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Chapter 1

Introduction

This project focuses on the electromagnetic compatibility, needed in mod-
ern high-frequency switching electronics circuits to comply with normatives.
This topic is important in order to assure that electronic systems work cor-
rectly in the electromagnetic environment in which they operate without
generating too much unintentional radiation and continuing to function in
presence of unwanted interference. More specifically, this Thesis deals with
the conducted emission generated by the operation of three-phase inverters.

This work is part of the MArcEL (Macchine Agricole ELettriche) project,
founded by the Regione Piemonte and involving several partners among
which the Department of Electronics of the Politecnico di Torino and FLAG-
MS (which is supporting this Thesis work), which aims to develop a tractor
equipped with a generator unit and electrically operated equipment.

The MArcEL project is active in the development of sustainable agricul-
ture through electrically operated machines and equipment with the most
advanced systems for precision agriculture [1]. The project has four goals:

1. 100% electrical system: a tractor equipped with a generation unit and
a series of fully electrically operated equipment.

2. Innovative supply chain in Piemonte: collaboration of 17 partners for
the creation of a new supply chain.

3. Precision Farming: environmental parameters, crop development, oper-
ations carried out, operating conditions adopted, functional parameters
of the tractor and of the machines.
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1 — Introduction

4. The + system: the system will be safer, cheaper, more efficient, more
sustainable. All validated and certified in operating environments.

It is co-funded by the European Regional Development Fund and Regione
Piemonte and adopts some of the key elements of the Horizon 2020 and
Horizon Europe 2027 programs, specifically concerning sustainable agricul-
ture and energy efficiency. The research involves 17 partners including the
Department of Electronics and Telecommunications of the Polytechnic of
Turin and the Department of Agricultural Forestry and Food Sciences of
the University of Turin and leading companies in the production of tractors,
motors and especially agricultural machinery. The mechanical components
and pneumatic actuators of the machines are substituted with electrical ac-
tuators. The machines realized in this project are divided in low voltage
and high voltage categories: the low voltage machinery consists of a straddle
sprayer, a leveler and a sheeter all powered by a 48 V battery with power
between 4.5 kW and 6.5 kW. The high voltage agricultural machines consist
of a ditcher and a tedder which operate on a 700 V DC supply with inverters
designed by FLAG-MS. The ditcher consists of a high power inverter with
maximum power of 47 kW in excavation mode and 40 kW in cleaning mode.
The tedder consists of four low power inverters in the same case running the
four separate motors with combined maximum power of 48 kW and 25 kW
in normal operation.

The goal of this project is to design and characterize an Electromagnetic
Interference (EMI) filter to reduce the emissions of the two inverters, called
ditcher and tedder and belonging to the respective machinery, in order to
comply with the regulations.

First the choices made in a previous work are explored, highlighting the most
important ones made by the designer. Then, since the components have been
changed due to shortage, they have been characterized in order to use their
model for the subsequent circuital simulations in LTspice to get their Inser-
tion Loss (IL). The model of the inverters made in Simulink in the previous
design has been used to prove the effectiveness of the filters.

In the fourth chapter are described the changes made to the PCB design in
order to properly measure the IL, then the filters have been characterized by
the measurement of the Sy; with two Network Analyzers (NA), one made by
Keysight and another made by HP, which has been converted into IL and
compared to the previous simulations.
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1 — Introduction

Afterwards the resonances found with the IL measurements have been man-
ually identified using a circuital simulator, followed by the use of Keysight
ADS PEPro, a software that allows to take into account the parasitic effects
introduced by the Printed Circuit Board (PCB) and to simulate the scatter-
ing parameter measurement of the filter.

Finally the model of the system of the ditcher inverter is moved from Simulink
to ADS and it is used in combination with the results form PEPro, perform-
ing a EM-circuit co-simulation, to simulate the LISN measurement.
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Chapter 2

Preliminary EMI filter
design

In the following chapter will be discussed the origin of this work and the
previous design choices.

2.1 Inverters

This section aims to introduce the two inverters focus of this work, that have
been modeled in a previous project [2]. An inverter allows to convert a DC
voltage into an AC voltage and in this work it will drive an electric motor.
Both the inverters have the following characteristics [2]:

e Three-phase inverters: three different outputs shifted by 120° each other.

» Voltage Sourced Inverters (VSI): the DC input is a constant voltage and
the energy is stored on a parallel DC bus capacitor.

» A Space Vector Pulse Width Modulation (SVPWM) is employed to con-
trol both amplitude and frequency of the output AC voltage by a specific
modulation scheme. It generates less distortion on the output and pro-
vides a more efficient use of the supply voltage in comparison with the
sinusoidal PWM technique.

2.1.1 Tedder

The tedder inverter drives four identical motors so it has been divided into
four single inverters all equal to each other as shown in figure 2.1. It is
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2 — Preliminary EMI filter design

designed to be supplied with 700 V, considered ideal, and stabilized at the
input of the converter by a dc-link capacitor. It is rated to drive four 8.6
kW motors. In this application, four high-voltage capacitors are used in
parallel, allowing to increase the equivalent total capacitance and to reduce
the total ESL and ESR [2]. Their characteristics are shown in table 2.1.
They work as a capacitor up to around 100 kHz as shown in the impedance
graph from the datasheet in figure 2.2. After the resonant frequency its
behavior is dominated by the parasitic resistance and inductance. The choice
of this capacitor is important from the EMC point of view since it is very
close to the inverter and allows to reduce the ripple of the supply and the
differential mode currents entering, but it is not enough to be compliant with
the normative. Furthermore a 100 nF capacitor with a voltage rating of 1
kV is placed in parallel to each leg as close as possible.

3PH SIDE CABLES

Leg Uinv1

Leg Vinv1

Leg Winv1
DC SIDE CABLES

—= 700V

\ Leg Vinv3

Leg Uinvd
\ Leg Vinv4
Leg Winv4

Figure 2.1. Concept scheme of the tedder system quadruple configuration. [2]

The switches employed are Silicon Carbide (SiC) Power MOSFETs be-
longing to the Cree family. Their main specifications are in table 2.2. The
MOSFETs are driven using gate driver with the following voltage values:

20



2.1 — Inverters

Maximum voltage | 900 V
Capacitance 50 puF
ESR 5.6 m$2

ESL 15 nH

Table 2.1. Dc-link capacitor main parameters [3]

100 . ‘KM.K1‘49.0-.R
Q B32778-G9x
= 3
_
|Z] \E\\
10" ‘\Q\
~ S ad
5 N i
T~ /I,
NN\ //’
1072 35 uF \ //
50 pF N\ ~
5 70 yF A\Y 4
75 uF
1073
104 5 10° 5 Hz 10°

—f

Figure 2.2. Dc-link capacitor impedance versus frequency [3]

{ Von =15V (2.1)

Vorp=-3V

Then a resistor in series with the gate driver output and the the device’s
input is used to limit the current and consequently reducing the noise due to

high dv/dt and di/dt.

2.1.2 Ditcher

The ditcher inverter is designed to drive a single 18 kW electric motor but
for what possible the components were kept the same, for example the dc-
link capacitors and the 100 nF' SMD capacitors are the same. Otherwise the
MOSFETs are not the same and in this case are used three SiC modules
composed of two swtiches each. Their specifications are shown in table 2.3.
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2 — Preliminary EMI filter design

VDS max 1200 V
Vas.op -4/4+15 'V
Ip 115 A
VrH typ 2V
RDS70n7typ 16 m¢)
Table 2.2.  SiC MOSFET main parameters [4]
VDS max 1200 V
VGS,op —5/+15 Vv
Ip 200 A
VrH typ 4.5V
RDS,on,typ 5.63 m¢)
Table 2.3.  SiC power module main parameters [5]

2.2 Electromagnetic compatibility

By definition [6], a system is electromagnetically compatible with its envi-
ronment if it satisfies the following three criteria:

o It does not cause interference with other systems:;
e It does not cause interference with itself;
« It is not susceptible to emissions coming form the other systems.

In order to be sold a device must comply with the normative regarding
its emission limits which are formulated by regulatory agencies. The ref-
erence normative for the two inverters is the E-ECE-324-Add.9-Rev.6 [7]
and the measurement standard for the characterization of the EMI filters is

the CISPR 17 [8].

2.2.1 Measurement setup

The LISN is a device that prevents the external noise to the test from contam-
inating the measurement and ensures that is independent form the measure-
ment place. The normative imposes the use of a LISN with the specifications
of figure 2.3 and the values of components of table 2.4.
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2.2 — Electromagnetic compatibility

Figure 2.3. Normative HV-AN [7]

Component | Value
L1 5) ,uH
Cl 0.1 ,uF
02 1 /LF
Ry 1 k2
Ry 1 MQ

Table 2.4. Normative LISN parameters.
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2 — Preliminary EMI filter design

The test for the conducted emissions needs to be performed according to
CISPR 16-2-1. The test setup is reported in figure 2.4.

0.8 (+0.2/-0)m
Cable shall be z-folded if longer

than 1m. 100 = 25mm above
ground and at least 100mm from
the ESA body

Figure 2.4. Conducted emission measurement setup [7]

Number Description
1 ESA under test
Insulation support
Charging harness
LISN grounded
Power mains socket
Measuring receiver
Ground plane

| O O = | W| D

Table 2.5. Conducted emission measurement setup legend
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2.3 — Cables model

Emission limits

The limits on DC power lines for this work are the ones defined in TEC
61000-6-3 and are listed in table 2.6.

Frequency [MHz| | Limits and detector

0.15 to 0.5 79 dBuV (quasi-peak)
66 dBuV (average)
0.5 to 30 73 dBuV (quasi-peak)

60 dBuV (average)

Table 2.6. Maximum allowed radio frequency conducted distur-
bances on DC power lines. [2]

2.3 Cables model

The inverter is connected to the power supply using cables that will be called
"DC side cables" or "DC cables". The connection from the inverter to the
motor will be labeled "three-phase side cables" or "AC cables". Their choice

was explained in a previous work [2] with their main parameters summarized
in table 2.7.

DC side | Tedder 3ph side | Ditcher 3ph side
linaz 1m 2m 1.5m
Tout | 7.9 mm 2.9 mm 5.1 mm
Tin 5.3 mm 1.4 mm 2.9 mm
tep, | 0.105 mm 0.08 mm 0.08 mm
T'sh 7.2 mm 2.3 mm 4.4 mm

Table 2.7. Power cables main geometry parameters [9]

The length of the DC cables could be of around 10 m in the final applica-
tion but the model has been set to 1 m following the instructions provided
by the normative measurement setup. The distance between the DC cables
and the reference plane is set by the normative at 0.1 m. The same distance
was also used for the AC cables. The distance between the wires has been
chosen as 0.1 m. The cables model has been realized with the Multiconductor
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2 — Preliminary EMI filter design

Transmission Lines (MTL) concept which assumes that the Transverse Elec-
tromagnetic mode of propagation of field is present on the lines this means
that the electric and magnetic fields do not have a component along the line
axis. To predict the crosstalk effect, it is feasible to construct a per unit
length model of the circuit for a small Az section like shown in figure 2.5.
Many section are then used to model a cable.

la(z/) lo(z +Az t)
' 2 °5
A Generator conductor *
Vg(zt) Im Az — YAV 4 Vg(z +Az )
IR(z,}) v IR(z+AZ 1)
L o >
. o Recptor conductor "
VR(z1) ——criz — YAV 2 VR(z+Az 1)
_ lg(z,t) + Ir(z)Y) l(z+Az t) + Ij(z+Az 1)
Y <« o =

Reference conductor

N

Figure 2.5.

L
z+Az z’

Per-unit-length MTL [2]

The sections were then chosen as shown in table 2.8.

DC side | Tedder 3ph side | Ditcher 3ph side
Cable length 1m 2 m 1.5 m
n° of sections 2 4 3

Table 2.8.  Number of line sections for each power cable. [2]

A graphical representation of the DC cables model is represented in figure

2.6.
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2.3 — Cables model

[FOR EACH LINE SECTION]

INVERTER

\
/1

~

Figure 2.6. DC side cables and their parasitic elements. [2]
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2 — Preliminary EMI filter design

2.4 Electrical motors

Both motors are Permanent Magnet Synchronous Motors (PMSM) and are
designed for the same 700 V supply but have substantial differences in terms
of rated power, speed, current and torque. The PMSM is an AC motor which
stator runs on three-phase AC excitation, while its rotor is a permanent
magnet [2]. Either motors employed are designed for 700 V supply but the
tedder motors have a 8.6 kW nominal power, whereas the ditcher motor has
a 18 kW nominal power. All the other technical parameters are reported in

table 2.9.
Tedder motors | Ditcher motor

Nnom 250 rpm 3000 rpm
f(2p) 54.16 Hz (26) 200 Hz (8)
Nmaz 300 rpm 3500 rpm
K. 1600 Vims/Kipm | 140 Vims/Kipm
K 26 Nm /A s 2.3 Nm/A
Thom 330 Nm 60 Nm
]nom 13 Arms 27 Arms
Tz 1000 Nm 170 Nm
Imam 45 Arms 81 Arms
Ry 2.1 Q) 0.2 Q

Lff 80 mH -

Ld - 3.8 mH

Ly - 3.6 mH

Table 2.9. Tedder and ditcher PMSM main parameters. [2]
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2.5 — Filter design

2.5 Filter design

The filters were designed in a previous work [2] with the goal of providing
attenuation for both CM and DM emissions of the ditcher and tedder invert-
ers. The design started from the emissions of the tedder inverter increased
by 6 dB as a safety margin shown in figure 2.7.

. DM and CM emissions measurement

—DM

.

X 878313 SM p—
Y 130104 —— Normative limi

120 H

100 X 1555510
Y 102.492

n'llw M M 4 Pl
i

80

[=2]
o

Voltage [dBuV]

-
o

W‘ ‘ 1] Nwlw

N
o

20 . R S A | . T . i & 44 §4 i
10* 10° 108 107
Frequency [Hz]

Figure 2.7. Insertion loss required for DM and CM emissions. [2]

Looking at the peaks of the emissions the required Insertion Losses were
chosen:

{ ILpy = 42 dBuV @ 1.5 MHz (22)

ILcy =70 dBpV @ 870 kHz

The topology chosen is based on LC filter composed of a Common Mode
Choke, one X-capacitor for the DM emissions filtering and two Y-capacitors
for the CM component.

Because of the direct connection to the supply voltage X and Y capacitors
may be subjected to overvoltages and spikes, causing failures. When a class-
X capacitor fails because of an overvoltage, it is likely to fail short and this
would cause an overcurrent protective device to open. If a class-Y capacitor
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2 — Preliminary EMI filter design

fails, instead, this could lead to a fatal electric shock due to the ground
connection. For this reason, class-Y safety capacitors are designed to fail
open [10]. Following the ISO6469-3 normative standard in case of DC power
lines [11] and supposing a large overvoltage AV = 1 kV the maximum Y-
capacitor value was estimated:

1
EMMzﬁmAv%gu2L¢C§4mnF (2.3)

The X-capacitor does not have any design constrain on DC line applications
and it can be chosen looking at its safety features and voltage rating. Since
the CM IL is more stringent in both magnitude and frequency the design
started from the CM filter.

Using €}, = 100 nF and the corner frequency fcy = 10 kHz, the CM
inductor is given by:

1\ 1
L = . = 1.3 mH 2.4
oM (27TfCM> 20y o (24)

It was supposed that the common-mode choke is characterized by a cou-
pling coefficient k=0.95:

LDM = Lleak =0.05- LC’M =65 ,uH (25)
Choosing a corner frequency fpy = 10 kHz:
1
C, = =2 uF 2.6
(27 fpam)*2Lpm a (2:6)

To guarantee system stability the output impedance of the input filter
must be much smaller that the input impedance of the closed-loop converter
[12]:

Zout,filter < ZinﬁMPS (27)

In this work the control loop acts until 400 Hz, which means that the sta-
bility problem should be limited to low frequencies. Nevertheless, wide band
stability is guaranteed using the damping technique. By adding a resis-
tive loss element to the filter circuit, the LC resonance can be damped and
the Zou, rier peak is reduced at resonance, making easier separation with
Zin,smps curve. In the previous project it was decided to use parallel damp-
ing as shown in figure 2.8. It is demonstrated that the peaking is minimized

by using [13]:
_ [Lpw
o = \[Gou (2.8)
Cp=4-Cpum
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2.5 — Filter design

Parallel damping

SMPS

Figure 2.8. Parallel damped filter [2]

The input impedance of the inverter was estimated as:
Vie
4Ppc

| Zin,smps| = =12.7Q (2.9)
Since the real Z;, sarps is not flat, the computed value has been lowered by
ten times to make a very safe comparison.
The choke was chosen taking taking into account the power involved:
P
Ipc = 2% =57 A (2.10)

Vbe
The X and Y capacitors have been placed on both left and right side of the
choke, realizing a CLC filter, thus their values have been halved. The selected
components are:

e CWS CM-161U-60A: 160 xH common mode choke;

TDK B32022A3473M: 47nF Y2 capacitor;

TDK B32914A5105M: 1 pF X1 capacitor:

TDK B32916A5475M: 4.7 uF X1 capacitor for the damping;

Vishay CRCW20101R50FNEF: 1.5 2 resistor

It was decided to use two damping resistors in series. In table 2.10 are
reported all the ESL and ESR values of the capacitors used in the filters,
while in table 2.11 are listed the parasistic values of the CMC, whose model
used in this project is represented in figure 2.9.
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2 — Preliminary EMI filter design

DC+

DC-

Capacitor values
Part Number | Value | ESR ESL
B32022A3473M | 47 nF | 90 mS2 | 6.65 nH
B32914A5106M | 1 pF |45 m$2 | 4.8 nH
B32916A5475M | 4.7 uF | 10 m§2 | 1.1 nH
Table 2.10. Capacitors values
|
|l
Rcore Cwm
g ——— V0 ’\/\N\,
Lem Lieak Rde
Lem Lieak Rgc
A ——B 0 ’\/\N\,
L AMA—
R
core CW|n
|
|l
Figure 2.9. Equivalent circuit of a common mode choke [2]

Common Mode Choke values
Lcm Lleak RDC Cwm Rcore
160 pH | 2 pH | 0.5 m€2 | 145 pF | 800 €2
Table 2.11. CMC values
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2.5 — Filter design

In figure 2.10 is reported the schematic of the single stage filter while the
schematic of the double stage filter is shown in figure 2.11.

CM-161U-60A
.param Lcm=161u L_leak=2u R_DC=0.5m c1
.param C_win=145p R_core=0.8k H
KiL1121 k215161 {C_win} R3
.ac dec 100 100 100MEG {R_core} DAMPING
L3 R1 L2
413 A—egy b+
= {L_leak} {R_DC} {Lcm} =
R R
3 3 z
P S— % &
5 (] < o 9 - z
° 2 2 L Jam— o
- ©° =] pr]
21 .9 2 2 a 22— o
38 —b —> | 3 I3
o s 3 @ a
[ o
© 9 9 0
o 2 [ o
< <
n | o~ n | e Rd
o) 3—/F2& 3
o o
] ]
0 )
[ 7%%\ R2 L1 L
000 De:
{L_leak} {R_DC} {Lem}
R4
/\/
c2 {R_core}
||
I
{C_win}

Figure 2.10. Schematic of the one stage EMI filter [2]

Since the value of the CM inductance is much less than the one predicted
in the previous section the filter order was increased to get the required IL.

CM-161U-60A CM-161U-60A
.param Lem=161u L_leak=2u R_DC=0.5th - &
.param C_win=145p R_core=0.8k i i
K1l1121 k215161 {C_win} Lp) {C_win} RrR7
.ac dec 100 100 100MEG {R_core} {R_core} DAMPING _
13 RL 12 17 RS L6
o o s
= {L_leak} {R_DC} {Lem} z {L_leak} {R_DC} {Lem} z
b 3 3 =
o ” & B & o &
= 3 I 3 9 3 g b3 =
= 8 8 8 3 z
g ] 8 8 3 E S
-} 9 s 2
E 8 2 8 g  —!
§—3 g 3
& = = = @ 2
3 I I 0 L]
2 R Y s @
b3 g 5
g o g © 2 < Rd
8735 3¢ T8 3
g 3 3
o o 3
2 14 R2 1 @ 18 RG Ls a
{L_leak} {R_DC} {Lcmy {L_leak} {R_DC} {Lcm}
R4 RS
Q2 {R_core} [ {R_core}
it i
1l ir
{C_win} {C_win}

Figure 2.11. Schematic of the two stage EMI filter [2]
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2 — Preliminary EMI filter design

Both filters were characterized on a generic 50 €2/50 €2 system: the setup
for the Insertion Loss measurement is shown in figure 2.12.

Vs

50 Q :;‘j
EMI FILTER | 509 ::_Vjeas EMI FILTER
VS
VS
<:ﬁ
50 Q 50 Q :; Vimeas

Figure 2.12.  Setup for the EMI filter characterization in DM (left)
and CM (right). [2]

The Insertion Losses are then compared between the two filters and re-
moving the input capacitors in figure 2.13 and figure 2.14. The emission
spectra resulted from the simulation on the systems with the filter added
are displayed in figure 2.15 for the tedder inverter and in figure 2.16 for the
ditcher inverter.
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2.5 — Filter design

DM insertion loss

One stage without input capacitors
One stage with input capacitors
Two stages
200 - -
150 |
o
i)
=
100 - D
50 - -
0 ~ L s il il Al
102 10° 10* 10° 10° 107 108

IL [dB]

Frequency [Hz]

Figure 2.13. Comparison of the DM insertion losses measured on a

generic 50 /50 € system. [2]

CM insertion loss

180

160 [~

140 [~

120 -

100 -

80 -

= One stage without input capacitors
== One stage with input capacitors
Two stages

0 ;
10 10° 10°
Frequency [Hz]

107

Figure 2.14. Comparison of the CM insertion losses measured on a

generic 50 /50 € system. [2]
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LISN measurement
T T A G T O

140 ; S S . ‘
Without filter
——— With one-stage filter
With two-stages filter
120 - —— Normative limit
100 - VM ‘ |
80 ‘
g : ‘ YA ‘ | gl
= 60 WED nﬁ lml\tm‘i.ai
g UG o ik
E M A% ‘ " :
a0l e NIV FN | 'lm
| "““"‘J\H | ! *
20 ) N 1Y
; ‘ | W
(M
o- | ‘
20 i i b 4§ FFh] . R S T A 1 R R .
10* 10° 108 107

Frequency [Hz]

Figure 2.15. Comparison between the LISN measurement without filter and
with a two stage filter on the tedder inverter [2]

LISN measurement
120 ) e e e

100 -
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Figure 2.16. LISN measurements without and with two-stage filter
on ditcher system. [2]
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Chapter 3

Redesign of the EMI filter

Due to the shortage of components some of them have been changed with the
ones available at the time of purchase. In some cases their value is different
from the previous design, thus a comparison is mandatory.

These are the components used in both filters:

OLD Part Number | Value | NEW Part Number | Value
B32914A5105M 1 uF BFC233814105 1 uF
B32022A3473M 47 nF same same

B3291651A5475M 4.7 uF EZP-V1B475LTB 4.7 uF

CRCW20101R50FNEF | 1.5 Q same same

CM-161U-60A 160 pH B8272653543N040 95 uH

Table 3.1. New components compared to old ones

3.1 Component models

To obtain a result, in the simulations, as similar as possible to what will be
measured it is necessary to have a good model of the components used in
the circuit and to understand how each component behaves in a different
frequency range. A detailed description of the components follows.

3.1.1 X-capacitor

The Vishay capacitor BFC233814105 is a class X1 film capacitor and no
Spice library is available so it has been characterized using the impedance
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3 — Redesign of the EMI filter

curve provided in the datasheet in figure 3.1.

1000
100 b WS I+ 10 nF
== 47 nF
— S e, NI (WA
S 4o DM NN, LA 100 nF
8 = = X =
c Y mEEN
8 [ I
3 1 e [ | h, "\_ -/
£ — 470 nF bt
i g ¥
1000 nF 1
0.1 =
\
0.01 [
10000 100 000 ™ 10M 100M
Frequency (Hz)

Figure 3.1. Impedance as a function of frequency (typical curve) [14]

Looking at the yellow curve (1 uF) it is possible to extract the values of
the Equivalent Series Resistance (ESR) and of the Equivalent Series Induc-
tance (ESL): the minimum of the curve is the ESR, whereas the ESL can be
computed from a point after the minimum using equation 3.1.

Z
L=— 3.1
o] (3.1)
The values obtained are reported in table 3.2 where they are also compared
with the previous component. The graph in figure 3.2 compares the two

impedance curves with respect to frequency.

C ESR | ESL
NEW | 1 puF | 30 m2 | 25 nH
OLD |1 uF |45 mQ | 4.8 nH

Table 3.2.

38



3.1 — Component models

Impedance [£1]

X-capacitor impedance

m— NEW
101 = — ] *
100 -
107+ ]
10-2 L Ll L Ll . R | i
104 10° 108 107 108

Frequency [Hz]

Figure 3.2. X-capacitor impedance comparison
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3 — Redesign of the EMI filter

3.1.2 Y-capacitor

The capacitor B32022A3473M made by TDK is a class Y2 Metallized Polypropy-
lene capacitor. The datasheet does not provide an impedance curve, but
TDK supplies an LTspice library. The circuit in figure 3.3, simulated in LT-
spice, allows to trace the impedance curve and using the procedure described

in the previous paragraph its parasitic values are evaluated.

test
test |
) C49
1) —— TDK
AC1 T B32022A3473M
S NS

Figure 3.3. Simulation setup for the measurement of the capacitor impedance

The results of the characterization are shown in figure 3.4.
In the Printed Circuit Board B32022A3473M003 are used: the three last
digit refer to the length of the terminals (3.2 4+ 0.3) mm.

C ESR | ESL
47 nF | 89 m) | 4.6 nH

Table 3.3. Capacitor B32022A3473M parasitics value
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3.1 — Component models

Impedance [{2]

Y-capacitor impedance

10%¢

10"

100¢

107

10*

10° 10° 107 108
Frequency [Hz]

Figure 3.4. Y-capacitor impedance
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3 — Redesign of the EMI filter

3.1.3 Common Mode Choke

The model of the Common Mode Choke B8272653543N040 made by TDK
has been manually extracted from the netlist of the spice library provided by
the vendor with the result shown in figure 3.5.

mi_b

mpii_a

cpbi_b
1l

1l
cpb11_a*(cpb12_a-cpb13_a)

rs1_b
&t JBLD 31 A A3
1511_a rs11_a
ccopl1_b cp1 b rep1 b ccopl2_b
. i 41 i =
ccopl1i_a I ccopl21_a
cpl1_a"cpi2_a rcp11_a
b k1a_bls1_bls2_b{k1al_a} 8
p2_b
rcopli_b m21_a rcopl2_b
rcopli1_a cpb2_b rcopl21_a
1l
)
cpb21_a*(cpb22_a-cpb23_a)
Az | ls2b 32 rs2.h a4
1s21_a rs21_a
cp2_b rcp2_b
P2 s p2 |
f
cp21_a*cp22_a rcp21_a
kwia_bs1_b iwira_b {kwla1_a} kwis_bls1_b iwirs_b {kwis1_a}
kw2a_bs2_b Iwira_b {kw2a1_a} kw2s_b Is2_b Iwirs_b {kw2s1_a}

rwb_b bb
\whb s | ""'b—b 1 S

Iwsb1_a

ksyn_b Iwirs_b Iwira_b {ksyn1_a} 800
Iwirs1_a

Iwiral_a

rwa_b

~ rwsa_b

rwal_a rwsal_a
wa_b
[0

wal_a Iwsal_a

lwsa_b
08 801

Figure 3.5. Model of the CMC from TDK library

The model has then been simplified to speed up simulations: since many
components are small and contribute to the frequency response at high fre-
quency with respect to the 30 MHz upper limit of the normative E-ECE-
324-Add.9-Rev.6 [7] they are neglected. The datasheet isn’t clear about the
value of the inductance so it has been measured by FLAG-MS as 180 pH
at 100 kHz per winding. The component has a 54 A current rating with
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3.1 — Component models

the windings connected in parallel so they must be connected in this way to
satisfy the requirements of around 57 A. Since the inductance tolerance is
-30/+50% the two inductances of 196.4593 pH from the library have been
halved to 98.2297 uH. The model used in this project is shown in figure 3.6.

k1a_b Is1Is2 995.5424m

rpl

548.4708
cp‘l‘31
15.3‘1‘25p
st
98.2297p
c‘1 repl
69.62‘53p 856.9926
rp2
548.4708
CRPZ
15.3‘1‘25p
152
98,2297
[ ‘2 rcp2
69.62‘53p 856.9926

Figure 3.6. Simplified model of the choke

A comparison between the old and the new CMC main parameters is
shown in table 3.4.

Common Mode Choke values

Lo Licar | Rated current
OLD | 160 uH | 2 pH 60 A
NEW | 95 uH | 1.3 pH 54 A

Table 3.4. CMC values
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3 — Redesign of the EMI filter

The common mode impedance of the choke used in this work is measured
using the setup shown in figure 3.7 and first of all compared to the measured
impedance from the datasheet in figure 3.8. Then it is compared to the one
of the choke CM-161U-60A modeled in the previous project giving the result
in figure 3.9.

rp1
k1a_b Is11s2 985.5424m
548.4708
cpb1
* J
15.3125p
. Is1
98.2297p
cp1 rcpi
|
|1
69.6253p 856.9926
rp2
548.4708
cpb2
* Ji
15.3125p
Is2
[+]
o 98.2297u
2
test
C) cp2 rcp2
|1
= i)
69.6253p 856.9926
AC1

J7 .ac dec 10k 10k 100MEG

Figure 3.7. Setup for the simulation of the CMC CM impedance
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Impedance [Q]

108 Common-mode choke impedance 10 . IND0799-X
Q | B82726S53543N040
1Z|

10%F 1 10°
10 1 10*
103 £ E 103

2 il
10 102

~

10 |
" ‘ ‘ 101 { 5 6 7

104 10° 10° 107 10 10 10 Hz 10
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Figure 3.8. CMC impedance simulated from the LTspice model (on the left)
compared to the datasheet [15] (on the right)
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Figure 3.9. Comparison between the common mode impedances
of the two CMCs
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3 — Redesign of the EMI filter

3.1.4 Damping capacitor

The Panasonic EZP-V1B475LTB is a metallized polypropylene film capac-
itor with a rated DC voltage of 1100 V. Since the datasheet provides an

impedance curve shown in figure 3.10 the parameters have been extracted as
demonstrated before.

[ Impedance characteristics ]

10000

100
10 s
/C? \\ \\
St \'“»4 Kt
o 1 o i
LC) \‘\ \\ /-'1
g 7 i b N LA //R
o 0.1 == Np‘!.“ = 2B
g' 40 pF \/\‘//‘_ - 3 uF
= LA |
0.01
15 pF
0.001
10 100 1000
Frequency (kHz)
Figure 3.10. Impedance characteristics Panasonic EZP-

V1B475LTB capacitor [16]

The main parasitic values compared to the old component are reported in

table 3.5.

C

ESR

ESL

NEW

4.7 pF

35 m¢)

32 nH

OLD

4.7 pF

10 mf)

1.1 nH

Table 3.5.
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In the following figure the impedance of the old and new capacitor are
compared:

) Damping capacitor impedance
10%¢ i —

s NEW | ]
=== QLD | |

10"

Impedance [{1]
—
o
(=]

-
o
-5

104 10° 108 107 108
Frequency [Hz]

Figure 3.11. Impedance comparison

3.1.5 Damping resistor

In the implementation of the PCB it was decided to use a a single resistor
instead of two in series; the component is maintained the same. Using the
simulink model of the tedder inverter with switching frequency 15 kHz and
without interleaving, worst condition, the peak power of the damping resistor

has been measured:
Ppear = 18,5 mW (3.2)

This confirms that the 750 mW chosen resistor is more than capable of dis-
sipating the power.
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3 — Redesign of the EMI filter

3.2 Filters schematic

This are the final schematics of the filters:

kia_b Is1 Is2 995.5424m

p1
548.4708
cpb1
||
If
15.3125p
Is1
‘ 98.2297 ‘
s Ta Te
TDK cpl repl TDK
c1 B32022A3473M | B32022A3473M Aty c6
T 69.6253p 856.9926 Ta
i c3 co R2 1
TDK TDK Tl
T332022A3473M —|_—532022A3473M :
rp2
548.4708
cﬁ?Z
Ui
15.3125p
Is2
5
962297
cp2 rcp2
|
\
69.6253p 856.9926
Figure 3.12. Schematic of the single stage filter
K2 1s3 Is4 995.5424m
k1a_b Is11s2 995.5424m
p1 3
548.4708 548.4708
= e
15.3125p 15.3125p
st 153
98.2257p 98.2357n
- Lo - ot rept Lo ops rep3 i, 18 Jf’
T < 69.6253p 856.9926 69.6253p 856.9926 bai el GELRNL
R i Joo ¥ o |
B32022A3473M o B32022A3473M - __E;gt')(zuanam 15
548.4708 548.4708
e e
15.3125p 15.3125p
2 1sa
98.2257p 98.2297n
cp2 rep2 P repd
cosasep A P A

Figure 3.13.

Schematic of the double stage filter
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3.3 Filter re-design

The filter design started from the requirements in order to attenuate the
emissions of the inverter. Given that the components are different from the
ones chosen originally some considerations on the IL of the new filter need to
be made. The poles were designed with a target frequency of foyr = 10 kHz
and fpyr = 10 kHz. Computing the values of the poles for the single stage
filter using the components values we get:

1

femnen = - Lear2(2C,)

1

foMnew = 21/Lpn2(2C,)

Compared to the old single stage filter poles:

~ 38 kHz (3.3)

~ 70 kHz (3.4)

1

1

fDM,Old = 27T\/IJD]Mz—(QC’x)

This results are confirmed by the simulations of the insertion loss of both
filters, where it is clearly visible an increase of the poles frequency.

~ 29 kHz (3.5)

~ 56 kHz (3.6)
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IL [dB]

DM insertion loss

IL [dB]

250 ey i C e i e
=== QLD One stage filter with input capacitors
== OLD Two stage filter
NEW single stage filter
== NEW double stage filter
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Figure 3.14. Comparison of the DM insertion losses of the two filters
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Figure 3.15. Comparison of the CM insertion losses of the two filters
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3.4 — Emission spectrum comparison

3.4 Emission spectrum comparison

Because the poles are moved to higher frequencies due to a lower L., of
the choke the emissions are a bit higher at lower frequency, especially in the
tedder case, figure 3.17.

36 LISN measurement ditcher inverter
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100 - , i

80 - il

\
w M"T’“'W‘i A

Voltage (dBuV)

40 -

20 -

20 . L Ll . R | . S S S
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Figure 3.16. Comparison of the emissions between the old filter and
the new one ditcher inverter
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Figure 3.17. Comparison of the emissions between the old filter and
the new one tedder inverter
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Chapter 4

PCB design and
measurement of the filter
insertion loss

In this chapter will be discussed the procedure and results of the Insertion
Loss measurements. First of all it is necessary to introduce the regulation
that has been followed and the changes that have been made to the PCBs in
order to make those measurements possible.

4.1 CISPR 17 regulation

The standard that will be used to characterize the filters is the CISPR 17
which specifies methods to measure the radio interference suppression char-
acteristics of passive EMC filtering devices [8]. This work is focused on the
Common Mode (CM) Insertion Loss (IL) and the Differential Mode (DM) 1L
measurements that are described in the following paragraphs. To measure
the IL it is necessary to measure the Scattering parameters using a Network
Analyzer.

4.1.1 Insertion Loss

In Annex E [8] the Insertion Loss (IL) is defined by:

Vo
2V,

1L = 20log
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4 — PCB design and measurement of the filter insertion loss

Where V,, is the open circuit generator voltage and V5 is the output voltage.
In the standard configuration of a NA the reference impedance Zj is 50 €2 so
Vo = % This corresponds to:

IL = —20l0g|Sy| dB (4.2)

4.1.2 CM measurement setup

To measure the CM IL the inputs of the filter shall be connected together to
the port 1 of the VNA, whereas the outputs shall be connected in parallel to
port 2 of the VNA as shown in the generic example in figure 4.1.

v 1 ZQ @ V2

I

Key
1 signal generator
2 EMC filtering (device under test)
3 measuring receiver
4 reference potential (metallic ground plane)
Vs open circuit generator voltage
v, output voltage
Z, generator impedance
z, receiver impedance

Figure 4.1. Common Mode test circuit (example: 4-line-filter) [8]

4.1.3 DM measurement setup

Each two input lines and the corresponding output lines shall be measured
through isolating transformers, with a turn ratio of 1:1, leaving the unused
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4.1 — CISPR 17 regulation

lines not terminated like shown in figure 4.2.

= x Pl

4
Key
1 signal generator
2 EMC filtering (device under test)
3 measuring receiver
4 reference potential (metallic ground plane)
v open circuit generator voltage
Vs, output voltage
Zy generator impedance
Z, receiver impedance

Figure 4.2. Differential Mode test circuit (example: 4-line-filter) [§]

Balun de-embedding

As an isolation trasformer in this work will be used a balun with a turn ration
1:1 and 50 2 impedance. Since the balun transformer introduces an error in
the measurement a de-embedding procedure allows to remove it as shown in
figure 4.3. Firstly the balun gets measured on a purposely made PCB then
the filter with the balun is measured. The S-parameters are converted in
T-parameters using the following formula:

<T11 T12> _ 1 (512521 — 51152 511) (4.3)
Ty Ty So1 —Sa 1 '
Then the balun contribution can be removed:

Tb;llun : Tbalun : TDUT : Tbalun : Tb:lllun - TDUT (44)
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4 — PCB design and measurement of the filter insertion loss

BALUN DUT BALUN

DUT

Figure 4.3. Balun de-embedding

Finally using equation 4.5 the Scattering matrix with only the filter can
be found:

(4.5)

So1 Sao Ty \ 1 —Tx

<511 S12> _ 1 <T12 T11T22—T12T21>
T

Balun choice

A search was conducted in order to find a wideband transformer with low
insertion loss and small package to be inserted on the PCB. The solutions
found are reported in table 4.1.

Part Number | Manufacturer | Frequency Range
ADT1-1+4 Mini-Circuits | 150 kHz - 400 MHz
TC1-6X+ Mini-Circuits | 150 kHz - 350 MHz

TC1-6+ Mini-Circuits | 150 kHz - 300 MHz

Table 4.1. Available baluns

Since the ADT1-1+ has wider bandwidth it has been chosen.
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4.2 — Network Analyzer

4.2 Network Analyzer

There are two types of Network Analyzer: Scalar Network Analyzer (SNA)
which measures only amplitude and Vector Network Analyzer (VNA) which
measures amplitude and phase. The procedures described in the CISPR 17
regulation are about two port VNAs which allow to measure Scattering (S)
parameters. As shown in figure 4.4 a signal is sent through a DUT and the
Network Analyzer measures the incident, reflected, and transmitted signals
to calculate the forward S-parameters [17]. Some of the key parameters of
the VNA are described below.

« Frequency range The range of frequencies in which the measurements
are performed. Since the normative [7] gives a limit of the emissions of
the inverters considered in this work in the frequency range 150 kHz -
30 MHz the goal of this measurement campaign is to measure the IL of
the filters at least in this range so the results can be used to evaluate
the attenuation of the emissions.

e Output power and trace noise The power output is indicated by the
instrument in dBm and refers to a 50 2 impedance; increasing the power
allows to reduce the trace noise.

e Instrument calibration The instrument needs calibration in order to
remove the effects of the connectors and cables before the beginning
of the measurement session. This can be done manually or using an
electronic calibration kit: the procedure is to connect both ports to a
50 €2 load, a short, an open and connect them together. While doing
this procedure the instrument performs the computations required.

o IF filter The Intermediate Frequency filter filters the RF signal that
is down-converted using a mixer and a local oscillator. Decreasing its
bandwidth the noise is greatly improved at the expense of a increase in
measurement time.
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4 — PCB design and measurement of the filter insertion loss

Incident Transmitted
@‘? m DUT |m g

Reflected
SOURCE
XX SIGNAL X
SEPARATION é‘—
INCIDENT REFLECTED TRANSMITTED
® ®

— | |

RECEIVER / DETECTOR

l

PROCESSOR / DISPLAY

Figure 4.4. General Network Analyzer block diagram [17]
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4.3 Filters PCB

The PCBs have been designed by FLAG-MS in order to follow the mechanical
specifications required to place the filter on top of the driver board and into
the inverter enclosure. Some design considerations are required in order to
correctly measure the IL of the filter.

4.3.1 Connections to lab instruments

To connect the filter to the VNA it is necessary to use a coaxial RF con-
nectors, which in this case consists of through-hole SMA connectors which
are easy to connect to the instruments available in the lab directly or using
adapters.

Four 0 €2 resistors allow to change between the CM and DM measurement
configurations.

H1 H2
L] o L] L]
Cm :

s H3 H4 duldiy
SMA EMI_Tester A SMA
BALUN BALUN
H5
Fany
1/

Figure 4.5. Connection diagram for DM IL measurement

R I N .
N §° ’_@ng EMI_Tester A 4@—‘H4 og N
I | Tester SMA

I—‘

N
e

Figure 4.6. Connection diagram for CM IL measurement
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4 — PCB design and measurement of the filter insertion loss

Since the distances between the SMA (SubMiniature version A) connector
and the plated holes for the connection to the inverter (as shown in figure
4.7) and the symmetrical for the connection to the battery are in the order
of 3 cm, thus less than 2—’\0 it is not needed to design a microstrip with a
characteristic impedance of 50 €.

\ & 3108

=5m (4.6)

N f\/ErFRa " 30106 - V4

Figure 4.7. Close up view of the traces that connect the SMA
connector to the board

4.3.2 Single stage filter: EMI Tester B

The single stage filter has been named EMI Tester B, sometimes shortened
to EMI B. A 3D view of the filter is shown in figure 4.8 where is possible to
see that the choke is the largest component in the circuit.

In figure 4.9 are highlighted in red the top layer traces while in figure
4.10 are highlighted in blue the bottom traces. The traces DC+_GEN,
DC-_GEN, DC+_INV and DC-_INV are present of both layers and are
connected with thermal vias allowing them to carry more current and to
better dissipate the heat. The MECH trace is present only on the bottom
layer and forms a loop around the perimeter of the board. Four 0 € resistors
have been added to the bottom of the board and allow to short the windings
of the choke or to leave only one wire connected; this configurations will be
called respectively Parallel Wires (PW) and Single Wire (SW). This has been
done to evaluate the value of the inductance of the choke.
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4.3 — Filters PCB

Figure 4.8. 3D view of the PCB EMI Tester B

W

FLAG-Mms

Emi_Tester_B

Figure 4.9. EMI B Top layer
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4 — PCB design and measurement of the filter insertion loss

Figure 4.10. EMI B Bottom layer
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4.3.3 Double stage filter: EMI Tester A

Figure 4.11. 3D view of the PCB EMI Tester A

The filter with two stages has been named EMI Tester A and will some-
times be called EMI A. The addition of a CMC and two Y-capacitor increases
its length. The same design considerations of the single stage filter have been

followed and are visible in the top layer view (figure 4.12) and bottom layer
(figure 4.13).

Emi_Tester_A

Figure 4.12. EMI A Top layer
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4 — PCB design and measurement of the filter insertion loss

Figure 4.13. EMI A Bottom layer

4.3.4 PCB test balun

A PCB with a balun and two SMA connections has been designed to enable
measurement of the insertion loss of the balun which will be considered the
same as the ones in the EMI B and EMI A PCBs since they are from the
same production batch.

Figure 4.14. PCB balun to measure Insertion Loss
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4.4 1L Lab measurements

In this section will be shown the final measurements obtained using two
different VNAs. During the lab sessions different settings have been tried
and at the end the measurements with the most accurate results have been
accepted. The table in figure 4.15 explains the naming scheme that will be
used to name the different measurements:

EMI

X XX

XX

XX

X dBm

B: single stage
A: double stage

CM: Common Mode
DM: Differential Mode

Figure 4.15. Explanation of simulation name

PW: Parallel Wires
SW: Single Wire

Measured with
KT: Keysight VNA
HP: HP VNA

Power

4.4.1 Measurements with NA Keysight P9371A

The calibration has been performed using the Keysight electronic calibration
module N7551A.

Setup

Sweep type \ Log Frequency

Sweep Properties

Start 300 kHz
Stop 100 MHz
Power -5 dBm
Points 1601
IF Bandwidth 100 Hz

Table 4.2.  Keysight P9371A measurement settings
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Balun measurement

Insertion loss
25 T T T

1.5+ =

IL [dB]

0.5 =

0 . Ll . S S | . - Ll .
10° 108 107 10°
Frequency [Hz]

Figure 4.16. Measure of the IL of the balun

INSERTION LOSS
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e
® 04 /
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00 |
0 80 160 240 320 400
FREQUENCY (MHz)

Figure 4.17. ADT1-1+4 Typycal Performance Data [18]

The result of this measurement is comparable with the performances of the
component described in the datasheet. This data will be used to de-embedd
the balun from the circuit in the differential mode measurements.
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4.4 — IL Lab measurements

De-embedding example

Insertion loss

30 . e . R .
10° 107 108
Frequency [Hz]

Figure 4.18. EMI B DM PW KT -5 dBm before and after de-embedding

An example of the de-embedding procedure is shown in figure 4.18 where
the difference between the blue curve (measured data) and the red curve
(after de-embedding) is due to the IL of the balun that is removed using the
procedure described above.
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Measurements with -5 dBm

Insertion loss comparison
— r — T . "

———EMI B DM PW KT
160 ~———EMI B DM SW KT

IL [dB]

60 - —

40 .

20 P S R | . S S | . A S |
10° 108 107 10°
Frequency [Hz]

Figure 4.19. Comparison of insertion loss measurement with NA
Keysight EMI B DM

Insertion loss comparison
220 —— e : : 4

= EMI B CM PW KT
~——— EMI B CM SW KT

200 - -
180 — &

160 — -

0 . M| . R S S | . L M i
10° 10° 107 10®
Frequency [Hz]

Figure 4.20. Comparison of insertion loss measurement with NA
Keysight EMI B CM

68



4.4 — IL Lab measurements
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Figure 4.21.

Insertion loss comparison

e EMI A DM PW KT
=== EMI A DM SW KT

10° 10°
Frequency [Hz]

Keysight EMI A DM

220
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Figure 4.22.

Insertion loss comparison
T - -

107
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Comparison of insertion loss measurement with NA

EMIA CMPW KT
~———EMI A CM SW KT

10° 10°
Frequency [Hz]

Keysight EMI A CM
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4 — PCB design and measurement of the filter insertion loss

In all of this measurements it is noticeable the presence of noise, to avoid
that in the forthcoming measurements the power will be increased.

4.4.2 Measurements with NA HP 8753D

This instruments allows to measure the scattering parameters down to 30
kHz so it has been used for the final measurements in order to have data
in the 150 kHz - 30 MHz frequency range. For the measurement of the
Common Mode IL with the Keysight NA the balun was not removed since it
was supposed that its effects were negligible. In practice the primary of the
transformer in parallel with port 1 of the NA changed the behavior at low
frequency so they will be removed in the measurement with the HP Network
Analyzer.

Setup

Sweep type \ Log Frequency
Sweep Properties

Start 30 kHz
Stop 100 MHz
Power +10 dBm
Points 1601
IF Bandwidth 100 Hz

Table 4.3. HP 8753D measurement settings
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Measurements with +5 dBm

Insertion loss comparison
T

160 - ~——EMIB DM SW HP 5 dBm
140 - |
120 a

10° 108 107 108
Frequency [Hz]

Figure 4.23. Comparison of insertion loss measurement with NA HP EMI B DM

Measurements with +10 dBm

Insertion loss comparison
220 e e | S

s EMI B CM PW HP 10 dBm
180 - =
160 - .
140 J
o120 - &
=
=100 =

80

0 | . - I . . . .
10° 10° 107 108
Frequency [Hz]

Figure 4.24. Comparison of insertion loss measurement with NA HP
EMI B CM without balun
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Insertion loss comparison
T T

~———EMI A DM PW HP 10 dBm
160 — ~———EMI A DM SW HP 10 dBm

120 - B

IL [dB]

20 P S . P S S | . P | . i
10° 10° 107 108
Frequency [Hz]

Figure 4.25. Comparison of insertion loss measurement with NA HP EMI A DM

Insertion loss comparison

220 —— e

e EMI A CM PW HP 10 dBm
=== EMI A CM SW HP 10 dBm
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200 -

160 - -
140 - -
o 120 - i
=00l -
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60 - A
40+

201 .
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Frequency [Hz]

Figure 4.26. Comparison of insertion loss measurement with NA HP EMI A CM

4.4.3 Balun effect on the Common Mode insertion loss

Since the balun case is made of plastic intially the Common Mode IL mea-
surements were performed without de-soldering the component to avoid de-
stroying it. After comparing the measurement with the simulations it was
found out that at low frequency (30 kHz - 3 MHz approximately) shown in
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4.4 — IL Lab measurements

Equivalent circuit

Circuit with balun

Circuit without balun

Figure 4.27. Equivalent circuit of port 1 with balun and resistors
used to measure CM IL

figure 4.28 and 4.29 in blue there was up to 50 dB difference. It was assumed
that the fault was due to the presence of the primary of the balun that in
parallel with port 1 of the NA was behaving like a short circuit. Increasing
the measurement frequency the balun starts to become an open circuit so
the measurements are unaffected. In figure 4.27 are shown the equivalent
circuits before and after the removal of the balun. The results of the IL mea-
surements without the baluns are shown in red. Unfortunately the baluns
were destroyed in the process of de-soldering.
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220

200

180

Figure 4.28. Common Mode Insertion Loss comparison measurement with

Insertion loss comparison
——7 . T

= EMI B CM PW HP 5 dBm
= EMI B CM PW HP 10 dBm

10°
Frequency [Hz]

balun an without balun EMI B

220

200

180

Insertion loss comparison

107

|

s EMI A CM PW HP 5 dBm
=~ EMI A CM PW HP 10 dBm

10°

10°
Frequency [Hz]

107

108

Figure 4.29. Common Mode Insertion Loss comparison measurement with
balun an without balun EMI A
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4.4 — IL Lab measurements

4.4.4 Comparison between single and double stage fil-
ters

As expected from the design of the filters for the common mode the double
stage one has a slope of approximately 40 dB/dec and an higher IL at low
frequency but after 3 MHz their value is roughly the same.

The Differential Mode IL is almost the same for both filters, but the pole
is at lower frequency in the two stage filter case.

There is almost no difference between the single wire and parallel wire
case. The resonances measured do not correspond to the simulated ones so
further investigation on this behavior is needed.
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DM Insertion loss

250 e
s EMI A DM PW HP 10dBm
== EMI A DM SW HP 10dBm
EMI B DM PW HP 5dBm
s EMI B DM SW HP 5dBm
=== OLD sim one stage filter
200 |- |~ OLD sim two stage filter i
= NEW sim single stage filter
= NEW sim double stage filter|
150 -
o
A
=
100 -
50
0
10% 10° 10* 10° 108 107 10°

Frequency [Hz]

Figure 4.30. Differential Mode Insertion Loss comparison measurement be-
tween single stage filter and double stage filter

CM Insertion loss
T T

200
e EMI A CM PW HP 10dBm NB
= EMI A CM SW HP 10dBm NB
180 EMI B CM PW HP 10dBm NB —
s EMI B CM SW HP 10dBm NB
= OLD sim one stage filter
| |==oOLD sim two stage filter
160 = NEW sim single stage filter
= NEW sim double stage filter
140
120
o
100
e
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40
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0 L L n n | L i L I it il L
10% 10° 108 107 10®
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Figure 4.31. Common Mode Insertion Loss comparison measurement be-
tween single stage filter and double stage filter
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Chapter 5

Circuital and EM
simulations

In this chapter a study on the causes of the resonances is carried out, then
more advanced simulation techniques are used to take in account the contri-
bution of the PCB traces and finally these techniques are used to simulate
the filter connected to the ditcher inverter to obtain the conducted emissions
spectrum.

5.1 Circuital simulations

An initial study has been conducted using L'Tspice and manually introducing
components to model the resonances.

5.1.1 EMI Tester B resonances

Starting from the IL measurements in figure 4.23 and 4.24 it is clear that some
unidentified resonances are present at about 4 MHz, not identified with the
ideal circuit in figure 5.1. Taking a look at the circuit (figure 4.9 and figure
4.10) seems possible that exists a parasitic capacitance between the MECH
traces on the bottom of the PCB and the upper traces used to carry power.
The area of the bottom traces is about 4000 mm? and the FR4 thickness is
1.55 mm so they are used as a first estimate in equation 5.1.

A
C:E‘)Edreaz% pF (5.1)
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k1a_b Is1 Is2 995.5424m

rpl

548.4708

cpb1
I

|
15.3125p
.ac dec 100 100 100MEG
Is1

Uil

982907
c2 cpt rept cs c7

12, ‘ iC I

c1 B32022A3473M 69.62‘53[) 856.9926 B32022A3473M 4.7u cé
T c3 cg R2 &

TDK TDK AP
—_|7B32022A3473M rp2 TBBZO22A3473M :

548.4708

cRbZ

|
If
15.3125p

Is2
°

b
982207y

cp2 rcp2
|

|
69.6253p 856.9926

Figure 5.1. EMI B original circuit

Using these parasitic values in the LTspice simulation shows that the par-
asitic capacity exists but only when greater values, with respect to that
obtained in equation 5.1, are used the IL results become similar to the mea-
surements.

Differential Mode resonances

The values of C15 and C16 in figure 5.2 are chosen to get two resonances at
approximately 4 MHz according to equation 5.2 and shown with the mea-
surement in figure 5.3 (in red). The added resistors in series with the C, and
C, capacitors reduce the peaks of the resonances. With the result obtained
shown in blue in figure 5.3. The choke’s parasitic capacitors are removed
since they introduce a peak in the simulated IL at around 60 MHz which is
not present in the measurement.

1

f= e 5.2
2mvESL - C (52)
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k2a_b Is3 Is4 995.5424m

rp3
548/4708
Is3
5
R10 R14 982297y R12
0.1 1 1
cs5 c13
R4 TDK — — TDK
50 ca B32022A3473M B32022A3473M
v2
i c1o c1a
TDK TDK
B32022A3473M rpd B32022A3473M
ACT
548/4708 R13
1
Is4
5
982297

C15 C16

10n 10n

Figure 5.2. EMI B Differential Mode IL parasitic components

Parasitic capacitors value
Capacitor | Capacitance | ESL | ESR
C15 10 nF 150nH | 0 €2
C16 10 nF 150nH | 0 €
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IL [dB]

DM IL comparison
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Figure 5.3. EMI B Differential Mode Insertion Loss
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Common Mode resonances

As in the DM case two capacitors are used to get the the resonances at 3.5
MHz and 4.8 MHz obtained with the measurement (red curve in figure 5.5)
but in this case with different values. The resistors in series with the C),
capacitors reduce the amplitude of the peak of the IL. The results are in blue
in the same figure.

k2a_b Is3 Is4 995.5424m

rp3

548.4708

cpb3
Il

Il
15.3125p

Is3
R7 40 s Re
98.2207p
m 1 1
:
e Moo cs c13 Jgn
O > TDK cp3 rcpd TDK
< c4 B32022A3473M | B32022A3473M 47y c11
T 69.6253p 856.9926 Ta
i c10 c14 RS 1o
TDK TDK e
Y B32022A3473M B32022A3473M -
I rp4
= oy R10 R9
>
(]
Hi: o2 1 548.4708 1 i
50 cpbd 50
1|
1]
_|c1s |c18 15.3125p

20

n o [1on i
040
98,2587

cp:4 rcpd

|
69.6253p 856.9926

Figure 5.4. EMI B Common Mode IL parasitic components

Parasitic capacitors value
Capacitor | Capacitance | ESL ESR
C15 20 nF 150 nH | 0.3
C16 10 nF 150 nH | 0.3
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CM IL comparison
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Figure 5.5. EMI B Common Mode Insertion Loss
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5.1.2 EMI Tester A resonances

The analysis of the resonances in the circuit is conducted also for the two
stage filter starting from the ideal circuit in figure 5.6.

k1a_bs11s2 995.5424m k21s3 14 995.5424m

1 3

548.4708 5484708
cpb1 cpb3
IL Il
U] U
15.3125p 15.3125p
ac dec 100 100 100MEG
1s1 1s3
00 s 00
982207 982207
c2 cpt rept c4 cp3 rep3 cs £:7
== == TDK = TDK
c1 B32022A3473M 69.6253p 856.9926 B32022A3473M 60.6253p 8669926 B32022A3473M En c6
w c3 cs co R2 i
= == = TDK 15
B32022A3473M 2 B32022A3473M 4 B32022A3473M :
548.4708 548.4708
cpb2 cpbs
! i
U} Ul
15.3125p 15.3125p
Lis2 LIt
98.2297p 98.2297p
cp2 rep2 cps reps
69.6253p 856.9926 69.6263p 856.9926

Figure 5.6. EMI A original circuit

Differential Mode resonances

Capacitors C19 and C20 in the schematic in figure 5.7 contribute to the
resonances at around 4 MHz, while the resistors in series with the C, and C),
capacitor reduce the amplitude of the peaks of IL in figure 5.8. The parasitic
capacitors in the choke model are removed since they introduce a peak at
around 60 MHz which is not present in the measurement.

Parasitic capacitors value
Capacitor | Capacitance | ESL | ESR
C19 10 nF 150nH | 0 ©2
C20 10 nF 150 nH | 0 2
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Figure 5.7. EMI A Differential Mode IL parasitic components
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Figure 5.8. EMI A Differential Mode Insertion Loss
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5.1 — Circuital simulations

Common Mode resonances

As in the single stage filter the capacitors C19 and C20 in figure 5.9 introduce
resonances at 3.5 MHz and 4.8 MHz respectively. As before the resistors in
series with the C), capacitors are used to reduce the amplitude of the Insertion

Loss. The comparison of measurements and simulations is in figure 5.10.
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Figure 5.9. EMI A Common Mode IL parasitic components

CM IL comparison
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Figure 5.10.

The value of the components used to replicate the effect of the PCB traces
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are too large and do not have a physical meaning, they are just used to
replicate the effect of the measurements.

Parasitic capacitors value
Capacitor | Capacitance | ESL | ESR
C19 20 nF 150 nH | 0.3
C20 10 nF 150 nH | 0.3

5.2 EM field simulations

The software used for this simulations is Keysight Pathwave Advanced Design
System (ADS). A built in tool called PEPro allows to take in account all the
geometries of the traces, vias and connectors on the board and convert the
circuit in a scattering parameter matrix. The simulated Sy is then converted
in IL using equation 4.2. The procedure that has been followed and the
results obtained are described below.

5.2.1 PCB import and layer stackup definition

As the first step, the data from the Altium PCB design tool are transformed
to ADS using the ODB++ file format which allows to bring all the PCB data
including the layer stackup and the components. Then the layer thickness
and material type are checked if they match the designed PCB. In figure 5.11
it is displayed the layer stackup and in figure 5.12 the thickness of the layers.

AIR

M / FR 4 (4

1.55 55 millimete
dill_non-plated_bottom-top dril_plated_bottom-top eI

0 millimeter /AIR

[T~ bottom_layer

Figure 5.11. Substrate view in ADS

The FR4 material specifications are provided by the manufacturer and
are: dielectric constant €, = 4 and loss tangent tand = 0.02.
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5.2 — EM field simulations

Type Name Material Thickness
Dielectric AR
1 Conductor.. top_layer.. Copper 0.03556 mm
Dielectric FR_ 4 1.55 mm
2 Conductor.. bottom_lay.. Copper 0.03556 mm
Dielectric AR

Figure 5.12. Substrate layer stackup values

A schematic needs to be created for each component in order for the
simulation to work.

The comparison between the layout in Altium Designer and the layout
imported in ADS, using the EMI B filter as an example, is displayed respec-
tively in figure 5.13 and figure 5.14.

Figure 5.13. Layout view of the EMI B filter in Altium Designer

5.2.2 IL simulations

The analysis used for this simulation is the "Parasitic Extraction-All Nets'
available in the PEPro tool. The first step is to define the ports, that have
a "+" symbol for the signal and a "-" symbol for the reference terminal. The
"Component Models" field needs to be loaded with the components that will
be used for the specific simulation. The software automatically chooses the
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Figure 5.14. Layout view of the EMI B filter in ADS

model from the library previously imported, and the schematic of the compo-
nents is defined manually ,but it is also possible to measure a component with
a NA and use the results instead of an ideal model. This second option was
not used. It is important to mention that the balun has been defined as an
ideal 1:1 transformer, so there isn’t the need to carry out the de-embedding
procedure with these simulations. The simulation type and frequency points
need to be defined, along with the simulator and its settings. The simulation
can be run on the local machine or on a server and, when the simulation is
complete, it is possible to generate a sub circuit that will be used to extract
the scattering parameters and subsequently get the IL.

Setup

In the PEPro simulation the ports are connected to the bottom layer because
a shorter distance between the "+" and "-" lowers the parasitic port induc-
tance eliminating the shunt effect of the vias. An example of port 1 setup is
shown in figure 5.15 whereas figure 5.16 shows a top view of the layout with
the connections for port 1 and port 2. The connections used for the DM
and CM IL measurements are the same used for the lab measurements and
the balun and 0 € resistor are easily added/removed if needed, as explained
before, following the schematic in figure 5.17 and figure 5.18.

With preliminary simulations it has been demonstrated that there is no
difference between the results obtained using Momentum RF with respect to
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5.2 — EM field simulations

Figure 5.15. Port setup for PEPro simulation used to obtain IL

Figure 5.16. View of the ports connections EMI B

the Momentum Microwave simulator, so momentum RF has been used since
it is faster. Momentum Microwave improves the results at higher frequencies
that are not reached in this work.

The worst case condition for the emissions is obtained using the switching
frequency fs,=15 kHz so this value has been used in the simulations. The
rise and fall times are the same of the gate driver’s.
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Figure 5.17. Schematic of the port setup EMI B DM

Exz | %—L %—l p s }
Tie’ 122A3473M003_TDK-832022 x T;i&”b\‘\"“” 03_TDK-832022 s
Figure 5.18. Schematic of the port setup EMI B CM
Type | Switching Freq | AC(Ripple) Freq | Rise Time | Fall Time
SMPS 15 kHz Optional 50 ns 50 ns
Table 5.1.  Frequency plan PEPro simulation
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5.2 — EM field simulations

The SMPS frequency sweep automatically creates different sweep types
in different frequency bands with a focus on the most important frequency
points taking into account the switching frequency and the rise and fall times.

The setup used provides the following frequency plans:

Sweep Type | Start Frequency | Stop Frequency | # points Step
Linear 0 Hz 1 kHz 6 200 Hz
Linear 1 kHz 10 kHz 10 1 kHz

Logarithmic 10 kHz 15 kHz 2 5 points/dec
Linear 15 kHz 600 kHz 40 15 kHz

Logarithmic 600 kHz 100 MHz 46 20 points/dec
Table 5.2.  Frequency plan points PEPro simulation

The settings used for this simulations are the ones in figure 5.19 that will
be discussed in more detail in a following paragraph.

PEPro Setup - Advanced Simulator Setup X

Simulator: Momentum RF 3 Export...

Global Overrides

Solver
Matrix solver Automatic
Green's function cache Automatic
=l Mesh
Generation Automatic
Mesh density 20 cpw
Mesh Domain Optimization Off
Geometry overlap extracti... Normal
Edge mesh Automatic
Mesh reduction On
=1~ Physical model
Thick conductor model 3D
Via conductor model Wire
|- Preprocessor
Healing snap distance Automatic
Simplify layout On
Ignore conductor shapes  Automatic
Ignore conductor holes Automatic

Cancel

Figure 5.19. Advanced Simulator Setup settings used in this work

The far field data has been disabled since it is not needed thus reducing
the dataset.

After running the simulation the results are exported using the "Generate
Sub Circuit..." function creating a result like in figure 5.20.

This circuits can then be simulated using the ADS circuit simulator and
the So; can be simulated using the circuit in figure 5.21.
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Figure 5.20. Example of Sub Circuit output from PEPro EMI B DM

The data is then saved in a touchstone .s2p file using the Data File Tool
in the Data Display Window so that it can be further processed in Matlab.
In the Data Display Window it is possible to process the data directly, for
example in figure 5.22 it is shown the CM IL of the EMI B filter.
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| Wk | S-PARAMETERS |

S_Param

SE1

Start=0 Hz .
Stop=100 MHz
Step=10 kHz

- EmiTester_B C C C : :
- schematic_DM. SMPS_mom _RF_genductor -model_3D_via_wire_edgemesh_-auto
X1

Figure 5.21. Example of simulation of S parameters from PEPro
extracted Sub Circuit

)
b

igemesh_auto_S(2,1))

_IL_CM_SMPS_mom_RF_conductor_model_3D_via_wire_ed
i

~dB_12.

T T T T
1E1 B2 1E3 €4 1E5 &6 187 €8

Figure 5.22. Example of CM IL result EMI B filter
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EMI B

The simulations started from the EMI B filter because they run faster with
respect to the EMI A since it has one stage less.
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Figure 5.23. Port and components setup for DM IL EMI B

DM insertion loss
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Figure 5.24. Simulation of differential mode IL EMI B filter comparison
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Figure 5.25. Port and component setup for CM IL EMI B
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Simulation of common mode IL EMI B filter comparison
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EMI A
The steps followed are the same as for the EMI B filter.

DM insertion loss
250 —— — - e d e

s PEPro sim EMI B DM PW
measurement EMI A DM PW HP 10 dBm
spice sim EMI A DM PW

200 - -

IL [dB]

100 [~

W)

50 - =

0 L I L - | i L s T
10° 108 107 10°
Frequency [Hz]

Figure 5.27. Simulation of differential mode IL EMI A filter comparison

CM insertion loss
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= measurement EMI A CM PW HP 10 dBm

~——— PEPro sim EMI A CM PW
180 — spice sim EMI A CM PW

160 [~ B

il . A Ll
108 107 10°
Frequency [Hz]

Figure 5.28. Simulation of common mode IL EMI A filter comparison

The results of these simulations are better than the ones before since the
values are almost the same except from some resonances.
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5.2 — EM field simulations

Results with proper hardware

El PEPro Setup - Advanced Simulator Setup x
Simulator: Momentum RF 3 Export...
Global Overrides
Solver
Matrix solver Automatic
Green's function cache Automatic
=1 Mesh
Generation Automatic

Mesh density 20 cpw
Mesh Domain Optimization Off
Geometry overlap extracti.. Normal
Edge mesh Automatic
Mesh reduction On
=+ Physical model
Thick conductor model Automatic
Via conductor model Automatic
Preprocessor

Healing snap distance Automatic
Simplify layout On

Ignore conductor shapes  Automatic
Ignore conductor holes Automatic

Figure 5.29. Advanced Simulator Setup settings suggested by the support

The hardware used for this simulations, a notebook with an Intel® Core™
i7-7700HQ processor with 8 threads, 16 GB of RAM and 1 TB mechanical
hard disk, is not capable of running the software at its full potential due to
the lack of RAM. Ideally the Advanced Simulator Setup should be set all to
auto providing the results in figure 5.30 and figure 5.31. The peak obtained
in the DM IL at roughly 1 MHz in the previous simulations is reduced and
is comparable to the one measured in the lab. The CM IL simulation is not
much different form the the previous one. Unfortunately this hardware, a
server with 72 threads, is not available.
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Figure 5.30. Comparison simulations and measurement
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Figure 5.31. Comparison simulations and measurement
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5.2 — EM field simulations

5.2.3 Ditcher inverter emissions

ADS allows the co-simulation between EM simulations in PEPro and cir-
cuital simulations. The PEPro tool has many predefined analyzes templates
including the "Conducted EMI Analysis" which also contains a Data Dispay
template for the CISPR-25 standard. This have been modified in this work

to meet the requirements of the E-ECE-324-Add.9-Rev.6 and CISPR-17 nor-
matives.

R4

4 3 s 3 2:DC+ GEN
MEcH MECH  mEcH

1
NetJ1_1

2 1
mecH MECH  wEcH “GN  {:DC-_GEN

Figure 5.32. Layout modification for the 4 port setup

It is possible to include the result of the simulation from the PEPro tool in
the ADS simulation environment. To do so it is needed to change the setup
to create a four port analysis. On the battery side the SMA connectors and
baluns are deleted and pin 1 and 6, pin 3 and 4 of the balun footprint are
respectively connected together to provide the "+" of port 1 and 2 as shown
in figure 5.32. Then virtual pins are created on the bottom layer defining
the "-" of the two ports. The 0 € resistors R2 and R4 are de-soldered. This
configuration is the repeated for the inverter side of the filters to define port
3 and 4. A screenshot of the setup for port 1 and 2 is shown in figure 5.34.

%XJ reagrmemes | Bl e
X1 =
RSOFNEF_FP-CROW2010-63:4PC_A

i
>—-H\/~m—}:|—u-.,/wv-—<
M M

g o 3

Figure 5.33. Schematic for the 4 port connection EMI B filter
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Figure 5.34. Example of four port setup in PEPro EMI B filter

=0 - an
I :; e

r = an-n
l - ur wr

Figure 5.35. Top view of the port and components in PEPro EMI B filter
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5.2 — EM field simulations

Setup

The controller used for the simulation is the Transient PE controller, which
simplified the settings for the user with respect to the standard Transient
simulation controller, and is dedicated to power electronics simulations. The
timestep is variable and is computed by the controller from the rise time and
fall time:

Maximum Time Step = 100 - minimum(Rise time, Fall time) = 5 us
(5.3)

The maximum frequency is defined as:

5

minimum(Rise time, Fall time)

=100 MHz (5.4)

Maximum Frequency =

Output window
Start time 0 ms
Stop time 60 ms
Switched loop rise/fall times
Rise time 50 ns
Fall time 50 ns

Table 5.3. TransientPE settings

Simulation options tolerances used:

Simulation Options: Tolerances
Voltage relative tolerance | 1 mV
Current relative tolerance | 1 mA
Voltage absolute tolerance | 1 mV
Current absolute tolerance | 10 pA

Table 5.4. ADS simulation tolerances

Capacitors are precharged to 700 V and the option "UselnitCond" is
checked to reach the regime condition faster.
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MOS capacitances

Datasheet | Simulation
Cgs | 14.588 nF | 14.588 nF
Cga | 112 pF 112 pF
Cgs | 768 pF 100 pF

Table 5.5. Mosfet capacitances used

The parasitic capacitances used for the mosfets are listed in table 5.5 and
are different from the ones in the datasheet since setting the Cgs to an higher
value crashes the simulator.

All the other parameters are kept the same as the simulation of the pre-
vious work.

Time-to-frequency conversion

Following the template provided with the "Conducted EMI Test Bench" de-
signed for the CISPR 25 standard the time-to-frequency conversion is per-
formed. The equations parameters are changed to comply with the CISPR
16-2-1 regulation. It has been decided to convert into frequency a integer
number of periods of the output waveform when the inverter reaches the
regime condition, choosing 30 ms to 60 ms as they achieve a good balance
between simulation time and result. This differs from the previous Simulink
simulations since they were using the built in spectrum analyzer.
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5.2 — EM field simulations

Simulation tolerances

Changing the simulation options tolerances can dramatically increase or de-
crease the time duration of the simulation. Unfortunately the tolerances have
a big impact on the spectrum, for example in figure 5.36 the red curve with
more strict tolerances is under the normative limit at higher frequencies.

LISN measurement
150 , —— . —

T 7T T
~———ditcher EMI A ideal 10 mV 10 mA tolerance
~———ditcher EMI A ideal 1 mV 1 mA tolerance
— Normative limit

Ly

Y

Voltage (dBuV)
13
o
T

50 . | . . Co . . |
10* 10° 10° 107
Frequency (Hz)

Figure 5.36. Effect of the change of tolerances on the spectrum

Simulation duration for 1 mV 1 mA tolerances: about 37 minutes
Simulation duration for 10 mV 10 mA tolerances: about 9 minutes

It is not possible to run all the simulations needed with tighter tolerances
since the simulation duration increases too much.

Modulation effect

It was not possible to use the Space Vector PWM modulation used in the
previous work in ADS. This might lead to different result regarding the emis-
sions measured at the LISN.

Cable length effect

Increasing the length of the DC cables increases the total emissions, as shown
in the example in figure 5.37 where using the EMI A ideal filter the emissions
are compared between the DC cables with a 1 m and 2 m length. This effect

103



5 — Circuital and EM simulations

was expected but not with this much increase, so probably the simulation is
not accurate enough.

LISN measurement
150 : ————y . ————

T T
—— ditcher EMI A ideal 2 m DC cables
——— ditcher EMI A ideal 1 m DC cables
— Normative limit

100 -
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o
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10* 10° 10° 107
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Figure 5.37. Effect of the DC cable length on the emission spectrum
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EMI B

The results of the simulations with the single stage filter show that an higher
insertion loss is needed both at low and at high frequency.

LISN measurement
150 — ——— — 7

~———ditcher EMI B PEPro
——— ditcher EMI B ideal filter
—— Normative limit

100 - 7

50 '»)"umﬁr‘

Voltage (dBuV)

”‘“ ‘m\” ‘J”‘( il‘{('(Ml'ﬂ"ll'f'l)ﬂlll|J]W Wi iy
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10* 10° 10° 107
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Figure 5.38. LISN measurement simulation with EMI B filter
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EMI A

The emissions in the frequency range 150 kHz - 500 kHz are lower that the
normative limit with the double stage filter, but there are still resonances at
higher frequencies that exceed the limits.

LISN measurement
150 - e e . = === =

100 -

Q)
v
50 - ‘\( \A
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Figure 5.39. LISN measurement simulation with EMI A filter
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Comparison with previous results

LISN measurement
T T VT T TTI7

150 : — e

— T T
—— ADS ditcher EMI B PEPro
~— ADS ditcher EMI A PEPro
AADS ditcher EMI B ideal filter
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Simulink old two stage filter
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Figure 5.40. Comparison of the emissions

In figure 5.40 the new double stage filter simulated with Simulink (green
curve) satisfies the normative limits, whereas the same ideal filter simulated
in ADS (purple curve) exceeds them due to some resonances; the emissions
with the filter simulated in PEPro (in orange) are worse. The new simulations
differ from the previous ones due to the resonances and this effect has not
been understood.
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Chapter 6

Conclusion

This project started from the review of the preliminary filter design that was
made in a previous work. Then, the filter fabricated with the specification
derived from that previous work has been characterized in this thesis in terms
of its insertion loss. The insertion loss of the filters has then been measured in
the lab providing, during these measurements, some unexpected results. To
understand the resonances identified, simulations were carried out to explain
the filter behavior that was discovered. Then simulations were conducted
to better understand the behavior of the designed filter and also estimate
the generated conducted emissions. First of all the EM field simulations of
the filters allowed to achieve the IL. measurement results in the simulations.
This certified the followed procedure, although the results are not perfect,
and allowed to use the obtained sub-circuit, now simulated with 4 ports, with
the circuital simulator available in ADS to simulate the ditcher system and
its conducted emissions. The results achieved exceed the normative limits
after 5 MHz and their trend is characterized by resonances that were not
present in the Simulink model. This results need to be confirmed by the
measurements in the lab that are planned in the coming weeks. The cor-
rect placement of the filter in the inverter case is still to be investigated as
any parasitic effect that would arise could affect the effectiveness of the filter.

Future simulations

A future work might complete the simulations by focusing on the tedder in-
verter which was not thoroughly studied due to time constrains caused by the
length of the simulations due to the lack of powerful computing hardware.
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6 — Conclusion

Planned laboratory measurements

Laboratory measurements are planned to evaluate the work done using the
ditcher inverter that will drive a stator instead of the motor employed till now
since it is not available. The specifications of the stator are: 157 yH phase
inductance and 8 mS2 phase resistance. The simulations were conducted with
the setting described in the previous chapter with the two filters in their ideal
versions and in the one that takes in account the parasitic effects of the PCB.

<] e

Figure 6.1. Model of the ditcher system connected to the stator and
using the ideal EMI A filter
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Figure 6.2. Comparison with the simulations made with the stator
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Ditcher system

Model of the ditcher system in ADS

Figure A.1.
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Egn LISNTN1_dBuv=db({LISNTN 11120

Willim Avalue=[66.66] E:ab?jmomm.moomm_ mA=vs(limAvalue limAf, "freq")

i) limBvalue=[60.60] E___.: Bf=[500e3,30e6] mB=vs(limBvalue.lim Bf "freq")

T T T
1E4 1ES 188 1ET 3ET

nathing
freq, HZ

1SS1011S

Total em

Figure B.1.

117



B — Emissions code

LISNDN1_dBuV <invalid>

limB

limA

DIFFERENTIAL NOISE

Egn LISNDN=(SensePlus-SenseMinus)/2

Eqn LISNDN1=fs(LISNDN,SpAnBandCS25_1[0], SpAnBandCS25_1[1],SL_CS25_1, WinType, t0.t1)

Eqn LISNDN1_dBuV=db(LISNDN1)+120

1E4 1ES 1E6 1E7

freq, Hz
nothing

3E7

DM emissions

Figure B.2.
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B — Emissions code

LISNCMN1_dBuV <invalid>

limB
limA

COMMON NOISE

Egn LISNCMN=(SensePlus+SenseMinus)/2

Eqn LISNCMN 1=fs(LISNCMN,SpAnBandCS25_1[0], SpAnBandCS25_1[1].SL_CS25_1, WinType, t0 t1)

Eqn LISNCMN1_dBuV=db(LISNCMN1)+120

180

160
120
120
100

60—

-20
-40

-60

T | T
1E4 1E5 1E6 1E7

freq, Hz
nothing

3E7

CM emissions

Figure B.3.
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