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Proper temperature monitoring of a power semiconductor device provides essential infor-
mation about the device’s condition. The majority of the failures in power semiconductors
are caused by thermo-mechanical stress. In this master’s thesis commissioned by Kemppi
Oy within Power2Power-project, a measurement device for IGBT-power module junction
temperature monitoring was designed, manufactured and tested. The junction tempera-
ture monitoring was accomplished by measuring the collector-emitter voltage of a single
IGBT-chip within a power module. The measurement device will be utilized in a Kemppi-
manufactured welding power converter during endurance testing procedure consisting of
switched-mode power cycling, so the device was designed for corresponding operational
environment. As a result, a prototype PCB was manufactured and tested. The tests in-
cluded evaluating and verifying the desired functionalities, safety and accuracy of the
prototype, and the results of the tests suggested that the device under test can be utilized

to measure the junction temperature of an IGBT-chip with sufficient accuracy.
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Tehopuolijohdelaitteen asianmukainen ldmpdétilavalvonta tarjoaa tirkedd tietoa laitteen
kunnosta. Suurin osa tehopuolijohteiden vikaantumisista on termomekaanisen stressin ai-
heuttamaa. Tassi diplomityOssd suunniteltiin, valmistettiin ja testattiin mittauslaite IGBT-
tehomoduulin liitosldmpoétilan valvontaa varten. Diplomityon tilaajana toimi Kemppi Oy
ja diplomityd tehtiin Power2Power-projektin alla. Liitosldampotilan mittaus toteutettiin
mittaamalla tehomoduulin yksittdisen IGBT-sirun kollektori-emitterijinnitettd. Mittaus-
laitetta tullaan kdyttamiin Kempin valmistamassa hitsausteholdhteessi tehosyklauksesta
muodostuvan kestotestin aikana. Téten mittauslaite suunniteltiin vastaaviin kdyttdolosuh-
teisiin. Tuloksena syntyi prototyyppi, joka valmistettiin piirilevyksi ja testattiin. Testaa-
miseen sisiltyi prototyypin toiminnallisuuden, turvallisuuden ja tarkkuuden arviointi ja
varmistaminen. Testien tuloksien seurauksena todettiin, ettid prototyyppid voidaan kayttaa

IGBT-sirun liitosldmpdtilan mittaamiseen tyydyttdvélld tarkkuudella.
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1 INTRODUCTION

Reliability of power semiconductors is under great interest in contemporary research and
industry. As surveys carried out in [1, 2] present, power semiconductors are considered
among the most vulnerable parts in power converting systems. Failures of power semi-
conductors can be particularly fatal for power converters since in the lack of redundancy
they will lead to shutdown of the whole system [1]. Using redundancy systems or com-
ponents can prevent the shutdown in the case of individual power switching subsystems

and components, but redundant parts lead to increased costs and volume in size.

Carrying out endurance tests is a common way to evaluate the reliability of a power con-
verter. Since the failures of power semiconductors are in the most often cases related
to thermo-mechanical over-stress [3, 4], subjecting the power converter to accelerated
amounts of static and dynamic temperature by the means of power cycling is usually

included in the endurance tests of converters.

1.1 Background and motivation

Kemppi Oy (hereinafter referred to as Kemppi) is a welding equipment manufacturer

located in Lahti, Finland. This master’s thesis was commissioned by Kemppi.

Monitoring the temperature of the device under interest during endurance test offers sev-

eral benefits including, but not limited to, the following:

* the endurance test’s arrangement can be simplified due to the measurement of junc-

tion temperature instead of the heat sink temperature

* the endurance test can be interrupted as a semiconductor component begins to in-
dicate a failure, thus offering an opportunity to diagnose the forthcoming failure

before the destruction of the component

* the reduced need for DC-testing of the power converters

Subsequent from the benefits mentioned above, devices with longer life prediction and
less cost in materials can be achieved due to more precisely defined cooling measures and
subsequently more optimized cost and size of the system, ultimately reducing the carbon

dioxide emissions of the device’s life cycle. Carbon dioxide emissions are also reduced



indirectly in the form of reduced capacity of transportation needed resulting from devices
smaller in size. In addition, the introductions of a new generations of IGBT's will be
accelerated as their testing and development becomes more ef cient.

1.2 Scope and delimitations

The scope of this work is to design, manufacture and test a device for evaluating the junc-
tion temperature of a IGBT-module within a de ned welding power converter during a
standard high frequency endurance test performed for all Kemppi-products alike. The
measuring can be implemented during a power cycle, or the power cycle may be inter-
rupted during the measurement. It is however to be ensured that the device under test
doesn't cool off signi cantly during the measurement, and the power cycling procedure
can continue successfully after the measurement.

The device designed in this work does not need to participate in controlling the power
cycling of the device, but rather perform the measuring procedure within a time frame set
by the controlling unit utilizing feedback from the measuring circuit.

1.3 Power2Power

This master's thesis is a part of, and partially funded by, Power2Power-project (here-
inafter referred to as P2P). P2P is a collaboration of 43 participants consisting of European
academic and industrial instances, including Kemppi, coordinated by In deon Dresden.
Among targeting for increased usage of renewable energy sources and reduced carbon
dioxide emissions overall, P2P is targeting to achieve insulated gate bipolar transistor
(IGBT) technologies with improved reliability, robustness and power density [5].
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2 IGBT POWER MODULES

In the following section the basic concepts and characteristics of most common power
semiconductors are presented. In addition, power losses, concept of junction temperature
and most typical failure mechanisms of IGBT power modules are described.

2.1 Power semiconductors

Power semiconductors are semiconductor devices intended to control and convert elec-
trical power, and their typical applications are recti ers and switches. Power semicon-
ductors can be used as discrete components, or as modules, where several semiconductor
chips are packaged as a single unit. While the scope of this work is particularly related

to IGBTSs, understanding the principles of bipolar junction transistors and metal-oxide
semiconductor eld effect transistors is of use, since they are an inherent part of IGBTs
structure.

2.1.1 Bipolar junction transistor

Bipolar junction transistor, or BJT, consists of three alternating p-type or n-type semi-
conductor material regions and thus two pn-junctions. BJT's utilize both majority and
minority carriers to conduct current, hence the word "bipolar” in their name. There are
two basic types of bipolar junction transistors, npn-type and pnp-type, and the transistors
physical arrangement determines it's type. The transistor within the structure of IGBT is
typically of type pnp, so this work focuses mainly on pnp-type bipolar transistor.

The basic structure of pnp-type bipolar transistor is presented in Fig. 1. As seenin Fig. 1,
bipolar transistor consists of three terminals: emitter, collector and base. In pnp-structure
the emitter and collector terminals are connected to heavily doped p-semiconductor re-
gions and the base is connected to n-type of semiconductor region. The lightly doped
p-section between collector and emitter is called a p-drift region.
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Figure 1. The basic structure of a pnp-type bipolar junction transistor.

Bipolar junction transistors can operate in three regions: active, saturation and cut-off.
For switching applications, the saturation and cut-off regions are of interest, since they
implement the on-mode and the off-mode of the switching device, respectively. To enter
saturation region, both junctiollg andJ, in pnp-transistor must be forward-biased by
applying a negative base-emitter voltagg and a negative base-collector voltags: .

In addition,Vge must be greater than threshold voltagg , which is approximately 0.7 V

for silicon in room temperature. With both pn-junctions forward-biased, the transistors
emitter and collector both inject holes in the lightly n-doped base, thus inducing base
currentl g and emitter currenitz. A small collector-emitter voltag€ce.sar (in the range

of 100 - 300 mV [6]) is subsequently established, which is Wy must be on a slightly
higher potential in respect ¥sc . [7]

Pnp-transistor can enter cut-off region in three different ways: 1) reverse-biasing both pn-
junctions ¥gc > 0 andVge > 0) , 2) reverse-biasing base-collector junction and shorting
base and emitteMgc > 0 andVge = 0), and 3) reverse-biasing base-collector junction
and open-circuiting base and emitt¥gé > 0 andlg = 0). In cut-off region the transistor

is in off-state, and only minor reverse current exists. [6]
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2.1.2 Metal-oxide semiconductor eld effect transistor

Metal-oxide semiconductor eld effect transistors, or MOSFET's, utilize a gate-controlled
electric eld to adjust their resistance. Since the gate is voltage-controlled, the switching
of a MOSFET requires less power than a BJT, which is controlled with current. However,
MOSFET's are unipolar, and unlike bipolar transistors they use only majority carriers for
current carrying. The unipolarity of current carriers results in larger voltage drops in con-
ducting channel of the device, and hence larger conduction losses, compared to bipolar
devices.

MOSFET consists of three terminals: drain, source and gate. The gate electrode is electri-
cally insulated from the main conductive channel, usually with silicon-dioxide. Structure
of a vertical n-channel MOSFET is presented in Fig. 2 [8]. MOSFET can also be as-
sembled in a lateral structure, but lateral silicon MOSFET's are rarely used in power
applications since the voltage blocking capability is better in vertical MOSFET's [7].

Figure 2. Simpli ed cross section of a vertical n-channel MOSFET cell [8].

As positive voltage is applied to the gate terminal in reference with source terminal, pos-
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itive electric eld composed at the terminal attracts electrons from the lightly n-doped
area, thus forming an n-type conductive channel between source and drain terminals. As
seen in Fig. 2 [8], the p-well is shorted with the source terminal: this is to cancel out the
parasitic npn-transistor in the structure. To ensure low resistance in the shorting, the area
is heavily p-doped. Subsequently to the shorting of the source and the p-well, an intrinsic,
anti-parallel diode is formed in the structure. [7, 8]

2.1.3 Insulated-gate bipolar transistor

Insulated gate bipolar transistor (or IGBT) combines the characteristics of a power MOS-
FET with the output characteristics of a bipolar transistor. Because of it's bipolar nature,
IGBT's conduction losses are less than those of a power MOSFET. However, due to its
gate control, IGBT's switching processes require less power and less time compared to
those of BJT's.

IGBT consists of three terminals: emitter, collector and gate. As its name suggests,
IGBT's gate terminal is silicon-dioxide insulated, similarly to MOSFET. The are two ba-
sic types of IGBTs: punch-through (PT-) IGBT's and non-punch-through (NPT-) IGBT's.
Simpli ed structure of an PT-IGBT cell is presented in Fig. 3 [7]. In Fig. 3 is also
depicted the shape of the electric eld generated by the gate in respect of the structure.

Figure 3. Simpli ed cross-section of punch-through type IGBT cell [7].
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As seen in Fig. 3, the electric eld rises sharply in the emitter region because of the
large difference in doping between emitters p-region and lightly n-doped base region. The
amplitude of the electric eld decreases slightly as it penetrates the base, until it is sharply
decayed as it hits the heavily doped n-buffer. This base-penetrating behaviour of electric
eld is where the term "punch-through” in the name of PT-IGBT is derived. PT-IGBT's
have a negative temperature coef cient within the range of their typical nominal current,
so their resistance decreases as their temperature rises. This makes their implementation
in parallel connections problematic, as the differences in resistances between individual
IGBTs may lead to uneven distribution of current, and subsequently failure of the whole
system.

NPT-IGBT has a positive temperature coef cient in the current region of it's usual appli-
cations. Structure of NPT-IGBT with depiction of the behaviour of electric eld within
its structure is presented in Fig. 4 [7].

Figure 4. Simpli ed cross-section of non-punch-through type IGBT cell [7].

As seen in Fig. 4, the p-substrate in collector region is much thinner compared to the
one in PT-IGBT. The electric eld decreases linearly towards the collector region without
penetrating the whole base region. Due to the positive temperature coef cient, conduction
losses of NPT-IGBT's increase as the temperature rises. NPT-IGBT's are more suitable
for parallel connections compared to PT-IGBT's. [7]

Equivalent circuit of IGBT consists of npn-transistor, pnp-transistor and n-channel MOS-
FET, as seen in Fig. 5 a [8]. The parasitic thyristor formed by the transistors in the
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structure can be cancelled out with resistaRgeshorting the base and the emitter of
the npn-transistor: iRs is suf ciently low, npn-transistor cannot be activated and the ef-
fects of parasitic thyristor are thus canceled. After the parasitic thyristor is canceled out,
the equivalent circuit can be simpli ed as a pnp-transistor and n-channel MOSFET in a
Darlington-pair, as seen in Fig. 5 b.

Figure 5. Equivalent circuit of IGBT with a) parasitic npn-transistor included, and b) parasitic
npn-transistor canceled out. Adapted from [8].

In the Darlington-pair depicted in Fig. 5 b, the n-MOSFET provides base current for the
pnp-transistor, thus combining input characteristics of MOSFET with output characteris-
tics of bipolar transistor.

A noticable similarity in the structures of PT-IGBT and n-channel MOSFET can be ob-
served when comparing gures 2 and 3, with the exception of heavily p-doped layer in
the collector region of IGBT. Due to the p-layer in the collector region, no intrinsic diode
is formed within the structure of IGBT in contrast to the structure of MOSFET. Due to
shortage of intrinsic diode, a freewheeling diode is typically connected antiparallel with
IGBT to prevent possible damages induced by yback voltages. [7, 8]
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2.2 Powerlosses in IGBT modules

Power losses in IGBT module include power dissipated in the IGBT chips during static
operation (conducting losses) and in switching transitions (turn-on and turn-off losses),
and corresponding power losses in freewheeling diodes.

Conducting losses in IGBT chips can be obtained from:

Po = Vee(lc: Ty) Ic (1)

whereVce is collecter-emitter voltagd,: is collector current and,; is virtual junction
temperature.

Turn-on losses can be calculated from

Pon = Eon f; (2)

whereE,, is turn-on energy antl is switching frequency. Turn-off losses can be calcu-
lated from

P, = E, f 3)

whereE, is turn-off energy.

Turn-on energy is de ned as:

A2
Eon = Vce(t) Ic(t)dt (4)

t1

wheret; is the time when the gate-emitter voltagg: has reached 10% of it's value, and
t, is the time whenVcc has reached 2% of it's value.

Turn-off energy is de ned as:
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iz
Eo = Vee(t) lc(t)dt (5)

t3

wheret; is the time when/gg has decreased to 90% of it's value ands the time when
| c has decreased to 2% of it's value.

Forward losses in diodes are de ned as:

Pe= VE(IF;Ty) ¢ (6)

whereVr is forward voltage andl- is forward current.

The reverse recovery enerfy; generated in the diode during turn-off is de ned as:

Ae
Er = Vi(t) [ (t)dt (7)

ts

wherets is the moment when diode reverse currgrdrosses zero level, anglis the time
when thel, has decreased to 2% of maximum reverse recovery current. Diode reverse
recovery losses can be calculated with

Pr=En T (8)

Diode turn-on losses may be disregarded in practical applications [7]. [9]

2.3 Junction temperature of an IGBT power module

Power losses generated in IGBT chip during on-state and switching dissipates from the
chip as heat. The heat ux does not spread across the chip uniformly, so there is no
constant temperature on the surface of the chip at non-equilibrium thermal state. Instead,
temperature gradients are generated at every layer of the chip, and because of heat spread-
ing, the temperature is typically higher on the center of the chip than the edges. Hence
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the non-uniform spread of the heat ux, the temperatures of individual pn-junctions in-
side semiconductor chip aren't usually of particular interest. The estimation of the three-
dimensionally distributed temperature is often more attractive, and it is often executed by
utilizing virtual junction temperature. [8]

Virtual junction temperaturd,; of IGBT isn't speci ed for any particular pn-junction

inside the device, but it rather describes a spatially distributed temperature in the chip [7].
Virtual junction temperature can be estimated with thermal network model or measured
using temperature-related parameters of the device under interest, and it has been shown to
correspond both with area-weighted and current-weighted average temperature. [10-13]
Junction temperature measurement methods are discussed in more detail in section 3.

Thermal behaviour of the device can be expressed as a thermal network, which is anal-
ogous to electrical network. As electrical resistafge describes objects capability of
resisting current, thermal resistarieg [%] describes objects capability of resisting heat

ux [7]. Analogy between electrical resistance and thermal resistance is further illustrated
in Fig. 6.

Figure 6. Analogy between electrical resistance and thermal resistance

As seen from Fig.6, also electrical currérand voltagd) are analogous with dissipated
thermal powePy, and temperature differencel between semiconductor and a reference
point, respectively. Semiconductors thermal resistance is relatég,tand T in a
manner that can be expressed as

R = = %)
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Typical reference temperatures of interest i are that of the ambient and that of the

case. However, the case can only be used as a temperature reference point in the situations
when it can be assumed that nearly all heat dissipates from the package through heat sink
from bottom or top of the device. [14]

2.4 Failure mechanisms of IGBT modules

Power devices can fail due to human errors in production process, over-stress in single
event (such as over voltage or short-circuit) or fatigue over time. As issued in section 1,
thermo-mechanical stress is the ultimate cause of failure in the majority of cases.

Die cracking, bond wire degradation and solder fatigue are the main failure mechanisms
in standard power modules [8]. Bond wire degradation can appear as wire lift-off or
cracks in the bond. Wire lift-off is usually a result of thermo-mechanical stress due to the
mismatch in the coef cient of thermal expansion (CTE) between aluminum wire and the
IGBT chip as the wires are affected by temperature swings caused by power dissipation
in the silicon and the ohmic self-heating in the wires. Mismatch in CTE's between the
different layers of a power module can also lead to cracking of the whole die. [15]

Solder fatigue is degradation of the solder interface in the module, commonly originating
in intermetallic layer immediately below the ceramic substrate. The fractures in solder
interface lead to an increase in thermal resistance of the module, thus accelerating the
total failure in the device through positive feedback loop, as the total power losses are
accumulating. [8, 15]

Short-circuit condition may lead to device burnout, as large current ows through the
semiconductor device while supporting large voltages. Lengthened short-circuit condition
ultimately leads to thermal runaway and destruction of the device. In severe cases, the
bond-wires may evaporate due to current arching through the module. Also a shock wave
may result, leading to destructive explosion of the device. Subsequently, device burnout
is frequently a nal stage of module wear out. [15]
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3 METHODS FOR JUNCTION TEMPERATURE MEA-
SUREMENT

There are three main methods for evaluating the junction temperature in semiconductor
devices: optical methods, physical methods and electrical methods. These methods can be
further categorized in direct (optical and physical) and indirect (electrical) methods, since
the former methods utilize direct contact or emitted infrared radiation for evaluating the
temperature, and the latter utilizes a temperature-dependent parameter of the device un-
der observation. Each of these methods' suitability for determining junction temperature
should be evaluated according to the application and the device under interest. Typical
junction temperature measurement methods for IGBT's are discussed in following sec-
tion.

3.1 Direct temperature measurement methods

Most common optical methods for measuring the temperature of a semiconductor directly
utilize the variation in emitted infrared (IR) radiation with temperature. These methods
include using IR cameras, IR sensors, optical bers and IR microscope. Optical methods
can be very accurate, and IR cameras and IR microscopes also offer mapping of the
temperature over semiconductor chip, which de nitely is a bene t. However, optical
methods require modi cation of the power module package and the PCB in which the
module is attached to. Removing the dielectric gel is also necessary, except for optical
ber, which limits the voltage operation area. Optical methods also suffer from long
measurement times, usually over 2 milliseconds. [16]

Semiconductor temperature can also be measured via direct physical contact to the chip.
Direct contact is usually obtained with thermistors, thermocouples or temperature micro-
probes. Like optical methods, physical methods can be very accurate but rarely offer
measurement times under 1 millisecond. [12]

3.2 Temperature-sensitive electrical parameters

Since direct temperature measurement methods are usually inconvenient or even impos-
sible to apply at power modules due to the packaging of the modules, the junction tem-
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perature of a power module is often estimated by measuring an electrical parameter that
changes as a function of temperature. These kind of parameters are called temperature-
sensitive electrical parameters, or TSEP's. In addition to their easy accessibility, using
TSEP's is also the only way to measure the temperature of packaged power devices in
under 100 us [16]. Generally calibration is needed to de ne the relation of temperature
and the parameter when TSEP's are used for temperature estimation.

There's a wide range of different TSEP's, and their suitability is heavily governed by the
application, however this work focuses on the TSEP's most typically used for estimating
junction temperatures of IGBT's.

3.2.1 On-state voltage

The on-state collector-emitter-voltages is the most commonly used temperature-sensitive
electrical parameter for estimating the junction temperature of power device [17, 18].
Based on the measurement approach, this method can be divided in two types: on-state
voltage drop with low current injectiorVtgow) ) and on-state voltage drop with high
current injection Yeg(nigh) )-

The main advantages of using on-state voltage method with low current are:

good linearity with temperature

the most accurate TSEP used in power electronics [13]

* very easy calibration step due to negligible self-heating [16]
very short measurement time (tens of us) [13]

* requires a relatively simple measurement circuit

good temperature sensitivity of approximately -2 mV/K [13]

The measurement process usWgow IS fairly straight-forward: rst, calibration is to

be performed with a sensing current generally in the range of 1-100 mA (or approximately
1 %o of the devices rated current) to de ne the relation of temperature and the parameter.
Because of the good linearity with temperature, the calibration is only needed at two
reference points, after which the calibration curve can be linearly interpolated. Then, the
sensing current is injected in the device and the subsequent voltage drop is measured [19].
As Khatir et al. presented in [20], a linear relationship between temperature and on-state
voltage drop cannot be obtained using sensing current below 1 mA.
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The main single disadvantage of on-state voltage method with low current is that it cannot
be implemented under normal loading conditions in power converters, so the power cycle
must be interrupted during measurement. After interruption, a delay of approximately
300 ps is necessary as the semiconductor reaches electrical equilibrium [11].

Vcemighy Uses power converters load current as sensing current. Subsequently, it's main
single advantage compared\Meg(ow) Is that it can be implemented on a power converter
during it's normal power cycle. However, from this advantage results one of the main
disadvantages compared\Wegow) : high loading current leads to non-negligible ohmic
self-heating of the power module package, which mak&snigny prone to errors up to

30 °C [21].

3.2.2 Threshold voltage

The gate-emitter threshold voltaygewn) Is the minimum gate-emitter voltage that is
required to enable the ow of collector current. Threshold voltage has a linear relationship
with temperature and it's temperature sensitivity ranges from -10 mV/K to -2 mV/K, in
general [22].

The main advantages of using threshold voltage as a TSEP are as follows:

 good linearity with temperature

» good temperature sensitivity ranging from -10 mV/K to -2 mV/K [22, 23]

» good accuracy with maximum relative error of 3 % in the regular temperature op-
erating region [23]

A calibration procedure is required to determinate the temperature dependence of thresh-
old voltage. First, IGBT module is placed on an environment of controlled temperature,
such as temperature controlled board. Then, a measurement current ranging from 1 mA
to 100 mA is fed to the module and subsequégi Voltage is measured at the given
temperature [23]. Although the calibration procedure is quite simple, it needs to be done
for each IGBT chip individually in the same power module due the variations in nominal
threshold voltages [16].
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3.2.3 Saturation current

Saturation current of an IGBT is heavily related to the channel temperature of it's chip
[24]. Saturation current can be obtained by applying a voltage slightly above threshold
voltage to the gate, short-circuiting the collector and the emitter with a voltage source,
and measuring the subsequent current.

Saturation current doesn't require complex measurement circuit to be measured, and it
has a good sensitivity, as high as 9 mA/K. However, it's relationship with respect to tem-
perature is exponential. This implies poor accuracy with low temperatures and a complex
the calibration process with non-negligible self-heating [17]. Using saturation current as
a TSEP can also rise problems in reproducibility when measuring temperature of multiple
IGBT chips [12].

3.2.4 Dynamic parameters

Dynamic parameters, such as turn-off delay [25—-28] and turn-on delay [26], have been
presented as TSEP's by various studies since the delay in turning transitions varies with
temperature. Many IGBT datasheets de ne turn-off delay time as time from the point
when gate-emitter voltagésg decreases to 90 % from it's maximum value to the point
when collector curreritc decreases to 90 % from it's on-state value, although this de ni-
tion may vary [27].

As TSEP's, turn-off and turn-on delay offer good, or very good, respectively, linearity
with temperature [26], with high accuracy results up to 0.233 %/K [27]. Their temperature
sensitivity, however, is signi cantly small, ranging from 2 ns/K [26] to 7 ns/K [25], which
sets high requirements for the accuracy of the measuring system. In addition, turn-off and
turn-on timing depends on several factors other than temperature that are needed to be
taken into account, such as load current, collector voltage and the IGBT gate circuit [28].
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3.3 Selecting of the junction temperature measurement method

The selecting criteria for the junction measurement method implemented in this work are
as follows:

» temperature sensitivity

* linearity

* measurement time

* measurement accuracy

simplicity of the measurement method

Direct temperature measurement methods can be disquali ed due to their long measure-
ment time and inconvenience in implementing.

As for the TSEP's, on-state voltage with low current satis ed all of the aspects in the
selecting criteria. In addition, this method has been utilized in static (i.e. not during en-
durance testing) measurement of IGBT-module junction temperature in Kemppi Research
and Development department with promising results. Due to the reasons mentioned be-
fore, the junction temperature estimation method to be used in this work will be on-state
voltage with low current.
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4 MEASUREMENT CIRCUIT

In the following section, conditions and environment in which the voltage measuring
must be performed, are explained to further understand the requirements they create for
the circuit. Also the design of the circuit, and the manufacturing process of the subsequent
prototype are explained.

4.1 Measurement environment

4.1.1 Power module

Power module under interest in this work is F4-150R12KS4 IGBT-module by In neon.
The module consists of four IGBT-chips and freewheeling diodes arranged in H-bridge
circuit. Circuit diagram of the module is presented in Fig. 7 [29].

Figure 7. Circuit diagram of F4-150R12KS4 power module by In neon, with two IGBT's of
interest circled. Adapted from [29].

The measurement circuit was implemented in bottom right IGBT of the module (marked
as DUT in Fig. 7, and hereinafter referred to as such). As seen from Fig.7, pins 15 - 18
are connected to the collector, pins 8, 11 and 12 are connected to the emitter and pin 7 is
connected to the gate. The complementary IGBT, of which the emitter is connected to the
collector of DUT, will be hereinafter referred to as IGBT 2.
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Each IGBT in the module is driven with an individual IXDN404 gate driver, external of
the module.

4.1.2 Inverter and the endurance test

The measurement device was implemented in an inverter-type welding power source,
hereinafter referred to as inverter. The term "inverter" is also established within indus-
try to be used for the whole inverter-type power converter, although the actual inverter
comprises only a part of the whole power converting system. The block diagram of the
inverter is presented in Fig. 8.

Figure 8. Block diagram of inverter-type welding power converter.

The inverter utilized in this work uses three-phased AC input power. The high-voltage and
low-current AC power is then recti ed in input recti er, and Itered. After Itering, the
power module switches the DC power in to high-frequency (approximately 18 kHz) AC
power, which is then fed in to step-down transformer. Resulting low-voltage and high-
current AC power is then recti ed as DC, and lItered in to output of the power source.
Block diagram of implementation of the measurement circuit to the inverter is presented
in Fig. 9.
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Figure 9. Block diagram of implementation of the measurement circuit to the inverter.

The endurance test, during which the temperature measurement is to be performed, con-
sist of thousands of cycles consisting of 6 minutes of on-time followed with 4 minutes of
off-time. The cycling is performed with 500 A / 40 V condition.

4.2 Requirements for the measuring circuit

Following requirements apply for the measurement circuit:

» The target accuracy for the measurement circuit is 2 °C. The maximum error for the
measurement circuit is 5 °C since larger error would not bring any improvement to
the temperature estimation methods currently used at Kemppi.

* Measurement circuit must operate after, and only after, a signal is received from the
controlling unit of the power source, securing that the power sources' switching is
interrupted before the measurement begins.

» Measurement circuit must be able to control the IGBT under test through gate
driver.

» Measurement circuit must provide measurement currentin range of 1 mA - 150 mA.
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» Measurement circuit must send a signal to controlling unit after measurement is
completed, before which switching in the power source will not continue.

* Measurement circuit must be galvanically isolated from the controlling unit.

» Measurement should not be performed before the IGBT has reached electrical equi-
librium after interrupted switching in the power source, which delay is approxi-
mately 300 us, as described in section 3.

» Measurement circuit must be able to block 600 V voltage with voltage spikes up to
800 V applied to IGBT under power source's normal switching condition.

» The oscilloscope must be connected to the measurement circuit only during the
on-state voltage measuring.

4.3 Measurement circuit design

In the following subsection the measurement circuit is presented as individual segments
for the sake of clarity. The input and output ports represent inter-segment electrical con-
nections. All of the zero-ohm resistors in the design were used for the sake of PCB layout
routing.

4.3.1 Power supply and main supply voltage

The power supply of the circuit is provided with Aim TTi EX355R 35V/5A DC bench
power supply via terminal X1. The main supply voltage was chosen to be 15 VDC since
that is the supply voltage applied in the gate driver circuit in the inverter in use. Bypassing
capacitor C1 of 33 pF was placed parallel to terminal X1.

The measurement circuit also provides 15 V supply voltage for the gate driver in the

inverter via terminal X6.

4.3.2 Input/output segment

As stated in the requirements of the measurement circuit in section 4.2, the measurement
circuit must operate only during high input signal is received from the controlling unit of
the inverter. This signal implies that the power switching of the inverter is idle, and it is
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safe for the measuring circuit to feed the IGBT the measuring current and measure the
subsequent voltage drop between IGBT's collector and emitter, and hence the junction
temperature of the IGBT under interest. After the measurement is completed, an output
signal is sent to the controlling unit, stating that the power switching may continue safely.
Controlling unit was connected to the measuring circuit with 10 pin ribbon cable via
connector X8. The pinout of connector X8 is presented in Fig.10.

Figure 10. Pinout of connector X8, through which the controlling unit was connected to the
measuring circuit.

Pins 1 and 8 of connector X8 are connected to the 24 VDC voltage rail and digital ground
of the controlling unit, respectively. The input signal from the controlling unit is received
through pin 6, and the output signal for the controlling unit is sent through pin 5.

In the requirements it is also stated that the input and output of the measurement circuit
must be galvanically isolated from the other parts of the circuit. The isolation was ex-
ecuted with CNY65-optocouplers. The CNY65-optocouplers provide galvanic isolation
up to 13.9 kV for DC voltage [30]. The input and output segments of the circuit diagram
are presented in gures 11 and 12, respectively.
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Figure 11. The input segment of the measurement circuit diagram.

As the signal from the input port "in_1" raises, the NPN-transistor closes, and current
limited with the resistor R1 ows through the LED of the optocoupler, thus closing the
transistor side of the optocoupler, and raising the output port "in_2" high. Resistor R2
is a pull-down resistor for the optocoupler. Resistor R3 and capacitor C2 were placed to
stabilize the base of the transistor. TP1 and TP2 are test points for the prototype.
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Figure 12. The output segment of the measurement circuit diagram.

In the output segment of the circuit, the high signal from input port "out_1" induces a
current limited with resistor R5 for optocoupler's LED, thus closing the transistor of the
optocoupler. Voltage divider consisting of resistors R6-R8 provides a 3.3 V voltage for
the high signal in the output port "out_2". Resistor R4 is a zero-ohm resistor. TP10 and
TP11 are test points.

4.3.3 Logic

The measurement circuit must perform speci ¢ tasks in speci ¢ order and timing. Firstly,
the circuit must not operate unless there's a high input signal from the controlling unit.
After the input signal is received, the input signal for the gate driver must be sent, and the
measurement current for the IGBT injected. After the measurement current is injected,
the Reed-relay must be closed and a trigger signal for the oscilloscope must be sent for
the measurement to be performed at correct timing. Finally, when the measurement have
been performed, the previously performed operations of the circuit must be shut down
and output signal for the controlling unit must be sent. These operations were performed
using NAND-gates due to their versatility in forming also other logic gate types, such as
AND-, NOR- and NOT-gates. The truth table of a NAND-gate is presented in table 1.
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Table 1. Truth table of NAND-gate.

Inputs | Output
XY z
00

0|1 1
1,0 1
1,1 0

The NAND-gates were implemented using HEF4093B Quad 2-input NAND Schmitt trig-

gers, due to their operability with 15 V supply voltage [31], and their immediate avail-

ability at Kemppi's research and development laboratory. Four of HEF4093-IC's were
utilized (in the circuit diagram named as U1-U4), with 100 nF bypassing capacitors (C1-
C4) parallel to them. The part of the circuit executing the logic functions (hereinafter
referred to as logic circuit) is presented in ve segments for the sake of clarity.

In the rst segment, a set-reset-latch (or S/R-latch) which prevents the following circuitry
from functioning, when the input signal from the controlling unit is low, is implemented
from two NAND-gates. The logic diagram of S/R-latch is presented in table 2.

Table 2. Logic diagram of S/R-latch.

Inputs || Outputs
SIR|Q| Q
0| 0|1 1
0|11 0
110 (0] 1
11 Latch

As seen from table 2, S/R-latch is set and reset with low signals after latched output.
When the output is latched, it retains it's previous output. The circuit diagram of the rst
segment of the logic circuit is presented in Fig. 13.
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Figure 13. The rst logic segment of the circuit.

As explained further later in this section, the output Q of S/R-latch is high at the beginning
of the measurement procedure. The input port "set_latch” originates from second segment
of the logic circuit, and input port "reset_latch” originates from the third segment of the
logic circuit. TP3 and TP4 are test points for the PCB prototype.

Second segment of the logic circuit handles IGBT gate control, closes the P-MOSFET in
the measurement current part of the circuit, and provides the base current for the transistor
in the voltage measurement segment of the circuit, subsequently closing the Reed-relay.
The circuit diagram of the second logic segment is presented in Fig. 14.

Figure 14. The second logic segment of the circuit.
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After both signals from input ports "Q" and "in_2" are high, signal "p_mos" is set low, thus
closing the P-type MOSFET in the measurement current segment of the circuit. Trimmer
resistor R13 and capacitor C3 form a RC-delay circuit, which allows timing for gate
signal sent via terminal X5. A trimmer resistor is used to enable swift delay adjustment.
Resistors R10 - R12 are zero-ohm resistors. TP5, TP6 and TP7 are test points.

In the third segment of the logic circuit, the timing for the trigger signal for the oscillo-
scope is set. The output of the third segment also resets the S/R-latch from the rst logic
segment. The circuit diagram of the third logic segment is presented in Fig. 15.

Figure 15. The third logic segment of the circuit.

The oscilloscope measures the on-state voltage of the IGBT via the measurement circuit
during the high trigger signal pulse, so a suf cient delay is needed for the Reed-relay
to stabilize before the measurement. This delay is created with RC-circuit consisting of
trimmer resistor R14 and capacitor C4. Due to the datasheet of the REED-relay, a delay
of approximately the length of Reed-relays operation time (750 us) [32] is needed, but a
trimmer resistor is used to enable adjustment of the delay afterwards.

In the fourth logic segment the trigger signal pulse is created, and sent to the oscillo-
scope via BNC-connector. The circuit diagram of the fourth logic segment is presented in
Fig. 16.
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Figure 16. The fourth logic segment of the circuit.

The RC-circuit consisting of trimmer resistor R16 and capacitor C6 is utilized to adjust
the width of the trigger pulse. TP8 is a test point.

Figure 17. The fth logic segment of the circuit.

In the fth logic segment the output signal for the output segment, stating that the mea-

surement procedure is completed, and the power switching in the inverter may continue
safely, is formed. To ensure the aforementioned, the signal in output port "out_1" is set
high only after the R/S-latch is reset, and the Reed-relay is opened.

4.3.4 Measurement current

As described in section 3.2.1, a measurement current of 1 - 100 mA, or 1 %0 of rated
current of the IGBT under test, is proposed in the literature. Since the measurement
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currents suggested in the literature vary, measurement currents of 1 mA, 30 mA, 100 mA
and 200 mA were tested in a static heating test.

In static heating test, the IGBT module was attached to a specially-manufactured heating
bench, where an electrically heated plate were used to heat up the heat sink of the module.
The temperature of the heat sink was observed with K-type thermocouple connected to
Fluke-multimeter. Simultaneously a static measurement current of interest was injected
in the collector of the IGBT, and subsequent voltage drop over collector-emitter was mea-
sured in the temperatures of 25, 35, 45, ..., 125 °C. The resulting sensitivity of each
measurement current in aforementioned temperature range in average was also calculated
with equation

Veees ¢ Vee@zs ) | (10)

sensitivity = T T
125 C 25 C

whereVcees c) andVegaos ) are the measured collector-emitter voltages in the tempera-
tures of 25 °C and 125 °C, respectively, of correspond measurement currefisaml

T125 are temperatures of 25 °C and 125 °C, respectively. The results are presented in table
3.
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Table 3. Measured collector-emitter voltages with varying measurement currents at temperatures
ranging from 25 °C to 125 °C, and averaged sensitivity of each measurement current in the same
temperature range.

Vce [mV]:
Temperature [°C:] | 1 mA | 30 mA | 100 mA | 200 mA
25 315 419 477 523
35 291 | 395 455 504
45 262 | 373 434 483
55 233 347 411 463
65 202 | 322 390 442
75 174 | 295 366 423
85 142 268 345 403
95 112 245 324 384
105 84 219 301 364
115 59 193 278 344
125 37 167 256 327
Sensitivity [%¢]: | -2.8 | -2.5 -2.2 -2.0

The voltage curves based on the measurement results were also plotted, and are presented
in Fig. 18.
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Figure 18. The subsequenting collector-emitter voltages of four different measurement currents
plotted as a function of temperature. Blue, green, red and orange curves represent the measurement
currents of 200 mA, 100 mA, 30 mA and 1 mA, respectively.

As seen from Tab. 3, sensitivity of the collector-emitter voltage is reversely proportional
to the amplitude of the current, with the measurement current of 1 mA promoting the
largest sensitivity of -2.8‘;% of the currents tested. On the other hand, Fig. 18 illus-
trates that the voltage curve of 1 mA current indicates distinctly non-linear behaviour in
the higher temperatures, in comparison to temperatures below 100 °C. Due to aforemen-
tioned, the measurement current of 30 mA, with second highest sensitivity of the currents
under test, was chosen as the measurement current used in this work.

The circuit diagram of the measurement current producing segment is presented in Fig.
19.
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Figure 19. The measurement current segment of the circuit.

In the measurement circuit segment the P-type MOSFET was utilized to control the cur-
rent ow to the IGBT via terminal X4. Pin 2 of terminal X4 is connected to pin 15
(collector) of the IGBT-module, and X4 pin 1 connects pin 11 (emitter) of the IGBT-
module to the ground of the measurement circuit. The MOSFET closes after the signal in
input port "p_mos" is set down in the second logic segment. Four 200 V Schottky-diodes
D1 - D4 were placed to the circuit to block the higher voltages used during active power
cycling.

The current limiting resistors R17 - R19 were sized using equation

\Y Vi \Y
R = Jcc DIODES CE. (11)

I MEAS

where V¢ is supply voltage of 15 Wpiopes IS the voltage drop across diodes D1 -
D4, Ve is IGBT's collector-emitter voltage anbjeas is the measurement current of

30 mA. Voltage drop over one diode was measured to be 0.443 V with 30 mA current.
The collector-emitter voltage of 0.420 V at the temperature of 25 °C was taken from table
3. Now the resistance needed can be calculated from

_ 15V 4 0443V 0:420V _ 12808V

R 30 10 3 A "~ 30 10 3A

=426:93 : (12)

Three parallel resistors of values 15001500 and 1000 results in total resistance of
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R = ﬂ =428:57 ; (13)

which results in measurement current of

1281V
I MEAS = 10857 = 0:02989A; (14)

which is suf ciently close to desired current.

4.3.5 \Voltage measurement

The voltage measurement segment of the measurement circuit is presented in Fig. 20.

Figure 20. The voltage measurement segment of the circuit.

The collector-emitter-voltage subsequent from measurement current injected to the IGBT
was measured with an oscilloscope via BNC-connector X2 and a coaxial cable. Terminal
X3 pin 1 connects IGBT emitter pin 12 to the circuit ground and pin 2 is connected to
IGBT collector pin 18. According to the requirements set for the measurement circuit, the
oscilloscope must be electronically connected to the circuit only during on-state voltage
measurement. This was accomplished with Reed-relay placed between terminals X3 and
X2. Reed-relays provide suf cient voltage-blocking capability (minimum of 800 V in the
case of this circuit) with relatively small parasitic variables compared to semiconductor
switches. 9104-series Reed-relay from Coto Technology was chosen due to it's suf cient
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dielectric strength (up to 4 kilovolts) and shortest operation time (750 microseconds) from
the relays available in the voltage class required [32]. The Reed-relay operates with 5 V
supply voltage across it's coil, this was accomplished with the 15 V main supply voltage
and a voltage divider. The resistors needed for the voltage divider were calculated from

R1 Vcc
— == =V : 15
RirRe - Veou: (15)
whereR1is the coil resistance of 175 ohm [32};c is the main supply voltage of 15 volts
andVco, is the desired relay coil supply voltage 5 V. Now the equation can be expressed
as

175 15V
R2= =g 175 =350 : (16)

Due to 350 ohm not being a standard sized resistor, three 100 ohm resistors were used in
series instead. When 300 ohm is placed in Eq. 182Z3he equation gives approximately
5.5V for VoL , Which is in the safe operation area of the relay.

The 100 ohm resistor R25 acts as a fuse protecting the oscilloscope from possible fault
currents. Diodes D5, D6 and D7 form a diode clipper. NPN2 is a BSV52-transistor acting
as a switch controlled by NAND-gate. The 4.7 kilo-ohm resistor R21 is a base resistor for
the transistor to limit the base current.

4.4 Measurement circuit manufacturing

The layout of the PCB of the measurement circuit was designed using PADS Layout-
software. There were no strict sizing requirements for the PCB. Since the PCB was to
be manufactured in Kemppi's own facilities utilizing etching technology, a few restrictive
rules incurred. Firstly, based on previous experience from the etching equipment, the
clearance between traces, and the width of the traces themselves was to be set at minimum
of 0.2 mm. Secondly, the layers of the PCB was restricted to two.

Surface mounting components were used whenever possible to simplify the assembling
process, and were placed on the top layer of the PCB. The minimum package size for
resistors and capacitors was chosen to be imperial 1206 (3.0 mm x 1.5 mm) to ease as-
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sembling process. The ground of the circuit was placed to the bottom of the PCB using
copper pour. Also the through-hole components were placed on the bottom due to the
traces being positioned to the top layer. Several zero-ohm resistors were used as jumpers
due to the limitations in tracing set by the amount of layers.

Before etching, the layout was veri ed with two error checks in PADS Layout: clearance
error check and connectivity error check, both being passed with no errors.
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5 TESTING OF THE PROTOTYPE

In the following section the testing of safety and basic operations of the circuit are de-
scribed. The implementation of the circuit to the inverter and testing of the co-operation
of the circuit and the inverter are also described.

Oscilloscope LeCroy WavelJet 314 100 MHz was used to perform all of the oscilloscope
measurements.

5.1 Test 1: the basic operating of the circuit

At the beginning of the rst test, the prototype was checked externally for apparent im-
purities or missing components. Then the prototype was connected to Aim TTi EX355R
35V/5A bench power supply using supply voltage of 15 VDC, using current limit of
50 mA. A separate In neon F4-150R12KS4 IGBT-module was connected to the cir-
cuit via terminals X3 and X4. The gate of the IGBT under interest was biased with
15 VDC from the aforementioned bench power supply. Since the controlling unit was
not connected to the circuit in the rst test, the input signal was generated with Aim TTi
TG5012A function generator connected to pin 6 of terminal X8. The generated input sig-
nal was a square wave with 3.3 V peak-to-peak voltage and 10 Hz frequency. Additional
EX355R bench power supply with 24 VDC voltage was connected to pins 1 and 8 of
terminal X8.

After turning the power supply on, and verifying that the current limit was not exceeded,
and turning the signal generator on, the voltage of the test points TP1 - TP11 in the circuit
were measured with oscilloscope. Test points TP1 and TP2 represent input signal before
and after optocoupler OPTOL, respectively. Test points TP3 and TP4 represent outputs
Q andQ of the S/R-latch, respectively. Test points TP5, TP6 and TP7 represent gate
signal for the P-MOS in the measurement current segment, sending the gate signal for
the gate driver, and closing the Reed-relay in voltage measurement segment, respectively.
Test point TP8 represents the trigger signal for oscilloscope, and TP9 indicates that the
S/R-latch is reset. Test points TP10 and TP11 represent the output signal before and after
optocoupler OPTO2 in the output segment, respectively.

The absolute duration of operations were disregarded in the rst test, since the delays in
the circuit were to be adjusted in following tests. Instead, the sequence of operations were
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at interest.

The voltages measured from testpoints TP1 - T11 are presented in Figs. 21, 22 and 23.

Figure 21. Measurements from test points 1 - 4 (CH1 - CH4, respectively). As the measurement
starts, a signal is received in the input of optocoupler OPTO1 (CH1), and sent from the output of
the optocoupler (CH2). The Q-output of the S/R-latch (CH3) is high at the start of the measure-
ment, and is set low after a certain time. TQeoutput of the S/R-latch (CH4) is set high, as Q is

set low.

As seen from Fig. 21, signals measured from test points TP1 - TP4 are as expected: the
optocoupler in input segment operates correctly, Q-output of S/R-latch is high at the start
and goes down aftép-output goes down.
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Figure 22. Measurements from test points 5 - 8 (CH1 - CH4, respectively). As the gate signal
(CH1) for the P-MOS in the measurement current segment is set low, the gate signal for the gate
driver (CH2) is set high. Simultaneously the Reed-relay in voltage measurement segment is closed
with signal in CH3, and after a delay of approximately 800 us, a trigger signal (CH4) is sent to the
oscilloscope.

As seen from Fig. 22, signal from TP5 is set low simultaneously with signal from TP2 in
Fig. 21, followed with signals from TP6 and TP7, as expected. Trigger signal in TP8 is
set after delay of nearly 800 ps.
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Figure 23. Measurements from test points 9 - 11 (CH1 - CH3, respectively). After the signal
resetting the S/R-latch (CHL1) is set high, indicating that the measurement procedure is over, an
output signal is sent to the input of optocoupler OPTO2 (CH2). Then the output signal is sent from
the output of the optocoupler (CH3) to the controlling unit of the inverter, stating that the power
switching can be continued safely.

Signal from TP9 in Fig. 23 is set high after the measurement is completed, resetting the
S/R-latch. Output signal (TP10) is sent to the optocoupler in output segment, which is
then sent to controlling unit via terminal X8 (TP11).

Based on aforementioned tests, the logic operations of the circuit were stated to operate
correctly.

Next, the measurement circuit was connected to oscilloscope with coaxial cable via ter-
minal X7, andVce of the IGBT under test was measured, and is presented in Fig. 24.
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Figure 24. Un ltered Vce-signal. Channel 3 (turquoiseyce of IGBT measured with measure-
ment circuit. Channel 1 (orange): signal for Reed-relay to be closed measured from TP7.

As seen from Fig. 24, th¥cg-signal contained signi cant amount of noise. A RC-
Iter with time constant of 33 ps was implemented in between of the coaxial cable and

oscilloscope. Subsequéewite-signal is presented in Fig. 25.

Figure 25. FilteredVce-signal. Channel 3 (turquoiseYce of IGBT measured with measurement
circuit. Channel 1 (orange): signal for Reed-relay to be closed measured from TP7.
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As seen from Fig. 25, theéce-signal is suf ciently smooth after ltering. After ltering

the signal, the trimmer resistors R14, R15 and R16 were adjusted for correct trigger signal
timing, trigger signal pulse length, and S/R-latch resetting, respectivVeptsignal was
observed with oscilloscope, and the trigger signal was timed to begin only aftégghe
signal was settled by adjusting R14. Trigger signal timing is presented in Fig. 26.

Figure 26. Time-adjusted trigger signal. Channel 1 (orange): trigger signal from the measurement
circuit. Channel 2 (pink)Vce-signal from the measurement circuit.

After trigger pulse start was adjusted, the length of the pulse was adjusted to being ap-
proximately 25 ys with R15. Finally, R16 was adjusted to reset the S/R-latch only after
the trigger signal descending. After adjusting the trimmer resistors, the resistance of each
correspond resistor were measured: R14 was of value 103 kilo-ohms, R15 was of value
44 kilo-ohms, and R16 was of value 10 kilo-ohms. The trimmer resistors were then re-
placed with xed SMD-resistors of size 1206. Parallel resistors of values 150 kilo-ohm
and 330 kilo-ohm gives the total resistance of

R = 150000 330000
~ 150000 + 330000

= 103125 ; (17)

which is suf ciently close to the resistance of 103 kilo-ohm. Parallel resistors of values
49.9 kilo-ohms and 330 kilo-ohms gives the total resistance of
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