement of the power analyzer ujy (top) and the instantaneous voltage sensing ul% of
the dSVFC (bottom). The left-hand side trajectories illustrate two electrical periods of
the electrical machine, each lasting 10 ms. The power analyzers’ reference measurement
shows the PWM-voltage u;s resulting from the subtraction of the corresponding phase
voltages upn1 and upne. The bottom plot shows the associated instantaneous voltage mea-
suring u{, of the dSVFC sensor, which successfully measures the average voltage tpym
over one PWM period. For instance, upon examining the highest point of the trajectory,
it is evident that the dSVFC voltage mirrors the decreasing mean amplitude of the dec-link
voltage Uge.

The graphs to the right offer an enlarged display, showcasing 10 PWM periods of the
VSI, each lasting 0.1 ms. The fourth and fifth periods represent the zero-crossing of the
PWM waveform, in which both negativ and positiv pulses in the reference measurement
are recorded. These average values are also correctly detected by the volt-second sensor.
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Figure 4.20: Measurement of reference PWM phase-to-phase voltage ujs (top) and
measurement of dSVFC instantaneous phase-to-phase voltage u;}, (bot-
tom), two electrical periods (left) and a zoom of 10 PWM-periods (right)

It should be emphasized that despite not measuring a peak-to-peak voltage value of 800 V
in this example, both volt-second sensors were calibrated to an input voltage range of
+400V and passed the calibration successfully. Furthermore, there are no weaknesses
in the dSVFC regarding EMC sensitivity. Consequently, the author recommends the
developed volt-second sensor within this work for instantaneous voltage of phase-to-phase
voltage sensing in electric drive trains.

4.4.2 Volt-Second Sensing Approach per Pulse

The key benefit of VFC-based measurement circuits is their arbitrary but fixed volt-
second quantum )., which is solely determined by the measured input voltage range and
the applied clock frequency as stated in equation (3.40). Consequently, the volt-second
resolution 1, is independent of quantities like dc-link voltage Uq., phase current iy, duty
cycle d, or VSI switching frequency fs,. In the event that a single pulse N is produced,
it is immediately linked to this unit of flux-linkage. The only variation is in the time
intervals Atpop between pulse generation.
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Figure 4.21: Characteristic curve for volt-second quantum counting

The same principles as the AVFC-based measurement technique Pulse Counting and
Time Sensing (AVFCPcTsff) are utilized in the following approach. The information
obtained from the time duration Atpop between two consecutive pulses can be applied
to interpret whether the input voltage is negative or positive, and thereby establishing
if the flux component is negative or positive, as illustrated in the characteristic curve
in Fig. 4.21. In the following example, a symmetrical bipolar input voltage, like the
phase-to-phase voltage, is assumed without loss of generality. Since the maximum output
frequency f,¢ is half the applied clock frequency fey, the limit between negative and
positive applied magnetic flux-linkage is exactly at a quarter of the clock frequency. The
logic of equation (4.54) (for the special case of a symmetric input voltage) can assist
in deciding whether the generated volt-second quantum ). needs to be incremented or
decremented within the control algorithm.

if Atpop ™' < Vafax, then — .
if Atpop~! > Vafy, then + ). (4.54)

else 0

The key point to consider is that the algorithm gains access to the volt-second quantum
immediately after it has been recorded. By applying the dSVFC, the user is able to freely
establish the quantum’s value through adjusting the clock frequency. This strategy can
be implemented for any input voltage ratio of negative and positive voltage mapping the
corresponding ratio to the output frequency f,;. This instantaneous volt-second sens-
ing method is entirely independent of any PWM scheme, making it a suitable control
algorithms like OPPs, where traditional PWM-based voltage measurement methods as
discussed in this study are inadequate.
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5 Conclusions and Future Work

Electrical drive trains require appropriate measured quantities for successful operating
control algorithms. Accurate detection of the control variable flux-linkage or voltage,
respectively, is particularly important, especially within the low-speed range when pulse
widths of PWM voltage become relatively small. This dissertation has addressed key
challenges in precise and instantaneous flux-linkage sensing methods in PWM VSIs. The
findings presented in this study not only validate proposed measurement approaches but
also provide opportunities for further investigations.

5.1 Conclusions

Volt-second distortions arise from the nonideal characteristics of the employed VSIs, thus
becoming an inherent aspect of electrical drive trains. Understanding the origins of these
distortions and their impact on the VSIs and electrical machine’s performance is cru-
cial. Therefore, an efficient simulation model for an IGBT-based VSI is developed to
conduct an in-depth investigation of PWM voltages. The subsequent mathematical anal-
ysis reveals the voltage deviations and nonlinear characteristics that arise especially in
the low phase current range due to the semiconductor devices. Thorough knowledge of
voltage trajectory behavior allows for the development of volt-second sensing that meets
the necessary criteria for effectively measuring PWM voltages.

The functionality of VFCs is well-adapted for a constant sensing of voltage-time areas
in any voltage pattern. As a result, two different commercial VFCs are applied in the
design of the measurement technology: An asynchronous VFC and a synchronous VFC.
As a result of their immediate pulse response to a specific volt-second quantum, AVFCs
are particularly well-suited for the design of various evaluation algorithms. which are
presented within this work. The measurement reliability of the SVFC is attributed to
its clock-controlled pulse output, which exhibits a high degree of linearity. Despite this,
given its limitations in performance at common inverter switching frequencies of at least
10kHz and its high cost, a new volt-second sensor is developed drawing inspiration from
its operational principle. It is reasonable to split the features of an SVFC into an analog
and a digital component. The SVFC internal clocked bistable multivibrator is replaced
by a clocked FPGA as it is in place in most applications. The discrete structure of the
analog part of the novel volt-second sensor dSVFC offers the benefit of being customizable
to fulfill particular requirements. A comprehensive description of circuit synthesis and its

95



5 Conclusions and Future Work

design requirements is provided in this study. Ultimately, to contextualize the newly
devised measurement methodologies, they are assigned to a comprehensive comparative
evaluation.

An evaluation test bench is established to assess individual measuring circuits according
to phase current and duty cycle variations. The measuring accuracy and instantaneous-
ness of each 14 circuits is evaluated in 72 OPs. Subsequently, a statistical examination
is conducted to compare the measurement strategies in their average measurement er-
ror and standard deviation. The advantages of VFC-based measurement circuits over
ADC-based methods are clearly demonstrated. In this comparison, the residual measure-
ment technique and the dSVFC demonstrate the most effective performance. The results
generally show that a calibrated measurement circuit surpasses all feedforward methods
implemented in this study. Still, even with a reliable measuring circuit, its usage in the
field will be limited by high costs. For this reason, the costs associated with obtaining all
measurement strategies are presented, which highlights the dSVFC’s superiority. As a re-
sult, the newly established volt-second sensor fulfills all specified requirements in terms of
accuracy, instantaneousness, and costs. Subsequently, two dSVFCs are successfully imple-
mented on a 100 kW motor test bench to establish their suitability for sensing a traction
drive’s instantaneous phase-to-phase voltage. The volt-second sensors accurately detect
an 800 V,,, peak-to-peak voltage and show no sensitivity on EMC. In closing, a universal
method is introduced for utilizing the inherent advantage of directly sensing volt-seconds
in the dSVFC and other VFCs. This serves as proof that the dSVFC is suitable not only
for precise instantaneous voltage measurement, but also for direct volt-second sensing
techniques.

5.2 Open Issues and Future Work

Future studies should examine the IGBT-based simulation model for its applicability
to other semiconductor components like SiC or GaN. Additionally, the author proposes
the mathematical derivation of the model, incorporating the capacitor value of the out-
put capacitance of the IGBT datasheet for the additional capacitor in the switching cell
modeling. To distinguish between linear and nonlinear cases during commutation, it is
necessary to employ a different capacity selection for determining the limit phase current,
which is dependent on this capacitance. This adaption has the potential to improve the
correlation with the measurend voltage graphs and, thus, also decrease inaccuracies in
measurements based on the model. To evaluate the switching behavior of semiconductors
at voltages near their nominal voltage level, the test bench needs to be modified to handle
dc-link voltages higher than 60 V.

The DSM-based measurement circuit should be investigated for further improvement to
instantaneous volt-second and volt sensing as its configuration has proven to be challeng-
ing. Due to its minimal expenses and existing integration as an IC, this measurement
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method shows potential for practical application in industries.

The dSVFC arrangement is presumable limit to the time delay characteristics of the
switching MOSFETSs within the current mirror acting as SPDT switch. Exploring the pos-
sibility of substituting the existing current mirror with a MUX for switching the charging
and discharging current is a promising area for study. These advancements could result in
better performance through higher possible clock frequencies leading to improved sensor
resolutions, a simplified layout, and further cost efficiencies.

In conclusion, the successful integration of the dSVFC into different control strategies is
needed to demonstrate its performance and, thus, improve the behavior of electrical drive
trains.
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A Appendix

A.1 Simulation Results of Voltage-Distortion Model in

PLECS
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Figure A.1: Model approaches of half-bridge with nonideal commutation cell in
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A.2 Implementation Details and Schematics

of dSVFC

A.2.1 Conceptualization of dSVFC
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Figure A.5: Signal flow of dASVFC for PLECS simulation
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Connector dSVFC

Figure A.7: Arty S7: Spartan-7 FPGA Development Board [109]
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A.2.2 Schematics of dSVFC
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A.3 Supplementary Description of Test Bench

A.3 Supplementary Description of Test Bench

A.3.1 Signal Processing of RCP System

A more detailed explanation of the entire RCP-system for the signals shown in Fig. A.24
is given in [113]. An overview and supplementary summary of the RCP-system can be
found in the following lines.

SPI communication is parameterized for ADCs and the LEM current transducer with a
delay and a channel select signal ch_sel. The delay variable denotes the dynamically
adjustable length of a delay chain, which serves to synchronize internal communication
signals with physical hardware components. This synchronization is achieved in discrete
increments equivalent to the FPGA clock period, specifically 10ns, within the FPGA
architecture. For the 12 bit ADC, a delay value of 25 is determined to ensure optimal
communication timing and accurate SPI word interpretation. Conversely, for the 14 bit
ADC and the current sensor, a delay of 17 was identified as appropriate. Channel se-
lection is exclusively employed for the current sensor, primarily because the output from
the LEM transducer is routed to channel 2 of the ADC responsible for its evaluation.
Communication can also be enabled or disabled via the HMI through an enable signal.
This precautionary measure is implemented to prevent potential adverse effects on alter-
native measurement methodologies, which do not necessitate SPI communication, from
the 10 MHz digital clock signal.

Concerning the PWM module, solely the duty cycle d is required as an input parame-
ter. Furthermore, reset and enable functionalities are also furnished via dedicated input
signals. The VFC edge detection threshold and delay constitute critical parameters for
the edge detection mechanism within the AVFC pulse counting and time sensing mea-
surement technique. The former is configured to 150 - Ty of the FPGA, while the latter
is established at 300 - T,. Assuming a left-aligned PWM scheme for the AVFC pulse
counting and time sensing methodology, with the objective of maximizing the coherent
high and low level durations of the PWM voltage, a substantial temporal discrepancy
persists between the rising edge of the gate signal (inclusive of dead time) and the actual
PWM voltage output. To preclude erroneous triggering of the edge detection during this

Figure A.23: Overview of measurement setup for various measurement approaches
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Figure A.24: Overview RTP level of RCP-system with all processing signals

interval, the delay parameter effectively deactivates the edge detection functionality for a
predefined number of FPGA clock periods. Finally, a current clamp measurement toggle
block relays an input from the HMI interface to alternate between continuous phase cur-
rent measurement and precisely synchronized averaging pertinent to the MBFF control
strategy. Continuous measurement is employed in conjunction with the demagnetization
and consequent manual zero adjustment procedure to accurately calibrate the current
clamp sensor.

As depicted on the right-hand side of A.24, FPGA output signals undergo subsequent
processing by the RTP. ADC and current sensor evaluation blocks retrieve the inter-
preted SPI words, which are deposited into a shared register by the FPGA. While the
comparatively slower cycle time of the RTP precludes the sampling of every interpreted
SPI word, these blocks prove invaluable for debugging and fine-tuning functional delay
parameters by providing instantaneous feedback. Averaging blocks for the ADCs and the
current clamp fundamentally compute the arithmetic mean by dividing the aggregated
measurement values by the total count of samples for each respective channel. These
average values are subsequently supplied to the measurement evaluation blocks.

The sensor supply represents the sole hardware input /output (I0) related parameter man-
aged at the RTP level. A comprehensive description of the measurement trigger input
functionality was provided in Section 4.2.3, as its comprehension necessitates an under-
standing of both the RCP-system and software architectural levels. In the following, the
FPGA-level details, as presented in A.25, will be expounded upon.
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A.3 Supplementary Description of Test Bench

One SPI communication frame comprises 20 SPI clock cycles. To accommodate this, the
SPI master block is appropriately configured to conform to the timing specifications stip-
ulated in the corresponding datasheets for both the 12 bit and 14 bit ADC. PWM module
inputs from the RTP are augmented by the app_status signal, which serves to deactivate
switching signal outputs should the application executing on the RTP cease operation.
Such an event may occur, for instance, if RTP constraints are violated, thereby entirely
suspending RTP operation. Consequently, as a precautionary safety measure, switching
signal outputs are inhibited. A center-aligned switching signal, denoted as s, inclusive of
dead time, is generated by the PWM module for each of the three phases. Given that the
current measurement configuration employs only a single half-bridge, the switching signal
is demultiplexed into the distinct phases, and the IOs designated for top and bottom gate
control are written to their corresponding IO channels.

The current clamp and ADC averaging units exhibit identical operational principles,
hence the similar nomenclature for their output signals. ADC values are accumulated
synchronously upon the assertion of the new data signal, in parallel with a counter that
tracks the total number of rising edges of the new data signal. This process continues
until the PWM trigger resets the accumulation and latches the sum and counter into a
register for retrieval by the RTP. For the current clamp, the accumulated input is di-
rectly read from an analog IO channel of the MicroLabBox, while the reset and latch
trigger is specifically designed to execute the measurement exclusively within the dead
time constraints, when current commutates to a diode. This particular timing is essential
for the voltage-distortion MBFF measurement technique. Since the current clamp value
lacks a new data signal, it is accumulated continuously using sufficiently large registers to
accommodate the extensive sample count. Lastly, the current clamp measurement toggle
is capable of overriding the reset trigger, utilizing a multiplexer to favor a constant true
signal for the previously described calibration of the current clamp.
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A.3 Supplementary Description of Test Bench

A.3.2 Schematics of Measurement Board
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A.3 Supplementary Description of Test Bench

Figure A.34: Overview of electrical drivetrain test bench

Figure A.35: Implemented dSVFC sensors for phase-to-phase measurement
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B Acronyms

ac
ADC
Al
AVFC

BEV
BNC

CMOS
CPWM

DAC
DB

dc
DPWM
DSM
DSP
dSVFC
DTFC

EMC
EMF
ESR

FE
FOC
FPGA

GaN
GDPWM

HMI
IC

IGBT
IM

alternating current

analog-to-digital converter

artificial intelligence

asynchronous voltage-to-frequency converter

battery electric vehicle
Bayonet Neill-Concelman

complementary metal-oxide-semiconductor
continuous PWM

digital-to-analog converter

deadbeat

direct current

discontinuous PWM

delta-sigma modulator

digital signal processor

discrete synchronous voltage-to-frequency converter
direct torque and flux control

electromagnetic compatibility
electromotive force
equivalent series resistance

finite element
field-oriented control
field-programmable gate array

gallium nitride
generalized DPWM

human-machine-interface
integrated circuit

insulated-gate bipolar transistor
induction machine
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IPMSM
IRTF
ISEA

LDO
LSB
LUT

MBFF
MOSFET
MSB

NVH

oP
OpAmp
OPP

PCB
PLL
PMSM
PWM

RCP
RPP
RT

RTP

S&H
SAR
SDO
SiC

SM
SNR
SPDT
SPI
SPWM
SRM
SVFC
SVPWM

TF
THIPWM

VFC

interior permament magnet synchronous machine
ideal rotating transformer
Institute for Power Electronics and Electrical Drives

Linear- and Low-Dropout-Controller
least significant bit
look-up table

model-based feed-forward
metal-oxide semiconductor field-effect transistor
most significant bit

noise vibration harshness

operating point
operational amplifier
optimized pulse pattern

printed circuit board

phase-locked loop

permament magnet synchronous machine
pulse width-modulation

rapid control prototype
reverse polarity protection
real time

real-time processor

sample-and-hold
successive-approximation-register
slave data out

silicon carbide

synchronous machine
signal-to-noise ratio

single pole, double throw

serial peripheral interface
sinusoidal PWM

switched reluctance machine
synchronous voltage-to-frequency converter
space-vector PWM

transfer function
third harmonic injection PWM

voltage-to-frequency converter



Acronyms

VHDL very high-speed integrated circuit hardware descrip-
tion language
VSI voltage-source inverter

WEMPEC Wisconsin Electric Machines and Power Electronics
Consortium

ZV'S zero-voltage switching
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C Symbols

Erel, Upwm Average relative error of averaged volt error over one

PWM period
Ceo Collector-emitter capacitance
Cle dc-link capacitor
Cye Gate-collector capacitance
Cint Integrator capacitor
Cloes Output capacitance of IGBT
Cos One shot capacitor
Cy Additional capacitance of switching cell
D, Diode top switching cell
Dipp reverse polarity protection diode
Dy Diode bottom switching cell
d* Reference duty cycle

Erel, tpm Relative error of averaged volt error over one PWM

period
Jelk Clock frequency
fot Pulse train frequency
fsamp Sample frequency
fow Inverter switching frequency
ida Stator current dq-frame
r Equivalent current of flux-linkage
lgc IGBT gate-collector current
lin Input current
Lint Integrator current
Tint, | Integrator current with switch high side
Tint, I, Integrator current with switch low side
Ig Integrator offset current
Tout Output current
Ion Constant phase current
;ph Phase current
Uph Actual phase current
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Ws

Pasvro

77Zicr Jerr
Yge
77ZJSd

(0
%lin,err
’lenonlin,err
wph
Y
Yo
Vi
Vs
wpwm

wpwm,err
Usq
77Z1rect JEIT

Ve

Constant phase current for transition in model ap-
poach

Measured phase current

Reference constant phase current

Stator current

Flux-generating stator current component
Measured stator current

Torque-generating stator current component
Constant current of constant current source
Mirrored current high side

Mirrored current low side

Smoothing inductance

Quadrature main inductance

Main inductance

Stator inductance

Direct synchronous inductance
Stator leakage inductance
Quadrature synchronous inductance

Switching MOSFET high side of current mirror
Switching MOSFET low side of current mirror

Number of pulses
Electrical anglular frequency

Power consumption of dSVFC

Volt-second error during charge reversal

Stator flux-linkage dg-frame

d-component stator flux-linkage

Permanent magnetic field flux-linkage

Volt-second error in linear commutation process
Volt-second error in nonlinear commutation process
Terminal flux-linkage

Actual terminal flux-linkage

Measurend terminal flux-linkage

Measurend phase-to-phase flux-linkage (1-2)
Measurend phase-to-phase flux-linkage (3-2)
Measured averaged volt-second over one PWM period
Averaged volt-second error over one PWM period
g-component stator flux-linkage

Volt-second error in rectangular model

Volt-second resolution



Symbols

¥

Q
Qoff
Qon

Rint
Rlin,trim

Rosi
Ros ,trim
Rpullup

Udiode

Stator field flux-linkage

Electrical charge
Charge during pulse off-stage
Charge during pulse on-stage

Integrator resistor

Trimmer to adjust linearity

Offset resistor ¢

Trimmer to adjust offset

Pull-up resistor

Stator resistor

Additional resistor of switching cell
Shunt resistor

Measured stator resistor

Voltage divider resistor i

SPDT switch

Standard deviation of averaged volt error over one
PWM period

Switch top switching cell

Switch bottom switching cell

Clock period

Charge reversal time

Dead time

Additional dead time during commutation
Electrodynamic torque

Rotor angle

Commutation time in linear case

Period of irregular pulse pattern

Turn-off delay

Turn-on delay

Duration pulse on-stage

Time interval between two pulses of a pulse train
Period time of one PWM cycle

Real part 2D space vector
Imaginary part 2D space vector
IGBT collector-emitter voltage
Comparator output voltage
Dc-link voltage

Measured dc-link voltage

Diode on-stage voltage drop
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Symbols

Ud1H Drain voltage of MOSFET

ada Stator voltage dg-frame

Ud2 1 Drain voltage of MOSFET

Ue; Back-emf phase i

Uge IGBT gate-emitter voltage

Ug H Gate voltage of MOSFET

Ug 1, Gate voltage of MOSFET

UigpT IGBT on-stage voltage drop

Usj Phase-to-phase voltage ij

UN i voltage sequence component

Uin Input voltage

Uin, p2p Averaged input voltage between to pulses of pulse
train

Uing— Negative input integrator

Win Commutation voltage in nonlinear case

Umens Measured voltage

Umeasmax Maximum measured voltage
Umeasmin ~ Minimum measured voltage

udy Measured dc-link voltage
Uph Phase voltage

Uph Actual phase voltage

Uph PWDM-period average actual phase voltage
Uphi Voltage phase ¢

ur?h Measured phase voltage
Upp, Reference phase voltage
upt(fpt)  Output pulse train

Upwm PWM voltage

Upwm Measured averaged voltage over one PWM period
Upwm, fil Filtered PWM voltage

User Reference voltage

Ue Voltage resolution

Us Stator voltage

Us dig Digital supply voltage

—Uj Negative supply voltage
Us1, 1 Source voltage of MOSFET
+Us Positive supply voltage

Us H Source voltage of MOSFET
Usup Supply voltage

Uys Integrator output voltage
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Many control strategies for electrical machines rely on mag-
netic flux-linkage as a key variable, especially in torque
controllers based on field-oriented control algorithms. This
variable is commonly determined using current-based LUTs
or by integrating the measured PWM stator voltage. However,
accurately measuring pulse-modulated voltages is challenging
- particularly with SiC and GaN inverters - due to steep volt-
age slopes, high-frequency components, and switching delays,
which are especially problematic in the low-speed range.

This research addresses these challenges by developing di-
rect, precise volt-second sensing methods. Central to the
work is a novel sensor combining analog and digital technolo-
gies, leveraging voltage-to-frequency converters (VFCs) and
FPGA-based logic for enhanced accuracy and cost-effective-
ness. A simulation model replicates volt-second distortions,
with its performance validated against conventional techniques.
Fourteen measurement methods are systematically evaluated
for accuracy, instantaneousness, and cost utilizing a special-
ized test bench. The study underscores the potential of the
invented discrete synchronous VFC (dSVFC) sensor for
electric traction drive applications and PWM-less control,
demonstrating its adaptability and precision.

Key contributions include advancing knowledge of VSI volt-
age distortions, refining mathematical models, and introducing
innovative sensors adapted to inverter-specific requirements.
The dissertation compares traditional and novel approaches,
paving the way for more accurate, efficient, and cost-efficient
solutions in research and industry.
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