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Chapter 1

Introduction

The evolution of hybrid vehicles (HEV), plug-in hybrid electric vehicles (PHEV) and bat-
tery electric vehicles (BEV) is accelerating. New models are developed at an increasing
rate and to reduce development time it is necessary to be able to predict the functioning
of the electric power system, not least from an Electro Magnetic Interference (EMI) point
of view. In the simplest form the drive-train consists only of some power electronic con-
verters (PEC) supporting the electrical traction machine (EM), the traction battery and
possibly a compressor in commercial vehicles. There also exists more advanced system lay-
outs with multiple traction machine drives, DC/DC converters supplying power to the
24V system, electrically driven auxiliary equipment and chargers connected to the grid.
Merging the included subsystems, that here is referred to as the Traction Voltage System
(TVS), to a common system is a challenge as system knowledge is crucial for predicting the
performance. The individual subsystems should not create a DC link current ripple, e.g.,
Differential Mode (DM) currents, and should not create Common Mode (CM) currents
high enough to disturb other subsystems or decreasing other subsystems life length.

The included subsystems are in general sourced from different suppliers. A good trac-
tion voltage system knowledge is therefore needed at the OEM to set the correct require-
ments on the subsystems to safeguard the system properties.

The purpose with the study presented in this thesis is to, by modeling, simulation and
measurements, build understanding and confirm models to predict the traction system be-
havior from a High Frequency electric viewpoint. This understanding can be used in the
design phase of the vehicles electric power systems and then ensures that the vehicle is prop-
erly designed and works as intended as a re-design of a vehicle takes time, a lot of resources
and is expensive. Comparing electric cars and electric commercial vehicles, there are two
main differences in the power-train: power level and the number of installed nodes. The
electric power system of a battery electric commercial vehicle has multiple energy sources
and loads. Examples of such are several different traction battery packs, multi traction ma-
chine drive-trains (maybe with several driven axles), DC/DC converters, connections to



the grid via on board or off board charging systems, connections to electric road systems,
to body builder equipment, to AC power outlets in ”island mode”, to other vehicles etc.
All commercial vehicle manufactures needs to meet the challenge of designing large electric
power systems and make these function properly in any operating condition. However, no
company publish their design and simulation models of the electric power system as it is
an intellectual property (IP). This thesis is sharing some of the knowledge and experiences
drawn from building and by measurements calibrating a traction voltage system model lib-
rary of the DM and CM behavior of a very large traction voltage systems in full electric
commercial vehicles as indicated above. The ambition is that the simulation models should
be valid up to at least a few MHz. The level of detail needed to represent the electric be-
havior well up to the MHz range is high and make the simulation time consuming if e.g.,
a significant part of a drive cycle, like an acceleration, needs to be simulated. In is shown
in this thesis that the detailing of the DM and CM models may have to be different to
facilitate reasonable simulation times.

The validation through measurements sets high demands on the measurement system both
in terms of bandwidth and number of channels. At the time of doing the work behind
this thesis, no system was available on the market and a development of an extensive meas-
urement system is included in this thesis. The speed of electrification is accelerating and
the demand on time to market as well as many new models of vehicles sets demands on
the engineering process. It is necessary to be able to perform simulations rather than full
vehicle measurements to ensure the EMC performance.

1.1 Goal, Objective and Scope

The goal of the work presented in this thesis is to build a solid understanding of how DM
and CM voltages and currents are generated in the traction voltage system of a class B
vehicle, how they spread and make different subsystem interfere and how this interference
can be limited to a level that do not endanger the intended functionality of the vehicle.

The Objective is to share the understanding by providing design rules and software
tools that can be used in predicting the TVS functionality from an EMC/EMI point of
view already at the vehicle design stage, before a vehicle is built.

One Scope is to build simulation models of the electric power system that represent
DM in the frequency band 1 kHz-100 kHz and for CM 1 kHz-10 MHz, and to calibrate
these models with measurements on a commercial vehicle.

Another Scope is to develop a measurement system that is capable of providing all the
measurements needed for the simulation model building.



1.2 Content of the thesis

This chapter 1 presents a brief introduction and the scope of the thesis.

Chapter 2 describes the Traction Voltage System (TVS) in the electric vehicle and the in-
cluded subsystems, definition of Common and Differential Mode (CM and DM) and how
they occur. An important chapter for understanding the thesis as whole.

The concept of modeling from measurement technique to extract the model from meas-
urement is described in chapter 3.

The developed models are used in simulation and the result is presented in chapter 4. The
results are compared to theoretical analyze of the cause and effect.

The thesis includes development of a measurement system described in chapter s.
Chapter 6 shows some results from CM measurements on a truck. The results are compared
with the theory from chapter 4. The measurement system has a potential to measure a lot
more than it is used for. That will be performed after this thesis towards doctoral thesis.
Chapter 7 is the last chapter in this with thesis and contains conclusions, discussions and
the future work after this thesis.

1.3 Previous work (with references)

The included subsystems are in general sourced from different suppliers. A good traction
voltage system (TVS) knowledge is therefore needed at the Original Equipment Manufac-
turer (OEM) to set the correct requirements on the subsystems to safeguard the system
properties. 'The purpose with the study presented in this thesis is to, by modeling, sim-
ulation and measurements, build understanding and confirm models to predict the TVS
behavior. This understanding ensures that the vehicle is properly designed and works as in-
tended as a re-design of a vehicle takes time, a lot of resources and cost. Comparing cars and
commercial vehicles there are two main differences in the power-train; power level and the
number of installed nodes. A full electric commercial vehicle has multiple energy sources
and loads. Examples of such are several different traction battery packs, multi traction ma-
chine drivetrains (maybe with several driven axles), DC/DC converters, connections to the
grid via on board or off board charging systems, connections to electric road systems, to
body builder equipment, to AC power outlets in "island mode”, to other vehicles etc. All
commercial vehicle manufactures needs to meet the challenge of designing large systems
and handle that in a proper way. However no company publish their models as it is an
intellectual property (IP). The novelty of this thesis is in sharing some of the knowledge
and experiences drawn from a traction voltage system model library built to simulate the
CM behavior of very large traction voltage systems in full electric commercial vehicles as
indicated above. During development of the models, validation through measurements are
performed.

In [13] recommendations for for CM filters upon experimental tests. Return path of
Common mode ElectroMagnetic Interference (EMI) noise currents in the motor drive



system in hybrid electric vehicle is shown in [14]. An active common mode voltage com-
pensation device for induction motor drives is shown in [18]. Damping of high frequency
leakage currents in Pulse Width Modulation (PWM) inverter Fed AC motor drive system
is explained in [17]. Two different models are shown, one is valid for zero sequence. The
impact of CM currents in motor bearing currents is discussed in [21] with models of the
EM. Effects on common mode active filters in induction motor drives is discussed in [19].
Shielding is an important area and is discussed in [7] if it is necessary or not. This paper
shows how the common mode EMI is affected outside the motor drive system between
subsystems in the vehicle and recommendations on common mode capacitances and their
ratios in the system, affecting the variation of the common mode voltage at the subsystem
during switching. Estimation of parasitic components in a system with two conductors and
aground plane [2]. The switching interaction in the power electronics results in ripple caus-
ing electromagnetic fields, disturbing other electronics and degradation of components. An
overview of this can first be obtained when a physical system is built which could lead to
unintentional over- or under dimensioning of HV components [22]. Papers discussing CM
EMI and the interactions in electric vehicles are rare.

1.4 Publications and contributions

During the studies, two papers are written where one is presented at the SPEEDAM con-
ference and published [25] and one is under review at IEEE for possible publication [26].
The content of the papers is developed by the author of this thesis. The authoring of the
papers is made in cooperation with Mats Alakiila.



Chapter 2

Electric power systems in electric
vehicles

Commercial electrified vehicles are available in different variants as hybrid electric vehicle
(HEV), plug-in hybrid electric vehicle (PHEV) and pure battery electric vehicle (BEV). This
thesis describes only BEV class B voltage system with different charging solutions. The 24V
system is not included.

2.1 Traction Voltage System (TVS)

The Traction Voltage System (TVS) is the DC, class B [11], voltage system that connects
all traction batteries, electric machines, charging systems, compressor drives, DC/DC con-
verters etc. thatare involved in the main power conversion processes on board a commercial
electric vehicle. The TVS system operates in the range of 600-700 VDC but varies from
system to system depending on the intended battery system voltage but also depending on
the state of charge (SOC), the temperature and the power loading of the vehicle. The base
for measurements and analysis is a Volvo truck FE280, shown in figure 2.1, which represents
the DC system. The power levels of the included systems varies from skW to more than
200kW with switching frequencies from a few kHz up to almost 100kHz. Depending of
the vehicle the 600V cables can be from 1m to more than 20m in an articulated bus. Using
modeling to understand and predict the behavior of the TVS in all operating conditions re-
quires detailed modeling of all subsystems, both with respect to DM and CM aspects. The
purpose of the work described in this thesis is to build understanding in the relationship
of disturbances as well as giving guidelines to prevent harmful disturbances. This results
also in the development of a simulation model library with all relevant subsystems as well
as interconnections that are represented in a LEGO ° way, such that a multitude of TVS
configurations and parameters can be modeled. The models that are investigated shall be



able to be built with support from suppliers before a delivery to save time.

In the following subsections the most important loads and sources, in figure 2.1, are de-
scribed. In figure 2.1, the models denoted BPr...4 are battery packs, the DC/DC are con-
verters to 24 VDC, the OnBC are on board chargers, the JB are "Junction Boxes” that are
joint connection points, the EMD’s are the traction motor converters and the ePTO is an
electrically driven mechanical PTO.

BP1 BP2
= Jlococ €L 1
T T
— "U|EMD right
= DCDC o
B B B
= Gear
B
= "U|EMD left o
"y /lonBec @:(:
= "U[epTO
v /lonsc @:(: PTO
BP3 BP4
J 1
= T| |7

Figure 2.1: Volvo truck FE280 system layout

2.2 Other system

This thesis includes only a standalone vehicle in operation and the corresponding electrical
dynamics on the TVS. The vehicle can be connected to the grid via the on- board or oft-
board chargers. The charger can, but must not, be galvanically isolated from the grid.
Galvanic isolation is used to break the electrical potential between two systems, for example
between the grid and the vehicle, to increase the electric safety level. With galvanic isolation
in the On Board charger, the TVS system is electrically separate with respect to the ground
of the grid supply.

Vehicles can also be used for power supply in an island operation, i.e. supplying electric
energy where there is no connection to a electric grid. This can also be done with or without
galvanic isolation between the vehicle TVS and the externally driven load that can bea DC-
load or a 1- or 3-phase AC load.



Body builders (BB) have in the past on conventional vehicles connected loads mechanically
to the combustion engine PTO or transmission PTO for supply of hydraulic pumps or air
conditioning. In a BEV an alternative to providing a mechanical PTO is to supply the
loads directly with electric energy. However, the vehicle manufacturer has no knowledge
of the BB system and how the external load will interfere with TVS. This implies that an
electric supply to a BB load needs a safety level, maybe galvanic isolation.

This thesis focuses entirely on the vehicle TVS without any connections to other vehicles,
to the power grid or to BB loads.

2.3 Important sources and loads

The most relevant sources and loads are those directly connected to the TVS, i.e. 600 VDC
loads and sources.

¢ The electric traction machine drive (EMD) converts DC to AC for the electric ma-
chine (EM) and vice versa.

* The 600V cables that connect all sub systems. There are both coaxial and twin axial
cables.

* Battery chargers supplying the vehicle with power from the grid. These exist in
several versions, isolated or non-isolated, separate or integrated and conductive or
inductive etc. All need a unique model.

¢ The load from the 600 VDC/24 VDC converter. The loads on the 24 VDC side
are not considered in this thesis more than the load from the 600 VDVC/24 VDC
converter, called DCDC.

* The 600 VDC battery that supplies the vehicle with energy or receives energy at
braking.

With the exception of the batteries and the cables that connect the sources and loads,
all loads connected to the TVS are built with a Pulse Width Modulated (PWM) converter
as an interface between the TVS and the load. These PWM modulated converters are
sources of both DM and CM harmonics that spread throughout the TVS, the cables, the
batteries and all other connected sources and loads. The choice of switching frequency of
these converters is a balancing between, but not limited to, switching losses and size of the
DC-link capacitor on the TVS side of every converter. The switching frequencies used by
the different converters spread in a large wide between 1kHz to 1ookHz.

2.3.1 Electric Machine Drive - EMD

The EMD is the most powerful converter in the vehicle and is in power range of 150kW
and higher. The TVS contains at least one EMD that converts power between DC and



AC, the sign of which depends on the sign of the wheel torque. The EMD is a three
phase converter with insulated-gate bipolar transistors (IGBT) but can be expected to use
faster switches (SiC type) in the future making it a potentially bigger source of harmonic
disturbances. The power of the EMD is above 200kW and has a switching frequency below
10kHz. Depending on size of the vehicle it can use one or more EMDs operating in parallel
on the TVS but with one electrical traction machine per EMD. Other combinations can
be conceived with multiple EMDs per EM, or more than one or two traction machines,
but such are not considered in this particular case.

2.3.2  Electric traction Machine - EM

The electric traction machine (EM) is a permanent magnet synchronous machine (PMSM).
However other types of EM as induction machines or reluctance machines can also be used
but PMSM is the choice here due to the high torque to volume ratio. In this thesis the EM
is referring to as the electric traction machine since the electric traction machine(s) have a
special role in the harmonics analysis. There are of course EMs in the air compressor, the
air condition unit and possibly also as a mechanical PTO interface for body builders (BB)
to supply mechanical power to external loads not related to the propulsion of the vehicle.

2.3.3 Energy Storage - Batteries

The traction batteries are the main energy storages supplying or receiving electric energy.
Batteries are available in many different chemistries and power types, as energy or power
optimized batteries. For EVs the energy optimized batteries are the normal type of batteries
as high energy content is vital and the large number of parallel batteries still can deliver
the requested power. In a hybrid vehicle the installed energy is relatively low, but the
instantaneous power requirement can be high and therefore power optimized batteries are
preferred. In this thesis the battery itself will not be considered at all, only the electrical
characteristics of the battery. It is a common concern if the batteries can withstand the
current ripple in a vehicle and to what magnitude. It has been shown, [3], that Li-Ion
batteries are generally not negatively impacted by the ripple current.

2.3.4 Charging systems

Chargers are available in many different types with very different properties. The most
common are:

* Oftboard DC chargers, supplies the traction battery directly with DC power that is
galvanic isolated from the grid.

¢ Isolated OnBoard Chargers (OnBC), that are supplied with AC power from the
external AC grid and transfers this power via a galvanically isolating interface and
subsequently rectifies it to DC to supply it to the traction battery.



* Non-isolated OnBoard Chargers, thatare supplied works like the Isolated version but
does NOT provide galvanic isolation. Thus, there is a low impedance path between

the grid and the TVS.

Charging and the connection to the grid is not included in this thesis but the DC side
of the OnBC still connected to the TVS system while driving. Thus, the impedance of the
DC side of the OnBC must be represented in a simulation model representing the electric
dynamics of the TVS.

2.3.5 24 VDC/DC

The DC/DC refers to a converter that supplies the 24VDC system from the traction bat-
teries. The power consumption varies a lot depending on the type of vehicle and the loads
but is normally rated from 7kW and higher.

2.3.6 Air Condition (HVAC)

The HVAC refers to a converter that drives the air condition unit. The power in the HVAC
is from 10kW and higher depending on size of vehicle and climate zone for operation.

2.3.7 Air compressor

The Air Compressor refers to a converter that drives air compressor that provides air to the
brake system. In the Volvo vehicles some compressors are supplied from the 24V system

and some from TVS.

2.3.8 ePTO

The ePTO is the abbreviation for electric Power Take Out and origin from conventional
trucks PTO with a mechanical interface. ePTOs exists in a few variants:

* Mech. ePTO, a mechanical interface with a shaft that supplies mechanical power.
* DCePTO, an electric DC interface that supplies electric power.
* AC ePTO, an electric AC interface that supplies electric power.

The mechanical ePTO is a solution where the BB can request speed of the shaft from a
predefined control interface. The DC ePTO is more complicated, as the BB subsystem is
unknown and thus it cannot be predicted how it will affect the TVS if connected directly.
A way to take care of the uncertainty is to have a galvanic isolated 600VDC/600VDC
converter as the interface. If the BB generates a fault or electric interference the TVS
can stay operational and protected. For AC ePTO there is a need of a power electronic
converter, but it can be either galvanic isolated or not but for the same reason as for the
DC ePTO a galvanic isolated is recommended.



2.4 CM and DM

There are two different types of currents flowing in the TVS, Common Mode (CM) and
Differential Mode (DM) currents. DM current is the desired current that supports the
loads with energy. A DM current flows from the energy source, battery, to the converter
and back, see figure 2.2. There is, usually, an un-wanted portion of the DM current that
is a superimposed current ripple. This is caused by the switching in the converters. DM
current causes losses in capacitors and inductors and if the current is higher than nominal
the life length will be reduced or in worst case an immediate failure. The DM currents
higher than nominal are most likely caused by current ripple between converters.

Battery Converter Electric Machine
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Figure 2.2: Differential Mode (DM) current

A CM current is an un-wanted current caused by switching of the converters and con-
ducted by parasitic capacitances in the TVS. CM current leaks out via e.g. the parasitic
capacitances between the EM windings and the EM core, represented in this case by the
red capacitors in figure 2.3. The CM currents flows in the main conductors from the EMD
to the EM and return both in the ground plane and in the cable shields, via intentional
pole to chassis capacitors in the battery pack and in the EMD.
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Figure 2.3: Common Mode (CM) current

It is found that the paths and distribution of the CM current and voltage is complicated.
The CM currents can be divided in two different current paths, see figure 2.4.

1. A CM current path mainly involving the EMD, and EM driven by the charge/discharge
of the parasitic capacitances in the EM, Cepgping, that are reconnected in several dif-

ferent asymmetric states relative to the DC link depending on the switch state of the
EMD, and

2. A CM current path involving the Battery and the EMD indirectly driven by the
varying voltage drop across the CM capacitances of the EMD due to the currents of

path 1
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the switched capacitance and the CM capacitance. of the parasitic capacitance in the EM.
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Figure 2.4: Two different CM currents and paths.
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It shall be clear that none of the CM current caused by the asymmetry exist without
the asymmetric parasitic capacitance Cepgying in the EM, but with good system design the
Icar par can be decreased or almost eliminated. It shall also be clear that there are other
asymmetric capacitances in the system, but since the electric traction machines are the
largest electric machines that thus also have the largest parasitic capacitances, the Cepzing
is used as example in the following explanations.

The supplier of a subsystem does not necessarily have knowledge of other subsystems.
It is necessary that a vehicle manufacturer has the complete system knowledge to ensure
that the system is designed with proper characteristics for DM and CM. To achieve proper
characteristics means that requirements have to be set towards the suppliers.

2.4.1 CM capacitance unbalance

This subsection shows the unbalance of the asymmetric capacitances. The converter switches
with the 8 combinations (0,0,0), (1,0,0), (1,1,0), (0,1,0), (0,1,1), (0,0,1), (1,0,1) and (1,1,1).
Each switching combination will create an unbalance of the common mode capacitance
as the parasitic capacitance in the EM will connect to the positive or negative side of the
EMD DC terminals. This unbalance is shown in the following eight figures.
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Figure 2.5: Unbalance when the converter is in the switching combination (0,0,0).
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Figure 2.6: Unbalance when the converter is in the switching combination (1,0,0).
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Figure 2.7: Unbalance when the converter is in the switching combination (1,1,0).
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Figure 2.8: Unbalance when the converter is in the switching combination (0,1,0).
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Figure 2.9: Unbalance when the converter is in the switching combination (0,1,1).
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Figure 2.10: Unbalance when the converter is in the switching combination (0,0,1).
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Figure 2.12: Unbalance when the converter is in the switching combination (1,1,1).

Note that with normal PWM the switching takes normally place between any consec-
utive state of the figures 2.5 to figure 2.12, and that in that case a switching always means

that the asymmetry of the winding capacitors of the EM is changed at every switching of
the EMD.

2.4.2 Asymmetric parasitic capacitances

In this thesis the EM parasitic capacitance Cepgying is used in the study of the dynamic ef-
fects on the TVS of a asymmetric parasitic capacitance. Some more examples of asymmetric
capacitances are shown below, but not limited to them.

* Between the winding and core in the transformer, which is used in a H-bridge in a

DCDC converter.
* Between any semiconductor of a converter and the heat sink.
* Between the main conductors and the shield in three phase cable.

* Between the windings and the core of all other electrical machines connected to the
TVS, like the machines driving the HVAC compressor, the Air compressor of a po-
tential ePTO. These electric machines are generally smaller than the main electric
traction machines and the corresponding parasitic capacitances of those can be ex-
pected to be smaller too. In this thesis, no effort is made to validate this statement
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and the parasitic capacitances of these machines must be expected to be relevant.
However, they are not modeled in this thesis.

The parasitic capacitance will create an unbalance of capacitance during switching and
the parasitic capacitance will be charged/dis-charge during each switching, see 2.4.3.

2.4.3 Common Mode DC voltage (Ucipc)

When the EMD switches the EM winding-to-core capacitances are alternating between two
asymmetric positions in the circuit diagram, that also means that the electric potentials of
the battery terminals varies slightly depending on which asymmetric state the EMD+EM
is in. This small variation is hereafter referred to as a CMDC voltage of the battery.

The CM voltage is defined as:

u 0S + ung
— % (2.1)

Where #y,, is the positive potential of the battery and u,,, is the negative potential of
the battery, both related to e.g., chassis. Generally, when the EMD switches one phase
at a time, the Ugys becomes a quasi-square wave. The works case appears however when
the EMD switches all phases simultaneously, which happens when the output voltage is
zero. At standstill, with a zero output voltage to the EM, the CM voltage Ucys forms a
square wave with the amplitude of Ucypc, see figure 2.13, and becomes quasi square wave
when the EM rotates or with a system with more than one EM with non-synchronized
modulation of the EM drivers. The said CMDC square or quasi square voltage is referred
to as the CMDC voltage in this thesis. The definition of the CMDC voltage and wave
form is explained in this subsection.
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Figure 2.13: References for CM voltages and CMDC voltage.
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The cause for the CMDC voltage is the switching between asymmetric states of the
parasitic winding-to-core capacitance of the EM, denoted as Cepzyping.
The common mode capacitances that are symmetrical, Ceas par+, Comr par—> Com EMp+

and Ccyr gup— are denoted as Ceopzy and Ceps—, according to equation 2.2 and 2.3 shown
in figure 2.14.

Cem+ = Cem par+ + Com EMp+ (2.2)

Cem— = Cem ar— + Com_Emp— (2.3)

At standstill, with a zero output voltage, the three Cepgying are asymmetric to either
the positive or the negative pole of the TVS. The sum of Ccazy and Cepgying is asymmetric
relative to Cepr— with references to (A) in figure 2.14.

* + + + +
Cems Cemwind | Cemwind | Comwind Cems
T T T T - T - -
~ Ubat i = . T Uba = .

Com: Cemn. G -
™M Unc.g ™M Uneg CMwind CMwind | ~CMwind Uncg
: oL 1T T T T .

(A) (B)

1|

Figure 2.14: Equivalent circuit for the parameters included in the Ucunc definition. In (A) the switch state is (0,0,0) and in (B)
(1,1,1).

Cem+ and Cepy— are assumed to be symmetrical in this thesis and denoted Ceyys ac-

cording to equation 2.4. However, the shown cause and effect will be the same if it was
asymmetrical.

According to equation 2.4 and 2.5, figure 2.14 is re-drawn to figure 2.15.

Cem = Comy = Cop— (2.4)

CCMaxym = 3 * CoMuind (25)
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Figure 2.15: Equivalent circuit for the parameters included in the Ucupc definition. In (A) the switch state is (0,0,0) and in (B)
(1,1,1). The three Ceppying is replaced with Ceazagm

The ratio between the asymmetrical capacitance Ccasagm and the Ceyy is defined as:

X Cem

= Cortam (2.6)
From figure 2.15 following equation is obvious:
Upar = Upos — Unpeq (2.7)
The charge of a capacitor is:
Q=CxU (2.8)
The charge is equal between serial connected capacitors

Q=CxU =G, (2.9)
When the switches are in the state (0,0,0), according to (A) in figure 2.15, the total

capacitance towards positive pole is Ccar + Ccpagm and towards negative pole Cepy.
From figure 2.15 and equation 2.9 it is found that:

U:z)ax * (CCMaxym + CCM) - - Uneg * CCM

(2.10)
Combine equation 2.6, 2.7 and 2.10 and the following equation is derived:
Upar
U, = (2.11)
£05(0,0,0) 1
2+1
The same equations apply for U,
1+ 5
Uneg(0,00) = = Upary 1 1 (2.12)
X

In the opposite state, when the switches are in the state (1,1,1) the total capacitance

towards positive pole is Ccys and towards negative pole Ceps + Contagym The voltages Upos
and U, will now change due to the asymmetry:
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(]Pa:(hl 1) — bﬂt2+)l( (2.13)
Upar
U, =— 2.1
g(l’lzl) 2+)l( ( 4)

The Common Mode voltage at the switch state (0,0,0) is calculated from equation 2.1,
2.11 and 2.12.

U,
Uem(0,0,0) = —2( “ (2.15)

2X+ 1)

The Common Mode voltage at the switch state (1,1,1) is calculated from equation 2.1,

2.13 and 2.14.
Ubat

U S -
em(1,1,1) 2(2X+ 1)

The Common Mode DC voltage is defined as the difference in voltage when the switches
changes, in this case from Uy(0,0,0) t© Upgs(1,1,1) See figure 2.13. From equation 2.15 and
2.16

(2.16)

Ucmpc = Uon(1,1,1) = Uem(0,0,0) = (2.17)

It is obvious from equation 2.17 that the Ucape will decrease with increasing X. In-
creasing X means that Ccyy is made bigger in relation to Ceagagym. An example of this is
shown in figure 2.16 with three different X values, 6.67, 20 and so.

60 Battery Ucm
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Figure 2.16: Increasing X decreases the Ucypc. The X values in the graph are 6.67, 20 and 50

Using the equation 2.17 will give the same values for Ucypc as in figure 2.16.
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2.4.4 CM currents cause and effect

The CM current can be divided in two different current paths, as mentioned in 2.4 and
shown in figure 2.4. For convenience the same figure is repeated below in figure 2.17.
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Figure 2.17: Two different CM currents and paths.

Cause and effects of /¢y, gy

Starting with the Zcas gas this current will always flow and cannot be avoided as the Cepyzyping
will alternate between positive and negative pole. The only ways to reduce this current is:

e the size of Cepging

* the voltage derivative of the phase output voltage, limited by the semiconductor’s
loss dissipation

* the voltage derivative at the phase winding due to the impedance in the circuit

* to some extent by modulation, by avoiding switching between (0,0,0) and (1,1,1)
directly.

The size of the parasitic capacitance in the EM is caused by laws of physics. It shall
be requested by the suppliers to keep Cepsping as low as possible. However, to reduce this
capacitance the winding insulation has to be made thicker, which contributes to lower
cooling capability of the phase winding losses. The Cepyzying can also vary by time due to
wear of the insulation material but will not be discussed in this thesis.
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The current is determined by equation 2.18 where the voltage derivative over the Cepping
is.
du

iCM_EM = CZ (2.18)

The voltage derivative, at the EM, is normally limited by an inductive CM filter after the
EMD, represented by Ly, in figure 2.17. It shall also be noted that there are parasitic
capacitances within the semiconductors that will only be limited by the dv/dt in the semi-
conductor.

Finally, the modulation does not really limit the current but at zero output voltage when
the switch state is (0,0,0) or (1,1,1) all three Cpgying will change polarity in the same direc-
tion and increase the total /¢y gas resulting in the highest CM current. When the output
voltage to the EM is greater than zero the switches can be connected according to subsection
2.4.1. 'This has the effect that when switching between active states (all states but (0,0,0)
and (1,1,1)) one of the Ccpyying can recharge another Cepyypinq and the result is a lower total

Icy Em.

In figure 2.18 it is shown how the Zcys £as is changed by lowering du/dt which is done
by decreasing the inductance Zgy,, to a third.

The ratio of the frequencies, {Zg,») and f{0.33xLgy.,) shown in the lower graph in
figure 2.18, of the two currents is 3.1.
In figure 2.17 it is shown that there is a LC circuit formed by Ceauings Conr_emp and L.
The resonance frequency of a LC circuit is:
fiu= o (2.19)
s — T———F— 2.1
“ 27V LC ?

When the ratio of L is changed 1/3 the ratio of f is change with /1/3=0.58, the same

factor that is measured in figure 2.18.
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Figure 2.18: CM current from the EM when the inductance is decreased to 1/3.

The rise- and fall time of the IGBT, #, and 7 can also be changed to lower the current
derivative but in this example, it has to be changed to at least 5o times longer to give an
effect in this example. That long 7 and tris unrealistic, due to high switching losses that
causes high temperature in the IGBT, but also shows the importance of a CM filter after
the 3-phase bridge in the EMD.

The conclusion is that the CM filter is important to keep the peak current low as well as
lowering the frequency. The frequency of /cas gas is formed by the circuit, in figure 2.17,
Cemt_emps Lpirer and Caging-

Cause and effects of /¢y par

The only change of potential in the system occurs when the EMD switches. Looking at
the same occasion as in figure 2.18 with the graph for the battery CM voltage and current
included, see figure 2.19, it is shown that the frequency f;,, for the battery CM current
Icar ar does not change in frequency or amplitude due to the change of current derivative
in the CM current in the EM. The frequencies are also completely different. It is found
that the frequency of /s par is formed by the circuit, in figure 2.17, Cear pars Lpat> Lem
and CCM?EMD-
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Figure 2.19: CM current from the the battery when the dv/dt is changed to the EM by changing the inductance.

The CMDC voltage can be changed according to equation 2.17. The CMDC voltage
is changed by changing the X factor, see equation 2.6. X can be changed by Cear gmp,
Ccar_pat or a combination of both. In figure 2.20 there are three combinations of capacit-
ances, Ccy gmp is increased 5 times, Ceps par is increased 5 times and finally unchanged
values as reference. Once again it is clear that the /cps gy is unchanged, middle graph,
when Cepr gup and Cepg par is changed. In the top graph it is shown that Ucape de-
creases when X is increased. In the lowest graph it is shown that /¢y par is increased when
Cear_par is increased and contrarily decreases when Ceas gap is increased.
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Figure 2.20: CM current from the the battery when the CM capacitances are varied to achieve X=50.

The obvious conclusion is that X shall be as high as possible to reduce Ucypc and
that the capacitance shall be increased in the EMD to avoid CM currents in the system.
Unfortunately, there are constrains in the standards. The total capacitance from the poles
to ground/chassis is limited during charging by the standard [12]. An alternative solution
is to add the capacitance outside the EMD and connect the capacitance after the charger is
connected. That is done by Ceagen, in figure 2.20. The same solution can be achieved if a
controlled CM capacitor can be place within the EMD after the CM filter. This will give a
good system if the CM capacitances in the system, for example in the batteries, cannot be
kept low and the ratio of X=50 cannot be achieved without the mentioned solution.

This can be solved by a CM capacitance that is connected when the EMD is activated and
in operation, the EMD is not in operation during charging. There are three possible ways
to mount the extra CM capacitances, see figure 2.21

1. Inside the EMD.
2. Outside the EMD but with connection to the poles after the inductive CM filter.

3. Outside the EMD with connection to the poles before the inductive CM filter.
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Figure 2.21: Possible solutions to mount the extra CM capacitance.

The advantage of having the filter inside is to minimize the risk of oscillations due to
an extra LC circuit that is formed. The extra CM capacitance is connected via a pre-charge
circuit and a switch that disconnects the circuit when the EMDs not are in operation.

2.4.5 DM current

All subsystems in TVS are switching apart from the battery. The switching causes voltage
ripple at the DC link of the converter. Depending on filters and TVS impedance, a current
ripple will flow between the subsystems in the TVS. It is impossible to tell what can happen
if current ripple flows between the converters but following can be stated:

* Current ripple in the DC link capacitor causes heat and decreased lifetime. Suppliers
dimension the capacitor for the load current and not for extra ripple from the system.

e current ripple in the inductive filters causes heat and can change the inductance as
well as decrease the lifetime.

* current ripple is worst at duty cycle o.5, see [1]

The DM behavior is a part of future work

2.4.6 DM filter

It is normal that the subsystems are sourced from different suppliers and there is no clear
requirement on the TVS voltage quality. One way to protect the subsystem itself and en-
sure low disturbance to the other subsystems is to have a DM filter at each converter. Filter
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always have a resonance point. As the frequencies in TVS not always are known by the
suppliers, the filter is recommended to be damped.

In the following to figures, figure 2.22 and figure 2.23 a series damped filter and an un-
damped filter is shown.
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Figure 2.22: Series damped filter.
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Figure 2.23: Undamped filter.
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The resonance point for the filter is:

he
" VIC

In [23] optimal damping parameters are described. The transfer function for the series

(2.20)

damped and undamped circuit is shown in figure 2.24.
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Figure 2.24: Transfer function for a series damped and undamped filter is shown.

If a converter has the switching frequency f;, TVS experiences the frequency 2xf. In
the transfer function in figure 2.24 the resonance frequency is 3 kHz. Imaging that a neigh-
boring converter is switching at 1.5 kHz and the filter is undamped, the DC-link capacitor
C in figure 2.23 will be exposed for a high ripple current that potentially can destroy it.
If the filter was damped according figure 2.22 the series damped filter will make sure to
attenuate the resonance.

If there is no filter at all, the resonance can be almost anything depending on the in-
ductance TVS, mainly in the cable between the source and victim.

Even though damped filters are recommended precautions has to be taken for the con-

tactor or fuse in the system in case of a short circuit. It must be able to break the inductive
current.

26



Chapter 3

Sub system simulation model and
calibration

The purpose of the concept modeling is to produce a vehicle simulation model in or-
der to be able to predict the EMC characteristics of the system. In order to accomplish
this each subsystem is measured, equivalent circuits are derived from the measurement,
including 600V battery packs, and finally implemented in a proper simulation tool. The
intention is that the models shall be appendix A.

The aim with the complete model is to replace the number of vehicle measurements
with simulation. This will save cost and lead time.

In laboratory setup frequencies for the common mode current has been seen up to
7MHz and with this in mind the target frequency range of the CM models is set DC-
30MHz. However practical measurements on the components shows that reliable results
are hard to get above toMHz.

The frequency, of the differential mode current is multiples of the switching frequency and
the target frequency range of the DM models is set DC-1o0kHz. The difference between
the CM and DM models is that the complexity of the DM model can be reduced compared
to the CM models.

The models presented in this chapter are shown as generic schematics of the converters as
the detailed schematics of the models is an IP of the supplier.

In this chapter different measurement methods are described. Followed by measure-
ments on subsystems that are compared with the graph obtained from the simulation model
that is derived from measurements and circuit diagrams.
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3.1 Measurement methods required

To obtain measurements of the impedances that make up a simulation model of a subsys-
tem it is convenient to use an LCR-meter. It is an instrument made to analyze frequency
characteristics of various types of sub systems. Given the intended validity of the frequency
range of the sub system models (CM: oHz — toMHz, DM: oHz-100kHz), the chosen LCR
meter is a PSM3750 Frequency Response Analyzer [16] with an IAl2 Impedance Analyzer
[15], see figure 3.1. The involved instruments are calibrated within the Volvo ”calibration
program”, e.g. the instruments are sent to an approved calibration center regularly. But
even more important is that the measurement setup is calibrated before each measurement
setup. The important values are at low impedance and therefore the setup is calibrated to-
wards a short circuit. This will remove the impact of the cables in the measurement setup.
But still a small change in the "loop” of the measurement cables will impact the result. The
result in the frequency above § MHz can always be questioned. Is the resonance caused by
the measurement setup or is it from the Device Under Test (DUT)?

The section describes how the LCR measurements are performed and the results from the
measurements is an impedance and phase graph vs. frequency graph. This graph can be
analyzed to form an equivalent circuit, see subsection A.1. A tool to build this equivalent
circuit is Zview [27].

Phase Sensitive Multimeter

Figure 3.1: PSM3750+IAl Impedance Analysis Package is able to perform impedance measurement up to 35MHz. Picture from
https://www.newtonsdth.com/.

3.1.1 Kelvin Fixture

Accurate and consistent impedance-based measurements of not least very low or very high
impedance situations require that the impedance introduced by the connectors are properly

28



accounted for. The connections would be optimized in a manner that consistently minim-
izes the introduced impedance as well as contact resistance without damaging the terminals
of the DUT. Measurement solutions made for this are called 4-wire measurements, mean-
ing that two probes provide the excitation signal, and another two probes measure the
voltage of the DUT. The exact arrangement of the probe connection to the DUT affects
to some degree the accuracy. The most accurate method is when using the the Kelvin Fix-
ture, see figure 3.2, attached to the IAI2 Impedance Analyzer, see figure 3.3. The advantage
with the Kelvin fixture is that the DUT is mounted between the “circuit boards” which
implies that the stray inductance and parasitic capacitance induced together with the DUT
is minimized. In the figure a cylinder shaped capacitor is attached in the Kelvin fixture.
The Kelvin fixture is unfortunately too small to be used for 600 V cables or converters.

Figure 3.2: This fixture features four contact plates providing true four wire impedance measurement. A cylindrical capacitor is
the DUT in this example. Valid frequency range for this this method is DC-35MHz. NB! A frequency is always
needed for the LCR measurements and DC shall here be interpreted as 10pHz.
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Figure 3.3: Al Kelvin Fixture. DC-35MHz

3.1.2  Kelvin leads

Cables are needed and for some measurements long cables. One common method is the
4-wire Kelvin method with Kelvin leads, see figure 3.5 and 3.4. It is, during test, found
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that the method is not accurate above 4-sMHz as the wires introduces capacitance and
inductance in the circuit. This method is not used in this thesis for HF measurements.

1A12
Newtons4th

Signal-

PSM3750
Newtons4th —= Sense-
LCR meter |::| DUT

Signal+

Sense+

*)Coaxial cable

Figure 3.4: 4-wire Kelvin method is a straightforward method valid up to 5MHz

2 B
Impedance Analysis Interface 2

o o o

o

Figure 3.5: 4-wire Kelvin leads

3.1.3 4-wire method with separate current probe.

A new test method was developed for the measurements reported in this thesis. The test
method is a 4-wire method with a high bandwidth current probe, see figure 3.6. The voltage
of the DUT is measured directly on the DUT but the current is measured via a Pearson
current monitor model 2877 [6] with a BW of 300Hz-200MHz is used. The method gives
good accuracy up to 10-20 MHz in the impedance measurements. Good accuracy is not a
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precise value. However, it can be seen that depending on test object, no unexpected reson-
ance point is obtained up to 10-20MHz. The drawback is the lack of functionality in the
lower frequency band and at "DC”. Kelvin leads introduces impedance in the measurement
leads and an alternative 2-wire method (not described) is also affected by the impedance
in the measurement leads. The 4-wire method with separate current probe has been tested
towards a known test DUT and compared with the other methods and found to be the
best alternative. The DC properties are of most interest for the 600V cables which will be
measured with a high current supply instead, see subsection 3.1.5.

This method with the Pearson probe will be referred to as the ”4-wire method with separate
current probe”.

PSM3750 ﬂ
Chl
*
DUT

*)Coaxial cable

Ch2

%LJJ

Gen

Figure 3.6: 4-wire method with separate current probe is a straight forward method valid up to 10-20MHz

3.1.4 Measuring on high voltage batteries with a HV interface.

Measurements on a battery or DC source is not possible with the LCR instrument since
the DUT in that case has a (way to high) internal DC voltage source. It is not possible
at AC sources cither. The normal procedure is to measure on passive circuits as resistors,
capacitors, inductors or a mix of them. If measurements shall be made on devices with an
internal DC voltage, the DC voltage needs to be blocked. There are no HV LCR interfaces
for voltages around 750VDC available on the market, or at least not found by the author
of this thesis. A development has been performed of a HV LCR interface, a principal
schematic is shown in figure 3.7.

The BW of the interface is estimated to 100Hz to iMHz.

A measurement current is supplied from the PSM3750 Gen output and runs through a
measurement resistor, 49.9C2, to the DUT. 49.9Qis an important value to set in the scale
factor in the LCR measurement. The voltage is measured over the measurement resistor
at Ch2 and is calculated as the current. The AC voltage is measured to Chr after the DC
voltage is blocked at the capacitors.
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Figure 3.7: HV LCR interface with a BW of approximately 600Hz-1MHz

A battery has a short circuit current that shall be treated with respect and the principal

setup in figure 3.7 is not possible in a real measurement. A fuse between the DUT and the
HYV LCR interface shall be used to protect the wires into the HV LCR interface.

3.1.5 Measuring with a high current supply for DC resistance.

To obtain the DC resistance of the cables a current source is used to deliver a high current.
As mentioned earlier in this chapter the LCR method is not accurate at low impedances
and the cable resistance is low. The measurement circuit is shown in figure 3.8.

()
4

O

©
—

Figure 3.8: Measurement of the DC resistance

The current used for measurement has been varied between 0.5-2A/mm? in order to
get a reasonable value of the voltage but still not heat the cable. the variation of resistance
is negligible when varying the current. The resistance is obtained by:

U

Rpur = 7 (3.1)
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3.2  Measurement and modeling of subsystems

The subsystems included in the Volvo vehicles are developed by external companies and the
design is protected IP. The circuit diagrams presented here are therefore in an generic format
and will not disclose, contain or reveal any IP. Graphs from measurements are shown in
its full extent since anyone with access to a vehicle could do the same measurements. All
models are developed from suitable LCR measurements as described in section 3.1, which
means that the current during measurement is a small signal current and far from nominal
current and even further from an overload situation. Since the measurement method is
unable to make measurements at operating points corresponding to a high current level,
it is almost impossible to create models that cope with a current dependency. Thus, this
dependency is left out in this thesis. Inductors and capacitors shall not be overloaded as
the life length as well as the electrical characteristics changes at overload. It is also common
that the values found in data sheets are from LCR measurements at signal current.

When performing DM simulations, the upper frequency range is around 1ookHz. In
the experience of the author, it is not possible to represent the complete TVS of a full vehicle
in the selected system simulation program. It just does not work for reasons of complexity.
This is handled in either of two ways here:

1. For CM, only a reduced part of the vehicle is simulated, in this case the Battery, the
DC cables, the EMD and the EM.

2. For DM the full vehicle is simulated, but with sub system models reduced to repres-
ent the measurements well up to 100 kHz, by removing parasitic capacitances, small
capacitances and stray inductances.

3.2.1 Measurements and modeling of the EMD

The EMD is a four quadrant three phase converter that supplies and brakes the traction
electric machines in the vehicle. It is the converter in the vehicle with the highest power
rating up to 5o times the rated power of the auxiliary converters. A simplified scheme of

the EMD is shown in figure 3.9.
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Figure 3.9: EMD main circuit

The included parts in the EMD is:

1. Input CM filter. Reduces the CM currents.

2. DC link capacitor. Supplies and stores the switching power.
3. CM capacitor. Return path for CM currents.

4. Three phase converter bridge. 3 phase legs.

5. Output CM filter. Reduces the CM current to the EM.

The complete model over the EMD is very complex and is not shown here. However,
the simulations presented in this thesis are performed with the full model. The complete
simulation model in the simulation program PLECS contains over so discrete components.
A physical capacitor is represented by s discrete components. The IGBT model, used in
the simulations, is developed in co-operation with the supplier. The IGBT model con-
tains among other properties the rise and fall time, stray inductance and forward voltage
drop. PLECS as a system simulation tool prefers to represent the semiconductors as ideal
switches, but when simulating the CM currents, a model that corresponds to reality is ne-
cessary. Changes in the fall and rise time is directly coupled to the CM currents. There
are 3 important measurements, according to figure 3.10,3.12 and 3.14, that shall correspond
between the model and the measured values which are:

* The impedance from positive to negative pole, for the DM properties.
* The impedance from positive pole to vehicle chassis, for the CM properties.

* The impedance from negative pole to vehicle chassis, for the CM properties.
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It is shown in figure 3.11, figure 3.13 and figure 3.15 that the measured impedance cor-
relates with the model up to toMHz for both DM and CM. There is a small resonance
in the DM graph at 2-3MHz. This resonance comes from capacitive circuit from positive
and negative pole to ground, see figure 3.9. The DM impedance is only relevant for the

switching frequencies, e.g. up to rookHZ.
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Figure 3.10: LCR measurement for the impedance and phase measured from positive to negative pole.
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Figure 3.11: Impedance and phase as function of the frequency for the EMD measured from positive to negative pole.
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Figure 3.12: LCR measurement for the impedance and phase measured from positive pole to vehicle chassis.

Impedance EMD positive pole to chassis

-

o
G
T

Impedance [Ohm]

-

o
©
T

i | i
102 10* 108 108
Frequency [HZ]

-
(=)
°

100 T T T

50 1

or |

Phase [degrees]

-50

100L i
10° 102 10* 108 108
Frequency [Hz]

Figure 3.13: Impedance and phase as function of the frequency for the EMD measured from positive pole to vehicle chassis.
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Figure 3.14: LCR measurement for the impedance and phase measured from negative pole to vehicle chassis.
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Impedance EMD negative pole to chassis
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Figure 3.15: Impedance and phase as function of the frequency for the EMD measured from negative pole to vehicle chassis.

3.2.2  Measurements and modeling of the EM

The model for the EM in this section is developed from a CM perspective only. The CM
currents leaks out to the chassis via the parasitic winding to core capacitances. Therefore,
the parasitic capacitance is of major importance. The characteristics for the EM torque or
speed performance is not considered at all due to that that part of the model is not necessary
for the CM simulations. An EM has normally three windings that can be connected in a
Y- or Delta connection, see figure 3.16. The DUT is a Y connected EM without midpoint
accessible. The model developed is shown in figure 3.17. The model is simplified a lot. A
more realistic model should include capacitance between each winding-turn and from each
conductor to the stator and so on. However, looking at the impedance graph in figure 3.21,
the impedance from phase to ground correlates well, even though a resonance is not visible
in the model. The absolute impedance value is still quite close. The expected and measured
CM currents is in the range of 1-toMHz. The CM capacitances in the EM are considered
to be symmetrical, i.e. the same in all three phases. Aging of the winding can cause dif-
ferences in the capacitance, but these differences are hard to predict. The measurements
carried out for modeling purposes, were done on a new machine and the results showed
that the parasitic capacitance for all three phases were almost identical.

NB! There are also parasitic capacitances from the stator winding to the rotor. The
return path to the chassis/ground is via the bearings or the transmission. When measuring
the parasitic capacitances in the EM in this thesis, the EM is at standstill. All capacitances
are modeled from winding to chassis.
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Figure 3.16: EM in a Y or Delta connection
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Figure 3.17: EM model structure adapted to the LCR measurement.

The frequency response is measured with the Kelvin and 4-wire method with separate
current probe. The results from the Kelvin and "separate current probe” measurements
are used for low and high frequency modeling, respectively. The frequency response is
measured in three different ways according to the list below and the results are compared
to simulations:

* One phase to ground, see figure 3.18

* Phases to ground (Impedance from the phases to ground when all three phases are
short circuited at the terminal and measured to ground), see figure 3.19

* Phase to phase, see figure 3.20
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Figure 3.18: EM measured from one phase to ground.
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Figure 3.19: EM measured from all phases to ground.
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Figure 3.20: EM measured from phase to phase.
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Impedance EM, Phase L1, L2, L3 measured to ground
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Figure 3.21: EM measured from phase to ground. All three phases L1, L2 and L3 are measured towards ground.
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Figure 3.22: EM measured from phases to to ground. Phase L1, L2 and L3 are short circuited and measured towards ground.
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Impedance EM, Phase to phase measurement
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Figure 3.23: EM measured from phase to ground.

In appendix A it is shown how to derive parameters from LCR measurements. Looking
at figure 3.21 it is found that the 2 phases are aligned (L1 and L2) and one phase differs. The
same is found in figures 3.22 and 3.23. If the rotor is rotated the smallest possible angle,
the same pattern will be found, another phase will differ from the other two. The cause for
it is not investigated but found repeatable. The parameter that differs is the inductance.
The model contains two equal inductances and one that differs. The “resonance” point at
70kHz results from when the winding impedance dominates and the capacitance after the
winding is "blocked” bye the high impedance in the winding.

The resonance at approximately 4MHz is not found in the model due to the simplified
model. However, at this high frequency and that the EM is at standstill the model can be
found ”good enough”.

In figure 3.23 a huge deviation is found between 1-20Hz, the cause is not investigated
due to that the frequency of interest for CM is in the 10okHz-10MHz range. Different
measurement methods were tested and in this case, it was the 4-wire Kelvin method, as can
be understood as the sweep starts at iHz. To rely on a low contact resistance a manual pres-
sure is attached on the 4-wire Kelvin claws and that might be the cause for this deviation.

3.2.3 Measurements and modeling of the battery

The battery model is developed from both a DM and CM perspective. The interface de-
scribed in 3.1.4 is used for the measurements. The complete model is developed with know-
ledge of the schematics from the supplier and a principal schematic is shown in the meas-
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urement setup presented in figure 3.24. Measuring from positive pole to negative pole is
shown in figure 3.24 and from pole to chassis is shown in figure 3.25. The corresponding
impedance graph and frequency response of the developed model is shown for DM in fig-
ure 3.26 and for CM in figure 3.27.

Battery

BOB HV LCR interface

Figure 3.24: Measurement setup of the pole to pole impedance with a principal schematic of the battery.

Battery BOB HV LCR interface

Fuse
 E—

Figure 3.25: Measurement setup of the pole to ground impedance with a principal schematic of the battery.
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Impedance Bat gen2, pole to pole measurement
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Figure 3.26: Battery gen2 measured from pole to pole.

Impedance Bat gen2, pole to chassis measurement
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Figure 3.27: Battery gen2 measured from pole to ground.

With the knowledge, from measurements, that the CM currents in the battery is in
the frequency range of 100-250kHz the model needs to be valid up to this frequency range.
The measurement interface has an upper BW of iMHz. In this frequency range the model
has been developed and do match the measurement good.
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The model of the battery, shown in a rough model in the left part of figure 3.24 and
3.25, is derived with support from simulation tools described in appendix A.

3.2.4 DCDC

The DCDC is a one-quadrant converter that supplies the 24 VDC system in the vehicle.
The DCDC provides galvanically isolation between the TVS and the 24 VDC system as
the 24 VDC system has a direct connection to ground. The power rating is in the range of
7kW. A simplified schematic of the DCDC is shown in figure 3.28.
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Figure 3.28: DCDC main circuit

The included major parts in the DCDC are:

1. Input filter. Reduces the CM currents.

2. DC link capacitor. Supplies and stores the switching power.

3. CM capacitor. Return path for CM currents.

4. H bridge. 2 phase legs.

5. Transformer that reduces the voltage as well as providing galvanic isolation.
6. Rectifier that rectifies and filter the ac current from the transformer.

The complete model over the DCDC is very complex and will not be shown here,
however the simulations were performed with the full model, apart from the H-bridge,
transformer and rectifier in figure 3.28. The complete simulation model in PLECS contains
over 70 discrete components. The model, used in the simulations, is not used as operative,
i.e. the modulation of the H-bridge is not active. There are 3 important measurements,
according to figure 3.29,3.31 and 3.33, that shall correspond between the model and the
measured values which are:
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* Dositive to negative pole, for the DM properties.
* Positive pole to vehicle chassis, for the CM properties.

* Negative pole to vehicle chassis, for the CM properties.
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Figure 3.29: LCR measurement for the impedance and phase measured from positive to negative pole.
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Figure 3.30: Impedance and phase as function of the frequency for the DCDC measured from positive to negative pole.
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Figure 3.31: LCR measurement for the impedance and phase measured from positive pole to vehicle chassis.
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Figure 3.32: Impedance and phase as function of the frequency for the DCDC measured from positive pole to vehicle chassis.
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Figure 3.33: LCR measurement for the impedance and phase measured from negative pole to vehicle chassis.
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Impedance DCDC Neg to Gnd, Diode sc in PLECS
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Figure 3.34: Impedance and phase as function of the frequency for the DCDC measured from negative pole to vehicle chassis.

The model of the DCDC, shown in a rough model in the left part of figure 3.28 is
derived with support from simulation tools described in appendix A.

It is shown in figure 3.30, figure 3.32 and figure 3.34 that the measured impedance cor-
relates with the model up to 2-3MHz for both DM and CM. Between 70 kHz and 2 MHz

the model deviates around 30%.

3.2.5 On Board Charger (OnBC)

The OnBC is a one-quadrant converter that charges the TVS batteries in the vehicle. The
OnBC provides galvanically isolation between the TVS and the grid and is only in operation
at stand still when the electric traction machine(s) is deactivated. The power rating is in the
range of 11kW. In some vehicles there are multiple chargers installed in parallel. A simplified
schematic of the OnBC is shown in figure 3.35, note that the power in this picture is flowing
from right to left.
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Figure 3.35: OnBC main circuit
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The included major parts in the OnBC are:

1. CM capacitor. Return path for CM currents.

2. Output filter. Reduces the CM currents from the TVS to the OnBC.
3. CM capacitor.

4. DC link capacitor. Filter the output voltage.

5. Inductive input filter that smooths the output current.

6. Rectifier from the transformer that isolates the grid from TVS

The complete model over the OnBC is very complex and will not be shown here, how-
ever the simulations were performed with the full model, but not including the transformer
and rectifier. The complete simulation model in PLECS contains over 120 discrete com-
ponents. As for the DCDC model, this model is used only as a passive load. There are 3
important measurements of the impedance:

* Dositive to negative pole, for the DM properties.
* Dositive pole to vehicle chassis, for the CM properties.
* Negative pole to vehicle chassis, for the CM properties.

The connection of the LCR meter is accordingly to previous subsections.
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Figure 3.36: Impedance and phase as function of the frequency for the OnBC measured from positive to negative pole.
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Figure 3.37: Impedance and phase as function of the frequency for the OnBC measured from positive pole to vehicle chassis.
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Figure 3.38: Impedance and phase as function of the frequency for the OnBC measured from negative pole to vehicle chassis.

The model of the OnBC, shown in a rough model in the left part of figure 3.35 is derived
with support from simulation tools described in appendix A.

It is shown in figure 3.36, figure 3.37 and figure 3.38 that the measured impedance
correlates with the model up to s MHz for DM and up to 10 MHz for CM. The deviations



above 10 MHz cannot be handled due to the uncertainty in measuring at high frequencies.

3.2.6 Cables

The 600 V cables in the vehicle are either of coaxial or twin-axial type. The twin axial
cable supplies the low power loads, and the coaxial cables supplies the high power loads,
the cables are shown in figure 3.39.

( !‘ LB
(&) 9-09 @

Figure 3.39: Coaxial and multi-core cable from Huber + Suhner. The cable used in the vehicles is with two conductors and the
one in the picture has three. Picture from Huber + Suhner.

The cable is built up according to the following list:
1. Conductor

2. Tape

3. Insulation

4. EMC screen

5. Tape

6. Sheath

The investigation of the cable properties is made in a master thesis work during this
research, [5]. In the master thesis the aim was to build a cable model that fits with the LCR
measurements and to calculate the same parameters by modeling in COMSOL, [4]. The
challenge with the models were to find required parameters and to simplify the models to
be as small as possible. Simulating the vehicle with all subsystems and cables ends up in
a large and very complex model. If all subsystems, including cables, are too detailed the
model will not be possible to solve by the simulation program.

In this subsection, a full cable model will be presented together with a simplified model
considered to have an acceptable accuracy for further use.

How the different parameters and complete model is built is described in the master
thesis, [5].

The full model, see figure 3.40, is built as a PI model where the parameters are divided
symmetrically around the inductance and resistance. Therefore, some of the parameters are
divided by 2. The model contains the following parameters:
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Rc Conductor resistance

Rs Shield resistance

Ccs Capacitance between conductor and shield. parasitic capacitance
Lm Self and mutual inductance of the conductor and shield

Csg Capacitance between shield and ground. parasitic capacitance
Lg Self-inductance of the ground plane

Rdummy Dummy resistance to avoid infinite voltage or current. Rdummy for capacitors is nQand fo.
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Loround1 Loround2 Ground2
e, Ay ()

Figure 3.40: Full model of the coaxial cable

Cond_Neg1
Ces/2 3

Rdum‘w adj3

Shield_Neg1

Ground1

Apart from shielding the conductor and reduce emitted disturbances the shield also
provides a low impedance return path for CM currents. A common way to build models
is to introduce simulation ground connection “everywhere”. That will shortcut the return
path of the shield. This model contains a ground impedance Lg.

Simplifications

The model of figure 3.40 is complex. By comparing parameters in the cable model to the
corresponding parameters of the connected subsystems, some simplifications can be made.
The measured parasitic capacitance between the shield and ground is in the range of 0.2
nF/m. Assume a large vehicle with 50 m of coaxial cables, the total parasitic capacitance
Csg will be in the range of 1onE The potential of the shield to ground is low and a current
flowing in Csg can be assumed to be very low and the Csg can be omitted in a medium

simplified model, see figure 3.41.
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Figure 3.41: Medium model of the coaxial cable, where the Cyq is omitted.

Ground1

The parasitic capacitance between the conductor and the shield is int he range of
o.6nF/m. A typical cable between battery and converter is 1-tom long which gives a total
parasitic capacitance from pole to shield of 0.6-6nE The parasitic capacitance to ground
in high power subsystems is in the range of so-soonE. In comparison the cable parasitic
capacitance can also be omitted to even further reduce the model. This will also give the
advantage of combining the split Lg as well. The minimum model is shown in figure 3.41.
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Figure 3.42: Minimum model of the coaxial cable, where the C is omitted as well.

Ground1

Cable measurements - L,

The next step is to compare the different models with the measured data. The first compar-
ison, figure 3.44, is the impedance of the conductor with open shield, L,;, see figure 3.43.
It is found that the different cable models of figure 3.40-3.42 gives the same result up to
4MHz. Above 4MHz all models deviate to some extent. The minimum model of figure 3.42
do not deviate more than the full model of figure 3.40, up to toMHz.
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Figure 3.43: Measurement of the conductor impedance.

Impedance 2 parallel 5m 50mm?. L11 conductor, shield open.
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Figure 3.44: Comparison of the impedance from measurement and from the three different models.

Cable measurements - Lc

The second comparison is the self-inductance, figure 3.46 of the conductor, which is ob-
tained when the shield i short circuited, see figure 3.45. It is found that the full model of
figure 3.40 and medium model in figure 3.41 gives exactly the same result. The different
models give the same result up to 4MHz. The full and medium models are close to the
measured graph. This current path is used for DM currents and accuracy up to iMHz is
good enough. This implies that without the minimum model can be used losing to much

valuable information.
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Figure 3.45: Measurement of the conductor self-inductance.

Impedance 2 parallel 5m 50mm?. Lc conductor, shield SC.
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Figure 3.46: Comparison of the impedance from measurement and from the three different models.

Cable measurements - L,,

The third comparison is the shield impedance, figure 3.48 of the conductor, which is ob-
tained when the shield i short circuited, see figure 3.47. It is found that the medium and
minimum model gives exactly the same result. Above 4MHz both the minimum and full
model deviates to some extent from the measured graph. It is still not a bad choice to

choose the minimum model.
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Figure 3.47: Measurement of the shield inductance.

Impedance 2 parallel 5m 50mm?. L11 conductor, shield open.
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Figure 3.48: Comparison of the impedance from measurement and from the three different models.

Cable measurements - L;;-L,,

The fourth comparison is the conductor plus the shield impedance, figure 3.50 of the con-
ductor, which is obtained when the shield i short circuited, see figure 3.49. It is found that
the full and medium model gives exactly the same result. The different models give the
same result up to tIMHz. Between 1-3MHz the minimum model is most accurate. Above
3MHz all models deviate about the same from the measured graph. The minimum model

can be chosen here as well.
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Figure 3.49: Measurement of the shield inductance.

Impedance 10m 50mm?. L1 1+L22, conductor plus shield.
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Figure 3.50: Comparison of the impedance from measurement and from the three different models.

Cable measurements - L;;+Lg

The fifth comparison is the conductor plus the ground impedance, figure 3.52 of the con-
ductor which is obtained when the shield is connected to ground, see figure 3.51. To show
the importance of a separate ground impedance a comparison of the ground and shield
impedance is shown in figure 3.53. The different models give the same result up to 2MHz.
Above 2MHz the full model is most accurate even though the shape of the graph ha an
offset in the frequency. The best choice here is the full model.
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Figure 3.51: Measurement of the ground inductance.

Impedance 10m 50mm?. L1 1+Lg, ground + conductor.
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Figure 3.52: Comparison of the impedance from measurement and from the three different models.
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Impedance 10m 50mm?. L11+L22 vs L1 1+Lg
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Figure 3.53: Comparison of the impedance between ground and shield impedance.

Cable measurements - Ccs

The sixth and last comparison is the conductor to shield parasitic capacitance in figure 3.54
and figure 3.55. This model is not valid for the minimum model as the Ccs is removed in
this model. It is found that the full and medium model gives exactly the same result. It is
obvious that the minimum model gives a poor result here as the Ccs is removed from the

circuit.

Conductor

Shield

Figure 3.54: Measurement of the shield to conductor parasitic capacitance.
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Impedance 10m 50mm>. C12, conductor-shield.
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Figure 3.55: Comparison of the impedance from measurement and from the two different models.

Concluding the different models, an attempt to use the less complex model in favor to
a more complex model is prioritized. A more complex cable model gives a (too) complex
system simulation model and is harder for the simulation program to solve. Also, the
simulation time is increased and thereby complicate one of the beauties of simulation; the
ability to see relative changes in a model based on numerous gradual changes.
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Chapter 4

System simulation

The models for the subsystems are in chapter 3 developed and compared to the LCR
measurements to confirm the accuracy. In this chapter, these sub system models are com-
bined to form a bigger part ofa TVS and simulated together. The frequency band of interest
is, as mentioned before, 100kHz for DM and 1oMHz for CM. The system behavior of the
CM simulations is very sensitive to small details in the subsystems. Very small changes
of values (part of nF and nH) on parasitic capacitances and stray inductances may lead to
significant changes in the sub system behavior. The accuracy of the system simulation is in
conflict with the detailed resolution of e.g. a semiconductor. During the work with this
thesis, it has become obvious that a full vehicle model cannot be simulated with all sub
system details represented, not even in days or weeks. It is also found in the simulations
and measurements that the HF properties stays within the subsystem. The neighboring
subsystems are affected in a lower frequency range by a common mode DC voltage that
connect different subsystems via shared impedances in the system.

4.1 Results from CM Simulations

In the simulations presented here the results are limited to reduced system complexity to
investigate the cause and effects of the CM mode disturbances caused by the switching of
the EMD and how the disturbances best can be reduced.

The PLECS models contain the details mentioned in chapter 3. For the investigation
of the distribution of CM currents presented here a simplified system model is used, with
a limited set of subsystems. The system contains one traction battery, DC cables, one
EMD, three phase cables and one EM. The reason for this limitation is that the full system,
according to Fig. 2.1, cannot be simulated with the selected system simulation tool and
frequency range, due to too high complexity. The source of the CM disturbances is the
interaction between the 3-phase converter and the parasitic capacitances to ground in the
3-phase cables and the EM windings. When the EMD switches, the parasitic capacitances
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mentioned are altered between 4 asymmetric states (000, 111, one phase switch up and 2
phase switches up, the sequence of which depends on the modulation method). That also
means that the electric potentials of the battery terminals to chassis varies slightly depending
on switch state, which drives CM currents through the EM windings. The return paths
for the CM current is the CM-capacitances in the EMD, the DC-cable and battery, see
Fig. 4.1. The worst case appears when the EMD switches all phases simultaneously, which
corresponds to a zero output Voltage of the converter, i.e. state (000) and (111). The CM
voltages are defined in Fig. 4.1.
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Figure 4.1: Circuit diagram for simulation with CM voltage references. Capacitance definition for the subsystem
CM-capacitances.

The return paths for the CM currents are shown in Fig. 4.2. All currents have the same
reference direction (from battery to load, from chassis to TVS and load) as it simplifies
keeping track of the inbound and outbound currents. The name conventions are shown in
the figures.

The battery circuit is modeled as a voltage source with series inductance and resistance
and intentional CM-capacitors connected from the positive or negative TVS pole to chassis.
The sum of all CM currents (all red arrows in Fig. 4.2) shall be zero which is confirmed in
the simulation model.
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Figure 4.2: Circuit diagram with different CM currents denoted with color coded arrows, used in Fig. 4.7, Fig. 4.8 and Fig. 4.9.

The simulations presented in this thesis shows that the common mode currents are
asymmetrically distributed across the positive and negative TVS conductors. The winding-
to-core capacitances in the EM are asymmetrically distributed relative to the DC link by
means of modulation, i.e. the connection of these parasitic capacitances vary with the
switch states. This result in a Common Mode DC voltage (CMDC) which changes level
due to the asymmetrically distributed CM-capacitance (Ceaszpheasic and Cenguing according
to Fig. 4.1) and an asymmetrically distributed (between the positive and negative sides of
the TVS) CM current, both of which are described in the following subsections.

Fig. 4.3 is an alternative representation of Fig. 4.1 looking at the CM-capacitances.
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Figure 4.3: Equivalent circuit diagram for the CM-capacitances.

CMwind

At standstill, with a zero output voltage, the CMDC voltage is a square wave and
becomes quasi square waves when the EM rotates or with a system with more than one EM
with non-synchronized modulation of the EM drivers. The said CMDC square or quasi
square voltage is referred to as the CMDC voltage in this thesis.
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411 CMDC voltage - cause and effect
The CM voltage is defined as follows.

Upos + Upe
Uem = R 4 (41)

2
The cause for the CMDC voltage is the winding-to-core capacitance of the EM and
cable-to-shield capacitance of the three phase cable, denoted as Cgy.

Ca.vym = CCM3phmble + Ccpwind (4-2)

As Cyg is asymmetric to either the positive or the negative pole of the TVS, the sum
of the winding-to-core capacitances and the cable-to-shield capacitances of the three phase
cable towards the positive or negative poles of the TVS, is asymmetric relative to the DC
link given a certain switch state, see Fig. 4.3. The sum of the CM-capacitances in this
example, the battery, in the DC cable and the EMD included but the EM and the three
phase cables excluded, is here denoted as Cj,.

Con = Cervbar + CorryDCeavie + Com+EMp =

(4.3)
Cest—bar + Cem—pceaste + Com—Emp
Cpos+=Cpn+Casym Cp05_=Cpn
ar + + +
Cpn 1 Casym__ Cpn |
T T UPOS T upos
= Ubat = - = Ubat = -
Con Con | Conl
s Uneg _T Uneg
= + - +
CneE+:Cpn Cneg-:Cpn+Casym

(A) (B)

Figure 4.4: Equivalent circuit diagram for the CM-capacitances where (A) C,,, is asymmetric to positive or (B) Cyy, is
asymmetric to negative pole of the TVS. C,,+ and C,, are the capacitances at switch state (1,1,1) and C,,— and
Cheg— at switch state (0,0,0).

Two different configurations are presented below where the CM-capacitances, Cearyzvp
and Ccy—gmp (see Fig. 4.3) are simultaneously changed with a factor of 10 in the EMD.
The CM-capacitance of the EMD is intentionally changed a factor 10 to give a significant
but realistic change of the balance between the CM-capacitances of the EMD and EM to
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see how the CM voltages changes, see Fig 4.5. The total symmetrical CM-capacitances (Cy,,
in (4.3), Fig. 4.4) in the system is related to the asymmetrical CM-capacitances (Cys, in
(4.2), Fig. 4.4). The ratio between them is:

X p—
Cﬂsym

(4.4)

The sum of the symmetrical CM-capacitances, in the first configuration, is obtained
in an unaltered vehicle and results in X; = 6.9 using (4.4). In the second configuration,
with the 10x increased value of the CM-capacitance in the EMD the corresponding value
becomes X, = 37. When all three phases of the EMD are connected to the positive pole
(switch state (1,1,1)) of the TVS the total CM-capacitance towards the positive TVS pole is:

pr—i— = Cpn + B = Cpn + Cmym (4-5)

and simultaneously the total CM-capacitance towards the negative TVS pole is:

Cnngr = Cpn (4 6)

When all phases of the EMD are connected to the negative TVS pole, switch state
(0,0,0), the total capacitance from poles to chassis in the TVS swaps asymmetry.
The corresponding voltages when all phases of the EM winding is connected to the positive

pole of the TVS are:

B Ubat «C. — Ulmz (4 7)
pos Cpn + CpoH— ‘pn 2+ )l(

—Upu —Upa* (1+ %)

o5l = .8
pos+ 2+)l( (4)

The 7stationary” CM voltage, when all phases of the EM winding is connected to the
positive pole of the TVS are:

Upos + Uneg —Upar 1
Uem = = *
2 2 2xX+1

(4.9)

The "stationary” CM voltage, when all phases of the EM winding is connected to the
negative side of the TVS are:

B U[mt*é
o 2 2xX+1

(4.10)

The CMDC voltage, illustrated for BAT_U_CM in Fig. 4.5 butis the same for EMD_Uout_CM
and EMD_Uin_CM:
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Upar
2xX+1

The CMDC voltage amplitude is illustrated for EMD_Uour_CM in Fig. 4.5 and is
presented for EMD_Uout_CM, EMD_Uin_CM and BAT_U_CM in Fig. 4.5 for two dif-

ferent simulations. For voltage definitions and references see Fig. 4.1.

UCMDC = (4.11)

In the following graphs the trace color is green for X; = 6.9 and blue for X, = 37.

For X; = 6.9 the #,,, = 20V or #,, = —20V depending on switch states which results
in a CMDC voltage #cppc = 40V. For X, = 37 the u,,, = 4V or u,,, = —4V depending
on switch states which results in a CMDC voltage #cypc = 8V. See Fig. 4.5.
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Figure 4.5: CMDC voltage caused by asymmetries where X; = 6.9 (green) and X, = 37 (blue)

Comparing the two different simulations in Fig. 4.5 in an expanded view in Fig. 4.6
it is obvious that the peak of the ringing almost disappears when the CMDC voltage is
decreased at the battery, see the green and blue arrows in Fig. 4.6. Since the battery should
be protected from EMI a proper relationship between the parasitic capacitance in the EM
and the CM-capacitance in the EMD must be obtained, see an expanded view in Fig. 4.6.
The green graph is when X; = 6.9 and blue for X; = 37.
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Figure 4.6: Voltage overshoot at the battery. Blue trace for 10x increased CM-capacitance in the EMD.

The real reason for increasing the CM-capacitance in the EMD and not in the battery
is that the CM current via the EM shall be returned to the source as close as possible to
where it is emitted, i.e. if the CM current leaves the EMD via the EM three phase cable
capacitance Ccaspheapie and the EM winding-to-core capacitance Ccpgying it should return
to the EMD capacitance Cepstevp and Cepnr— gyp- 1f the CM-capacitance is increased in
the battery instead, the CM current flows a longer distance in the vehicle.

From this observation, with reduced Ucypc and reduced CM current, a rule of thumb
for any EMD-EM-combination is that the EMD CM-capacitance to chassis should be at
least 5o times higher than the CM-capacitance of the EM as important is that this is valid for
any type of TVS. This conclusion aligns with [13]. However, requirements on the maximum
total CM-capacitance in the system is regulated by standards [12], [10] and decreases the
freedom to arbitrarily chose the CM-capacitances. If this limitation by standards did not
exist, the CM-capacitance in each converter could easily be adapted to meet the ratio of
X=s50. Designing commercial electrical vehicles is a tradeoff to achieve an acceptable level

of the CMDC voltage and corresponding peak voltage.

4.1.2  CM currents - asymmetrical CM currents

The same simulations as above are made, with the same color coding of traces, from a CM
current return paths and amplitude perspective. The CM currents are in general seen as
currents of the same amplitude and direction in the positive as in the negative TVS con-
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ductor. More correct is that the CM current is the current in the ground and is returned
to the source via the positive and negative TVS conductor but not necessary equally dis-
tributed. In Fig. 4.7 it is shown that the CM current in the battery is decreased when the
CM-capacitance is increased in the EMD. It is also seen that the difference between the
positive and negative CM currents in the battery is not zero, e.g., not equally distributed.

Looking at the CM current from the EMD to the three phase cables and EM, see
Fig. 4.9, it is found that the EMD outbound CM currents are more equally distributed in
the positive and negative conductor when X, = 37 than for X; = 6.9.

It is obvious from the simulations illustrated by Fig. 4.8 and Fig. 4.9 that the CM
current in the DC link distributes unevenly between the TVS poles. This is a result of
the unsymmetrical load-to-ground capacitances, here mainly due to the EM winding to
core capacitances. The means to minimize these currents can be right sizing the EMD
CM-capacitance. Active means are also possible [18] as well as passive with CM chokes

[17].
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Figure 4.7: Comparison between CM current in the battery for two different CM-capacitance values in the EMD. Green graph
is for X; = 6.9 and blue for X, = 37. The increase of C,, is made by increase of the CM-capacitance in the EMD.
NB! The 3rd diagram from the top shows that the CM currents to the battery are asymmetrically distributed.
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graph is for X; = 6.9 and blue for X, = 37.
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Green graph is for X; = 6.9 and blue for X, = 37.
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4.2 Conclusions from the system simulation

The simulations shows that the theory described in subsection 2.4.4 is validated.

The introduced factor X shows the importance of the ratio between CM capacitors and the
asymmetrical parasitic capacitance. This chapter also shows the importance of where the
CM capacitances are located to avoid CM currents in the vehicle.
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Chapter s

Vehicle measurement system

The purpose of the vehicle measurement system is to perform simultaneous measure-
ments of several electric quantities on many nodes of the TVS a large commercial vehicle
in real-time. In order to do so, around 100 measurement points are needed which are phys-
ically distributed over up to 30 m along the vehicle. In a laboratory setup, frequencies for
the common mode current has previously been observed up to 7 MHz. The characteristics
of the disturbances are different at different speeds and traction powers and to somewhat
capture that a complete acceleration and retardation shall be recorded. The measurement
system can perform one single measurement up to 5 minutes and the can store measure-
ments, on the hard drive, up to 1 hour. This sets the requirements on the measurement
system, from the sensors to the data acquisition system. The requirements on measure-
ments system is set for the worst case which is a articulated bus. Worst case, at this time,
in terms of number of measurement point and physical distribution. That is the cause for
showing a bus in this chapter.

To get a sense of the physical distribution of the nodes, a bus is shown in figure s.1.

Note that most of the TVS and its subsystems are distributed along the roof and in the rear
end of the bus.
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Figure 5.1: Distributed TVS on an articulated bus. This vehicle is around 24m in length.

The goal of the measurement system ability is to measure all required TVS quantities,
DM and CM currents, DM and CM voltage) simultaneously on a large commercial vehicle
with 20 TVS nodes. These requirements imply:

* Frequency band DC - 30 MHz (which implies a sampling rate of 60 MSamples/sec).
* Physically distributed sensors. Up to 30 meters in a bi-articulated bus.

* 100 channels. 20 nodes x (2DC potential @ + 1 DC current + 1 DM current + 1 DC
current)

* Compensation for signal delay in the cables.
* Easy and safe connection of measurement sensors.

* Low frequency and DC current measurement [/p¢]. (This quantity is not handled
in this thesis.)
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* High frequency Common Mode current measurement [/,,,].

* High frequency Differential Mode current measurement [Z,,].

* High frequency Common Mode voltage measurement @ [U,,,,].

* High frequency Differential Mode voltage measurement @ [Uy,].

* CAN signals to be recorded and to be presented as analogue signals.

* Data analysis of all signals.

* Long measurement time for driving cycles, total recording time 1 hour.

* Operation shall be as with an oscilloscope with live view, trigger, scaling, zoom and
SO on.

* Weatherproof for outdoor use.

(1) According to equation 2.1 the common mode voltage cannot be measured. It is obtained
by measuring the positive and negative potential to ground/chassis.
(2) To save sensors this quantity can be as #,,=s-t4q.

At the time of starting the development of the measurement system, no oscilloscope
or measurement system available on the market fulfilled the requirements. Therefore, de-
velopment of a measurement system was necessary. Hardware from National Instrument
(NI) was chosen as base for the development.

In the evaluation of possible solutions there are some of the requirements above that
was not fulfilled.

* BW DC - 30 MHz (60 MSamples/sec). For DM mode the requirement is not ful-
filled due to that the DM current is measured with the sensor formed like an ”8”,
according to the later shown figure 5.3 and equation 5.2, which for the Rogowski
current sensor reduces the BW. However, the higher BW is not that important for
DM but for CM. The lower frequencies of the DM current is measured with a low
frequency and DC current sensor. Deviation from requirement is OK.

* Operation shall be as with an oscilloscope with live view, trigger, scaling, zoom and
so on. Looking at all traces in real-time is not possible due to hardware performance
of the system. A deviation that causes negative impact of handling the measurement
system.

* Weatherproof for outdoor use. Neither the NI system or the sensors are weatherproof
and a decision to perform all the tests in a vehicle DYNO, rolling road, was taken.
It is better to perform the test in DYNO since this increases the repeatability of the
tests.
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5.1 Measurement system overview

The measurement system is primarily to be used on vehicles but also in laboratory rigs.
The vehicle to be measured is shown in figure 2.1. This vehicle is equipped with Break Out
Boxes, that hosts the sensors, and the NI oscilloscope, see figure 5.2. The connection of
sensors in the BoB to the NI oscilloscope are not shown.

BP1 BP2
BoB
— BoB BoB "U|EMD right —_—
= DCDC BoB BoB o
B B B
BoB = Gear ’
Box
= "U|EMD left
U /lonsc BoB BoB | @:(:
BoB =
_— "U[epTO
BoB BoB
U /lonsc BoB BoB PTO
BP3 BP4
= IR =

Figure 5.2: Volvo truck FE280 with Break Out Boxes and NI Oscilloscope.

s.2 Break out Boxes

The purpose with a break out box (BoB) is to break the circuit and insert a box with sensors
between the supply and device under test (DUT) in a way that is feasible for the vehicle,
affect the measurement as little as possible as well as secure personal safety.

The demands on the BoB is to measure the DC current, common mode and differential
mode current as well as the voltage from pole to chassis and pole to pole. In laboratory
setup, the frequencies for the common mode current are seen up to 7MHz. The target is to
measure up to 30MHz for all quantities. In figure 5.3 the schematics of the BoB is shown.
Each quantity and sensor is further described in the following subsections for each sensor.
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Figure 5.3: BoB with sensors for 1,,,, 1, and 1, as well as fused outlets for voltage measurements.

s.2.1  CM Current Sensor Rogowski Coil

The common mode current is the current that flows in the ground plane. In the conduct-
ors it is divided between positive and negative but does not have to be evenly distributed
between these. The common mode current is measured as:

Ion = Iom pos + Lom neg (5.1)

In practice, the current is measured with the Rogowski coil around both conductors,
see the red coil in figure 5.3. The chosen Rogowski coil CWTHEF o15x/B/2.5/300 is supplied
from PEMUK. For the CM current measured between the EMD and the EM a Rogowski
coil with higher current rating is chosen.

¢ BW (-3dB) 300Hz to 30MHz

* Traceable accuracy to +0.2% and with conductor central in the loop
* Variation to position in the coil loop +1%

* Sensitivity 200mV/A

* Coil length 300mm
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¢ 10kV insulation

e 8.smm thickness

Figure 5.4: PEMUK CWT Rogowski coil. Picture from PEMUK

s.2.2 DM Current Sensor Rogowski Coil

The differential mode current is the current that flows in the positive conductor and returns
in the negative. In reality the differential mode current, if measured in one conductor, will
contain the common mode current as well. To reduce the effect of common mode current
the differential current is measured in both conductors as:

o ]dm pos + ]dm neg
N 2

This will eliminate the common mode current if it is equal in both conductors. This is

(5.2)

[dm

however not true at all times.

In practical, the differential mode current is measured with the Rogowski coil formed
like an eight around both conductors, see the yellow coil in figure 5.3.

The chosen Rogowski coil CWTMiniHF 03/B/2.5/400/s is supplied from PEMUK.
For the DM current measured between the EMD and the EM a Rogowski coil with higher
current rating is chosen.

¢ BW (-3dB) 100Hz to 12MHz

* Traceable accuracy to +2% and with conductor central in the loop
* Sensitivity toomV/A

* Coil length 400mm

* skV insulation

e 4.smm thickness
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s.2.3 Differential Voltage Probe

The voltage is measured with a differential voltage probe. Apart from the BW requirements
the probe shall be connected to the oscilloscope with a BNC connector. The chosen sensor
is a TT-SI 9o10 from TESTEC. Some key ratings according to [24]:

¢ BW (-3dB) DC to 7oMHz

* Attenuation X100/X1000

* Accuracy +2%

* Input impedance 10MQ, 10 pF

* Input Voltage Differential Mode x100 +700V (DC + peak AC) or 700 V,

* Input Voltage Differential Mode x1000 #7000V (DC + peak AC) or 2500 Vs

Figure 5.5: Testec TT-SI-9010 differential voltage probe.

5.3 NI Oscilloscope-Acquisition and Recording platform PXI

The measurement signals from all the BoBs needs to be collected and sampled in a syn-
chronous way. For this purpose a signal sampling system is needed, like a 100-channel
oscilloscope. For that purpose, the modular instrumentation platform PCI eXtensions for
Instrumentation (PXI) is selected. It is a rugged platform that offers high-performance
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measurement and control capabilities. Integrated timing and triggering features in the

PXI back plane provide precise inter-module synchronization. The developed oscilloscope

measurement system can be used with up to 96 channels at a sampling rate at 60MS/s with
4 PXI chassis connected according to figure 5.6

NATIONAL
INSTRUMENTS

5.3.1

Laptop Ethernet

Master Chassis

|Signa| Connections|

|Signa| Connections|

Zpen
2*Sync &@‘g
signal splitters

Signal Connections

|Signa| Connections

Figure 5.6: PXI solution architecture with 4 PXI, signal synchronization switch, Ethernet hub and laptop.

PXI chassis and included modules

The PXI chassis (PXIe 1092) in figure 5.7 contains the following parts from the left:

PXI controller (PXIe-8861)

4 oscilloscope modules with 8 channels each (PXIe-s105). 12 bits of resolution syn-
chronized using the same sampling clock at a max of 60 MS/s/ch*.

Timing module (PXIe-6674T). Analog channels are inter-module synchronized within
each chassis as well as to an external master clock in order to enable multi-chassis re-
cording

4TB SSD disk (PXIe-8267)
6 Channel X-NET board (PXI-8510) equipped with 5 pc CAN adapters (TRC-8542)

Adapter plate for the CAN adapters.

*Each module is streaming data to the PXI back-plane using a dedicated PCle x4 Genr
lane (1 GB/s in theory). In practice that bandwidth is less than 1GB/s and that limits the
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continuous streaming module bandwidth to cope with only 6 channels running in full
speed. That is why 4 analog input modules are used.

@
&
£
e
-
o
.
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NATIONAL
’\"mn RUMENTS

FXi

Figure 5.7: PXI back-plane with mounted modules.

5.3.2 Streaming rate

The key goal of the streaming architecture it to transmit data from an instrument fast
enough to maintain a continuous generation or acquisition. When performing an acquisi-
tion task, the data produced by the instrument is transmitted through the PCle bus to the
host computer to place into memory. The required bandwidth is 30MHz which means a
sampling frequency of in >60 MSamples every second. A 12-bit sample is stored on disk as
2 bytes. This implies s data stream at maximum >120 MB/s per channel. With 24 channels
running in full speed a total data rate of 2.9 GB/s is required. The chassis used PXle-1092
has a total bandwidth of 24 GB/s.

In order to store continuous data a fast storage device with required disk size of 4 TB
is used. The PXIe-8267 can record in 5 GB/s for a total of 4 TB. If maximum sampling
rate is used on all 24 channels, 22 minutes of recording can be performed. The sensors for
DC require much slower sampling which implies that some channels can record on lower
sampling rate.

5.3.3 Synchronization and system architecture

With PXI timing and synchronization modules advanced multi-device synchronization by
using the trigger bus, star trigger, and system reference clock features of PXI can be im-
plemented, see figure 5.8. With an NI PXI signal-based timing and synchronization ar-
chitecture, clocks and triggers are physically connected between subsystems which then
synchronize the sample clocks of individual modules. This generates the highest preci-
sion of synchronization and is required in this case to reach below 1 ns of synchronization
between sample, see figure 5.9. With the timing and synchronization capabilities built in to
the PXI platform, you can distribute a 1o MHz and/or 100 MHz system reference clock on
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the back-plane to achieve synchronization across modules within a PXI chassis. Likewise,
you can distribute the 1o MHz reference clock between chassis back-planes to synchronize
modules in multiple PXI chassis, see figure s.10.

StarTriggers

o
aa
Z5

a

T—T Differential Star Triggers T

PXITrigger Bus (8 TTL Triggers)

M NIPXI-1 B NIPXI Express

Figure 5.8: PXI timing and synchronization modules
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Figure 5.9: PXI precision vs. proximity for signal-based and time based synchronization.
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Clock Out (CLK OUT)

Clock In (CLK IN) on equal length cables
Sync Out (PFl4)

Sync In (PFI2) on equal length cables

Slave 3 Slave 2

Figure 5.10: Synchronization of multiple PXI. The PXI can be used standalone, 2 PXI, 3 PXI or 4 PXI.

5.3.4 Accuracy

The differential voltage probes and Rogowski coils are all connected to the oscilloscope at
tMQinput impedance. In table 5.1 the accuracy for the DC measurements is listed and in
table 5.2 the accuracy for the AC measurements is listed. The tables origin from [9].

Table 5.1: Accuracy for DC measurements

Input Impedance | Input Range (Vy.pk) DC Accuracy, Warranted
50Q All +(1% x Reading + 0.25% of FS + 600 uV)
0.05V =(1% x Reading + 0.25% of FS + 600 pV)
1 MQ 02V, 1V,and6V | =(0.65% x Reading + 0.25% of FS + 600 uV)
30V +(0.75% x Reading + 0.25% of F'S + 600 pV)
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Table 5.2: Accuracy for AC measurements.

Input Impedance

Input Range (Vpk_pk)

AC Amplitude Accuracy

50Q All +0.1 dB (£1.2%) of Reading
0.05V +0.2 dB (£2.3%) of Reading

1 MQ 02Vand1V +0.13 dB (£1.5%) of Reading
6 Vand 30 V +0.4 dB (£4.7%) of Reading

In practice the accuracy for AC measurements, will be according to table 5.2 last row,

+4.7% of reading.

5.3.5 Bandwidth BW

The corner frequency) is defined as the frequency when the input signal is attenuated to -
3dB or 70.7 percent of the original amplitude. This will normally occur at a lower frequency

(f1) and the upper frequency (f3).

v
—3dB = 20log v

The center frequency is defined as:

fo= Ak

Finally, the bandwidth is defined as:

BW=f—f.

5.3.6 Nyquist Sampling Theorem

(5.3)

(5-4)

(5.5)

The Nyquist sampling theorem explains and states the relationship between the sampling
frequency and the frequency of the signal. This signal is referred to as the Nyquist frequency

v

The following figure s.11 is found in [8].
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Figure 5.11: Too low sample rate can cause an incorrect waveform. Figure from [8]

This subsection is just a teaser or repetition of the subject. It is not meant to be ex-
haustive.

5.3.7 Anti-aliasing filter

The NI oscilloscope offers an anti-aliasing filter at 24MHz. It can be set either on or off.
As shown in 5.3.6 a too low sampling frequency can cause an incorrect waveform. If the
measured signal is sampled at a frequency lower than twice the Nyquist frequency, false
lower frequencies can appear in the sampled data. This phenomenon is called aliasing. An
example of this is shown in figure 5.12.

t:l_]_ _T:\v\ I _/F,:I] _hr\ I 1?

Figure 5.12: Aliasing caused by too low sample rate. Figure from [8]

In practice, it leads to that the anti-aliasing filter is needed for sampling frequencies £
<48MHz which is 6oMSamples/s on the PXI.
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The next lower sampling rate that can be used is 30MSamples/s. This requires an anti-
aliasing filter of 1sMHz which is not available on the PXI. Another possible way to reduce
the £ is if the BW of the sensor is reduced.

If the anti-aliasing filter is not used there is a risk of aliasing. The alias frequency can,
according to [8], be calculated as:

fo=|nxfi—f (5.7)

n  closest integer multiple of the sample frequency

A few examples is shown in figure 5.13
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Figure 5.13: Alias frequencies

The same applies here as for the previous chapter that this subsection is just a teaser or
repetition of the subject. It is not meant to be exhaustive.

5.3.8 Anti-aliasing filter in measurements

According to 5.2.2, 5.2.1 and 5.2.3 the BW for the sensors is:
¢ BW (-3dB) 300Hz to 30MHz for CM current sensor.
¢ BW (-3dB) 100Hz to 12MHz for DM current sensor.
* BW DC to 70MHz for differential voltage sensor.
This leads to that the lowest possible £ is:

* 6oMSamples/s for the CM current.
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* 30MSamples/s (e.g., 2*12MHz) for the DM current.
* 6oMSamples/s for the for the differential voltage.

A small loss can be obtained for the CM current above 24MHz. But using the anti-aliasing
filter at all times will reduce the risk of aliasing.

5.3.9 Resolution

The 8 channels oscilloscope modules (PXIe-s105) have 12 bit of resolution, 2'? or 4096

levels of the measured signal. Assume that an input channel is set to the range of 30V.
The resolution of the measured signal is thus 30/4096 or 7.3mV. Assume a measurement
scenario with a voltmeter x100 attenuation is used. The test object delivers a voltage of
so-700V. This result in a signal to the oscilloscope of 0.5-7V. The possible input ranges are
30V, 6V, 1V, 0.2V and 0.05V. And the input divided on trange, e.g. for 30V range the
available measurement is +15V. This is the range that can be used. This equals to a t1500V
range on the sensor (in this example the differential voltage probe), the lower range 6V is
to narrow as it will be £300V. The resolution of the 30V range is 3000V/4096 or 0.73V. A
liccle rough but necessary to know. The noise in this range is digital noise.

5.4 Post Processing

Post processing of the huge amount of data that is collected with the measurement system is
a challenge. Each oscilloscope card in the PXI saves the data to the internal 4 GB SSD disc.
The file size is always the same which implies that the length of the file differs depending
on the number of channels recorded and the sampling rate. When the data has reached
the set size a new consecutive file is created. An illustration of a few channels is shown in

figure 5.14.
PXI Disc
Oscilloscope module 1 [ Datafilel | Datafile2 | Datafile3 | - ————-- [ Datafilei [ Datafilei+1 | Datafilei+2 | ]
Oscilloscope Imodule 2 [ Datafile 1 | Datafile 2 | —=—====- [T Datafile j | Datafile j+1 ]
: Data
Oscilloscope module x [ Datafile 1 Datafile 2 ] ———- | | Datafile k [ Datafilek+1 |
CAN module [ Datafile 1 |

Start Measure Time

Figure 5.14: Data files stored at disc. For high sampled channels, many consecutive files are created and for a low sampled

channel it might be only one datafile.

Assume that a specific time interval is of interest, see figure 5.15.
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PXI

Oscilloscope module 1
Oscilloscope module 2

Oscilloscope module x

CAN module

Disc

[ Datafile 1 | Datafile 2 | Datafile3 | ———-—~- Diatafile i [[Datafile i+1 | Datafile i+2 |
Datafile 1 [ Datafile 2 |-=——==—- [ Dataflle | | Datafile j+1 ]
Datafile 1 Datafile 2 | === [ I Datpfile k [ Datafile k#1 |
[ Datafile 1 ]
Time

Start Measure

Figure 5.15: Specific time interval of interest for analyze

It is impossible to open correlating files to view the in a synchronized manner.
A post processing tool is developed that index all the files. Each channel is treated as

one file. See figure 5.16

PXI

Oscilloscope module 1
Oscilloscope module 2

Oscilloscope module x

Disc

Decimated files
Datafile I | Datafile 2 | Datafile3 ] —--—---—- [ Datafilei | Datafile i+1 | Datafile i+2 | |
| Datafile 1 I Datafile 2 |=—— [T Datafile j [ Datafile j+1 |
Data

| Datafile 1 Datafile 2 J=m=] | Datafile k [ Datafilek+1 |

[ Datafile 1 |

| -
Time

Start Measure

Figure 5.16: Indexed file

Each channel of interest can be evaluated and when a interesting phenomenon is found
all channels or specified channels can be exported to a new file, containing the specific time

interval and ALL channels. See figure 5.17

PXI

Oscilloscope module 1
Oscilloscope module 2

Oscilloscope module x

CAN module

Disc
Decimated files
Datafile 1 [ Datafile2 | Datafile3 | -——------ [ Dptafile i [[Datafile i+1 [ Datafilei+2 [ |
| Datafile 1 I Datafile 2 EBessss T Dataflle j [ Datafile j+1 |
| Datafile 1 Datafile 2 === | Datpfile k [ Datafilek+1 |
| Datafile 1 |
| -
Time

Start Measure

Figure 5.17: New file, created from the indexed file, containing all channels

This file can be evaluated in for example DIADEM. DIADEM is a data analyzing

software from National Instrument that can analyze data and create reports.
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If a full measurement system is used with 4 PXI chassis and CAN boards each PXI can
create 5 parallel files and in total 20 parallel files for 4 PXIs. To illustrate the challenge a
long measurement of 6oo seconds for one channel is shown in figure 5.18. The complete
data in this view is 72 consecutive files. For all files measured it is 72 files per board x
sboards/PXI x 4 PXI = 1440 files. The data in the view is decimated as the 60MS/sec
cannot be obtained anyway. In the middle of the measurement an interesting phenomena
is found. The post processing tool can now export just this time span with all measured
channels or a few selected channels to a new file that is synchronized between channels with
full resolution. From the 144 data files the post processing tool can create one data file with
the channels and time span of interest.

[ P-4 Sl0t2/ePTO EMD CM current - X

32
257

EoD Warning

102356071 102436071 10:2556,071  10:26:56,071  10:27:56,071 1102856071 10:30:56,071 71 103256071 10:33:55,926
2021-04-06  2021-04-06  2021-04-06  2021-04-06  2021-0d4-06  2021-04-06  2021-04-06  2021-0d-06  2021-04-06  2021-04-06  2021-04-06
Time

Figure 5.18: One channel measured for 600seconds. The measurement is divided into 72 chopped files which the post
processing tool has indexed and can show in a decimated format.

5.4.1 Total accuracy for HF (Common Mode)

According to 5.3.4 the AC accuracy for the oscilloscope is 4.7% at sokHz. No note from
NI states what can be treated as DC or AC.

According to subsections 5.2.1, 5.2.2 and 5.2.3 the accuracy for the sensors are 1%, 2% and
2% respectively.

The total accuracy for HF for oscilloscope and sensor will then be the product of the ac-

curacy.
1., 1.047*1.01=%5.7%
1, 1.047%1.02=+6.8%
U, 1.047%1.02=+6.8%

The accuracy may seem poor at first glance but the phenomenon with common mode
EMI is more of an understanding than a exact verification. Requirements hardly do not
exist for the conductive EMI. However, CM currents generates radiated EMI where legal
requirements and requirements from standards have to be fulfilled. The important is to
understand how EMI reacts on changes of the system and filters. If changing one parameter,
e.g. filter or vehicle layout, in the system - what effect will it result in for the CM currents?
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This shall be seen in simulations as well. The relative difference is more important than if
the accuracy is 1% or 7%.

5.4.2 Measured parameters from direct measuring or post-processing.

Some of the quantities of interest in this thesis are directly measured by the system described
in this chapter, some a indirectly calculated from the measured quantities. The quantities
to measure or calculate are:

Uim Common Mode Voltage, calculated by post processing as in equation 5.8.
L, Common Mode Current, measured as the difference in equation s5.9.
1, Differential Mode Current, measured as the sum in equation s.10.
U Differential Mode Voltage, measured directly.
Uyps + U,
Uy = u- (58)
2
L, = pos [neg (59)
Lyos + 1,
dm = % (5.10)
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Chapter 6

Common Mode Measurements on a
truck

In this chapter CM mode measurements on a FE280 truck are presented. In the previ-
ous chapter s, the measurement system was developed with a bus in mind. However, the
objective is also including the truck. But since the bus has a wider physical distribution of
nodes, the truck can be seen as a bus of less complexity. To achieve differential mode meas-
urements i.e., to make the vehicle draw power to the wheels, it is required that the truck is
running on a rolling road, called DYNO, where speed and load can be varied. A DYNO
has not been available in the time frame for the thesis. Thus, only CM measurements on
a truck standing still are presented here. The truck measured has been described earlier in
chapter 2 and the measurement system in chapter 5. Common mode current is a source for
disturbances in the vehicle but also outside the vehicle by radiated or conductive coupled
disturbances. If disturbances are found after a vehicle is designed and the first prototype
is produced it can be complicated and expensive to deal with the root cause. The import-
ance of understanding the disturbances and a correct design cannot be underestimated.
The measurements shown in this chapter are comparative measurements to show that the
theory from chapter 2 and in particular section 2.4 is valid.

6.1 Results from CMDC voltage measurements on a truck

The simulation model theory [25], described in section 4.1 is compared to measurements
in a truck. The system level schematic is shown in figure 6.1.
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Figure 6.1: Measured parameters are shown in the schematic for the Volvo FE280 truck with converters (DCDC, EMD, ePTO
EMD), chargers (OnBC), batteries, junction boxes (JB) and Break Out Boxes (BoB).

The measurements performed are made on a truck standing still with no torque on the
traction machines and thus a zero voltage output to the EM, described in subsection 2.4.3.
The common mode measurements in this section shows:

* The CMDC voltage compared to theory and simulations with variation of the factor
X, see subsection 6.1.1.

* The CMDC voltage and current elimination at simultaneous 180° phase shifted switch-
ing of the modulation of the two EMD’s, subsection 6.1.2.

* Measured CM current maximum due to simultaneous switching in phase, subsec-
tion 6.1.3.

The following four figures shows the possible combinations of the zero voltage that can
happen when switching with two converters. The switch state in:

* both converters are (0,0,0), see figure 6.2
* the top converter is (0,0,0) and the lower converter (1,1,1), see figure 6.3
* the top converter is (1,1,1) and the lower converter (0,0,0), see figure 6.4

* both converters are (1,1,1), see figure 6.5
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In subsection 6.1.1 the converters are phase shifted and the switching pattern is:
(top converter) (lower converter)
(0,0,0)(0,0,0), (1,1,1)(0,0,0), (1,1,1)(1,L,1), (0,0,0)(1,L,1), ....

In subsection 6.1.2 the converters are phase shifted 180°, and the switching pattern is:
(top converter) (lower converter)
(0,0,0)(1,1,D), (1,1,1)(0,0,0), ...

In subsection 6.1.3 the converters are in phase (0°), and the switching pattern is:
(top converter) (lower converter)
(0,0,0)(0,0,0), (LLD(LLI), ...

T LCCM» 4}4}% Top converter + _LCCM+ 3Cord l l J_ J_ J_3xcwmd
L. LT TTTTIT
P gy H LF
== T I .
j}j}j} Lower converter
+ &4 k- Tl e
T

Figure 6.2: The switch state in both converters are (0,0,0)
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Figure 6.3: The switch state in the top converter is (0,0,0) and the lower (1,1,1)
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Figure 6.4: The switch state in the top converter is (1,1,1) and the lower (0,0,0)
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Figure 6.5: The switch state in both converters are (1,1,1)
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6.1.1 CMDC voltage compared to theory and simulations with varied factor X.

To verify the statement in equation 2.17 the CMDC voltage that appears in the system
shown in figure 2.1 is measured with two different X values. The added capacitance, to
change the factor X, is added in the BoB between the EM and EMD for both the left and
right EMD. NB! The simulated system in the beginning of this thesis is made on a reduced
system model whereas the measurements are made on a full electric truck. That is why the
X values of the measured system (X5 & Xj) are different from the X values of the simulated
system (X; & X3). The battery voltage is 650V and X3 = 11.5 and Xy = 31.1. The
corresponding CMDC voltage according is:

Uw 650
2% X3+1  2%x11.5+1

UCMDC = =27V (6.1)
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U _ 650
2%X5+1  2%31.1+1
The corresponding measured CMDC voltage #cypc = 30.4V and ucypc = 11.9V,

shown in the top graphs BP1 CM wvoltage in figure 6.6 and 6.7 respectively. The differ-
ence between the CMDC voltage from measurements and by formula is within 10%. As

UCMDC = =10.3V (6.2)

the model is complex and contributing parasitics affects the values, a difference between
measurement and calculation is acceptable. The importance is the understanding of the
affecting parameters. There is one difference in the behavior comparing the graphs in fig-
ure 4.5 with figure 6.6 and 6.7 which is that in figure 4.5 there is only one motor drive
switching and in the later graphs there are two motor drives that are not switching on the
exact same frequency, nor have the exact same phase of the modulation carrier wave. They
both have their own control and even though the switching frequency is the "same”, the
switching frequency can differ just a little. That results in that the switching compared to
each other will drift. This results in that the CM capacitances of the traction machines
Clasym occasionally are connected to the same pole of the TVS and occasionally to different
poles of the TVS. In the latter case the asymmetries of the two different Casym evens out.
The wave form becomes here quasi square waved as described in subsection 4.1.
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Figure 6.6: Original configuration with X3 = 11.5
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Figure 6.7: Configuration with added CM-capacitance and X; = 31.1
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Figure 6.9: Configuration with added CM-capacitance and X; = 31.1

6.1.2 CMDC voltage and current elimination at simultaneous 180° phase shif-

ted switching.

Unless the modulation of two EMD’s are intentionally synchronized, it is likely that the
two converters are not synchronized in terms of switching. In the previous subsection 6.1.1
it was shown that the upper and lower EMD are not switching at the same time. Looking
at the CM currents for the right EMD, left EMD and the ePTO EMD, with reference to
figure 6.1 for a time period of approximately 8 seconds, see figure 6.10, it is shown that the
switching is drifting between the left and right EMD.
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—— EMD right CM current
EMD left CM current
——ePTO EMD CM current

time [s]

Figure 6.10: Current in the right EMD, left EMD and ePTO EMD according to figure 6.1. The ePTO EMD is not switching. The
left and right EMD is switching where the phase shift is drifting. At the cursor the phase shift is is 180°. The
marked area with the two red cursors can be found in the zoomed figure 6.11

The area for the cursor is expanded in figure 6.11 where the right and left EMD is switch-
ing 180° phase shifted. This results to that the CM current in the system is "eliminated” as

the asymmetric switching for the two EMDs will cancel out. The switching is according to
figure 6.3 and 6.4
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Figure 6.11: Both converters are switching simultaneous 180° phase shifted and the resulting CM current in the ePTO EMD is
almost 0.
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This is an optimal switching synchronization at zero voltage as the CM disturbances is
as low as it can be with varied switching pattern.

6.1.3 Measured CM current maximum due to simultaneous switching in phase.

Looking at the CM currents for the right EMD, left EMD and the ePTO EMD, with
reference to figure 6.1 for a time period of approximately 8 seconds, see figure 6.12

—— EMD right CM current
—— EMD left CM current

——ePTO EMD CM current

Current [A]

n " | " | " Il
| ' N | ' | N |
0 2

timeA[s]

Figure 6.12: Current in the right EMD, left EMD and ePTO EMD according to figure 6.1. The ePTO EMD is not switching and
the left and right EMD are switching synchronized.

The area for the cursor is expanded in figure 6.13 where the right and left EMD is syn-
chronized. This results to that the CM current in the system is increased as the two con-

verters are performing maximum asymmetry at the same time. The switching is according
to figure 6.2 and 6.5
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Figure 6.13: Both converters are switching synchronized and the resulting CM current in the EMD is as high as it can be.

6.1.4 Conclusion from the CM measurements.

It is shown that the CMDC voltage can be varied by the factor X and that it is crucial for
the CM current in the system. It is also shown that the theoretical dependency for the
CMDC voltage and factor X can be proven by measurements.

The timing of switching is of importance. If the synchronization is performed properly the
switched asymmetry can be eliminated and the CM currents reduced to a minimum. In
the other hand if the switching is done randomly, the switching will maximized at some
times or even worse, all the time.
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Chapter 7

Conclusion and recommendations

7.1 Conclusions

In addition to the conclusions given at the end of each chapter, this section provides a
shorter and overall summary. Firstly, my own reflection is that the depth of this thesis is
the width. At least for the author the normal research is more in the depth, investigation
in all details rather than the holistic view. Reaching this point, it is clear that as soon as
one thing is investigated in the holistic view, it is more or less required to go in details.
One example is the simulations. System simulations are in general simulated with ideal
switches and ideal components. But if the CM shall be simulated, it is required with a
detailed model and switches that behaves like real semiconductors. Suddenly the scope is
wide and deep! Another example is the measurements system. Looking at performance
during driving requires many channels and extensive recording time. The CM recordings
requires high sampling rate.

When the simulation models are developed with high accuracy and merged to a vehicle
system in the simulation program, it is more or less impossible to run the simulation due
to the complexity. Understanding of what is critical to have and not to include in the sys-
tem simulation is crucial. But also, how to decrease the complexity of the models without
affecting the desired results.

Interesting finding to highlight is the importance of introducing a non-perfect ground
plane in the simulation model. The ground plane has higher impedance than the shield in
the coaxial or twin axial cables. If this is not considered in the simulations, the results will
be misleading.

The CMDC voltage and the relation of CM current in the loop of the EMD-EM vs.
system is clear. A symmetrical CM capacitor has to be located close to the asymmetrical
parasitic capacitances, i.e., the parasitic capacitance in the electric machine. The ratio X
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between the said capacitances shall be kept as high as possible, a target of 50 is a recom-
mended value.

7.2 Discussion

As the topic of EMC and EMI is not a black and white science, it is hard to get design rules.
Projects want to have clear choices. ” If we don’t implement the improvement, what is the
risk and cost of failure?”. System standards on conducted EMI is rare, at least not found by
the author. Subsystems are sometimes sourced from suppliers which make a change more
difficult and expensive, but otherwise the improvements do not have to be expensive at all.
But for sure, it is expensive to solve after the problem occurred.

7.3 Future work

Firstly - measurements and more measurements on different vehicles. It is crucial that the
findings in this thesis is repeatable in other vehicles.

Secondly - to decrease the complexity of the models. At this time a set of simulation has
been running for a week with DM simulations with varied duty cycles and other parameters
varied. Each simulation takes approximately 30hours. The beauty with simulations is to
get a fast response.
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Appendix A

Simulation tools - Zview, PLECS and
Matlab

To build models, tools in terms of software are required besides the measurement equip-
ment. The two main tools used in this thesis are, PLECS [20] and Zview [27]. PLECS is
used to model the system and Zview is used to derive the parameters in the models.

A1 How to derive the parameters in the models from measure-
ments with Zview

Zview is a tool to derive parameters from measurements. When a component is measured
with the LCR meter and an impedance and phase vs. frequency is achieved, the measure-
ments has to be transferred to a model. In this section one example will be shown for a
measurement on a capacitor. An equivalent model of a capacitor is shown in figure A.1.

Rpar
lavs ~ ESR ESL

C |

}i

Figure A.1: Equivalent model of a capacitor.

An example of impedance and phase vs. frequency measurement is shown in figure A.2.
In this graph a clear resonance point is found at around tIMHz. Before the resonance
point the graph is capacitive and after it is inductive. In higher frequencies above toMHz,
new resonances is found in the graph but cannot be found in the model. As described in
chapter 3 it is hard to get measurements correct and thereby models accurate above toMHz.
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Figure A.2: Measured capacitor with a frequency sweep from 100Hz - 30MHz.

Start with Zview to find the parameters. The model is built in Zview according to
figure A.3. Zview is set to “run fitting” in the frequency range 100Hz -1oMHz and a simu-
lation was performed. The equivalent parameters that responds to the equivalent circuit is

found below the circuit.

@ Equivalent Circuits - C_temp_lic.mdl
File Model Help

=== | B @ Minimurm (Hz) Chi-Squared = 15,431
]

E . Run Fitting / Freq. Range ‘ Frequency Range ~ ‘ Maximum (Hz) Sum of Sgr = 14,065
ESR ESL C
Rpar

Element Freedom Value Error Error%

ESR [ Free(+) |0,022159 0,0021529 9,7157

ESL ¥ Free(+) |[3,2513-8 4,6051E-10 1,4164

c Hl Free(H) |6,2925E-7 8,5525E-09 1,3592

Rpar [#| Free(+) |1,000E+20 1E20 100

Figure A.3: Equivalent model in Zview with the parameters that responded to the “run fitting”

The resulting graph can be shown together with the measured graph which is shown
in figure A.4 and a simulation up to 30MHz in figure A.s. To get the later graph Zview
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needs to be set to simulation, otherwise it will try to fit the resonances as well. In the lower
frequencies the LCR meter is not accurate as described in 3.1.3. For frequencies above tkHz

it is more or less a perfect match up to toMHz.
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Figure A.4: Equivalent model simulated and shown together with the measured values.”
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Figure A.5: Equivalent model simulated up to 30MHz and shown together with the measured values.”

A.2  System simulation tool - PLECS

The simulation software PLEXIM’s PLECS standalone [20] is used in this report. PLECS is
possible to run inside the Matlab/Simulink environment but can also be used as a separate
tool, hence called “standalone”. PLECS is chosen for the user friendly interface in system
simulations. In the real simulation work compromises have to be made on the complexity
of the sub system models in order to make the whole system simulation run. PLECS prefers
to simulate systems with ideal semiconductors. It has the possibility to store the models
developed in a library and use them as templates. Frequency sweep measurements can
also be performed and is a good tool for comparison with the subsystems measurements
with the LCR meter. Scripting is possible to perform subsequent simulations with changed
parameters.

A.3 Matlab

Matlab has only been used to plot graphs. Where measured data and simulated data is
shown in the same graph, matlab is the tool to combine the data in the same graph.
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