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ABSTRACT
MODELING CONDUCTED EMISSION
TRANSIENTS DUE TO DC MOTOR SWITCHING
IN AUTOMOTIVE APPLICATIONS
By

Matthew Raymond Feusse

Conducted emissions are currents that exit a device via its power harness. They
are undesirable as they can couple to other devices or cause unwanted radiation. DC
motors are common culprits for generating conducted emissions in an automobile, as they
generate a large transient current when they are switched on or off. Some of this
transient current is introduced onto the common power net of the vehicle.

Daimler Chrysler wishes to regulate the conducted emissions within their
vehicles. They have sclf-imposed limits to conducted emissions and methods with which
to test them. However, performing individual measurements on conducted emission
transients for every DC motor in every vehicle they produce is undesirable. The ability to
model unwanted emissions from a DC motor would reduce the need to individually test
each motor.

This thesis examines conducted emission transients from several DC motors
found in automobile applications. The conducted emission transients are measured and
examined. The natural frequencics of each motor are determined and with this
information the conducted emissions of the motor are modeled. Additionally, using the
measured currents and impedances of each motor, a model for worst-case radiated

emissions is also created.
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CHAPTER 1

INTRODUCTION
1.1  Overview
Electromagnetic compatibility (EMC) has become an important part of electrical
engineering. Government regulations and safety issues have forced companies to take a
greater interest in the electromagnetic properties of their products. One of these regulated
properties is the unintended current exiting a device via the power cable. This unwanted
current is known as a conducted emission. The Federal Communications Commision
(FCC) regulates conducted emissions for most products in the United States. However,
the FCC does not regulate automobiles manufactured in the United States. Automobile
manufacturers maintain their own standards for EMC, which are considerably more
stringent than the FCC standards. This is because it is in the automobile manufacturers’
best interest to produce a reliable, safe product in order to avoid lawsuits. Furthermore,
automobiles manufactured in the United States are subject to regulations from the Comité
International Spécial Des Perturbations Radioéletriques (CISPR) if they are to be sold in
Europe.

In order to comply with the CISPR regulations, the Daimler Chrysler Corporation
has dedicated a semi-anechoic chamber for the testing of electromagnetic compatibility
issues outlined in the CISPR 25 electromagnetic compatibility regulations document [2].
Furthermore, they have developed a series of in-house EMC tests, such as conducted
emission transient tests, in addition to those in the CISPR 25 document [3]. This thesis
investigates the effects of conducted emission currents generated by the switching of DC

motors used in automobiles by developing a numerical model of the testing setup and
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comparing the model to results gathered using the conducted emission transients test
method described in Daimler Chrysler’s DCC EMC Test specifications and lab
procedures [3].

This thesis is organized as follows. First, a brief explanation of the NSF GOALI
project, which funded the research for this thesis, is given in Section 1.2 of this chapter.
A brief description of the Michigan State University (MSU) / Daimler Chrysler
interaction fostered through this project will follow.

The remainder of this thesis is divided into several chapters. Chapter 2 discusses
the significance of conducted emissions and examines the measurement procedures for
conducted emission transients employed by Daimler Chrysler. This includes an
introduction to conducted emissions in Section 2.2, a discussion of conducted emission
regulations in Section 2.3, and a more specific discussion of conducted emission
transients in Section 2.4. Section 2.5 investigates the conducted emission transient
measurement technique employed by Daimler Chrysler. More specifically, it investigates
the use of the Broadband Artificial Network and discusses the linear model that this
technique assumes.

Chapter 3 is dedicated to the measurement techniques used to acquire the
necessary data for this thesis. Section 3.2 discusses the technique for acquiring the
impedance characteristics of each motor and the Broadband Artificial Network. Section
3.3 discusses the conducted emission transient measurement procedures and presents the
actual measured data.

Chapter 4 is devoted to the numerical modeling of conducted emission transients.

Section 4.2 presents a derivation of the modeling procedure, using the extinction pulse
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technique. Section 4.3 presents and discusses the numerical models generated using this
technique and compares them to the measured data.

Chapter 5 discusses the implications of motor switching transients as they relate
to electromagnetic compatibility concerns. Section 5.2 introduces radiated emissions and
discusses their importance. A model for radiated emissions is developed in Section 5.3
that uses the previously modeled conducted emission transient data. Modeled conducted
emission transient currents and radiated emissions are presented and discussed in Section
5.4.

Following the conclusion of this thesis in chapter 6, the two Fortran programs

used in this thesis are included in Appendix A.

1.2 NSF GOALI Project

The research completed in this thesis was funded by the National Science Foundation
(NSF) through the Grant Opportunities for Academic Liaison with Industry (GOALI)
program. Additionally, this program helped fund the development of an EMC course to
be taught at Michigan State University. The program was set up to foster an interaction
between industry and academia. The funding provided by this program allowed graduate
research assistants from MSU to help design an EMC course backed by the advice and
expertise from industry provided by Daimler Chrysler. Furthermore, this project afforded
graduate students the means to perform research guided by both Daimler Chrysler’s

industry experience and MSU’s academic experience.






1.3  Michigan State University / Daimler Chrysler Interaction

As discussed in the previous section, funding through the NSF GOALI program opened
the door for interaction between Michigan State University and Daimler Chrysler.
Through this interaction, experts from the Electrical / Electronic Systems Compatibility
(EESC) group at Daimler Chrysler identified a research project in the field of
electromagnetic compatibility that would both be useful for their group and suitable for a
thesis. The professors at MSU then guided the research on this project so that it would be
within the scope of the academic requirements required for a Master of Science Thesis.
Thus, this thesis is influenced by both industry and academia, with the goal that the

research herein is both practical and scholarly.
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CHAPTER 2

CONDUCTED EMISSIONS CONSIDERATIONS
2.1  Overview
This chapter discusses the concepts of conducted emissions. First, an explanation is
given about what conducted emissions are and why they are important to the automobile
industry. A discussion of conducted emissions transients follows, discussing what
conducted emissions transients are and why they are important. A simple linear model
for conducted emissions transients is presented and a discussion of the Broadband
Artificial Network, which is used in this model, follows. The chapter concludes with an
investigation into the limitations of the simple linear model for conducted emissions

transients.

2.2  Conducted Emissions

Conducted emissions are the currents that are passed through a unit’s power harness and
placed on the common power net. Conducted emissions are undesirable for a couple of
reasons. First, the conducted emission currents exiting a device may affect other devices
on the common power network through direct coupling. That is, the current exits one
device, travels through the common power net and enters another device, potentially
causing interference with the second device. Conducted emissions can also cause
unwanted radiation. As the conducted emissions are placed onto the wiring external to a
paﬁicular unit they cause radiation to occur. This unwanted radiation can, in turn, induce

currents on other wires and ultimately cause interference with other devices.
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2.3  Conducted Emissions Regulations

Most products sold in the United States must comply with conducted emissions standards
set forth by the Federal Communication Commision. Automobiles manufactured in the
United States are exempt from FCC regulations, while automobiles imported into the
United States must meet FCC standards. If an automobile manufactured in the United
States is to be sold in Europe, however, it is subject to the regulations from the Comité
International Spécial Des Perturbations Radioéletriques. In general, automobile
manufacturers have their own self-imposed conducted emissions limits, which are more
stringent than those set forth by the FCC or CISPR. Automobile manufacturers self-
police themselves in this manner to avoid the necessity of government imposed
regulations as well as the importance to provide a safe and reliable product for the
consumer.

The emphasis of CISPR and FCC regulations falls upon devices that have ac
power cords. As such, devices that require ac power are required to be tested with a Line
Isolation Stabilization Network (LISN). A LISN is a circuit that filters the ac power
coming into the device under test, such that at 60 Hz the device receives unpolluted
power. However, at the conducted emissions test frequencies inductors in the LISN act
as open circuits, isolating the device under test from the ac power supply. The LISN also
provides affixed load impedance to the device under test at those radio frequencies. This
insures that during testing, conducted emissions are only being tested due to the device
under test and not the ac power net [1]. Automobiles do not use ac power, but are instead
powered by a dc battery supply. Thus, conducted emissions testing for automobiles

require something other than a LISN. Daimler Chrysler has developed a Broadband
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Artificial Network (BAN), which serves much the same purpose as the LISN, but is used

with a dc power supply.

24  Conducted Emissions Transients

DC motors are common components throughout an automobile and are subject for
concern when considering conducted emissions. Whenever a DC motor is switched off a
transient current is generated, which is induced onto the power cable exiting the motor.
This current is very large compared to any conducted emissions generated by the motor
during its normal operation. As such, these transient currents are typically worst-case
scenarios for conducted emissions generated by a DC motor. Automobile companies
wish to keep these conducted emissions transients below their self-imposed conducted
emissions limits.

Often automobile manufacturers fabricate a DC motor to perform a specific task,
without designing it to meet conducted emissions regulations. They then test the motor
for conducted emission compliance and modify its design if it fails to meet the self-
imposed conducted emission transient constraints. It is desirable to be able to predict if a
motor will pass these tests without testing them. Thus, Daimler Chrysler has asked the
author to investigate a method to model the conducted emissions transient behavior of

DC motors.

25 Broadband Artificial Network

It is assumed that a linear model for DC conducted emission transients can be created.

Figure 2.1 shows this linear model for DC motor conducted emission transients.
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Figure 2-1: Equivalent Circuit for Linear Model of Conducted Emission Transients

V;, is the modeled source voltage. Z is the known source impedance. Ve, is the
measured voltage. The modeled voltage V approximates Ve, as long as Zgan>>7Zs,
where Zgan is the impedance of the Broadband Artificial Network (BAN). The inclusion

of the BAN allows for a known impedance and repeatable results.

Daimler Chrysler developed the Broadband Artificial Network for the purpose of
conducted emissions testing. Similar to the LISN, the BAN is designed to provide power
to the device under test, while isolating it from the power supply at conducted emissions
frequencies. This is achieved by placing several inductors in series between the source
and the device under test, as well as a capacitor to ground. The BAN has three
connection terminals. Terminal one is the output terminal. This terminal connects to the
motor under test. Terminal two is the input terminal, which is conducted to the power
supply. The BAN isolates the motor under test at terminal one from the power supply at
terminal two at radio frequencies. Terminal three is a low current BNC connection which

connects to an output device such as an oscilloscope.
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Terminal 2 m rvm r‘YYY\ lTerminal 1
Battery b &
+ __L Harness | | Motor
12_V — | ——— C=0047uF chrminal 3 Under
| | _«__I Test
= L _ = o ______ ! (] =
BAN
__E. Oscilloscope

Figure 2-2: System Connected With a Broadband Artificial Network

The component values of the BAN are chosen such that the equivalent impedance
of the BAN remains relatively constant over the entire conducted emissions frequency
test range. This is a consequence of the variable frequency dependence of the constituent
inductors. In the case of this BAN the frequency test range is 250 kHz — 500 MHz.

At dc frequencies the capacitors act as open circuits and the inductors act as short
circuits. Thus, the BAN acts as a short circuit at DC frequencies and the test circuit

performs as if no BAN were present.

Terminal 2 Terminal 1
[ O

Terminal 3

¢
_L_ ——o0

Figure 2-3: Equivalent BAN at DC Frequencies

At conducted emissions frequencies, however, the capacitors act as short circuits
and the inductors act to provide the desired, relatively high, loading impedance, which is
independent of the harness impedance. This isolates the measuring equipment from the

dc power source and prevents low frequency noise from affecting measurements.
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Figure 2-4: Equivalent BAN at Conducted Emissions Frequencies (250 kHz - 500 MHz)

According to the Daimler Chrysler BAN specifications this broadband isolator

has impedance characteristics shown in Table 2-1.

Frequency Range Minimum Magnitude of
Impedance (£2)
0.25 MHz - 0.50 MHz 50
0.50 MHz - 1.0 MHz 100
1.0 MHz - 2.0 MHz 200
2.0 MHz - 150 MHz 400
150 MHz - 500 MHz 100

Table 2-1: Impedance Specifications for Broadband Artificial Network

The measured impedance of the BAN coincides with the impedance specifications rather
well, as seen in Figure 2-5. The measured impedance dips to around 350 € between 65-
95 MHz. However, the measured impedance of the BAN is what is of true importance
for this research. The impedance curve of the BAN remains the same for each motor

tested. This allows for repeatable test results and makes the data easier to interpret.
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Measured BAN Impedance
T — — — BAN Impedance Specifications

1500 — /
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Figure 2-5: BAN Impedance Spectrum

With a known impedance spectrum it is possible to predict how well a linear model
will work. It is desired to model the conducted emissions of each motor over the
conducted emissions spectrum of 250 kHz-500 MHz. However, the voltage that is
measured is the actual source voltage if and only if the impedance of the BAN is large
compared to the source impedance. The source impedance of each motor is known, so
the frequency range that this linear model is effective over can be determined by
comparing the BAN impedance to the source impedance of each motor. Results for

several typical motors are presented below in Figures 2-6 — 2-9.
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Figure 2-6: Impedance Spectrum of the Actuator Motor Compared to BAN Impedance

Figure 2-6 shows that the measured actuator motor induce radio frequency voltage,
Vieas, €an be modeled as equal to V; over the frequency range 250 kHz-100 MHz and
200 MHz-300 MHz. In practice the measurement is not corrected for voltage division

between Zgan and Z,.
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Figure 2-7: Impedance Spectrum of the Blower Motor Compared to BAN Impedance

Figure 2-7 shows that the blower motor can be modeled similarly over the

frequency range 250 kHz-100 MHz and 200 MHz-300 MHz.
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Figure 2-8: Impedance Spectrum of the Blue Line Motor Compared to BAN Impedance

Figure 2-8 shows that the induced radio frequency voltage of the blue line motor

can be modeled without correction over the frequency range 4 MHz-200 MHz.
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Figure 2-9: Impedance Spectrum of the Green Line Motor Compared to BAN Impedance

Figure 2-9 shows that the green line motor transient induced voltage can be
modeled similarly over the frequency range 2 MHz-200 MHz.

Since the validity of the linear model falls in doubt for the four motor types over
certain frequency ranges it is useful to examine the data as measured as well as adjusted
to remove any frequency content that is in doubt. This is accomplished by taking the
Fourier transform of the measured data and then truncating the data at the appropriate

frequency. Taking the Fourier transform of this data returns the adjusted time domain



data. Figures 2-10 through 2-17 show the measured data compared to the adjusted data
with frequency content removed. In each case frequency is truncated at the upper limits,
but not the lower limits due to the negligible extent of the lower frequency range. The

data in these plots is obtained using the methods described in Chapter 3.
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Figure 2-10: Comparison of Measured and Adjusted Frequency Content for Actuator Motor
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Figure 2-11: Comparison of Measured and Adjusted Time Domain Content for Actuator Motor
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Figure 2-12: Comparison of Measured and Adjusted Frequency Content for Blower Motor
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Figure 2-13: Comparison of Measured and Adjusted Time Domain Content for Blower Motor

The actuator and blower motors both are truncated in the frequency domain at 100
MHz. In both cases some significant frequency content is removed. This is reflected in

the variations of the measured and adjusted time-domain plots.
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Figure 2-14: Comparison of Measured and Adjusted Frequency Content for Blue Line Motor
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Figure 2-15: Comparison of Measured and Adjusted Time Domain Content for Blue Line Motor
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Figure 2-16: Comparison of Measured and Adjusted Frequency Content for Green Line Motor
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Figure 2-17: Comparison of Measured and Adjusted Time Domain Content for Green Line Motor

The blue line and green line motors, however, are both truncated at 200 MHz and

no significant frequency content is removed. This also is reflected in the time domain

plots, as neither motor shows significant variation between measured and adjusted data.
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CHAPTER 3

MEASUREMENT OF MOTOR SWITCHING TRANSIENTS
3.1  Overview
This chapter discusses the measurement techniques used in this thesis. All measurements
were performed at the Daimler Chrysler Technical Center Electromagnetic Compatibility
Lab. First, a discussion of the method used to measure the impedance spectrums
presented in Chapter 2 is presented. Next, the test method for measuring conducted
emission transients is presented, and measured data is presented. Finally, a discussion of

repeatable measurements is presented.

3.2  Measuring Impedance

Impedance measurements are performed using the HP 4195A Network Analyzer. The
power for the HP 4195A is turned on and it is allowed to warm up for a period of 30
minutes. Minimum frequency is set to 250 kHz. Maximum Frequency is set to 500
MHz. All connections to the network analyzer are via a BNC connection on the
impedance measurement module. Calibrations are performed by individually connecting
a short-circuit termination, an open-circuit termination, and a 50 € load to the BNC
connector and performing a calibration sweep for each termination. The HP 4195A
computes the calibration coefficients and calibration is confirmed by measuring the
impedance of the 50 Q load across the entire frequency range. After the network
analyzer is calibrated the BAN is connected to the BNC termination and an impedance
sweep is performed across the entire frequency range. This data is saved to disk in LIF

format, which is readable only by a Hewlett Packard operating system. Measurements
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are similarly performed on each motor with no power applied to the motor. Daimler
Chrysler’s Electromagnetic Compatibility department provided software that converted
the data from LIF format to a tab delimitated ASCII format, which can easily be entered
into a spreadsheet. Plots of the impedance spectrums of the BAN and the motors are

found in Chapter 2: Figures 2-5 to 2-9.

3.3 Measuring Conducted Emission Transients

Conducted emission transients occur when a DC motor is switched off from a running
state. Thus, it is desirable to create a test procedure that measures the currents exiting the
wire hamess from a motor as it is switched off. However, it is also important that just the
conducted transient currents are measured, and that any other noise, such as that from the
DC power supply be excluded from such measurements. Furthermore, the emphasis on
conducted emission transients is placed on worst-case scenarios. That is, automobile
companies are only interested in the maximum transient currents generated by any given
motor, as these worst-case currents cause the greatest threat to produce interference in

other devices.

Switch

f\

Fuse

Oscilliscope

' |
I
| |
|
. , | —
Battery —— | —1~ |
- : BAN :
I |
! |

Figure 3-1: Conducted Emission Transient Test Setup
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Figure 3.1 shows the test setup used to measure conducted emission transients. The
entire test setup is arranged over a ground plane, which also serves as circuit ground. All
wires in the circuit are as short as possible. The switch in the figure is a handheld
pushbutton momentary contact switch that controls the relay. The pushbutton switch is
provided power from the same battery that powers the rest of the circuit, which is fully
charged to 12.7 V at the start of the testing. When the switch is activated, it energizes the
relay, completing the circuit and providing power to the motor. When the pushbutton
switch is depressed the circuit becomes incomplete and the motor loses power. When the
motor loses power it generates a conducted emission transient current.

The oscilloscope is adjusted so that when this transient occurs the scope will
trigger and capture the waveform. The circuit must be completed and broken several
times to properly adjust the triggering. Triggering can be set for “positive” or “negative”
triggering. Positive triggering triggers the oscilloscope only when the waveform slope is
positive, and negative triggering, likewise, only triggers the scope when the waveform
slope is negative. Two measurements are used for each motor state measurement, one
using positive triggering and the other using negative triggering. Data for the green wire
motor stalled state with forward bias measured with negative triggering was stored on a
damaged disk sector and will not be presented in this paper. After the triggering is
properly adjusted the circuit is again completed and broken numerous times and the user
observes the waveforms displayed on the scope. After observing the waveforms, the user
repeats the test several times until a representative worst-case transient can be recorded.

A fast rise time and a large peak-to-peak voltage should characterize this worst-case
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transient. Table 3-1 shows the measured rise time and peak-to-peak voltage for each

motor state measurement.

. S c e Peak-to-Peak
Data Set Motor Bias Triggering Rise Time Voltage
Act 19 Actuator Forward Positive 200 ps 31.6 Vp-p
Act 18 Actuator Forward Negative 400 ps 37.2Vpp
Act 21 Actuator Reverse Positive 200 ps 34.8 Vp-p
Act 20 Actuator Reverse Negative 6.6 ns 33.2Vp-p
Blow 23 Blower Forward Positive 800 ps 320V p-p
Blow 22 Blower Forward Negative 400 ps 31.6 Vp-p
Blue Line, -
Blue 00 Stalled Forward Positive 500 ps 440V p-p
Blue Line, .
Blue 01 Stalled Forward Negative 600 ps 428 Vp-p
Blue Line, -
Blue 05 Stalled Reverse Positive 300 ps 452V p-p
Blue Line, .
Blue 04 Stalled Reverse Negative 400 ps 452V p-p
Blue Line, -
Blue 07 Traveling Forward Positive 500 ps 42.8 Vp-p
Blue Line, .
Blue 06 Traveling Forward Negative 400 ps 444V p-p
Blue Line, -
Blue 03 Traveling Reverse Positive 500 ps 444V p-p
Blue Line, .
Blue 02 Traveling Reverse Negative 1.8 ns 46.0 V p-p
Green Line, -
Green 17 Stalled Forward Positive 42ns 440V p-p
Green Line, .
Green 16 Stalled Forward Negative 400 ps 45.6 Vp-p
Green Line, -
Green 13 Stalled Reverse Positive 400 ps 46.8 V p-p
Green Line, .
Green 12 Stalled Reverse Negative 2.8 ns 48.4V p-p
Green 15 Green I.:me, Forward Positive 24ns 540Vp-p
Traveling
Green 14 Green [Tmc, Forward Negative 1.7 ns 42.8 V p-p
Traveling
Green Line, -
Green 11 Traveling Reverse Positive 400 ps 48.8 V p-p
Green 10 Green L.mc‘ Reverse Negative 400 ps 452 Vp-p
Traveling

Table 3-1: Measured Rise Time and Peak-to-Peak Voltage for Each Motor State

Each motor is tested in each of its available states. The actuator motor was tested

with both forward and reverse bias. The blue line and green line motors, both position
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adjustment motors for rearview mirrors, have two states. The first state, where the motor
is moving the mirror adjustment plate is called the traveling state. The stalled state is
when the motor is running but the adjustment plate can go no further. These motors are
tested with both forward and reverse bias in both the traveling and stalled states. The
blower motor does not function with reverse bias. Thus, it is only tested in the forward
bias state. Figures 3-2 through 3-22 show the measured conducted emission transients

for each motor state.
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Figure 3-2: Conducted Emission Transient for Forward Biased Actuator Motor with Positive
Triggering (Act 19)
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Figure 3-3: Conducted Emission Transient for Forward Biased Actuator Motor with Negative
Triggering (Act 18)
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Figure 3-4: Conducted Emission Transient for Reverse Biased Actuator Motor with Positive
Triggering (Act 21)
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Figure 3-5: Conducted Emission Transient for Reverse Biased Actuator Motor with Negative
Triggering (Act 20)
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Figure 3-6: Conducted Emission Transient for Forward Biased Blower Motor with Positive
Triggering (Blow 23)
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Figure 3-7: Conducted Emission Transient for Forward Biased Blower Motor with Negative
Triggering (Blow 22)
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Figure 3-8: Conducted Emission Transient for Forward Biased, Stalled, Blue Line Motor with
Positive Triggering (Blue 00)
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Figure 3-9: Conducted Emission Transient for Forward Biased, Stalled, Blue Line Motor with
Negative Triggering (Blue 01)
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Figure 3-10: Conducted Emission Transient for Reverse Biased, Stalled, Blue Line Motor with

Positive Triggering (Blue 05)
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Figure 3-11: Conducted Emission Transient for Reverse Biased, Stalled, Blue Line Motor with

Negative Triggering (Blue 04)
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Figure 3-12: Conducted Emission Transient for Forward Biased, Traveling, Blue Line Motor with
Positive Triggering (Blue 07)
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Figure 3-13: Conducted Emission Transient for Forward Biased, Traveling, Blue Line Motor with

Negative Triggering (Blue 06)
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Figure 3-14: Conducted Emission Transient for Reverse Biased, Traveling, Blue Line Motor with
Positive Triggering (Blue 03)
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Figure 3-15: Conducted Emission Transient for Reverse Biased, Traveling, Blue Line Motor with
Negative Triggering (Blue 02)
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Figure 3-16: Conducted Emission Transient for Forward Biased, Stalled, Green Line Motor with
Negative Triggering (Green 16)
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Figure 3-17: Conducted Emission Transient for Reverse Biased, Stalled, Green Line Motor with
Positive Triggering (Green 13)
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Figure 3-18: Conducted Emission Transient for Reverse Biased, Stalled, Green Line Motor with

Negative Triggering (Green 12)
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Figure 3-19: Conducted Emission Transient for Forward Biased, Traveling, Green Line Motor with
Positive Triggering (Green 15)
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Figure 3-20: Conducted Emission Transient for Forward Biased, Traveling, Green Line Motor with
Negative Triggering (Green 14)
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Figure 3-21: Conducted Emission Transient for Reverse Biased, Traveling, Green Line Motor with

Positive Triggering (Green 11)
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Figure 3-22: Conducted Emission Transient for Reverse Biased, Traveling, Green Line Motor with
Negative Triggering (Green 10)

3.4  Interpretation

Chapter 4 discusses the modeling of the conducted emission waveforms that are
measured in the previous section. These models accurately reflect the natural modes of
each motor. However, before moving on to modeling the motor transients it is important
to examine the data. The frequency content of these measurements is of particular

interest. By taking the Fourier transform of each measured waveform, the frequency
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content is observed. The following figures 3-23 to 3-26 show the frequency content of

each motor. For each motor, all of the measured states are plotted on the same figure.
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Figure 3-23: Frequency Content of the Actuator Motor
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Figure 3-24: Frequency Content of the Blower Motor
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Figure 3-25: Frequency Content of the Blue Line Motor

51






Amplitude

4e-007 —

3.5€-007 —

3e-007 —

2.5e-007 —

2e-007 —

1.5e-007 —

1e-007 —

5¢-008 — §

Green Line Motor
Green

e Green
————————— Green

---—--—--— Green

10
11
12
13
14
15
16

0.05 0.15
0.1

0.35 0.45
0.4

Frequency (GHz)

Figure 3-26: Frequency Content of the Green Line Motor
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Figure 3-23 shows that the triggering method used for measurements does not affect the
frequency content of the motor. However, the actuator motor has different frequency

behavior for forward and reverse biasing. Figures 3-24 through 3-26, on the other hand
display similar frequency content for all motor states. Whether the motors are traveling
or stalled, forward or reverse biased, the frequency content remains the same. With this
in mind, modeling in Chapter 4 is done for only one representative motor state for each

motor type.
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CHAPTER 4
TRANSIENT ELECTRICAL MOTOR MODELS
4.1  Overview
This chapter discusses the modeling of transient electrical motors. It begins with a
theoretical discussion of motor modeling [4,5]. A discussion of accomplishing this
model using a computer program follows. Data is presented for transient motor models
generated using the previous theory and computer program. Finally, the modeled data is

discussed and compared to the measured data.

4.2  Derivation of the E-Pulse Method
It is assumed that the motor switching voltage transient can be represented as a finite sum

of damped sinusoids.

N
m(t)=Y a,e’ cos(w,t+¢,), T, <t<T, @4.1)

n=1

where s, =0, + jw, is the natural frequency of the nth mode, a, and ¢, are the
amplitude and phase of the nth mode, respectively, T, is the beginning of the late time
period, and 7;, is the end of the measurement window. N is the number of natural modes

and is chosen by inspecting the measured frequency content of each motor. Examining
the frequency spectrum of the actuator motor voltage, as seen in Figure 4-1, it can be
observed that this motor has five natural frequencies, which are represented by the five

major peaks with arrows pointing to them.
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Figure 4-1: Natural Modes for the Actuator Motor

There exists a waveform function that yields a zero result when convolved with

the motor switching transient, m(t). This waveform function is known as an extinction

pulse, or E-pulse. Thus, an E-pulse, e(t) is defined as a waveform of finite duration, 7,

that satisfies
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T,
=[e(tym(t-1)ar @.2)
0
i oI
=Y a,e™ |:A,, cos(w,?)+B, sin(a),,t):], t>T, +T,
n=1
where
Al % or[coswt|
Ny { e(t)e™ § o dr’. 4.3)

It is desirable that the E-pulse convolved with the motor switching transient yield

a zero result. Thus

c(t)=e(t)*m(r)=0, t>T, +T, 4.4)

requires

A =B, =0, 1Sn<N 4.5)

This convolution waveform can also be written in the form

c(t)=gan

E(s,) e’ cos(w,t+v,), t>T, +T, (4.6)
where

T,

e

E(sn)zL{e(t)}:fe(,)e—«\,.:dt, n=12,..,N 4.7
0
is the Laplace transform of the E-pulse waveform, and
E
=¢,+tan”| ——= 4.8
Y, =9, +tan [ E. ] 4.8)
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where

E,=Im{E(s,)} E, =Re{E(s,)} 4.9)

Since ¢(t)=0 for t>T, +T,,

E,=E_ =0 1<n<N 4.10)
which also requires
E(s,)=E(s;)=0 1Sn<N (4.11)

Now, e(t) is broken into two components,

e(r)=e’ (1)+e (1), 4.12)

where e’ (1) is a forcing component that excites a waveform, and e° (1) is an extinction
component that extinguishes the response due to e’ (t) . The forcing component is user

defined, while the extinction component is determined by expanding e° (t) into a set of

basis functions

M
e (1)= 2,1, (7) 4.13)
m=1
Thus, equation (4.12) becomes
M
e(t)=¢ (1)+ Y a,f, (1) (4.14)
m=1

where M = 2N and {f, (1)} are defined as unit pulse basis functions with unknown

durations, and {c,, } are the unknown amplitudes of the basis functions.

57



The solution of the basis function pulse widths and amplitudes is solved using the
program EP.FOR, written by Dr. Ed Rothwell, Dr. Ponniah Ilavarasan, and Dr. John E.

Ross HI. This program defines the total width of the e-pulse as7, , and the number of

basis functions as 2N + 1 (the forcing function plus 2N extinction components). The
program iteratively steps through a series of E-pulse widths and the basis function
amplitudes are computed at each iteration. Substituting equation (4.14) into equation

(4.4) yields

c(t)=[ef (t)+gamfm (t)}km(t)=0, t>T, +T,. (4.15)

This equation is solved in the program, forcing c(t) =0at chosen time points. It must be
noted thatc(t) is forced to equal zero only at these matching points and it is very

possible that c(¢)# 0 at points in between the matching points. Thus the program

generates unique values for ¢, for each iteration of 7, .

Now that the extinction pulse is known, it must be used to reconstruct the
measured waveform. The first step for this reconstruction is determining the natural
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