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Abstract

In modern power eectronics systems there is a growing trend to replace discrete
devices with integrated power eectronic modules (IPEMs). In this way, severd
components can be replaced by a single component. By using prefabricated building
blocks, the engineer amplifies the design process, reducing the tota design cycle time
and cost. By integrating only the necessary components to provide power switching, the
end user has a pre-optimized building block with the flexibility to be used in a large
variety of gpplications.

Besdes smplifying the design process, power modules should be designed in such a
way as to improve the performance of the power converter. This begs the question as to
how best to judge if one IPEM has better performance than another or better performance
than its discrete counterpart.  In andyzing a converter’s performance, popular criteria
include efficiency, power dengsty, device dresses, ad EMI.  All of these criteria are
srongly linked to the switching characteristics of the IPEM’ s power devices.

This thess is a comprehensve dudy of the requirements for obtaning and andyzing
the switching characteritics of the IPEM’s power devices. It outlines the important
switching characteristics and the implications of each characterigic on converter
performance. It deds with the rdevant measurement issues, specificdly addressing the
minimum requirements, which sensors are mod suitable, and problems leading to
inaccurate data. A parametric sudy is conducted to determine the effects of severd
circuit and operating parameters on the switching characterigtics  Using the resulting
data and the knowledge from the measurement study, we can decide how to design the
testbed layout, what operating conditions should be chosen for testing, and what effects
of the tester must be decoupled to truly see the effects of IPEM design. The thess
concludes with the design of standard test equipment and procedures.
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Chapter 1 - Introduction and Background

1.1 Motivation for the use of IPEMs

In modern power eectronics systems there is a growing trend to replace discrete
devices with integrated power dectronic modules (IPEMs) [1,2]. In this way, severd
components can be replaced by a single component. By using prefabricated building
blocks, the engineer amplifies the design process, reducing the tota design cycle time
and cost [1]. Besdes smplifying the design process, power modules should be designed
in such a way as to improve the performance of the power converter. For ingtance, the
IPEM may be dedgned to minimize paastic inductances and common-mode
capacitances [3]. To this end, severa packaging and interconnect technologies such as
power overlay [4], embedded power [5] and flip-chip on flex [6] have been developed.
These smple changes can decrease device voltage stresses, increase converter efficiency,
and improve the EMI performance [1-3]. Other necessary features for the power device
operation, such as the gate driver, can dso be integrated into the module to further
enhance performance. By integrating only the necessary components to provide power
switching, the end user has a pre-optimized building block with the flexibility to be used
inalarge variety of gpplications.

1.2 Evaluation of Power Modules and Devices

If the continued evolution of power eectronics, as experts believe, depends on the
devdopment of integrated modules, then industry must be given incentive to invest in
IPEM technology. The high cods and low yidds typicaly associated with new ventures
don't provide much incentive. This means tha the investor must have great fath or they
must see the improvement in performance.  This begs the question as to how best to
judge if one IPEM has better performance than another or better performance than its
discrete counterpart.

In andyzing a converter's performance, popular criteria include efficiency, power
dengty, device stresses, and EMI [1]. One of the greatest contributors to the decrease in



a high frequency converter’s efficiency is the switching energy loss of the power devices.

Power dengty is limited by the maximum switching frequency of the power devices,
which is limited by the minimum switching times and the switching losses of the devices
[7]. Device dresses include voltage and current overshoots, which occur during the
switching trandtions due to circuit and power device paragitics in the presence of the high
raes of current and voltage change [8-11]. The dv/dt's and di/dt’'s aso create
dectromagnetic fidds that interfere with the operaion of the surrounding dectronics [12-
14). Although IPEMs may become new “integrated devices’, the switching
characterigtics of its power devices dominate the performance of a converter.

Whenever a new discrete power device technology is introduced, one of the primary
focuses will be the improvement in the switching characterigics For example, the newly
developed CoolMOS trandstor and SIC Schottky diode combination are exclamed for
ther usefulness in high frequency PFC gpplications due to reduced losses, switching
times and voltage dress [15,16]. Due to the power devices intimate relationship with the
converter performance, and therefore the vaue of the module, it seems only naturd that
the switching characteristics of the modul€'s devices should be an integrd pat of the

evaluation process.

1.3 Standardizing the Test Equipment and Procedures

Power module datasheets will typicaly indicate switching delay times and the drain-
source (MOSFET) or collector-emitter (IGBT, BJT) voltage rise and fal times for a
module's power devices [17]. When power devices are tested, the typicd setup includes
the device-under-test, a gate-drive, and a resdtive load in series with the device output
[17]. They will dso provide some basic operating parameters such as gate resistance,
gate voltage, voltage across the output of the device, and the current switched.

Severd potentid problems exist with the current gpproach. The amount of switching
characteridtics information may not be enough for the end user to know if a particular
module is suitable for ther gpplication. It is well known and documented that switching
losses are rdated to current rise and fdl times, not just the voltage rise and fdl times
typicdly given in datasheets [7]. Switching energy loss is an important parameter in



determining maximum switching frequency and power dendty. Voltage and current
dresses, which have implications on converter long-term rdiability, are related to di/dt
and dv/dt switching rates [8-11]. The aforementioned characteristics are a few of the
device characterigtics that are needed to demonstrate a modul€' s performance.

In a typicd converter, the power device is switching an inductive load current, which
days nearly condant over a switching cycle. The resstive load setup used to obtain the
switching times in many datasheets does not emulate converter operation. To obtan
useful data, testing of the power device should be done with amilar operating conditions
as the gpplication circuit. A popular and widely accepted test circuit that better mimics
converter operation uses a clamped inductive load rather than aresistor [8,18,19].

As the power dectronics community continues to drive for increased power dengty
and fagter transient response, there is a growing need to increase switching frequency [1].
However, as the switching frequency increases, the adverse effects of circuit and module
layout parasitics on the switching characteristics become more pronounced [8-13]. In
light of this fact, a person testing a power device may find it very difficult to duplicate
datasheet vdues. Also note that decreasing switching times usudly implies smdler gate
resstance. With esting now usng gate resstances as low as 2 W, the output impedance
of the gate drive becomes an important issue, since it is the combination of these
impedances that determines the total driver circuit impedance. As switching speeds are
increased, it may become important to provide circuit parameters such as the parastic
inductances and gate drive characterigtics in addition to the device output voltage and
current, gate resistor, gate voltage, and temperature.

To farly andyze a modules performance and make comparisons amongst designs, it
is imperative to use dandard test equipment and test procedures.  The switching
characteristics measured will be sendtive to the dectrica layout of both the IPEM and
the test circuit. The characteristics may be sendtive to gae drive parameters and the
operating current, voltage and temperature.  The test equipment should be designed to be
sengtive to changes in the module design, and the operating conditions should be chosen
to be smilar to those of hie module's applications. Since the IPEMs are intended to be
flexible building blocks, they may be used over a wide range of voltages, currents, and

temperatures.  For characteridics that are sendtive to changes in these operating



conditions, it may be necessaxy to sweep over a range of vaues to adequatdy

characterize the module.

1.4 Thesis Objectives

The origind objective of the project that led to this thesis was to build a Smple tester
to obtain the switching characteridics of the power devices of the IPEM shown below in
Figure 1.1. The task turned out to be far from smple. Initid measurements showed
unexpected characterigtics in the switching waveforms.  Continued measurements and
initid sgmulations reveded that the switching characteristics were sendtive to severd
circuit layout, component and operating condition parameters.  As such, the switching
characterigtics tester cannot be designed arbitrarily. Furthermore, it was determined with
the ad of amulaion that a number of measurement issues needed to be solved in order to

collect accurate and consstent switching characteristics data

e
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Figure 1.1. Schematic of the Gen. Il IPEM developed at CPES Virginia Tech.

Hence, the main objective of this work is to evaduate the influence of the circuit and
operating parameters that are externd to the power device, on ther switching
characteridics, and to experimentdly quantify the mogt dgnificant rdaionships  This
thes's specificdly focuses on meeting the following gods:

1) Deemine the measurement requirements for obtaning accurate switching
characteristics data.

2) Determine the relaionships between critica circuit and operating parameters and
the switching characteridtics.



3) Explore the requirements for modding the test circuit for accurae smulation of

the switching characteridtics.

4) Propose a design for a switching characteristics tester as a standard tool for

characterizing power devices and IPEMs.

Although it was atempted to make the discussons and conclusons as generic as
possible, the study was restricted on the MOS-gated devices for low- to medium-power
goplications, specificdly on the switching characteristics of power MOSFETs with
breakdown voltages in the 400-600 V range and current ratingsin the 5-50 A range."

1.5 Switching Characteristics
Collection of the switching characteristics for a power MOSFET is accomplished

through measurements of the gate-source voltage (Vg), drain-source voltage (Vas), and
the drain current (). See Figure 1.2 bdow. While this example and the waveforms
illustrated in sections 1.5.1 and 1.5.2 are for a power MOSFET, the definitions for the
switching characteristics are genera in that they can dso be directly gpplied to IGBTs
and other switching devices. Also note that this section does not intend to explain the
generd operation of a switching device. Thorough explanations of the generd operation
of power MOSFETs and IGBTSs can be found in [7,8,11,17,18]. This section will instead
define the switching characteristics measured and explain ther key implications on a
converter.

u
[ = j

Figure 1.2. Clamped Inductive Load Test Circuit.



15.1 Turn-on Characteristics
Figure 1.3 shows the gate-source voltage, drain-source voltage and drain current
waveforms for the turn-on trandtion. Each of the characterigtics of interest are labded in

the figure and described in the following sections.
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Figure 1.3. Turn-on Switching Characterigtics.

1) Turn-on Time (ton)

The turn-on time is the time from when the gate voltage (V) rises to 10% of the
nomind gate voltage to when the drain voltage (V4s) reaches saturation. This parameter
indicates how fast the device can be turned on, which will be a limiting factor for the

maximum alowable switching frequency.

2) Current Turn-on Delay Time (taonyi)
The current turn-on delay time is the time from when the gate voltage rises to 10% of
the nomind gate voltage to when the drain current rises to 10% of its nomind vaue



This parameter indicates how fast the device reacts to being turned on, and is one of the
contributing factors to the totd turn-on time  As such, this dday time will limit the
maximum switching frequency. Also note that a long turnon dday time can lead to
ggnificant pulse-width digortion and phase lag (example of pulse-width digtortion and

phase lag is given in Appendix A).

3) Current Rise Time (t;)

The current rise time is the time it takes for the drain current to rise from 10% to 90%
of the nomina current. This parameter indicates how quickly the drain current can
gpproach the load current. It is one of the contributing factors to the tota turn-on time
and switching energy and will patidly determine the maximum possble switching
frequency.

4) Voltage Fal Time (trv)

The voltage fdl time is the time it takes for the drain voltage to drop from 90% to
10% of its nomind vadue. This parameter indicates how quickly the drain voltage can
gpproach saturation. It is one of the contributing factors to the totd turn-on time and
svitching energy and  will patidly delemine the maximum possble switching
frequency.

5) Turrn-on Switching Current Gradient

The turn-on switching current gradient, or di/dt(on), is the dope of the drain current
during its risng edge, measured & 50% of the nomind current. This di/dt indicates
current switching speed and contributes to paragitic ringing and EMI.

6) Turn-on Switching Voltage Gradient

The turn-on switching voltage gradient, or dv/dt(on), is the dope of the drain voltage
during its faling edge, meassured a 50% of the nomind dran voltage  This dv/dt
indicates voltage switching speed and contributes to parasitic ringing and EMI.



7) Current Overshoot (log)

Current overshoot is the amount of current by which the drain current pesk vaue
exceeds the nomind value. This paameter is the current dress and can affect the
reliability of the power device. It can dso contribute significantly to the turn-on energy.

8) Turn-on Energy (Eon)

The turn-on energy loss is defined as the integrd of the ingtantaneous product of the
drain current and the drain voltage during the turn-on time. Ey is one part of the totd
switching losses and is typicdly one of the largest sources of loss in a high frequency

converter.

1.5.2 Turn-off Characteristics

Figure 1.4 shows the gate voltage, drain voltage and drain current waveforms for the
turn-off trandtion. Each of the characteridtics of interest are labeled in the figure and
described in the following sections.
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Figure 1.4. Turn-off Switching Characteridtics.



1) Turn-off Time (torF)

The turn-off time is the time from when the gate voltage drops to 90% of the nomina
gate voltage to when the drain current (l4) reaches zero. This parameter indicates how
fas the device can be turned off, which will be a limiting factor for the maximum
dlowable switching frequency.

2) Current Turn-off Delay Time (tyorr))

The current turn-off dday time is the time from when the gate voltage drops to 90% of
the nomina gate voltage to when the drain current drops to 90% of its nomina vaue.
This parameter indicates how fast the device reacts to being turned off, and is one of the
contributing factors to the totd turn-off time  As such, this dday time will limit the

maximum switching frequency and increase the pulse-width digtortion.

3) Current Fal Time (t))

The current fdl time is the time it takes for the drain current to fal from 90% to 10%
of the nomind current. This parameter indicates how quickly the drain current can
aoproach zero. It is one of the contributing factors to the tota turn-off time and
svitching energy and  will patidly delemine the maximum possble switching

frequency.

4) Voltage Rise Time (tv)

The voltage rise time is the time it takes for the drain voltage to rise from 10% to 90%
of its nomind vaue This paameter indicates how quickly the drain voltage can
goproach the bus voltage. It is one of the contributing factors to the tota turn-off time
and switching energy and will patidly deermine the maximum possble switching
frequency.

5) Turn-off Switching Current Gradient

The turn-off switching current gradient, or di/dt(off), is the dope of the drain current
during its fdling edge, measured & 50% of the nomind current. This di/dt indicates
current switching speed and contributes to paragitic ringing and EMI.



6) Turn-off Switching Voltage Gradient

The turn-off switching voltage gradient, or dv/dt(off), is the dope of the drain voltage
during its riang edge, measured a 50% of the nomind drain voltage. This dv/dt
indicates voltage switching speed and contributes to parasitic ringing and EMI.

7) Voltage Overshoot (Vog)

Voltage overshoot is the amount of voltage by which the drain voltage pesk vaue
exceeds the nomina vadue. This parameter is the voltage dress and can affect the
religbility of the power device. Vos ds0 gives an indication of how well the layout and
chosen switching speed match. A criticaly damped voltage trandent yidds a good

compromise between switching losses and EMI content.

8) Turn-on Energy (Eorr)

The turn-off energy loss is defined as the integra of the ingantaneous product of the
drain current and the drain voltage during the turn-off time. Eer is one part of the total
switching losses and is typicdly one of the largest sources of loss in a high frequency

converter.

1.6 Thesis Outline and Accomplishments
The remainder of this theds is dedicated to exploring the essentid necessities for
accurately obtaining the switching characteristics of power modules and devices. The
firss waveforms ceptured a the outset of this thess work were discovered to have
congderable error. It was found hat making measurements of switching waveforms is a
non-trivia  task. Chapter 2 demondrates the important measurement equipment
gpecifications that must be satisfied to gain accurate voltage and current waveforms and
daa. This chapter dso deds with some of the difficult measurement related problems
that were overcome.
Chapter 3 gives the experimentd setup for a parametric study that explores how and
why severd circuit parameters affect the switching characteristics. It provides the
necessary circuit layout and component choice consderations. This chapter dso gives

10



the modding techniques that were applied. A smulation example is demondrated, and
further results are given in Appendix D. Mogt of the waveforms and data trends are very
amilar to the measured results, vaidating the success of the modding efforts.

Chapter 4 provides and andyzes the switching waveforms and characteristics under
the various conditions tested for the parametric sudy. A quditative sengtivity andyss is
peformed that directly compares the rdative effects of the varied paameters.  The
results of the parametric sudy and sengtivity andyss can be used to edablish the
relationship between severd of the critical circuit and operating parameters and the
switching characteristics.  The results are also used to decide how the tester should be
desgned and what operating conditions and information should be applied for the
cregtion of the switching characteristics datashests.

Chapter 5 takes wha is learned from the previous chapters in order to design a
switching charecterisics tester.  General desgn congderations and guiddines ae
developed. This chepter specificdly addresses the circuit layout condderations,
measurement  equipment  pecifications, and chosen operating conditions for the find
teter. The last chapter will conclude and summarize the work presented and make
suggestions for future work.

11



Chapter 2 —Important Issuesin M easur ement

2.1 Overview of general needs and limitations

By ther nature, power switches have high current and voltage rates of change and
radicte large eectromagnetic fiedds. These phenomena make the gathering of accurate
measurements of a power devices switching characteristics a difficult chdlenge  The
waveform one see at the oscilloscope is not the same as the waveform at the tip of the
probe, and it is certainly not the same as the dectricd sgnd of the circuit under tedt.
Under certain conditions (i.e. very fagt switching), it may even become impossble to
trus the measurement. The next several sections will describe some of the issues
involved in acquiring accurate data and andyzing the limitations of the measurement
equipment. The next two sections discuss how to determine the necessary bandwidth for
a measurement and how to caculate the effective bandwidth of a measurement system.
One section talks about the eimination of ground loops and how to improve voltage
measurements by minimizing the probe tip-to-ground loop inductance. Two of the

sections describe specific problemsin measuring voltage and current waveforms.

2.2 Signal Equivalent Frequency

When measuring square-wave dgnds such as the switching waveforms of a power
device, it is important to understand that the equivaent frequency of the sgnd measured
is much grester than the switching frequency. A squarewave is made of an infinite
Fourier series, as demongrated in Equation 2.1 and Figure 2.1 below. The shape of the
riang and fdling edges of the waveforms is highly dependent on the higher order
harmonics. To obtain an accurate representation of the shape of the sgnds during the
switching intervas, the measurement equipment must be able to measure these higher
frequency components.

4A
Y

a

f(t)=A+ q

2.1)

4 1 1
gs'n(wot) + 28N 3wgt) + Zn( Sigt) +..
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Figure 2.1. A square-wave condsts of many harmonics.

Since bandwidth specifications are based on dnusoidd excitations, a Sne-wave with
the same dope and magnitude as the square-wave's edges can be used to approximate the
sgnd’s equivaent frequency. Referring to Figure 2.2, note that the sne-wave has a very
amilar shape as the risng edge of the square-wave sgnd. The measurement equipment
must have a bandwidth much greater than the frequency of this sne sgnd to accurady
represent the sgndl.

10 s 7 7

) : : :
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Figure 2.2. Using asne-wave to determine arising edge s equivaent frequency.
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The frequency of the Sne-wave signd can be approximated by the following equation:

f == (2.2)

where t; is the 10% to 90% rise time of the squarewave sgnd.  The derivaion of
Equation 2.2 is based on the dope and magnitude of the square-wave sgnd and is given
in more detall in Appendix B.

2.3 Measurement System Bandwidth

A measurement system is made up of a probe and the oscilloscope. By connecting the
probe to the oscilloscope, two frequency-dependent components are cascaded. The
sysem bandwidth is not the same as that of the probe or oscilloscope done.  To
determine if a given sysem will provide an adequate measurement, the cdculation of

Equation 2.3 below can be used to gpproximate the system bandwidth.

BW,, = (2.3)

\| BW,

0sc probe

The bandwidth of the system gives the limitation of the measurement to accurately
represent the magnitude and phase of the dectricd sgnd. Remember that a the
bandwidth frequency, the measurement magnitude is aout 70% of the red sgnd
magnitude.  For the magnitude congderation, the sysem bandwidth should be three to
five times higher than the maximum equivdent frequency of the sgnd messured to
provide an accurate representation [20]. For measurements of time intervals (such as
measuring the time delay between sgnals), it important to understand that there is aready
a 45° phaese Sift a the probe bandwidth. For the phase consderation, the system
bandwidth should be higher than ten times the highest equivdent frequency of the
measured sgnd [20].
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2.4 Grounding

The negative termina of every probe input to the oscilloscope is common and tied to
eath ground. The measurements of gate voltage, drain voltage, and drain current do
have a common ground point, but the probes cannot physcdly lie directly on top of each
other. So, there will be smdl ground loops. The impedances letween these grounds in
the presence of the large current rates of change will cause circulaing energy to oscillate

in the probe ground paths [20, 21]. It is imperative that these loops be made as small as
possible.

2.4.1 Capacitively Coupled Ground Loops

Another condraint to the system is that no other earth ground points should appear in
the circuit. The DC bus voltage source will use long wires to connect to the testbed,
which will be a high impedance connection. Its output terminds should be differentid
and have low capacitance to the earth ground. Unfortunately, many supplies use copper
fail for the windings of its isolation trandformer, which will create a sgnificant capacitive
coupling to the earth ground. The result will be a capacitively coupled ground loop as
shown in Figure 23. The paradtic inductance and capecitance of this loop causes

commortmode ringing in the current measurement, 1y (refer to Figure 2.4).

[T 4
M%YTF

Figure 2.3. Capacitively coupled ground loop.

|||—|
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mode choke included.

Math3 250mv 5.00Ms
Figure 2.4. Current measurement without the common-mode choke.

M 1.008 hY 11V
D 5.00us Runs After

commonrtmode ringing frequency can be employed as in Figure 25 [22].

1

Figure 2.5. Decoupling of the ground loop using a commonmode choke.

2

To dleviate this problem, a commorrmode choke with high impedance a the
Figure 2.6
shows the measured impedance of the used choke. Note that this measurement was
actudly made across only one of the windings, so that the actud impedance is redly
twice that of the measurement shown. Because this impedance is 0 high a the common
mode sSgnd frequency, essentidly no current will flow through the capecitance to
ground, and the loop is broken. Figure 2.7 shows the current waveform with commont
Note that the 205 kHz common-mode ringing has been
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Figure 2.7. Current measurement with the common-mode choke.
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2.4.2 Tip-to-Ground Loop Inductance

Another important parameter is the voltage probe tip-to-ground loop inductance.
Figure 2.8 shows the equivdent model of a typical voltage probe. Probe ground leads are
inductors in series with the measurement. In the presence of high dv/dt's and large
electromagnetic fields, this wire will create errors in the voltage measurement.  To reduce
the measurement errors, a probe-tip adaptor, demonstrated in Figure 2.9, can be used to
reduce the tip-to-ground loop inductance [20]. Figure 2.10 shows the dran voltage
measurement made with probes usng a typicd ground lead and using the probe-tip
adaptor.

O ¢

Ground Lead Inductance 10pF —— % 10 MW

Figure 2.9. Reduced tip- to— ground loop using a probe-tip adaptor.
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Figure 2.10. Vg measurement using typica ground lead vs using probe-tip adaptor.

2.5 Voltage M easurement

The two voltage messurements that ae necessaty for device switching
characterization are the gate voltage and drain voltage of the device-under-test (Vg and
Vs In Figure 1.2). Some of the voltages measured will be in excess of 400 V. Three
types of probes avalable for this high voltage measurement are differentid probes,
voltage divider probes and 10X attenuation passive probes [20].

2.5.1 Differential Probes

Differentid probes have the advantage that the measurement is not referenced to earth
ground, dleviating the worry about smadl ground loops between probes. However, high
voltage differentid probes are typicdly limited in bandwidth to around 100 MHz due
primarily to its differentid amplifier's dew rate [20]. In addition, the leads used to make
the connection to the DUT are typicdly longer than those of a angle-ended probe. The
effect of thisinductance can become sgnificant for the fast trangents measured.
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2.5.2 Voltage Divider Probes

Voltage divider probes are often used where high bandwidth (even severa gigahertz)
is a necessty.  Unfortunately, the oscilloscope used will limit the measurement system
bandwidth, and its advantages cannot be fully redized. In addition, voltage divider
probes often have rdativey high resdive loading [20]. This loading can cause
ggnificant amplitude erors when measuring voltage across high impedance such as the

drain-source voltage when the switch is off.

2.5.3 Single-ended 10X Passive Probes

The dgnge-ended passve probes have dgnificantly higher bandwidth than the
differentia probe. In addition, the single-ended probe can utilize probe-tip adaptors,
greatly reducing the measurement loop parastic inductance compared to the differentia
probe. Also, the 10X probe will have much lower resdive loading than the voltage
divider probe. For these reasons, a passve probe was chosen for the voltage
measurements in this thess. Mogt oscilloscope manufecturers specify certain probes for
specific scopes and specify the measurement bandwidth as a system bandwidth [20]. If
the probe used is not one that is matched to the oscilloscope, the systemm bandwidth
should be cdculated as given in Equation 2.3 above. The ostilloscope/probe combination
used in this thess was the Tektronix TDS744A oscilloscope with the P6139 passve
probe, which provides a system bandwidth of 500 MHz.

2.6 Current Measurement

Severd different current measurement techniques exis, each with their own
advantages and  disadvantages. The tools most widdy wused for oscilloscope
measurements are current trandformers, Rogowski  coils, surface mount resigtors, and
coaxid shunts [23-26]. It is among these tools that we should choose to measure the
switch current and inductor current (Ig and I in Figure 1.2). Note that Hal-effect sensors
are not congdered for the current measurement. In the initial search for current sensors,
it was observed that Hall-effect probes were generdly limited in bandwidth to far less
than the necessary bandwidth needed.
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For the switch current measurement, the sensor must be able to accurately follow rise
times less than 10 ns. This dictates that the bandwidth must be greater than 250 MHz to
accurately represent the phase of the risng and faling edges.  The current amplitude
could be as low as 5 A and as high as 50 A. The measurement device must be senstive
enough to represent smdl currents in te presence of large noise sources, and it must not
saturate a the high current end. In addition, the sensor should not cregte large insertion
impedances into the test circuit. Because the current transducer for the switch current
measurement will share a common point with the voltage messurements, it is not
necessary to have gavanic isolation.

The inductor current frequency will dways be less than 1 MHz, s0 the bandwidth
should be greater than 10 MHz. The amplitude will be the same as the switch current,
and has the same condraints. Because the inductor current transducer will not share a
common point with the voltage measurement, it must have gavanic isolation from the
test circuit.

2.6.1 Rogowski Coils

Rogowski coils have bandwidth and accuracy limitations that make them less rdiable
for the trangent current measurement. The upper bandwidth limit is set according to the
sdf-inductance and capacitance of the coil and the dew rate of the integrator, and it is
typicdly less than 1 MHz [23]. Rogowski coils do exis that can measure higher
frequencies (ner 100 MHZz), but not that can sSmultaneoudy measure the lower
frequency components of current. For this reason, a Rogowski coil should not be used
for measuring the switch current.  For the coils avalable, the accuracy may vary by
severd percent depending on the postion of the current-carrying conductor in the coil’s

loop. So, the Rogowski coil isaso not used for the inductor current measurement.

2.6.2 Current Transformers

Current trandormers (CT) have bandwidth limitations dmilar to those of the
Rogowski coils. The CT cannot messure DC current and its high frequency cutoff will
be limited by interna resonances [25]. A CT will not be used for the switch current

measurement.  However, a current transformer, Pearson Electronics modd 411, is used
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for the inductor current measurement. This CT has a bandwidth from 1 Hz to 20 MHz
and does not suffer from the accuracy discrepancies like the Rogowski coil [24]. In
addition, it provides the necessxy gdvanic isolation for the inductor current
measurement.

2.6.3 Surface Mount Resistors

Usng an ided resdor, the bandwidth would be limited only by the voltage probe
used. However, dl resstors have a certan amount of series inductance. The voltage
measured will have a very different shgpe from the current flowing through the resigtor.
Figure 2.11 shows a smulated pulse current measurement, where the voltage is measured
across the resstor done and where it is measured across the resistor and its parasitic
inductance. Note that the series inductance gives the fase impressons of a fagter rise
time and higher current overshoot. Even very smal vaues of inductance can have a large
impact on the measurement in the presence of fast rise times. Many surface mount

resstorsin pardld would be required to reduce this effect.
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Figure 2.11. Actud current versus current measured with R=10mw, L=100pH.
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In an effort to reduce the paradtics of the test circuit, it is necessary to place the
ressor very near to the switching devices The fidds generated as a result of the
switching action will induce errors in the voltage read from the resstor. Large vaues of
resstance could be used to incresse Sgnd to noise rétio, but then the insertion impedance
islarge.

To andyze the ability of the measurement system to fathfully represent the current,
the measurement bandwidth should be gpecified.  This information is not readily
avaladdle for suface mount resstors. For the many reasons listed, surface mount

resstors are not used for the switch current measurement.

2.6.4 Coaxial Shunts

Coaxid shunts have many advantages over surface mount resstors. Refer to Fgure
2.12, which shows the dructure of a typicd coaxia shunt. The current flowing in the
shunt should not produce sgnificant levels of magnetic flux in the region where the sense
wires are placed. Therefore, the sense wires are not inductively coupled to the shunt
current, and the output voltage does not contain any inductive component [26]. The outer
shel provides shidding from the externd fidds generated by the switching action.
Protection from the externd noise sources and the interna fidds of the current traveing
through the resdive dements should yidd an accurate measurement even for smdl

output voltages and fast trangitions.
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Figure 2.12. Structure of atypica coaxia shunt (drawing obtained from [26]).

The primary limitation to the shunt bandwidth is then the skin effect of the resgtive
materid and the distributed capacitance of the structure [26]. The manufacturer provides
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the bandwidth specification of the shunt. Knowing this specification, we can determine
the limitation of the measurement sysem to accurady represent the fast current
trandents. We do not have the ability to make this specification when using surface
mount resgors.  Coaxid shunts can measure DC currents and have ggnificantly higher
bandwidths than Rogowski coils or CTs. For al of these reasons, the switch current
should be measured using a coaxia shunt. The device originally chosen was the T&M
Research A-2-01 current viewing shunt. This is a 10 nW shunt with a bandwidth of 400
MHz and rise time specification of 1 ns[27].

Thus far, we have discussed the basc principles behind the coaxid shunt, but this
does not paint the whole picture. In truth, the coaxia shunt will have some amount of
inductance due to the magnetic fidds in the ar gap (refer to Figure 2.12). Through
matching of smulation and experimentd waveforms, it is found that the inductance of
the 10 nW shunt is gpproximately 100 pH. Figure 2.11 shown above gives the smulated
current waveforms where the current is measured using a 10 mW resistor (actud current)
versus a 10 mW resistor in series with a 100 pH inductor (measured current). Because of
the paragitic inductance, the measured current experiences a much greater amplitude pesk
as wdl as a phase lead. If the resstance is increased to 100 mW, the resulting
measurement is sgnificantly improved, as shown in Figure 2.13.
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Figure 2.13. Actud current versus current measured with R=100mW, L=100pH.
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What is learned from this exercise is that the shunt must satisfy not only bandwidth
consderations due to skin effects, but aso its resstance-to-inductance ratio (R/L) should
be sufficiently high. Cdculaion of the necessry R/L ratio can be done in much the
same way as a bandwidth caculation. If the dwnt is modeled as a series resstance and

inductance, its impedance will be resstive up to a corner frequency given by:

f= (2.4)

—|D

1
2

For the shunt with resstance of 10 MW and inductance of 100pH, the corner frequency
is goproximady 16 MHz. One should then question why the bandwidth is specified as
400 MHz when ggnificant error is observed before 16 MHz.  The reason lies in how the
bandwidth is tested.

Determination of the bandwidth is done using a step current source and measuring the
voltage output rise time [26]. A typicd measurement may gppear like Figure 2.14.
Because current cannot change ingtantaneoudy in the series paragitic inductance, it must
find some other path a the beginning of the dep. In addition, if the shunt is modeed
amply as a saries R and L, the output voltage should lead the input current riSng edge as
in Figure 2.13 above. T&M Measurement uses a test pulse with di/dt in excess of 10
A/s [28]. This trandates, usng Equation 2.2, to an equivdent frequency greater than 100
GHz. At this leve of frequency, the series AC redstance (skin effect) and sray
capacitances of the shunt begin to have a much greater effect than the paragtic
inductance. The capacitance provides the necessary path for the current a the beginning
of the sep and gives the reasoning why the output voltage lags behind the risng edge of
the input current. Under these conditions, the step response, and therefore the bandwidth
specification, depends heavily on the capacitances of the dructure and not on the
inductance. In other words, the characterization will ignore the effect of the inductance.
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Figure 2.14. Typica Step Response for a Coaxid Shunt.

The current rise times for the IPEMs tested will yidd equivdent frequencies in the
range of tens of megahertz. In this range, the inductance will have a dgnificant effect.
For device tedting purposes, the R/L corner frequency yidds the most useful information
in determining if the shunt voltage will faithfully represent the device current.

We normdly determine system bandwidth from the sensor bandwidth and the
oscilloscope bandwidth usng Equation 2.3. This equation makes the assumption that the
two cascaded tools (sensor and scope) are both first order low pass systems. The two
sysems would then together give a response that is less accurate than ether individudly.
The worst case vdue (lowest bandwidth) then is to find the combined response. The
assumption made in Equation 2.3 does not apply to the current shunt measurement. In
fact, the phase lead from the shunt could patidly offsst the phase lag from the
oxtilloscope. When determining current measurement system  performance, the worst
case is to say that the syslem bandwidth is either the bandwidth of the oscilloscope or the
R/L corner frequency of the shunt, whichever islower.

To dlevige the problem a shunt with higher ressance and a lower inductance
condruction was utilized (SDN-10 from T&M Research). The SDN-10 is a 100 m?
gwunt with a 2 GHz bandwidth specification.  The current measurement System
bandwidth is limited by the oscilloscope to 500 MHz. Confidence tha the current
measurement is correct is be ganed by making a dmple observation. The current
overshoot during turn-on is caused by the reverse recovery of the free-wheding diode (D1
in Fig. 1.2). The area under overshoot hump should be equa to the diode reverse
recovery charge. If this equality holds true, then the current measurement is trustworthy.
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Chapter 3—Parametric Study Cir cuit

3.1 Introduction

A parametric dudy is caried out to determine the sengtivity of the switching
charecteristics of the device-under-test to severd circuit parameters.  The switching
charecterigtics tester must be dedgned very caefully for parameters that have a
ggnificat effect on the switching characterisics For example, suppose that it is known
that some improvement in peformance can be ganed by reducing the parastic
inductance in the module. The fird module has 20 nH of parastic inductance and the
second has 10 nH. If the tester has 1uH of paragitic inductance, overwheming that of the
modules, it will be impossble to observe the performance gain. For parameters that do
not have a large impact on the switching characteridtics, the tester can be designed in
whatever way is convenient for its use. For example, if the parasitic inductance had no
effect, we could make the connection to the module in a convenient way with no regard
to the connection parasitics.

In most cases, there is a fundamenta trade-off between good layout desgn and
convenience of use. For indance, the paragitic inductance may be increased in the effort
to make the connection to the module flexible. As these sacrifices are made, it becomes
important to decouple what are the effects of the nodule tested and what are the effects
of the test equipment. Suppose again that we are testing the modules with 20 nH and 10
nH paragtic inductances. If the tester has 30 nH, then the tota change in inductance is
only 20% while the change in module inductance is 50%. It is important to redize this
change in senstivity when andyzing a modulés performance. It is only through this
decoupling that we can farly anadyze the advantages and disadvantages among power
devices and modules.

For each module tested, a datasheet will be generated. One of the gods of this
parametric sudy is to determine under what operating conditions the tests should be
performed. For instance, a what percentage of the rated voltage and current should the
device be tested? How fast should the device be switched?
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This parametric sudy dso pushes the measurement equipment to its limits in terms of
fathfully representing the switching characterigics  In doing so, we can determine what
are the minimum gpecifications (bandwidth, rise time, etc) that are necessary and what
areits ultimate limitations

In short, the parametric study alows us to decide on the necessary layout
compromises, decouple the effects of the tester, determine the operating conditions, and
andyze the qudity of the measurement. The next few sections describe the basc tester
circuit, parameter definitions, measurement procedures, and layout and component choice
condderations A smulation modd is developed and sSmulation results are provided.
Chapter 4 reveds and andyzes the parametric study results.

3.2 Basic tester circuit

The circuit used for the parametric study is a boost converter with clamped inductive
load. A dmplified crcuit diagram is shown bdow in Figure 3.1. The MOSFET (S)
chosen for the experiment is a 26 A, 500 V power MOSFET (IXYS part number
IXFH26N50) [29]. This device is chosen because it has the same die as the one used in
the Gen. Il IPEM (Figure 1.1). Reverse recovery of the freewheding diode (D;) aters
the MOSFET turnron switching interval characterigtics Long reverse recovery times
would limit how fast the device could be switched.  Switching faster than these
limitations would lead to excessive current and voltage spikes that could damege the
device [10]. To minimize these effects, the diode is chosen to be a 12 A, 600V SIC
Schottky diode (Infineon part number D12S60) [30]. SIC Schottky diodes have relatively
low reverse recovery charge and time, dlowing faster switching of the DUT [15].
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Circuit operation is controlled usng a programmable signa generator to provide a
double-pulse sgnd to the gate driver. Figure 3.2 shows the waveforms for the gate
voltage (Vgs), drain voltage (Vas), and drain current (Ig) under double-pulse operation. At
time tp, the device is turned on, and the switch is held on until Ip reaches the desired
current level. At time ¢, the gate is forced low, and the turn-off switching characterigtics
of the DUT are recorded. From t to b, the device is hdd off, and the inductor current
freewheds through the diode. This freewheding time should be long enough that any
ringing in the drain voltage and current has subsided before the MOSFET s turned back
on. It should dso be short enough that the inductor current does not drop appreciably.
At time tp, the device is turned back on. The turn-on characterigtics are then captured
under very smilar conditions as the turn-off case. The time from % to & should be long
enough that any ringing has subsded and short enough that the drain current does not rise
above device limitations. At time ts, the device is turned off and held off for 50 ms.
Keeping the duty cycle smdl ensures that the switching characteristics can be tested
without heating the DUT.
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Figure 3.2. Double-pulse Waveforms.

3.3 Parameters

The following sections describe the parameters that are varied in the parametric study.
Each section provides its respective parameter’'s definition and importance, dong with
the methods used to vary and measure the parameter. Also note that most of the
parameter sections will refer back to Figure 3.1, which gives a smplified circuit diagram
for the parametric study circuit.

3.3.1 Loop Inductance (L. oop)

Loop inductance is the inductance of the loop formed by the bus capacitor (Cpu),
diode (D1), and MOSFET (S;). Figure 3.3 shown below is essentidly the same as Figure
3.1, with the exception that the parasitic inductances associated with the loop inductance
are shown. Note from Figure 3.3 that the circuit outsde of the loop has purposefully
been faded and the inductors in bold are the paragitics that make up Lioop. LoOOp
inductance is a criticd layout condderation tha is known to have implications on the

voltage stress and current switching times of the device [8,9]. Study of this parameter is
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intended to quantify these effects, as well as to determine its effects on other switching

characteridtics.
o agp
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Figure 3.3. Test Circuit Showing Loop Inductance.

Since L oop is to be vaied from low vaues to rdaivey high vaues, its initid vaue
must be very smdl and adjustable. Referring to Figure 3.3, note that there is a bresk in
the loop labded “Lioop adjusment.” In the physcd circuit, this bresk is connected
using different lengths of wire to adjust the loop inductance.

To measure the loop inductance, the bulk dectrolytic capacitor (Cpuk), load inductor
(L), gate resistor (Rg), and the connection to the DC source (Vi) must be removed. S is
off, and nether S; nor D; is shorted or has a bias voltage across them. The lead
inductances of §, Dy and Ryqunt ae included in the loop inductance measurement. The
impedance is measured across the bresk in the loop usng an impedance andyzer. The
magnitude and phase data is exported as a text file and then recrested in Matlab. An
equivdent R-L-C circuit model is crested in Matlab, and the modd’s magnitude and
phase ae plotted on the same graphs with the measured data for comparison. Figure 3.4
shows the measured and Smulated magnitude plots, and Figure 3.5 shows the phase
plots. Both figures dso show the equivdent circuit modd smulated. The 550 pF
capacitance is the series combination of Cpys, the diode capacitance and the MOSFET
capacitances. The resstance of the loop is the dominant impedance near the resonant
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frequency, s0 the 0.56 O is the resistance at that frequency (about 30 MHZz). The
inductance of 42 nH is the initid loop inductance with no wire inductance added for
adjusment. Specid care has been taken to minimize L oop. As the loop was made quite

gmadl, 42 nH is not asurprising result.
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Figure 3.4. Impedance magnitude plot for measuring loop inductance.
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Figure 3.5. Impedance phase plot for measuring loop inductance.
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3.3.2 BusCapacitance (Cpys)

The bus capacitance referred to here is that of the high frequency decoupling
capacitors (Cpye) that are added across the DC bus near to the power devices (Figure 3.1).
During switching trangtions, Vs and Cpyx Will not be able to provide adequate energy
quickly enough due to ther high vaues of eguivdent series resdances (ESR) and
inductances (ESL). The reault is large ringing of the voltage across P and N. Bus
capacitors with low ESR and ESL are added to provide a low impedance path for the
trangent current.  During trangents, most of the current will flow in the loop described in
the loop inductance section. In this way, Cus decouples this loop from the rest of the
circuit.

The effect of the bus cgpacitance on the switching characteristics is dudied in an
effort to learn how much capacitance should be used for the find tester. To perform the
experiment properly, the Cpys should be adjusted without changing the loop inductance.
However, Cps has an ESL that contributes to the loop inductance. To minimize this
effect, the bus capacitance is implemented with multiple single-layer (low ESL, ESR)
ceramic capacitors varying in quantity from 6 to 18 capacitors. In doing S0, a change
from 18 capacitors to 6 results in only gpproximately 1 nH change in loop inductance
(smal enough to be neglected). This measurement was made by measuring L oop under

both conditions in the same manner as described in the loop inductance section.

3.3.3 Gate Resistance (Rg)

For this experiment, gate resstance refers to the externd resstor added between the
gate driver and the MOSFET gate pin (Figure 3.1). This parameter, among others,
controls the switching speed of the DUT. For most tedts, R is reaively large (30 W) to
keep the switching speed dow. This way the experiment does not push the limits of the
messurement equipment bandwidth.  When varying Ry, the switching speed is pushed in
order to test the trustworthiness of the measurement equipment. The trustworthiness is
evduated based on comparison to smulation results as well as some fundamenta
observations that can be made.

33



3.3.4 GateVoltage (Vy)

The gate voltage parameter refers to the vaue of \gs when the device is fully on. Vg
is controlled by a varidble voltage supply that powers the gate driver (Figure 3.1). Gate
voltage, among other parameters, controls the switching speed of the DUT. The primary
reeson for its teding is to gan an underganding of and quantify the advantages or
disadvantages of lower or higher gate voltage in terms of switching characterigtics.  This
study helpsin choosing suitable gate voltage vaues for the final tester.

3.3.5 Drain Current (Ip)

The drain current is the current that flows into the drain pin of the MOSFET.
However, it is measured dong the DC link negative termind (Figure 3.1). Note that the
current in this path is indeed the same as the drain current. The measurement is made
here so that the shunt would share a common point with the voltage probes for grounding
purposes. The effects of Iq on the switching characterisics are studied in order to
determine how the switching characteritics depend on device current and over what

range of currents the device characterization should be done.

3.3.6 BusVoltage (Vpus)

The bus voltage is adjusted using a high voltage power supply, and it is measured as
the steady date drain voltage after the device has been turned off. Like the drain current,
Vs is adjusted to determine wha range of voltages will be useful in charecterizing a
power device. If the switching characteridics are very sendtive to bus voltage, the find
characterization procedure may require the user to test the device a severd voltage

vaues.

3.3.7 Junction Temperature (Tj)

The junction temperature is adjusted using a hot plate and measured using an infrared
temperature gun (Raytek ST60). The junction temperature effects are studied to
determine if an IPEM datasheet should include switching characteristics for more than
just ambient temperature.



3.4 The Physical Circuit

When building the actud circuit, there are severd key layout condraints to consder.
Loop inductance mugt initidly be made smdl. This implies that the connection between
the MOSFET's drain pin and the cathode D; mugt be very short, and the shunt that
measures |g should add as little as possble to the loop inductance. The bus capacitors
must be very close to the power MOSFET and diode, and the ESL of Cpys should be
gndl. In fact, this ESL must be negligible compared to the rest of the loop inductance.
In satisfying this condraint, the loop inductance and bus capacitance can be considered
decoupled.

Figures 3.6 and 3.7 show pictures of the top and bottom of the circuit board used for
the parametric study. Note that the diode's pins are very close to the bus capacitors and
the MOSFET. Multiple capacitors (up to 18) are used to implement the bus capacitance,
reducing the effect of the ESL of Cps On the loop inductance. The connection peaths
between the capacitors will add to the effective totd ESL, s0 the distance between
adjacent capacitors must also be short. Note from the figures that the capecitors are
clustered together as close as was possible.  For both the power devices and the bus
capacitors, the components utilize both sdes of the circuit board to reduce

interconnection lengths to a minimum.
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Figure 3.7. Bottom s’e of the circuit used for the parametric study
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Note that probe tip adaptors (see Chapter 2) are used for the gate and drain voltage
messurements.  Also, the ground connections for the shunt and the two voltage
measurements were made as close as possible to reduce ground loop effects. The choke
shown is necessary to bresk the capacitively coupled ground loop that results from the
high voltage supply’ s capacitance to earth ground (see Chapter 2).

The +24V power supply voltage is brought onto the board to supply the variable
output voltage regulator that is used to supply the gate driver. The gate voltage is
controlled via the potentiometer labeled “Gate Voltage Adjust”. The gate resstance is
adjused by plugging different vaues into the receptacle labded “Gate Resigtance
Adius”. The control dgnd enters the board via a coaxid connection from a
progranmable signd generator and provides the means for varying the drain current
(adjustment of the firgt pulse time).

3.5 Simulation M odel
The figures provided in the previous sections are smplified in that they do not modd

many of the effects observed in measurement. In order to recreate the measurement
results in amulation, we need to modd each component and the connections between
components. The modding done here is based on matching of circuit impedance
measurements and lumped parameter (discrete R, L, and C) modds. Simulaion of the
trangent behavior is carried out in Saber circuit Smulation tool.

3.5.1 IXFH26N50 MOSFET M odel

The model for the IXFH26N50 power MOSFET is provided in the Saber power
MOSFET library. Idedly, a smulation modd would duplicate every characterigtic of the
physcad devicee. However, MOSFETs ae complicated devices, and it would be
impractica to try and modd every detall. Because the modd will only have a certan
level of detail, it is important to determine if the characteridtics that are important to a
goecific dmulation ae modded correctly. For dmulation of the switching
characteridtics, the primary concerns were that the following nortidedities might not be
modeled sufficiently [8,31,32]:
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1) dynamic capacitances of the MOSFET (Coss, Ciss, and Crss)
2) paraditic inductances of the pins(Lg, Lp, and Lg)

3.5.1.1 Coss, Ciss, and Crss

The internal parastic capacitances of a MOSFET are viewed as three device
cgpacitances.  Cg, Cqu and Cgs (See Figure 3.8) [32]. For the common source
configuration, the device capacitances are combined to reflect the capacitive reactance
seen by the input (gate drive) and load. Coss is the effective output capacitance and is
defined as Cgs + Cgq With the gate pin shorted to the source. Gss is the effective input
capacitance defined as. Cgs + Cgg With the drain-to-source “AC-shorted”. AC-shorted
means that there can be a DC source, but the drain-to-source must appear as a short
creuit to an AC dgnd. This is usuadly accomplished usng a suitable cgpacitor [17].
Crssisthe reverse transfer capacitance and is equal to Cyg.

ngJ_ +
GO_I_{ : L5 ve
|_

Cgs—|_ 3

Figure 3.8. MOSFET Parasitic Capacitances.

The MOSFET paraditic capacitances are nonlinear in that their vaues change with
drain-to-source voltage (Vg). If these nonlinearities are not modded, the resulting
waveforms will yidd mideading data A seies of AC swegp dmuldions can be
performed to determine if the parameters listed above are modeled correctly. To test
Coss, Wwe mugt first short the gate and source pins and gpply an AC source and DC hias
across the drain and source pins (refer to Figure 3.9). An equivaent capacitance should
be dmultaneoudy smulated. The equivaent capacitance should be adjusted until it
matches the capacitive portion of the impedance plot (impedance measured across the
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drain and source). Figure 3.10 demondrates this matching. A similar approach can be
used to test Gss and Crss For Gss, the AC source should be placed across the gate and
source with a DC source across the drain and source (see Figure 3.11). The impedance is
measured across the gate and source. Ggss is determined through two steps. Figure 3.11
shows the circut smulated in Saber. An AC source with DC hias is placed across the
dran and source pins. The gate-to-dran is AC-shorted usng an AC source with a
magnitude of zero. Note that this source dso has a DC bias with the same vaue as Vg
This keeps the gate voltage a zero volts The cgpacitance data from smulating this
arauit is Cx = Cgs + Cg. Usdng this data with that form Coss and Ciss gives three
equations (Coss = Cus + Cgg, Ciss = Cgs + Gy, and G, = Cgs + Cge) With three unknowns
(Casy Cgs and Cyg = Creg). For each Vgs, Crss is solved this way. Sweeping Vs, the
capacitance curves from the IXFH26N50 datasheet should be reproduced. Figures 3.12
and 3.13 show the datasheet curves and the curves extracted from smulation. Choosing a
few vaues dong each curve and comparing datasheet vaues to smulation mode vaues,
one can see that the capacitance trends of the IXFH26N50 were well modeled.

IXFH26N50
AC =50mV —
] ”\’ DC = adjusteble L @ AC=S0mv
(@ Smulated Coss (b) Smulated Equivalent Capacitance

\_ /

Figure 3.9. Smulation circuits to determine Coss.
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Figure 3.10. Impedance plots for the IXFH26N50 and the equivaent capacitance.
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Figure 3.11. Circuits smulated to determine (a) Ciss and (b) Cgrss.
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Figure 3.12. Coss, Ciss and Cgss curves from the IXFH26N50 datashest.
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Figure 3.13. Simulated Coss, Ciss and Crss CUrves.

41



3512 Lg, Lp,and Ls

Note from Figure 3.10 above that there is no L-C resonance. This is because the pin
inductances are not modeled. These vadues can be modded by adding the appropriate
inductors in series with the IXFH26N50 model in Saber. Lg, Lp, and Ls can be found by
making three impedance measurements. In each case, the impedance is measured across
two of the three pins of the MOSFET. The impedance andyzer (Agilent 4294A) has the
ability to extract an equivdent R-L-C circuit for the impedance measured. The vaue of
the inductance of the equivdent modd is recorded. Measuring across the drain and
source gives Lp + Ls Measuring across the gate and source gives Lg + Ls Measuring
across the gate and drain gives Lg + Lp. Solving the three eguations Smultaneoudy
yidds Lg, Lp, and Ls The find MOSFET mode uses the Saber library modd provided
with the parasitic inductances added as shown in Figure 3.14.

4 N

Lo < 1nH
Le
6nH
Ls2 6nH

. /

Figure 3.14. IXFH26N50 modd including pin inductances.

3.5.2 D12S60 SIC Schottky Diode M odel

Like the MOSFET mode, it is important that the dynamic capacitance of the diode
mode is implemented correctly.  Unfortunately, there is no commercidly available
model for the D12S60. However, there is a modd available for the DO6S60 diode, the
6A verson from the same family of diodes. Figure 3.15 shows the junction capacitance
of the D12S60 as a function of reverse voltage Wk from the device datasheet. Figure 3.16
shows the results of testing two D06S60 diodes in pardld in Saber. While the two plots
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are not identical, they are close enough tha the use of the pardld diode modes should
yield asmilar transent response asthe red diode.

W
o
Q

P
2

Qoo 10" 10% v 107

Figure 3.15. C(V) curve from the D12S60 SIC Schottky diode datashest.
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Figure 3.16. Simulated C(V) for two parald DO6S60 SiC Schottky diode models.

Figure 3.17 shows the smulated impedance plots of the two paralel diodes and of the
equivalent RL-C modd (dso given in the figure). Note that there is an L-C resonance in
the plot, meaning that the pin inductance has dready been modeled for the diodes. By
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matching the equivdent R-L-C modd to the diode impedance, the series parastic
inductance is found to be 6 nH. Physca measurement of the 12 A diode impedance
revedls that it dso has a series inductance of 6 nH, meaning that no series inductor needs
to be added for the modd.

18 ol
sl i!‘_wm
N e
- —— B 50_04\/\/
a1 acps. —— 37pF
L ekl
" ! Lokgnatl)
! N ettt e e e B 6nH
i ' 5 : ' 5 ;
\"ﬁ.;;@u;a.#ﬁ;ﬁg«;_;g;ﬁ /
bl

Figure 3.17. Smulated paralld DO6S60 diodes and equivadent R-L-C circuit.

3.5.3 Load Inductor Model

Figures 3.18 and 3.19 show the magnitude and phase of the impedance measurement
and smulated equivdent circuit for the load inductor. The moded maches the
mesasurement very well up to the firs pardld resonance frequency. After tha frequency,
a transmisson line effect can be observed. To mode the multiple resonances would be
impracticd in that it would require many parts and smulation time could be increased.
The modd, shown in Figure 3.20, was kept smple by using a resgtor in series with the
parasitic capacitance to mode the average impedance over the high frequency range.
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Figure 3.18. Magnitude plot for the load inductor impedance.
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Figure 3.19. Phase plot for the load inductor impedance.
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Figure 3.20. Modd for the load inductor.

3.5.4 Bulk Capacitor Model
Figures 3.21 and 3.22 show the magnitude and phase of the impedance measurement
and smulated equivaent circuit for the bulk dectrolytic capacitor. Here, the additiond

resonance near 1 MHz is not modeled in order to keep the modd simple.
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Figure 3.21. Magnitude plot for Cpyk.
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Figure 3.23. Modd for Cpy.

3.5.5 Bus Capacitance M odel

Measurement of the paradtic ESR and ESL of the bus capacitance was chalenging,
because the Cpys is implemented with severd cepacitors, each with low vaues of ESR
and ESL. Measuring each capacitor individudly, it is found that they each have about 6
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nH of ESL and about 40 M\ of ESR. Theoreticdly, having 18 of these cgpacitors should
give an inductance of 0.33 nH (6nH / 18) and an resistance of 2.2 mW (40mw/ 18). Two
problems exis with amply using these caculated vaues Fird, a such low inductance
vaues, the interconnections between capacitors become dgnificant even for short
connection paths. These interconnections must be accounted for. This means measuring
the entire bus capacitor impedance a once, but obtaining consstent measurements for
such low vdues of inductance and resgtance is nearly impossble More condstent
results could be obtained by measuring the loop inductance (as described in 3.3.1).
Changing the number of bus cgpacitors from 18 to 6, the change in inductance was 1 +
0.3 nH. Note that when trying to measure such samdl differences, the tolerance is very
loose (+30% in this case).

The second point that should be made is tha the number of bus capacitors will be
changed during the parametric study, but we do not want to have to change the vaue of
the ESR and ESL every time we change the vaue of Gy in Smulation. If a change of 12
capacitors brings a change of 1 nH in ESL, then 18 capacitors (upper limit) should have
about 0.7 nH and 6 capacitors (lower limit) should have about 2 nH. A midrange vadue
of 1.3 nH is sttled on for the bus capacitance ESL. The same reasoning is gpplied to the
ESR, and avaue of 8 mMW s chosen. The find mode is shown below in Figure 3.24.

4 A

8 mwW

—— 300 - 900 nF

1.3nH

N /

Figure 3.24. Modd for Cys.
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3.5.6 Interconnection Models

Evay time the resstance and inductance of an interconnection between two
components is modeled, the impedance of a loop is measured. For example, to measure
the interconnection between Cpyx and Cps, the impedance of the loop shown below in
Figure 3.25 is measured. Gy, the connection between Vs and Gk, and the wire used
for the loop inductance adjustment must be removed. The vaues of the ESR and ESL of
Cuus are subtracted from the total resistance and inductance measured. By measuring the
entire loop, we can get the impedance of both the top and bottom paths as wel as
automaticaly subtracting the mutud inductance. This same method is implemented for
the connection between Vy,s and Cpyk, the loop inductance path (see section 3.3.1), and
the loop formed by the gate drive circuit and the MOSFET.

ANA— Y Y Y —

» DC % |

Figure 3.25. Loop measured to determine parasitics between Ciyk and Ciys.

The connection between Vs and Gk contains the common-mode choke and has an
impedance that is quite different from the other interconnection measurements.  Figures
3.26 and 3.27 show the measured and smulated impedance plots, and Figure 3.28 gives
the model used.

49



70

60

50 it
40 ) w

30 /)

20 i

10 /

-10
10 10 10 10 10 10 10

Figure 3.26. Magnitude plot for the connection between Vs and Chyik.
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Figure 3.27. Phase plot for the connection between Vs and Chyik.
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Figure 3.28. Mode for the connection between Vs and Chy.

3.6 Simulation Results

Figure 329 bdow shows the complete modd used for smulation. Smulaion has
three primary purposes in this thess work. One is to help with undersganding and solving
the measurement problems. For instance, the source of the problem with the common-
mode ringing due to the capacitively coupled ground loop (section 24.1) was firg
identified by smulating this circuit with a capacitor added between the negative termina
of Vs and earth ground. Suspicions that the errors in the current measurement with the
10 mW shunt were due to series inductance were confirmed usng Smulation.  The
second purpose is to verify that the trends in the measured waveforms and data are the
expected ones. The third main purpose is to be able to smulate the waveforms that
cannot be measured in the red circuit. The next few sections give sample $mulaions to

demonstrate the second and third purposes described.
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Figure 3.29. Complete smulation circuit moddl.

3.6.1 Changein Switching Waveformswith Varying Device Current

This dmulaion example shows the effect of varying device current (Ig) on the
switching waveforms.  Figures 3.30 through 3.32 show the measured and sSmulated
waveforms for Vs, Vg, and lg during the turn-off trangtion. From the figures, one can

seethat the trends for amulation are very smilar to those of measurement.
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Figure 3.30. Comparison of Vg for smulation and messurement.
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3.6.2 Changein Switching Waveformswith Varying Ls

This example shows the effects of the MOSFET's source pin inductance (Lg) on the
switching waveforms (see section 35.1.2). Note that this variable is not avallable for
adjustment in the red parametric dudy circuit.  Fgure 333 shows the smulated
waveforms for Vg, Vg, and b during the tum-off trangtion. The figure shows that the
voltage overshoot and current fdl time are highly sendtive to Ls This implies that it is
very important that Lsis modeled accurately for the sSmulation circuit.

20.0

L)
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30.8u Hu Hdu Hdu 3H.bu Hbu 32 32 24u 32.6u 328
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Figure 3.33. Switching waveformsfor varying Ls
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Chapter 4 — Parametric Study Results

4.1 Introduction
This chapter presents the results for the parametric study described in Chapter 3.

Section 4.2 describes the measurement procedure and consderations in very generd
teems. If more detall is needed, refer to Appendix C, which gives the step-by-step
procedure used for obtaining the data  Section 4.3 explores the rdaive sengtivity of
esch switching characterisic to the varied paameters. By normdizing the varied
parameters around their base values and plotting the relative effects of al parameters on a
gngle plot, we can farly andyze which circuit parameters and operating conditions most
affect each characterigtic.  Sections 4.4 through 4.10 give the results for each varied
parameter  individudly. Each section demondrates grgphicdly how the switching
waveforms (Vg, Vas and Ig) change with changing parameters.  Plots for each switching
characteritic for each varied parameter are provided in Appendix D.

The test circuit and components were modeled, and a smulation circuit was developed
in Saber as demonsrated in Chapter 3. The parametric sudy was peformed in
gmulaion, and the dmulated results for the switching charecterisics are given in the
same plots with the measured data in Appendix D. A few genera observations should be
meade regarding the comparison of the smulated and measured data Though exact
matching is dedrable, it is not necessary for the purpose a hand. The smulation tool is
used primarily to verify that generad trends of the measured data are correct. Seeing
gmilar trends in amulaion gives comfort thet the measured data is correct. If improved
accurecy is necessyy for future needs, more thorough modding will be required,
especidly regarding the dynamic characteristics of the power devices.

Using the resulting data, we can decide how to design the tester layout, what operating
conditions should be chosen for testing, and what effects of the tester must be decoupled
to truly see the effects of DUT design.
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4.2 Making the Measurements

This section discusses the procedure for obtaining the switching charecteristics data
presented throughout the remainder of this chapter. Generdly, the data is determined by
zooming in to the waveforms as closdy as possbly and using the cursor functions of the
ocilloscope to measure the desired values. For example, to measure the current rise
time, one would zoontin to the risng edge of the drain current and use the cursors to
measure the time it takes for the current to rise from 10% to 90% of its nomina vaue. It
is tempting to zoom-in to the entire switching trangtion in order to measure dl of the
switching characterigtics quickly. However, one should instead zoomrin as closdly as
posshbly to each characteridic individudly. This dows the measurement process down,
but it yidds much more accurate results.

To measure the turn-on switching energy loss, one must zoom-out to the entire turn-on
intervd. Two of the ostilloscope math functions are used. The multiplication function is
used to multiply Vg and —g (the current is negative because of the orientation of the
shunt). The result of this multiplication is then saved as a reference waveform.  The
ostilloscope's integration function is then used to integrate the reference waveform.  The
resultant waveform is the negative of the energy.

4.3 Senditivity Analysis

This section demondrates the reative sendtivity of each switching characterigtic to
the varied parameters (gate resistance, loop inductance, etc.). Figures 4.1 through 4.15
plot the effects on the switching characteristics of Table 4.1 below (see section 1.5) for
the varied parameters given below in Table 4.2.
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Table4.1. Switching characterigtics.

Turn-on Characteristics Turn-off Characteristics
Characteristic Symbol [Characteristic Symbol
turn-on time ton turn-off time torr
current turn-on delay time taonyi current turn-off delay time ta(orr)
current rise time th current fall time tf)
voltage fall time trv voltage rise time tv
turn-on switching current gradient  |di/dt(on) Jturn-off switching current gradient di/dt(off)
current overshoot los turn-off switching voltage gradient dv/dt(off)
turn-on energy Eon voltage overshoot Vos

turn-off energy Eorr

Table 4.2 Varied parameters and their base values.

Parameter Name Parameter Symbol | Base Value
Gate Resistance Ry 30 ohm
Gate Voltage Vg, 15V
Bus Voltage Vius 200 V
Drain Current lg 15A
Bus Capacitance Chus 600 nF
Loop Inductance L oop 150 nH
Junction Temperature Ti 25 °C

Each vaue of each parameter is normalized around its base vaue asfollows:

x =X (4.1)

norm
base

where X represents the parameter varied, Xa IS the parameter’s base vaue, and Xorm IS
the normalized vdue. Table 4.3 assgns a reative senstivity of each varied parameter on
each chaacteridic.  Cdculation of the sengtivity (S), is done with the following
equation:

o= e = Yoin) Vi 42
norm- max ~ Xnorm min
where Ymax and Ymin ae the maximum and minimum vaues of the given switching
characteristiC, Xnorm-max a@d Xnorm-min &€ the maximum and minimum normdized
parameter vaues, and Ypase IS the switching characteridic vaue a Xpase.  Yhase IS USEd tO
normalize the switching characteristic vaues (S should not have units).

59



The actud base value for the junction temperature is Tjpae = 25 °C, but usng this
vaue for the sendtivity andyss would give a normdized vaue range of T.norm-min = 1 tO
Ti-norm-max = 4. The data for T.pase = 50 °C is used instead as the base values for the
sengtivity andyss to reduce this range and make the trends in Figures 4.1 through 4.15
more visgble. This is the reason tha the junction temperature data will not necessarily
meet the other parameters data at anormalized value of 1.

Graphicd results ae not given for the turnron switching voltage gradient, or
dv/dt(on). As the drain voltage fdls during turn-on, the shape of the waveform changes
depending on switching speed and parasitic inductance.  Since the generd shape of the
waveform & the voltage levels where the messurement is made will change it is
extremdy difficult to make accurate measurements of this characterisic. However, the
switching waveforms are provided in sections 4.4 through 4.10, and quditative trends can
be determined for the dv/dt(on) for each varied parameter.
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Figure 4.11. Sengtivity of t,y to the varied parameters.
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Figure 4.13. Sengitivity of dv/dt(off) to the varied parameters.
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Table4.3. Normdlized sengtivity (Eg. 4.2) of switching characterigtics.

Parameters Varied
Characteristics JRg Vg JLioop Chus Vvbus  fJid Tj
It on 87 196 -2 1 -4 21 0
It d(on)l 58 157 13 0 -9 18 -1
It r 61 ** 129 36 0 -17 67 -1
ldirdi(on) = 136 | 112 31 -2 15 36 0
It v 86 184 5 0 31 34 0
fdv/dt(on)
lios -77 102 41 6 4 24 -3
[Eon 102 | -243 -41 -1 195 109 2
It off * 93 44 1 0 9 -6 1
It d(off)l ** 05 47 1 0 10 -9 1
It fi 6] 3 13 +2 4 54 2
ldi/dt(off) 146 -5 -11 -4 -5 48 -3
It rv 94 -1 -1 -1 43 -10 1
ldv/dt(off) ** 331 0 0 -5 42 16 -1
\Vos ** 157 4 94 -3 11 35 -3
[Eoff 82 0 18 0 126 ** 135 3
**. most sensitive -: decreasing trend (otherwise trend is increasing)

From the plots and Table 4.3, one can see which parameters have the grestest effect
on each switching characteristic. Since most of the characteristics are related to or are
affected by switching speed, it is not surprising to find that the gate drive parameters (Ry
and Vg dominate many of the results. Loop inductance, bus voltage, and drain current
adso demondrate sgnificant effects on rise and fal times device dresses and switching
energy losses. Bus capacitance and junction temperature have little effect compared to
the other parameters.  The remainder of this chapter focuses on how and why each varied
parameter affects the switching characterigtics.

4.4 Varying gateresistance

Figures 4.16 through 4.18 show the gate-source voltage, drain-source voltage, and
drain current for various vaues of gae resstance during the turn-on trandtion while dl
other parameters have the base vaues from Table 4.2. The higher resstance with the
same gpplied voltage from the gate driver chip results in lower available current to drive

the MOSFET. From Figure 4.16, one can see that increasing R, dows down the initid
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gate charging. The longer it takes for Vg to reach its threshold value, the longer the
current delay, as can be observed from Figure 4.18. The voltage and current gradients are
also reduced, leading to longer tota turn-on times, reduced current stress, and increased
overlap of the Vg and 1g waveforms. The longer overlap will increase switching energy
losses.

The minmum Ry used was 2 O. There is no point in usng smdler vaues, because the
gate driver output impedance (approximately 1.5 O) that appears in series with R would
then begin to dominate the totd gate impedance.

The maximum Ry used was 62 O. The larger vaues of gate resistance were used
initidly, because of the lack of trust in the current measurement. Recdl from Chapter 2
that the 10 mO shunt origindly used had consderable error due to the smdl amount of
series paraditic inductance.  Faster switching caused increased errors. When the new
shunt was first gpplied, larger R were used so that the messurement could more easily be
trusted. Another reason for using large Ry is that the characteristics that change with R
are exaggerated and become easer to notice.  For instance, the plateau observed in the
gate voltage during turn-on just looks like parastic ringing for the smaler R but can be
observed easily for the larger Ry
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Figure 4.16. Vs for different gate resstances during turn-on.
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Figure 4.18. |4 for different gate res stances during turn-on.

70



Figures 4.19 through 4.21 show the gate voltage, drain voltage, and drain current for
vaious vaues of gae ressance during the turn-off trangtion while al other parameters
have the base vadues from Table 4.2.
discharge a a dower rate, leading to longer delays before Vs begins to rise. The drain-

The higher resgtance will cause the gate to

source rise rate will aso depend on how fast the gate-drain capacitance can be charged,
which will be limited by the amount of current that can be sunk through the gate
resstance. Large Ry will limit this current, reducing the dv/dt. The current gradient is
a0 reduced. Much like the turn-on case, one would expect longer total turn-off time,
reduced voltage overshoot and ringing, and increased energy |oss.
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Figure 4.19. Vs for different gate resstances during turn-off.

71



Vds, V

350
Rg=2wW
P g

300
Rg = 15W

250 -

]
N

0 T
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

time, ns

Figure 4.20. Vs for different gate resstances during turn-off.
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4.5 Varying gate voltage

Figures 4.22 through 4.24 show the gate voltage, drain voltage, and drain current for
various vaues of gae voltage during the turnron trangtion while dl other parameters
have the base vaues from Table 4.2. The range of gate voltages tested covers the full
range of useful values for a power MOSFET. From the figures, one can see gmilar
results for increesng gate voltage as decreasing gate resdance. Increasing the gate
voltage and keeping the gate resstance constant alows more current to charge the gate
capacitance, and Vg reaches the threshold voltage more quickly. Therefore, the current
delay is reduced. The voltage and current gradients are increased just as described for
changes in gate resistance, and the voltage fdl times and current rise times decrease
accordingly. The decreased fdl times reduce the turn-on switching loss with the price of
higher current overshoot and ringing.
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Figure 4.22. V for different gate voltages during turn-on.
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Figure 4.24. 14 for different gate voltages during turn-on.
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Figures 4.25 through 4.27 show the gate voltage, drain voltage, and drain current for
various vaues of gate voltage during the turn-off trangtion while al other parameters
have the base vaues from Table 4.2. Refering to the sengtivity plots or Table 4.3, one
will note that the gate voltage has effects on the turn-off current delay and the total turn-
off time, but it has virtudly no effect on the other turn-off characteristics. Viewing
Figure 4.25, note that the gate voltages fdl to the plateau voltage at 5 volts a nearly the
same rae. When the gate driver is given the command to turn-off, the gate capacitance
begins to discharge through the gate resstor and the output impedance of the gate driver
chip. Since the gpplied voltage from the driver is zero, only this impedance determines
the voltage rate of decent. Since the rate is the same and the gate voltage initid vaue is
higher, it will naurdly take the higher voltage longer to reach the plateau. The
characterigtics after reaching the plateau are the same no matter what the origind applied
gate drive voltage, since the impedance is the same. The result is that there is an
increased current delay, and therefore totd turn-off time, while there is no change in any
of the other switching characteridtics.
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Figure 4.25. Vs for different gate voltages during turn-off.
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Figure 4.26. V4 for different gate voltages during turn-off.
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Figure 4.27. |4 for different gate voltages during turn-off.
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4.6 Varying busvoltage

Figures 4.28 through 4.30 show the gate voltage, drain voltage, and drain current for
vaious vaues of bus voltage during the turnon trandtion while al other parameters
have the base vaues from Table 4.2. When viewing the gate voltage, one see that there is
little time difference between the time the gate voltage reaches the threshold for different
bus voltages. Therefore, there is very little change in current dday. When viewing
Figure 4.30, there is a dightly noticeable change in di/dt and current overshoot, but this is
primarily due to a change in the levd of current. Notice from the Iy plots, that the 200 V
cae has a larger “Seady-dtate” current after the spike. This is why it gppears to have a
higher current overshoot and faster risng edge. From Figure 4.29, note that the drain
voltage appears to have two man dopes. The firs, dower dope results from L*di/dt
while the dran current is riang from zero. Note that in dl three drain voltage
measurements, the level of this L*di/dt voltage drop is nearly the same, further implying
that the change in di/dt for the different cases is minima. The second, faster dope is due
to the gate driver discharging the drain-source paradtic capecitor through the Miller
capacitance.  For both dopes, the rate of change should be independent of the bus
voltage. From Figure 4.29, one can see that the dopes are smilar for the different cases.
This implies loger fdl times for the dran voltage, which means increased turn-on
switching losses.
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Figure 4.29. V4 for different bus voltages during turr-on.
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Figure 4.30. |4 for different bus voltages during turrn-on.

Figures 4.31 through 4.33 show the gate voltage, drain voltage, and drain current for
vaious vaues of bus voltage during the turnoff trandtion while dl other parameters
have the base vaues from Table 4.2. The conclusons for the turn-off are very smilar to
those for the turn-on with two notable exceptions. The fird is that now the drain voltage
rises before the drain current drops, which means that the delay caused by the increased
rise time causes an increased current delay time (see Figure 4.33). The other notable
fector is that, from the sengtivity andyds, we know that the drain voltage dv/dt is
supposedly sengtive to the bus voltage (see Table 4.3). However, the plot in Figure 32
shows that the dv/dt is about the same for al of the values of bus voltage. The conflict
here lies in the definition given for the measurement of the dv/dt. Note that dv/dt is the
same for dl bus voltages a a given voltage, say a 50 V. However, it is different a 50 V
than a 100 V or 200 V. The definition has the measurement made at 50% of the bus
voltage. The concluson here is that while the collected data shows a change in dv/dt,
there redly is't one  While the definition must be kept the same throughout the
parametric study, it may need revison for the final datasheet and test procedures.
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Figure 4.32. V4 for different bus voltages during turn-off.
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Figure 4.33. |4 for different bus voltages during turn-off.

4.7 Varyingdrain current

Figures 4.34 through 4.36 show the gate voltage, drain voltage, and drain current for
vaious vaues of drain current during the turn-on trangtion while al other parameters
have the base vaues from Table 4.2. The firg thing noticed when one looks a Figure
4.34 is ggnificant increase in the voltage spike before the plateau voltage. This is due to
the increased current rise time (observable in Figure 4.36) and the parasitic inductance of
the MOSFET's source pin [8]. Also note that the dope of the gate voltage during the first
risng edge is the same for dl three cases. Also, as discussed previoudy, the firg faling
dope of the drain voltage (Figure 4.35) is due to the drain current di/dt. This dope is aso
the same for dl three cases. In addition, the risng dopes of the drain current for al cases
lie on top of one another. So, there are three indicators that the di/dt should be the same
in al cases, yet the data shows that the di/dt is senditive to drain current “steady-date”’
levd. The reasoning is the same as the bus voltage case, that the di/dt is congtantly
changing as it rises. Another notable factors are the increase in drain current rise time,

which leads to increased current delay and tota turn-on times. The increased rise time
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and increased current magnitude adso lead to Sgnificantly increased turn-on switching

loss.
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Figure 4.34. Vs for different drain currents during turn-on.
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Figure 4.35. Vs for different drain currents during turn-on.

82



30

A [d=25A
25 U/\\/An /"\vv e
20
}\ [d=15A
15 V’\VJ\A /“'\v oy
-9 /
10
/\ I[d=5A
/\/\:\/—\,\w
5 /
0
'5 T T T T T T T T T

0 100 200 300 400 500 600 700 800 900 1000

time, ns

Figure 4.36. |4 for different drain currents during turn-on.

Figures 4.37 through 4.39 show the gate voltage, drain voltage, and drain current for
vaious vaues of dran current during the turn-off trandtion while dl other parameters
have the base vaues from Table 4.2. From the gate voltage plots (Figure 4.38), note the
increase in the levd of the gate plateau voltage with increased current. The MOSFET
resstances with higher current yield a higher plateau. From Figure 4.38, one sees that the
drain voltage rise time is decreased dightly with increased current. The increased load
current dlows faster charging of the drain-source capacitance. The combined effects of
the plateau beginning a a higher voltage and drain voltage risng fagter, yied a shorter
plaeau (miller charging) time, which ultimatedy means shorter turn-off current delay and
turn-off time.

Viewing Fgure 4.10, one will see that the fdl time is grester & 5 A than 10 A but
increases for currents higher than 10 A. This is agan a definition issue. Recdl that
current fal time is the time it takes for the drain current to fdl from 90% of the nomind
vadue to 10%. The current fdl time should decrease whenever the current leve is
reduced (i.e. from 10 A to 5 A), but the 90% current for the 5 A case lies in the curved
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part of the waveform before the steep dope (see Figure 4.39).
the fal time includes the dowly changing portion of the waveform.

For the 5 A case, part of
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Figure 4.37. Vg for different drain currents during turn-off.
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Figure 4.38. Vs for different drain currents during turn-off.
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Figure 4.39. |4 for different drain currents during turn-off.

4.8 Varying bus capacitance
From the sengtivity plots and Table 4.3, it is observed that changes of bus

capacitance over the chosen range (300 — 900nF) had virtudly no effect on the switching
characterigics.  This means that the minimum capacitance of 300nF was 4ill more than
enough to adequady provide energy during switching trangtions with the rest of the
parameters a ther base vaues. When building the find tedter, the bus capacitance
should be implemented in the same way as described in sections 3.3.2 and 3.5.5, and its
effects on the switching characterigtics should be tested under the worst case conditions.
Theworst caseisthe following:

1) Ry & minimum

2) Vg a maximum

3) Vius & maximum

4) 14 & maximum
These conditions will give the fades switching and highest transent energy. Loop
inductance is not specified because it will not be adjustable in the find circuit. Junction
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temperature effects are smdl, so the tests can be performed a room temperature. More
detail for the design of the bus capacitance in the tester will be provided in Chapter 5.

4.9 Varying loop inductance

Figures 4.40 through 4.42 show the gate voltage, drain voltage, and drain current for
various vaues of loop inductance during the turn-on trandtion while all other parameters
have the base vadues from Table 4.2. From Figure 4.40, one can see that the initid risng
edge before the threshold voltage is the same for dl cases. The effects of the loop
inductance begin to become noticegble after the threshold voltage when current begins to
rise. From Figure 4.42, one can see that the loop inductance serves to limit the di/dt. The
reduced di/dt decreases the voltage spike measured on the gate voltage that occurs just
prior to the plateau voltage. This voltage spike occurs due to the MOSFET source pin
paraditic inductance [8]. While L oop increases by five times, the di/dt reduction is a
much smdler factor. This can be observed from the drain voltage faling edge (Figure
441). As long as the current is risng, the dran voltage will fal due to the L*di/dt
voltage drop across the loop inductance. While di/dt is reduced, the L*di/dt voltage drop
is dill increased because the loop inductance is increased by more than the di/dt is
reduced. This voltage drop will result in less overlap of the drain voltage and current,
ultimatdy leading to reduced turn-on switching energy loss.  Ancther observation from
Figure 442 is that while increesng Lioop dows the drain current’s risng edge, the
current overshoot increeses. It seems counterintuitive that reduced switching speed
should increese dress.  In dl cases, when the drain current reaches the load inductor
current, the SIC Schottky begins to block voltage. However, in the 250 nH case, the loop
inductance holds 5 times as much energy a that instant than in the 50 nH case.
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Figure 4.40. Vs for different loop inductances during turn-on.
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Figure 4.41. Vs for different loop inductances during turn-on.
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Figure 4.42. |4 for different loop inductances during turn-on.

Figures 4.40 through 4.42 show the gate voltage, drain voltage, and drain current for
various vaues of loop inductance during the turn-off trangtion while dl other parameters
have the base values from Table 4.2. The most notable trend is the L* di/dt drain-source's
overshoot voltage. In addition, thereisadightly increased current fal time. The result
of these two factors will also show increased turn-off energy.
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Figure 4.44. Vs for different loop inductances during turn-off.
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Figure 4.45. |4 for different loop inductances during turn-off.

4.10 Varying junction temperature

From the sengtivity plots and Table 4.3, it is observed that the switching
charecterigtics do not vary greatly over the chosen range of junction temperatures (25 —
100°C). Though the trends were very smal, their shgpes were undeniably consstent
(refer to Appendix D). In other words, the data were not merely random measurement
error around a zero-change trend line.

Another note that should be made is that the tests were conducted only for a power
MOSFET. While changes in the other varied parameters are expected to show similar
trends for IGBTs as for power MOSFETS, the junction temperature is expected to show
quite different trends. Increases in junction temperature in an IGBT increases minority
carier lifdime, which leads to lengthier current tail times [33]. The reault is that the
junction temperature will have significant effects on the turn-off time and losses.
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Chapter 5— Final Tester design

5.1 Introduction

The combined knowledge and data from the previous chapters form the
methodology needed to design the power devicelmodule switching characteristics tester.
Chapter 2 demondrated the crucid measurement condderations involved in obtaining
accurate switching characteristics data.  Chapter 3 introduced the experimenta setup for a
parametric study that explores the effect of severd important circuit parameters on the
measured switching characterigtics. Chapter 4 gave the results of the parametric study,
highlighting the sengtivity of each switching characteristic to the varied parameters and
explaining qualitatively the ressons for the noted trends.  This chapter provides the
guiddines for designing a switching characteridics tester and determining the necessary
information to include in a module datasheet. This chapter specificdly addresses the
following quedtions:

1) What are the necessary measurement specifications?

2) Which tester parameters need to be specified in the datasheet?

3) Atwhat operating conditions (4, Vs, and Tj ) should the module be tested at?
4) How should the gate drive parameters (Ry, V) be chosen?

5) How should the tester layout be designed?

Though the primary concern in this thess is extraction of the switching characteristics
defined in Chepter 1, verification of module operation under continuous-pulse operation
is important. By teding continuous-pulse operation, we can confirm that the module
functions properly near rated voltage and current while being hested internaly due to
power losses. In addition, the find tester design includes power supplies, gate drivers,
ggnd generators, and control circuitry. A basic description of the whole tester is given
in section 5.4, and the detailed design of the tester is given in Appendix E.  Section 5.5
focuses on the testbed that interfaces the IPEM or device and the board that interfaces the
testbed to the rest of the tester.
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5.2 Tester Measurement Specifications

From the measured data, it is found that the minimum rise or fdl times for both the
current and voltage are 10 ns. Of course, this is the measured vaue rather than the true
vaue. One could argue tha if the voltage or current probes used did not have sufficient
bandwidth, the measured times may be longer than the actua times. The voltage and
current measurements can be dedt with individudly.

The voltage probe and oscilloscope combination were specified to have a system
bandwidth of 500 MHz. Using Equation 2.2, a sgnd with a rise time of 5 ns has a risng
edge equivalent frequency of 50 MHz. So that both the magnitude and phase of the
risng edge are not gppreciably didtorted, the sysem bandwidth for measuring this sgnd
should be 500 MHz or grester. The implication here is tha dnce the voltage
measurement sysem bandwidth can fathfully represent Sgnds sSgnificantly faster than
the one observed, one can trus measurement. As the measured rise time gets closer to
5ns, one should begin to question the correctness of the measurement.

In Chapter 2, it was demondrated that improvement in voltage measurement could be
achieved by reducing the probe tip-to-ground loop. To this end, probe-tip adaptors were
used for the parametric study, and they should be used in the find tester design. Note
that these adaptors must be physicaly close to the DUT in order to correctly represent the
waveform.

The current measurement is not quite so straightforward.  As discussed in Chapter 2,
the origind shunt used had a high bandwidth specification (400 MHZz), but it had
dgnificant eror even for rdaivdy dow risng edges. The problem seemed to be the
small inductance associated with loop around the air gap (see Figure 2.12). A new shunt
was implemented which had a bandwidth specification of 2 GHz.  Chapter 2
demondtrated that the current measurement could be and was validated usng a few key
obsarvations from the measured waveform and from the measurement’'s good agreement

with Smulation.
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5.3 Tester Parameters

Gatedrive parameters. Rg, Vg, and gatedriver used (gate driveimpedance)

The sengtivity andlyss of the parametric sudy showed that the gate drive voltage and
resstance dominate the trends of most of the switching characteristics. The gate voltage
and resgance will be specified in the IPEM’s datasheet. As converter switching
frequencies continue to increase, gate resigtance vaues with which devices are tested
continue to decrease. Typical R values used today are as low as 2V [29], which isin a
gmilar range of impedance as the output impedance of many gate driver 1ICs.  For this
reason, it is important to dso specify the gate driver chip’'s output impedance in the
daashet. The output impedances of many gate drivers are provided in the chip’'s
datasheet. If this information is not readily available, it can be easly determined as
follows

1) Place acapacitor across the output of the driver with alow vaue
coaxia shunt placed ingde the loop for current measurement.

2) Switch the driver on and off, and measure the peak current obtained.

3) The output impedanceisthe driver output voltage divided by the
peak current measured.

Junction Temperature

Though the junction temperature will have sgnificant effects on conduction losses, it
was obsarved to have a minima effect on the switching characteristics compared to the
other parameters. The ultimate concluson is that it is sufficient to test power MOSFET
modules only at room temperaiure. The concluson for IGBTs should be quite different.
The IGBT's turn-off characteridics are expected to change sgnificantly with temperature
junction temperature [33]. The switching characteristics should be tested a room
temperature and 100 °C or 125 °C for IGBTs.

93



Drain Current

From the parametric study, it is observed that the drain current has a sgnificant effect
on severd of the switching characteristics.  In addition, a given converter (and therefore
module), could supply a wide range of currents. For these reasons, the IPEM datasheet
plots will show the effects of load current on the switching characteristics for currents
ranging from 20% to 100% of the device current rating.

BusVoltage (or voltage acrossthe DUT)

The voltage applied across the device dso showed sgnificant effects on the switching
characterisics.  The operating voltage will change depending on the application, and
some applications have the devices operdaing a different voltages over a line cycle. The
concdluson is tha for some modules (depending on target applications), the
charecterigtics need to be tested for several voltage vadues How many voltages the
datasheet provides information for will be dedt with on a case-by-case basis. For
modules that are tested with more than one voltage level, one curve showing the trends

for changing load current will be given for each voltage level.

L oop Inductance

The loop inductance had a ggnificant influence on current rise times, device Stresses,
and switching energy. As such, the layout of the tester with respect to this parameter
should be given specia attention. L oop should be made small to ensure that devices do
not fal due to voltage overshoot. It should dso be kept smdl so that improvements in
module layout can be observed from the switching waveforms. Because this parameter
has so much impact, it is important to specify the amount of loop inductance associated
with the tester layout. By knowing the reaive inductance of the tester and module and
the generd trends of L oop On the switching characterigtics, we can draw inferences on

the amount of the improvement of one module layout compared to another.
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5.4 The Tester

Figure 5.1 below shows the block diagram of the tester. The high voltage DC supply
(HVDC) enters the tester through a common-mode choke for the reasons discussed in
section 24.1.  An externd programmable sgna generator’'s sgnds (SigGen) and 120
VAC power (HVAC) dso enter the tester and are connected to the backplane. The
backplane makes the necessary connections between the other boards. The 120 VAC bus
is used to supply two power supply boards. Power Supply 1 provides +12 V for relay
controls and +5 V for logic circuitry on the Control Board. Power Supply 2 provides two
+15 V supplies for use on the Gate Driver Board. The Control Board determines what
sgnd continues to the Gate Driver Board. Using switches on the Front Pand, the user
can choose between 0-5 V logic and 0-15 V logic and can choose between tests to
perform (double-pulse top device, double-pulse bottom device, and continuous-pulse
tes). Using a switch on the Front Pand, the user can dso choose to use one of the load
inductors from the Load Board or to use an inductor that they supply. The user-supplied
load is connected to the banana plug jacks on the Front Panel. The inductor load current
(IL) is measured at the Load Board using a high bandwidth current transformer (Pearson
Modd 411). The coaxid output of the current transformer is available at the Front Pandl.
The Gate Driver board contains two independent gate drivers and is capable of driving a
haf-bridge. The Power Board and Testbed are described in more detail in section 5.5.
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Figure5.1. Tester block diagram.

5.5 Main Testbed

IPEMs come in a wide variety of topologies, depending on the target applications and
the level of integration. The tester designed within this thess work is intended for haf-
bridge modules, but adso has the proper provisons to be able to test discrete power
MOSFETs and IGBTs. Figure 5.2 beow shows the topology of the Man Testbed
(Testbed and Power Board). If testing a module, pins P, O and N from the module would
be connected to the corresponding points of the tester. If testing a discrete power
MOSFET or IGBT, the device would be connected across points O and N of the tester.
Note the various configurations of the tester that are possble. Table 51 gives the
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necessary connection schemes for evauaing the top switch,

and bottom diode.

top diode, bottom switch,

U

Pulse-tegting circuit

Figure 5.2. Testbed for double-pulse and continuous-pulse testing.

Table5.1. Tedter configurations.

Top Switch |Top Diode [Bottom Switch|Bottom Diode |Discrete MOSFET |Discrete IGBT
SP P P P’ P P’ P’
SN N' N N N N N'and N
SL \Vbus- \Vbus+ \Vbus+ \Vbus- \Vbus+ \Vbus+

Figure 5.3 shows the layout of the main testbed. The top two figures show the top and
bottom layers of the testbed that interface the IPEM. The pin-outs labeled P, P, O, N,

and N’ are the same as those of Figure 5.2 above. As this board contains the loop
associated with Lioop, the layout of this board is criticd. Note the use of severa bus

capacitors and that the capacitors are mounted very close to one another. They can be

placed s0 close because adjacent capacitors are mounted on opposite sides of the board.

The shunts are placed as close as possible to the bus capacitors, and the diodes are made

& nex to the shunts as possble while gill adlowing adjugment of the connection

scheme. The damping screws in conjunction with smal PCBs with copper planes are
used to make connections as described by Table 5.1. Smadl shorting clamps are used

ingead of relays to ensure low inductance connections. Also note that P and N as well
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as P and N are pared as pardld planes. For mogst of the double-pulse testing, externd
SIC Schottky diodes will be used in order to reduce the reverse recovery effect on the
switching characterisics.  The configurations paired as pardld planes correspond to the
use of the externd diodes. This is done to reduce the effective parastic loop inductance.
The hole shown is so that the connections between the two circuit boards shown can be
made.

Connection between the testbed and IPEM is done using another PCB clamp. This
clamp is intended to connect the planes of the testbed to the planes of an adaptor board
that is made gpecificdly for the IPEM being tested. The adaptor board/clamp
combination is chosen for two reasons. An adgptor board with plane connections will
have less paragtic inductance than wire connections, and the adaptor board dalows
mounting of probe-tip adaptors very near the DUT.

The bottom figure of the three displays the board containing the bulk capacitors,
control of inductor connection (S.), and the interface with the rest of the tester. This
board does not contan layout parameters that are criticad for switching waveform

measurements, o its design can be done more loosdly.
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Figure 5.3. Main testbed circuit boards.
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Chapter 6 — Conclusions and Future Work

6.1 Conclusions

It has been wel established that characterizing an IPEM with respect to its switching
characteridics is an important endeavor. For this reason, this thess haes invedtigated the
methods for doing this characterization.

The measurement equipment related problems were addressed.  Capeacitively-coupled
ground loops can be created due to the bus voltage supply’s capacitance to earth ground.
The consequence of this ground loop manifeted as common-mode ringing in the shunt
current measurement.  The problem is handled usng an gpproprigte commonmode
choke. It was found that much of the ringing origindly observed from the voltage
measurements could be atribuied to the probe's tip-to-ground loop inductance. This
issue could be solved using probe-tip adaptors that limit the loop to a length barely longer
than the tip of the probe and alow direct plugging of the probe into the circuit board.

Severd types of voltage and current probes were considered, and it was concluded
that the 10X passve, grounded voltage probes and coaxid current shunts were the only
st that could adequately measure fast switching waveforms. It was dso demongrated
that not dl shunts are made equd. The fird shunt used showed faster rise times, odd
shapes, and much larger current stresses than expected. This was the result of a small
amount of inductance formed by the ar gagp between the concentric cylinders of the
coaxid shunt. The problem could be dleviated by usng a shunt with larger resstance
and a better consgtruction (smdler air gap loop).

A paamdric sudy was peformed to determine the sengtivity of the switching
characterigtics to severa circuit parameters, including: gate resistance, gate voltage, bus
voltage, drain current, loop inductance, bus capacitance, and junction temperature. By
normdizing the varied parameters around their base vadues and plotting the redive
effects of al parameters on a sngle plot, one can farly andyze which circuit parameters
and operating conditions most affect each characterisic. Overdl, it was noted that the
gate drive parameters (Ry and V) had the grestest effect on most of the switching
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characterigtics.  Loop inductance, bus voltage, and drain current dso showed sgnificant
changes, while the bus capacitance and junction temperature seemed to have very little
effect.

From these sengtivity plots, one can also see some correlation between the effects d
the varied parameters. For example, the turn-on switching interva times are sgnificantly
reduced by either decreasing Ry or increesng Vg  The concluson is that it is the gate
current (V¢/Ry) that truly determines these switching times. Strong corrdétion is aso
noticesble amongst some of the switching characteristics. Note tha the shapes of the
curves and the sengtivity vaues in Table 4.3 are very smilar for the voltage overshoot
(Vo9 and the turn-off switching current gradient (di/dt(off)) when the loop inductance is
held constant.

Some of the generd trends from the parametric study have been known for quite a
long time. For indance, knowledgesble engineers understand that increesing gate
resstance reduces switching speed and loop inductance has an adverse effect on voltage
dress. However, this thess does more than generdize.  The sengtivity plots and Table
4.3 quantify the effects of fore-mentioned parameters in such a way that comparisons can
be made and correlations can be deduced. This study is dso more complete in that it
explores the effects of each parameter on several switching characteristics instead of just
one or two characteristics.

Circuit modeling attempts, including layout and component paradtics modding, were
made with farly good success The waveforms smulated were very smilar to those in
messurement and most of the trends from messurement could be duplicated. The
smulation circuit proved to be a vaduable tool in finding messurement errors.  The
smulation circuit could aso be used to see measurements that cannot be extracted from
the red circuit.

To farly andyze a module's peformance and make comparisons amongst designs, it
is imperative to use standard test equipment and test procedures. To this end, a hard-
switching characteristics tester is desgned and the measurement procedure has been
demondrated. From the parametric study and investigation of measurement needs, the
following generd observations should be noted for the testing of IPEMs.
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1) Switching characterigtics are very sendtive to the loop inductance. As such, the
tesdter layout should be designed carefully and the parastic inductance should be
specified in the IPEM datashest.

2) The bandwidth of a measurement must be specified as a system bandwidth.

3) The equivdent frequency of a given dgnd’s risng edge can be cdculated to
determine if the measurement system bandwidth is questionable or inadequate.

4) The gate driver output impedance should be specified in the datashest.

5) The gate drive should be connected in such a way as to not increase the source (or
emitter) pin paragitic inductance.

6) Probe-tip adaptors should be used to reduce errors in the voltage measurements.

7) The reverse recovery charge of the freewheding diode can be used to veify the

current measurement.

6.2 Suggestionsfor futurework

1) The sengdtivity plots in Chepter 4 should be further andyzed. While some
conclusons have been drawn from the parametric study, it is believed by this author that
many more useful trends and conclusions may be deduced.

2) The choice of where in the drain voltage and drain current waveforms to messure the
dv/dt and di/dt (currently measured a 50%) could use further andyss. One of the
primary reasons for specifying these vaues is that these gradients have implications on
electromagnetic inteference. To improve the meaningfulness of the measurements of
dv/dt and di/dt, it would be useful to discern if it is the average gradient, maximum
gradient, or other measurement that most lends itsdf to the andyzing IPEM EMI
performance.

3) The work in this thess deds soldy with hard-switching characterigics However,
some modules may be intended for soft-switching operation, or may a least be wel
auited to a particular soft-switching gpplication. An example may be a ZVS teser such
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as shown in Figure 6.1 below. The tester could dso be extended for ZCS. In any case,
the principles outlined in this thess for hard-switching could be directly gpplied to soft-
switching testers [34].

= LLono w E I_
= — vy s —
- =

Auxiliary
Switches

\_ puT -

Figure 6.1. ZV S tester circuit.

4) Discrepancies between the smulated and measured results should be studied further.
It is believed that the MOSFET capacitance models may be part of the problem. While
the dmulation modd capecitance curves were Smilar to those from the MOSFET
datashet, they were not the same. Also, the capacitance curves do not extend beyond
Vs vaues gregter than 25 V, 0 it is difficult to tel how wel the maiching is for higher
voltage biases.

5) The tester should be congructed using the information provided in Appendix E and
the generd guiddines developed in thisthess.
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Appendix A — Pulse-width Distortion and Phase L ag

As mentioned in Chapter 1, the switching delay times can cause considerable pulse-
width distortion and phase delay. Figure A.1 below demonstrates these phenomena. The
thin trace in the Vg plot is the control signal from the signal generator or processor. The
thin lines in the plots of V4 and 14 show the expected pulses if you had perfect switches
with no delay. The thick lines show the actual voltages and current. Note from the plots
the increased duration of the |4 pulse and the decreased duration of the V4 pulse. This
means that the device is actualy on longer than expected. This pulse-width distortion
may lead to an incorrect voltage or current at the output of the converter. The control
loop may or may not be able to compensate for this distortion, depending on how close
the duty cycleisto itsboundaries. Also, if there are multiple switches in the circuit and a
device is on when it is expected to be off, other devices may be turned on prematurely
and lead to destruction.

Another notable observation from the figures is that there is a significant phase lag in
the actual pulses (Vg4s and lg). For turn-on, this phase lag is the result of the delay
between the time the gate begins to charge and the time it reaches the device's threshold
voltage (the time the current beginsto rise). For turn-off, the delay is the time it takes for
the gate voltage to fall to the plateau voltage value plus the plateau time. The plateaus
are aresult of the large capacitance seen by the gate driver when V4 is small [8]. If the
phase lag is not modeled in the control design, the converter will have less phase margin
than expected. This phenomenon has the ability to cause instability and ultimately cause

the destruction of the converter.
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Figure A.1. Example of pulse-width distortion and phase lag.
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Appendix B — Equivalent Frequency of a Square-wave Rising Edge

An approximation to the equivalent frequency of a sguare-wave signa can be
determined based on the magnitude and slope, or equivalently the rise time, of the rising
edge. This appendix shows how Equation 2.2 was derived. The method begins by
finding the equation of a sine-wave that has the same peak-to-peak value and slope at the
midpoint (timet = 0 in Figure B.1) as the square-wave in question. An example is shown

in Figure B.1.

1.1

ta

|
|
|
|
|
|
|
|
|
|
|
|
|
Il
1
i
|
|
|
|
'

t

Figure B.1. Using asine-wave to determine arising edge’ s equivalent frequency.

The sineewave and the line forming the rising edge can be represented by the

following equations:

Sinewave: Y =§sin(vvt)+§ (B.1)
Linel Y =nmt +§ (B.2)

where m is the slope of the line between times t; and t;. To compare the slopes at time

t = 0, take the derivative with respect to time of equations B.1 and B.2 and set t equal to
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zero. Since the slopes must be the same, the two resulting derivatives are equated as in
Equation B.3.

d @SIH(\Nt)‘F AO_ dae + Ao

dt &2 2g A& 2g
gw cos(wt) = m
t=0 b ngm (B.3)
Replacing w with 2pf and solving for f, the equivalent frequency is found to be:

f=_ M (B.4)

A0

Zid o

e2g

Noting that the rise time (t;) is 80% of t, — t;, the sSlope m is related to rise time as
follows:

B.5
t,-t, 0.8t (B-5)
Substituting B.5 into B.4, the final result is:

;08

pt,
0.25

f » (B.6)

r
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Appendix C — Switching Characteristics M easurement Procedure

C.1 Turn-on Switching Characteristics

The first step is to zoom-in to the gate voltage and drain current as shown below in
Figure C.1. From the figure, one can see that the cursors are being used to measure the
current turn-on delay time. The current rise time, current turn-on gradient, and current

overshoot are also measured at thistime. Refer to Chapter 1 for definitions.

ﬁ}un: 4.00GS/s ET Average . \
§ i 1
- o - - - ; aomy

i e T I
D 12.5ns Runs After
nath3 S00mv 12.5ns

Figure C.1. Measurement of tqony, tn, di/dt(on), and los.

The waveforms are then scrolled to the left. Figure C.2 shows the extraction of the

voltage fall time.

ﬁekmoocsx[s ET 1327 Acqs ] \

V gs. ; : : : : :
S
o Ve

CThi  5.00V : 3 M 1.00s ~ 13V
D 12.5ns Runs after
mMath3 500mv 12.5ns

Figure C.2. Measurement of tz,.
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The end of the turn-on interval is considered to be when Vg first crosses its saturation
level (the steady-state voltage value when the switch is off). To determine the turn-on
time, the oscilloscope must be zoomed-in close to the V4 saturation level. Figure C.3
shows the measurement of the turn-on time. The cursor on the right is at the saturation

voltage, which isfound by aligning a horizontal cursor with steady-state value of V gs.

ﬁek Run: 2.0005/5[ ET Average . \

P _—IQ//\/\/ o o]
Chi 5,00V : 2 M T.00s ~ 13.0V
D 25.0ns Runs After
Math3 S500my 25.0ns

Figure C.3. Measurement of toy.

To measure the turn-on switching energy loss, one must zoom-out to the entire turn-on
interval. Two of the oscilloscope math functions are used. The multiplication function is
used to multiply Vg and -y (the current is negative because of the orientation of the
shunt). The result of this multiplication is then saved as a reference waveform. The
oscilloscope’ s integration function is then used to integrate the reference waveform. The
resultant waveform is the negative of the energy. Figure C.4 below shows the
measurement of the turn-on energy. The cursors are used to find the change in energy
during the turn-on interval. The energy is actually the value shown divided by 0.103 (the
value of the shunt). In this case, Eon Was approximately 79 n.
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Chi 5.00V M 1.00s s ERY
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Math2 2.00M? 25.0ns

Figure C.4. Measurement of Eoy.

C.2 Turn-off Switching Characteristics
The first step is to zoom-in to the gate voltage and drain current as shown below in
Figure C.5. From the figure, one can see that the cursors are being used to measure the

current turn-off delay time. The turn-off time is also measured at thistime.

Tek Run: S00MS/s Average
L —

AN
Ve \

i

H H H H H [
5.00¥ M 1.00s Y 13V
D 100ns Runs After
Math3 500mv 100ns

Figure C.5. Measurement of tgorr and torr.
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The waveforms are scrolled to the left and zoomed-in, and the voltage rise time,
voltage turn-off gradient, voltage overshoot, current fal time, and turn-off current

gradient can be measured as in Figure C.6.

/Tek Run: 2.0005/5[ ET Average . \

Ehi 500V : : M T.00s SUUTIV
D 25.0ns Runs After
Math3 500mv 25.0ns

Figure C.6. Measurement of t,,, dv/dt(off), Vs, tr, and di/dt(off).

To measure the turn-off switching energy loss, one must zoom-out to the entire turn-
off interval. The multiplication and integration functions are again used to get the

negative of the energy. The cursors are then used to find the change in energy during the

turn-off interval. Figure C.7 shows the measurement of the turn-off energy.
A 30.4p?

@{un: 500MS/s  Average o
| i1
M B50nRs

EOFF e | = =30 6p?

Thi 5.00V : 5 ™M 1.00s ~ BERY
D 100ns Runs After
nMath2 5.00p7? 100ns

Figure C.7. Measurement of Eorr.
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Appendix D — Parametric Study Results

D.1 Switching Characteristics with Changing Gate Resistance (Ry)

The switching characteristics that showed changes with gate resistance are shown in

this section. Those switching characteristics not plotted were not sensitive to Rg. The

curves shown were fit to the data using Microsoft Excel’ s trendline function.
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Figure D.3. Current risetime vs R

Figure D.4. Voltagefall timevs. R
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10 300
250
< 2 200 .
) = 150
S g Pt
-
. M/ =
0 T T T T T T 0 T T T T T T
0O 10 20 30 40 50 60 70 0O 10 20 30 40 50 60 70
Rg, ohms Rg, ohms
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Figure D.8. Turn-off timevsR,.

Figure D.9. Current turn-off delay vs R,
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Figure D.12. Turn-off current gradient vs R,
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Figure D.13. Turn-off voltage gradient vs Ry.

Figure D.14. Voltage overshoot vs R,
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Figure D.15. Turn-off switching energy vs R,.

D.2 Switching Characteristics with Changing Gate Voltage (V)

The switching characteristics that showed changes with gate voltage are shown in this

section. Those switching characteristics not plotted were not sensitive to V.
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Figure D.16. Turn-ontimevs V.
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Figure D.18. Current risetimevs V.

Figure D.19. Voltage fall timevs V.
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Figure D.20. Turn-on current gradient vs V.

Figure D.21. Current overshoot vs V.
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Figure D.22. Turn-on energy vs V.
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Figure D.23. Turn-off timevsV, Figure D.24. Current turn-off delay vs V.
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D.3 Switching Characteristicswith Changing Bus Voltage (Vpus)

The switching characteristics that showed changes with bus voltage are shown in this
section. Those switching characteristics not plotted were not sensitive to Vs, The
disagreements between measurement and simulation are greater for the data in this
section than for the other cases. It is believed by this author that these discrepancies may
be caused by differences between the capacitances of the MOSFET simulation model and
the real device at higher V4. The curves in the datasheet for the IXFH26N50 (Figure
3.12) show the capacitances only for Vgslessthan 25 V.
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Figure D.25. Current risetime vs V. Figure D.26. Voltagefall timevs. Vs
2000 300
250 .
S 1500 | /
< — 200
- >
c - n
s 1000 . ugJ 150 ﬁ%
5 - = 100 -
S 500 *W /£ -
50 /
0 T T T T 0 T T T T
0O 100 200 300 400 500 0O 100 200 300 400 500
Vbus, V Vbus, V
Figure D.27. Turn-on current gradient vs V. Figure D.28. Turn-on switching energy vs Vs
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Figure D.30. Current turn-off delay time vs V.

Figure D.31. Voltagerisetimevs V.
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Figure D.32. Turn-off voltage gradient vs V.

Figure D.33. Voltage overshoot vs V.
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Figure D.34. Turn-off switching energy vs Vs

D.4 Switching Characteristicswith Changing Drain Current (l4)

The switching characteristics that showed changes with drain current are shown in this

section. Those switching characteristics not plotted were not sensitive to Iq.
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Figure D.35. Turn-ontimevsly.
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Figure D.39. Turn-on current gradient vs l.

Figure D.40. Current overshoot vs .
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Figure D.44. Turn-off current gradient vs .

Figure D.45. Turn-off voltage gradient vs .
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D.5 Switching Characteristicswith Changing Bus Capacitance (Cy,s)
Over the range chosen (300nF — 900nF), no significant changes in the switching
characteristics could be observed. This means that the minimum capacitance of 300nF
was still more than enough to adequately provide energy during switching transitions

with the rest of the parameters at their base values.
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D.6 Switching Characteristicswith Changing L oop I nductance (L oop)

The switching characteristics that showed changes with loop inductance are shown in

this section. Those switching characteristics not plotted were not sensitive to L oop.

Key
—e— Measured
—= - Simulated
70 50
60 40
2 50
’E; 40 a— 5 —8 2, 30 /.f:
S 30l v = ./‘/,:: -
S — =20 -
- 20
10 10 -
0 T T T T T 0 T T T T T
0 50 100 150 200 250 300 0O 50 100 150 200 250 300
Lloop, nH Lloop, nH

Figure D.48. Current turn-on delay vs L oop.

Figure D.49. Current risetimevsL oop.
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Figure D.50. Turn-on current gradient vs L oop-

Figure D.51. Current overshoot vs L oop.
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Figure D.55. Voltage overshoot vs L oop.

Figure D.56. Turn-off switching energy vs L oop.

128



D.7 Switching Characteristics with Changing Junction Temperature (T;)

It was observed that the junction temperature has a minimal effect on the switching

characteristics compared to the other parameters. However, the trends for the switching

characteristics for varying junction temperature consistently increased or decreased. The

plots are provided in this section to demonstrate the trends. Note that these plots are not

on the same scale as those shown in the previous sections of this appendix. If they were

on the same scale, they would appear almost like horizontal lines. The plots below are
only the measured data. T; can be adjusted in the MOSFET simulation model, but time

did not permit further simulation.
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Figure D.60. Current fall timevsT;.
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Appendix E — Detailed Tester Design

E.1 Introduction

This Appendix gives the detailed design of the switching characteristics tester. The
tester consists of eight circuit boards, namely: Testbed, Power Board, Control Board,
Gate Driver Board, Load Board, Power Supply Board 1, Power Supply Board 2, and
Backplane. A description of the boards functions, schematic diagram, top and bottom
PCB diagrams, component placement diagram, and bill of materials are provided for each

board in the next severa sections.

E.2 Testbed

The Testbed contains the high frequency capacitors that make up Cys, the coaxial
shunts (R; and Ry), and the SIC Schottky diodes (D; and D3) shown in Figure E.1 and
5.1. Because this board contains the loop formed by Cy,s and the power devices, its
layout is critical. As described in 5.4, specia attention was given to the layout
considerations. The primary purpose of this board is to interface to the IPEM being
tested. By proper selection of which of the power planes are connected where, the user
can choose to use the diodes provided or use diodes from inside the module (perhaps the
body diodes if a MOSFET is being tested). For most of the double-pulse testing, diode
D, or D, will be used.
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All Capacitors: 0.1pF, 1000V

R2
0.1ohm coaxial shunt

D1

Figure E.1. Testbed schematic.

Figure E.2. Testbed top layer.

Figure E.3. Testbed bottom layer.
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Figure E.4. Testbed component placement diagram.

Table E.1. Testbed bill of materials.

ComponentjDescription Manufacturer JPart Number JSuggested Distributor
C1-C10 J0.1uF, 1000V ceramic disc capacitor JVishay 10GAP10 Newark

D1, D2 600 V, 12A SiC Schottky Diode Infineon SDT06S60 Jinfineon

R1, R2 0.1 ohm coaxial shunt T&M Research JSDN-10 T&M Research
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E.3 Power Board

The Power Board contains the bulk capacitors (C; — Cg) for power storage on the high

voltage DC bus. It also has polypropylene capacitors (C; — Cyp) to handle the large ripple

currents generated during the continuous-pulse testing. Resistors R; — Rg are bleeder

resistors and should help to balance the voltage across the capacitors. The relays (Sw; —

Sw;) are controlled via the control signals DPT (double-pulse top), CONT (continuous),

and DPB (double-pulse bottom). The relays determine whether the load will be

connected to the positive DC bus rail, the negative rail, or the midpoint of the capacitors,

depending on which test is performed. Connections to the rest of the tester are made

through J;.

Swi
HVDc+o—04—

DPBO 12COM J
HvVDC+o— 1
—2
D1 HVDC-0— 3
S L1 —*
MID 7 o 5

[}
! L _1g
CONTO 12COM 7

L2
o—¢ |,
—9
D2 DPT 0— 10
w3 CONT 0— 11
. +12 00— 13
DPT 12COM 12COMo— 14
—15
H-type Mae

D3

Figure E.5. Power Board schematic.
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Figure E.6. Power Board top layer.

Figure E.7. Power Board bottom layer.
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Figure E.8. Power Board component placement diagram.

Table E.2. Power Board bill of materias.

ComponentlDescription |Manufacturer Man. Part Number Suggested Distributor
C1-Cé 100uF, 450V Aluminum Electrolytic Cap JPanasonic ECO-S2WB101BA Digikey

C7-C10 __ J0.68uF, 630V Polypropylene Cap

D1-D3 100V, 1A rectifier IGen. Semi. 1N4002 Digikey

J1 IRt. Angle H-type male connector |Hartinq J09-06-115-2911 Newark

R1-R6 150 kohm, 2W resistor |BC Components §5083NW150K0J12AFX IDigikey

Sw1-Sw3 JSPST, 60A relay |P&B | Tyco VF4-11F13 Digikey
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E.4 Control Board

The Control Board is fed the power supply voltages and signals from an external
signal generator, and it outputs the voltage supplies and controls signals needed for the
gate driver. The input signals are initially sent into an optocoupler (U;). This
optocoupler breaks the ground loop that would otherwise be present due to the fact that
both the external signal generator and the oscilloscope are earth grounded. Because the
optocoupler inverts the logic, its output is then sent through an inverter (Uy). The
optocoupler output is also sent to two inverting buffer chips (Uz and Uy) to create 0-15 V
logic. Using the rocker switch on the tester front panel that connects to J, and relays Sw;
and Swy, the user can select between 5V and 15V logic. A rotary switch that connects
to J; is used to select which test will be performed. Depending on the selection, the
output of relays Sw3 and Sw, will be either ground or alogic signal. The power supplies
and signals are fed through J, to the front panel to be accessed by the gate driver.
Connections to the rest of the tester are made through J; to the backplane.
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Figure E.9. Control Board schematic.
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Table E.3. Control Board bill of materials.

Control Boa_rd

Component Description Manufacturer JMan. Part Number JSuggested Distributor
C1,C3,C5,C7 0.1uF, 50V ceramic cap Kemet C317C104M5U5CA IDigikey
C2,C4,C6,C8 4.7uF, 35V tantalum cap Kemet T350E475K035AS |Digikey
D1-D4 100V, 1A rectifier Gen. Semi. 1N4002 Digikey
D5-D7,J4 2-pos. straight header Molex 22-23-2021 Digikey
J1 Rt. Angle H-type male connector JHarting 09-06-115-2911 Newark
J2 10-pos. straight header Molex 22-23-2101 Digikey
J3 4-pos. straight header Molex 22-23-2041 Digikey
R1,R2 470 ohm, 0.25 W resistor Yageo CFR-25JR-470R Digikey
R3.,R4 390 ohm, 0.25 W resistor Yageo CFR-25JR-390R Digikey
R5-R7 1 kohm, 0.25 W resistor Yageo CFR-25JR-1K0 Digikey
Swi-Sw4 SPDT, 2A relays NAIS TK1-12V Digikey
Ul High CMR dual opto, 8DIP Agilent HCPL-4661 Newark
U2 Hex Schmitt-trig inverter, 14DIP__JTexas Inst. SN74LS14N Digikey
U3.U4 9A low-side gate driver, 8DIP Microchip TC4421CPA Digikey
Front Panel of Control Board
Component Descriletion Manufacturer [Man. Part Numﬁ)er Suggested Distributor
mate for D5-D7,J4 2-pos. housing Molex 22-01-3027 Digikey
mate for J2 10-pos. housing Molex 22-01-3107 Digikey
mate for J3 4-pos. housing Molex 22-01-3047 Digikey
pins for D5-D7,J2-J4 Jcrimp terminals Molex 08-50-0114 Digikey
LEDs for D5-D7 Green panel mount LED Lumex SSI-LXR4815GD Digikey
connector for J2 9-pos. male D-Sub connector AMP 747904-2 Digikey
switch for J3 12-pos. rotary switch E-Switch KC-52-A-01-N-L-S IDigikey
switch for J4 Rocker switch CW Industries JIGRS-4011-0076 Digikey
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E.5. GateDriver Board

The Gate Driver Board used contains two isolated drivers. The output buffer chips
(U3 and U,) are capable of up to 12 A, and are limited to switching frequencies below
300 kHz. R3 and R7 will be plugs mounted on the PCB so that the gate resistance can

easily be adjusted.
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Figure E.13. Gate Driver Board schematic.
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Figure E.16. Gate Driver Board component placement diagram.
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Table E.4. Gate Driver Board bill of materials.

Component Description |Manufacturer Man. Part Number JSuggested Distributor
C1,C2,C4,C6,C7,C8,C10,C12 J0.1uF, 50V ceramic cap |Kemet C317C104M5U5CA IDigikey
C3,C5,C9,C11 4.7uF, 35V tantalum cap |Kemet T350E475K035AS [Digikey
J1 7-pos. straight header |Molex 22-23-2071 Digikey
mate for J1 7-pos. housing |Molex 22-01-3077 Digikey
J2,J3 2-pos. straight header |Mo|ex 22-23-2021 Digikey
mate for J2,J3 2-pos. housing |Molex 22-01-3027 Digikey
pins for J1-J3 crimp terminals Imolex J08-50-0114 Digikey
R1,R5 470 ohm, 0.25 W resistor Yageo CFR-25JR-470R __ IDigikey
R2,R6 390 ohm, 0.25 W resistor Yageo CFR-25JR-390R __[IDigikey
R3,R7 Jhomemade from SIP plug

R4,R8 10 kohm, 0.25 W resistor Yageo CFR-25JR-10K Digikey
ul,u4 Jhigh speed opto, 8DIP Agilent HCPL-2601 Digikey
u2,U5 5V requlator, TO-220 INat. Semi.  JLM340T-5 Digikey
U3,U6 9A low-side gate driver, 8DIP |Microchip TC4421CPA Digikey

E.5 Load Board
The Load Board contains the connections for a 400 pH inductor (J:a and Jg), 225 pH

inductor (Jsa and Jsg), and an inductor supplied external to the tester by the user (Jsa and
Jsg). A rotary switch connected to J, is used to select which inductor will be used. The
400 pH inductor will be used for most of the double-pulse testing, and it can be used for
continuous-pulse testing for lower switching frequencies. The peak current through this
inductor should be less than 50 A, and the RMS current should be lessthan 40 A. The 25
MH is useful for MOSFET continuous-pulse testing in the range from 100 — 300 kHz.
The current in thisinductor should not exceed 30 A peak and 20 A RMS. Theinductor is
connected to the rest of the tester through the L; and L, connections that go to the
backplane.
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Figure E.17. Load Board schematic.
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Figure E.19. Load Board bottom layer.

145



JLEa.u selecr 24 i1 = :
R R ® ¢ ®
D . H_S -
H [] D 5w da »
L '.'
C4 ps OF éDE L . .
|I| @ L) [ & &
-
L *
J3a L
Jih .
@ a
& Sl JEa Sl i *
LIl . . =
8 + L]
JEo ﬁm »
. & + ¥
Figure E.20. Load Board component placement diagram.
Table E.5. Load Board bill of materials.
Iﬁd Board
Component I_Description Manufacturer lMan. Part Number fSuggested Distributor
D1-D3 100V, 1A rectifier Gen. Semi. __11N4002 Digikey
D4-D6 2-pos. straight header Molex 22-23-2021 Digikey
J1 JRt. Angle H-type male connector JHarting J09-06-115-2911 JINewark
J2 4-pos. straight header Molex 22-23-2041 Digikey
IRLR3 J1 kohm, 0.25 W resistor Yageo CFR-25JR-1K0 Digikey
Front Panel for I;oad Board
Component I_Description Manufacturer lMan. Part Number
mate for D4-D6 2-pos. housing Molex 22-01-3027 Digikey
JLEDs for D4-D6 _ jGreen panel mount LED Lumex SSI-LXR4815GD _[Digikey
mate for J2 4-pos. housing Molex 22-01-3047 Digikey
pins for D4-D6,J2 Jcrimp terminals Molex 108-50-0114 Digikey
switch for J2 12-pos. rotary switch E-Switch I_KC-52-A-01-N-L-S Digikey

E.6 Power Supply Board 1 (12 V, +5V)

The Power Supply Board 1 accepts 120 VAC and provides £12 V and +5 V supplies.
The +12 V supply is used for relay control in several of the other boards. The +5 V
supply is used for the logic circuits on the Control Board and is also fed to the front panel
for possible use in future gate drivers. The —12 V supply is a remnant of the original
tester design.
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Figure E.Z1. Power Supply Board 1 schematic.
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Figure E.23. Power Supply Board 1 bottom layer.
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Figure E.24. Power Supply Board 1 component placement diagram.
Table E.6. Power Supply Board 1 bill of materials.
Power Supply 1 Board
Component IDescription IManufacturer fMan. Part Number JSuggested Distributor
C1-C4,C9 [1mF, 50V aluminum electrolytic cap __ JPanasonic  |JEEU-FC1H102  [Digikey
C5,C6,C10,C12,C13,C14 J0.1uF, 50V ceramic cap JKemet 1C317C104M5U5CA [Digikey
C7,C8,C11 100uF, 50V aluminum electrolytic cap JPanasonic ~ JEEU-FC1H101 IDigikey
D1-D4,D9,D10 40V, 5A Schottky Diode IDiodes Inc. ~ |SR504 IDigikey
D5,D6,D11 100V, 1A rectifier IGen. Semi.  J1N4002 IDigikey
D7,D8,D12 2-pos. straight header IMolex 22-23-2021 IDigikey
J1 IRt. Angle H-type male connector JHarting J09-06-115-2911  [Newark
32,33 7A, 3-pos. header IMolex 126-60-4030 IDigikey
T1 2 x 18VAC, 56VA transformer Tamura IPL56-36-130B IDigikey
T2 10VAC, 6VA transformer Tamura J3FS-420 IDigikey
Front Panel for Power Supply 1 Board
Component IDescription IManufacturer fMan. Part Number JSuggested Distributor
mate for D7,D8,D12 2-pos. housing IMolex 122-01-3047 IDigikey
pins for D7,D8,D12 crimp terminals IMolex J08-50-0114 IDigikey
LEDs for D7,D8,D12 Green panel mount LED JLumex ISSI-LXR4815GD  [Digikey
mate for J2,J3 7A, 3-pos. housing IMolex J09-50-8031 IDigikey
pins for J2,J3 7A crimp terminals IMolex J08-50-0106 IDigikey
switch for J2,J3 JRocker switch ICW Industries JGRS-4011-0076  [Digikey

E.7 Power Supply Board 2 (+15V, +15V)
The Power Supply Board 2 accepts 120 VAC and produces two isolated +15 V
supplies. One of the supplies is currently used in the Control Board to create the 0-15 V
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logic, and it is used for one of the gate drivers on the Gate Driver Board. The other +15
V supply is used for the other gate driver.
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Figure E.25. Power Supply Board 2 schematic.
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Figure E.27. Power Supply Board 2 bottom layer.
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Figure E.28. Power Supply Board 2 component placement diagram.
Table E.7. Power Supply Board 2 bill of materials.
Power Supply 2 Board
Component Description Manufacturer fMan. Part Number JSuggested Distributor
C1,C2,C5,C6 1mF, 50V aluminum electrolytic cap Panasonic [EEU-FC1H102 Digikey
C3,C7,C9,C10 0.1uF, 50V ceramic cap Kemet [C317C104M5USCA IDigikey
C4,C8 100uF, 50V aluminum electrolytic cap JPanasonic [EEU-FC1H101 Digikey
D1,D2,D5,D6 40V, 5A Schottky Diode Diodes Inc. SR504 Digikey
D3,D7 100V, 1A rectifier Gen. Semi. 1N4002 Digikey
D4,D8 2-pos. straight header Molex 22-23-2021 Digikey
J1 Rt. Angle H-type male connector Harting J09-06-115-2911 Newark
J2,J3 7A, 3-pos. header Molex J26-60-4030 Digikey
T1,T2 2 x 18VAC, 30VA transformer Tamura [PL30-36-1308 Digikey
|
Front Panel for Power Supply 1 Board
Component Description Manufacturer fMan. Part Number JSuggested Distributor
mate for D4,D8 2-pos. housing Molex 122-01-3047 Digikey
pins for D4,D8 crimp terminals Molex J08-50-0114 Digikey
LEDs for D4,D8 Green panel mount LED Lumex ISSI-LXR4815GD  [IDigikey
mate for J2,J3 7A, 3-pos. housing Molex J09-50-8031 Digikey
pins for J2,J3 7A crimp terminals Molex J08-50-0106 Digikey
switch for J2,J3 Rocker switch CW Industries JGRS-4011-0076 Digikey

E.9. Backplane

The backplane contains the mating connectors for “J;” on each of the other boards,

and it is used to make the necessary connections between the different boards. It also
accepts the DC bus voltage (Js) that will be applied to the testbed, the 120 VAC input (J,)
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that supplies the power supply boards, and the signals from the signal generator (Js and

Jo)-
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Figure E.29. Backplane Board.
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Figure E.31. Backplane component placement diagram.

Table E.8. Backplane hill of materials.

Backplane Board

Component  Description IManufacturer [Man. Part Number |Suggested Distributor
J1-J5 H-type female backplane connector JHarting J09-06-215-2821  JNewark
06,37 7A, 3-pos. header IMolex 26-60-4030 Digikey
J8,J9 2-pos. straight header IMolex 22-23-2021 Digikey
]
Backplane Board Accessories
Component  JDescription IManufacturer [Man. Part Number |Suggested Distributor
mate for J6,J7 J7A, 3-pos. housing IMolex J09-50-8031 Digikey
pins for J6,J7 J7A crimp terminals IMolex 108-50-0106 Digikey
mate for J8,J9 J2-pos. housing IMolex 22-01-3047 Digikey
pins for J8,J9 Jcrimp terminals IMolex J08-50-0114 Digikey

154




Vita

Joseph “Brandon” Witcher was born in Newport News, VA on March 29, 1979.
He grew up in Gloucester County, VA and graduated from Gloucester High School in
June of 1997. Brandon continued his education at Virginia Polytechnic Institute and
State University, pursuing a Bachelor of Science degree in Electrical Engineering
with a minor in Mathematics. In the fall of 2000, he was admitted to the combined
MS/BS program, and he began work as a research assistant for the Center for Power
Electronics Systems the following spring. He graduated with his BSEE in May of
2001. He continued his research with CPES concentrating in the switching
characterization of Integrated Power Electronics Modules. Upon completion of his
Master of Science in Electrical Engineering, Brandon will begin full-time

employment with Sandia National Laboratories.

155



