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Summary:

Wind turbines of today reach power levels of more
than 5M W and this puts large requirements to
the used electrical components. If the wind tur-
bine inverter setup is based on the back to back
topology and full scale power conversion, then all
the power is transferred across a common DC link.
The voltage rating of the DC link is in the area of
1kV, and this results in a high current rating, and
hence large conductors are needed. If the voltage
rating of the DC link can be increased, then the
conduction losses, and hence the size of the con-
ductors, could be reduced.

The goal of this master project is, to analyze the
implementation of medium voltage level (+2.4kV)
in the DC link, by means of standard IGBTs. The
required increase in voltage rating is obtained, by
utilizing the three-level inverter topology, and bas-
ing it on series connected standard IGBT mod-
ules. Also, protection schemes suited for the in-
verter is analyzed.

Based on the results from the analysis, a two phase
three-level NPC inverter system rated for a DC
link voltage of 2.4kV , and a current rating of 200A
was designed, realized and tested. To ensure equal
voltage sharing and dynamic performance of the
series IGBTs, snubber circuits was analyzed, de-
signed and implemented in the setup. The protec-
tion scheme of the inverter was based on desatura-
tion detection and voltage clamping. To perform
the required tests of the system, a medium volt-
age DC power supply and an inductive load was
build.

The results of the tests was, that by series con-
necting IGBTs, the voltage rating of an inverter
can be increased with acceptable performance due
to the incorporated zener clamped snubber cir-
cuits. The three-level topology is well suited for
the medium voltage level, due to its voltage shar-
ing nature. The voltage clamping protection did
not have the expected performance, and therefore
this method was not the optimal choice for this
project.
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Figures are numbered continuously in their respective chapters. For example figure 4.1 is the first figure

in chapter 4.

Equations are numbered in the same way as figures, but they are shown in brackets. For example

equation (4.1).

Appendices, source code and documents are attached on a CD-ROM on the last page. The contents of

the CD-ROM is shown on page 148.

Nomenclature list with used variables and notations is on page 147. Examples of the notation of the
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Time dependent current load
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Peak to peak current
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

The world’s need for electrical energy is increasing every year, and large initiatives within alternative energy
sources have been going on for years. One of these sources is wind. In this technology the winds kinetic
energy is converted to electrical energy using wind turbines scaling from a few kW of output power up to
5MW in the largest turbines today (2008). And the tendency is going toward even greater output power in
the future.

Figure 1.1 shows the evolution of the size and output power of commercial wind turbines over the past
20 years. The largest turbine on the market today is a 5M W model produced by German RePower.
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Evolution of the size of wind turbines

Figure 1.1: History of physical size and output power of wind turbines [European-Commission, May 2006].

Modern wind turbines are designed to operate at variable wind speeds and therefore at variable rotor
angular speeds. This is realized by use of high power inverters made of power electronics devices. These in-
verters convert a voltage of variable frequency into a voltage with constant output frequency. Many different
configurations have been developed and used for years, and three very popular systems, based on the back
to back inverter topology, are shown on figure 1.2, 1.3 and 1.4.

Figure 1.2 shows a multi pole permanent magnet generator system, which is connected to the grid with a
transformer and a full scale back to back inverter. The permanent magnet machine does not require external
magnetization, and therefore the power only flows in one direction from the generator to the inverter. Often
multi pole machines do not require the mechanical gear box.
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Figure 1.2: Electrical system in a turbine with permanent magnet generator [Blaabjerg, 2006].

Figure 1.3 shows a squirrel cage induction generator system with a full scale inverter. Squirrel cage ma-
chines require external magnetization from the grid, and because of this, the left side of the inverter is realized
identically to the right side inverter. In this way, power can flow bidirectional controlled by the switching

pattern of the semiconductors.
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Figure 1.3: Electrical system in a turbine with squirrel cage induction generator [Blaabjerg, 2006].

Figure 1.4 shows a wounded rotor induction generator (slip ring) system. In this system, the stator car-
ries the main part of power. The advantage is the possibility to use a small scale inverter to control the
stator frequency by controlling the rotor frequency independently of rotor speed. Usually the power fraction

between rotor and stator is 15 — 20%.
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Figure 1.4: Electrical system in a turbine with doubly fed induction generator [Blaabjerg, 2006].

1.1 Scope of project

In this project, the main objective is to investigate the possibility of increasing the DC link voltage in full
scale back to back inverter. The benefit of this is to be able to decrease the currents in the inverter and
generator and by this lower the conduction losses. The project work is done in corporation with Siemens
Wind Power, who is supplying the project with the hardware listed below:

e 36 Semikron SKM 600GA176D single pack IBGTs rated 1.7kV and 600A.
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e 24 Semikron Skyper 32 dual IGBT gate drivers.

Losses in modern turbines require great attention, though the losses in percentage seem to be rather low.
Usually the inverter efficiency is in the approximately 97%, but for a 5MW turbine this leads to around
Poss = 0.03 - 5MW = 150kW of losses, and the heat produced must be distributed away from the turbine
in one way or another, requiring additional cooling hardware and an increase in price.

When calculating conduction losses, the currents in the circuit are of great importance. The RMS phase
to phase voltage from modern wind turbine generators is generally between 600V and 1kV depending on the
output power. If the full scale topology described in figure 1.2 is used for the largest 5M W turbines power
range, the phase currents will become

P 5MW
P=V-I-V/3 = I= = = 2.89kA (1.1)
V-3 1kV -3
assuming unity power factor. These quantities of current require relatively large cross sectional area in
the conductors used in the generator, inverter and the transformer primary windings.

The main motivation for increasing the generator phase to phase voltage to medium voltage level is due
to the conduction losses given by:

l l
Pr=1°. ith R=p  — Pr—12. p. -
R Ra with R pA = R pA

——

constant

(1.2)

where p is the resistivity of the material.

It’s clear, that the losses will be proportional to the current squared for a given conductor. By increasing
the generator voltage, the current can be decreased for a given power and lead to lower resistive losses in the
electrical circuit.

However, increasing the voltage level of the generator does require either additional windings, higher flux
density or higher rotor speed. And also the isolation level of the inverter, busbar, generator and transformer
windings must be increased. But the cross sectional area of the windings can be reduced at the same time,
so the increase in generator windings may not lead to a physically larger or heavier generator.

Another disadvantage of increasing the voltage rating of the inverter is , that the service of the wind tur-
bine needs to be handled by specialists rather than electricians, due to safety regulations regarding medium
and high voltage.

The medium voltage range

Regarding the medium voltage (MV) range, there is no universally accepted definition. The definitions vary
by industry, country, and application.

e For AC motor drives, the range usually reaches from above 600V up to 15kV. The MV threshold in
Europe is 1kV.

e DC drive products typically have a range from 2.3kV to 7.2kV.

e Standard North American medium line voltages are 2.3kV and 4.16kV, while predominating line
voltages in Europe and the rest of the world are 3.3kV and 6.6kV for medium voltage.

In this project, the medium voltage range is defined as

2.3kVpe < Vv < 7.2kVpe
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1.2 Initial problem formulation

The goal of this project is, to design, build and test an inverter suited for medium voltage level using series
connected IGBTs. The reason for using series connected IGBTs is, to reach the medium voltage level by
means of standard components. A secondary goal of the project is, to analyze, design and implement a
protection strategy for the inverter. From the goal of the project, the following initial problem can be stated:

How to design an inverter for medium voltage level using series connected IGBTs? ‘

From this initial problem formulation, the following will be performed in part I of the report:

e Analysis and comparison of inverter topologies suitable for medium voltage range.
e Analysis and characterization of high power IGBTs.

e Analysis of series connection of IGBTSs to obtain higher blocking capabilities.

e Analysis of snubbers for realizing the series connection.

e Analysis of IGBT fault mechanisms and protection.

The initial requirements and limitations of the project are chosen to:

e The DC link voltage value is chosen to Vpe = 2.4kV £10% ripple. This is based on a project conducted
by this group on 9th semester [Mads P. Vaerens, 2007].

e The load current is initially chosen to j[load = £200A. This means, that only one third of the rated
current for the IGBTSs is applied, resulting in a 200% safety margin.

e Only the grid side inverter of the back to back topology is analyzed.
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Chapter 2

Three-level inverter

In this chapter, the three-level inverter is analyzed. This is done to identify the advantages and disadvantages
of this inverter topology, especially regarding the medium voltage range. Section 2.1 covers the basics of the
three-level neutral point clamped (NPC) inverter. In section 2.2, the three-level inverter is compared to the
two-level inverter, and finally the sinusoidal PWM modulations strategies carrier based modulation with third
harmonic injection and space vector modulation are analyzed in section 2.3.

2.1 Three-level NPC inverter basic

The three-level inverter is an alternative to the two-level inverter, and it has some advantages, that makes it
better suited for a medium voltage application. Figure 2.1 shows the schematic of a three-level three phase
inverter. One of the advantages of the three-level inverter is, that the transistors always turn on and off in
pairs. This means, that the full DC link voltage will always be shared by two switches, where the two level
inverter switches has to be able to block the full DC link voltage.

+ Sa1 Sph1 Sc1

v (D)

Sas4

Sb4

‘ T
‘ + D1y Sa3 D2 Sp3 Ds, Sc3
T Y2Vbc

[

Q\
<
o

Figure 2.1: Three-level three phase inverter schematic with star connected load.

But a trade off is, that it consist of twice as many transistors as its two level counterpart plus the six
neutral point diodes. The switching scheme of a three-level NPC inverter has three states; + where switch
1 and 2 are turned on, 0 where the middle switches 2 and 3 are on, and — where switch 3 and 4 are turned
on. The +, 0 and — states are in some literature ex. [Lipo, 2003] denoted m1, my2 and mgs3, where index z
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refers to the leg. The m values then takes the values 1 or 0, if the switch states are on or off. A rule that must
be obeyed is, that mg1 +mgs +m,3 = 1, meaning that only one state is active at the time. For instance, the
line to neutral point voltage v,y can be written as:

1
VaN = §VDC . (mal - ma3) (21)

which means, that if the upper two switches in leg a of figure 2.1 are turned on, then the two lower
switches are turned off, and v,ny becomes:

1 1
VaN = §VDC . (1 — 0) = EVDC’ (2.2)
This gives a phase voltage of three levels shown on figure 2.2.

Van

A

| ZVDC —‘ ’7
o »

>t

21 4m

-%2Vc
Figure 2.2: v,n voltage waveform.

Because of the fact, that the switches are turned on in pairs, the phase voltage v,y can never become
larger than %VDc- The phase to phase voltage vy, can be written as:

Vab = UgN — UbN = §VDC (M1 — Ma3 — Mp1 + Mp3) (2.3)
This means, that if leg a is + and leg b is —, vy is equal to Vpo because:
1
Uab:UaN*UbN:ivDC'(1*0*O+1):VDC (2.4)

So in total, the three-level inverter topology is capable of producing a phase to phase voltage vy, of five
voltage levels shown in figure 2.3.

ab

A

A f
Wl U7

Figure 2.3: vq, voltage waveform.

The voltage vsy from the star point s to the neutral point N can be found from using the superposition
principle.

On figure 2.4, the connection from N to s is illustrated. By using superposition on the circuit, vsy can
be written as:

A 1

_ L 2.5
ZlZ+z 3N (25)

UsN = UagN
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Figure 2.4: Three phase voltage source with star connected load.

By applying this to all three phases, vsny becomes:

UsN = 5 (Van + VN + Ven)

3

The phase voltages can now be written as:

Vas = UgN — UsN
Vps = UpN — UsN
VUes = UeN — UsN

To find the relationship between the phase voltage and the switch states, the following is used.

Vas = UaN — UsN
1
Vags = UgN — 7(UaN + vpN + UCN)
2 1 1
Vas = ZVa
g o T gleN T gl
1 1 1
as = =Vi 5 e
Vas 9 DC ( 3 mp — 3m4>
1 1
Vas — gVDC Mgl — M3 — 5 (mbl — Mp3 + Me1 —

mea))

(2.10)
(2.11)

(2.12)

(2.13)

(2.14)

This shows, that the three-level inverter is capable of producing a phase to star point voltage of seven levels
as shown on figure 2.5, which reduces the harmonic contents of the output compared to the two level inverter.

The largest output voltage value is :I:%VDC.

S

Va
A

2/3Vpc

o

>t

-2/3Vpe L‘w_r'—l 2m L‘w_r'—l am

Figure 2.5: v,s voltage waveform.

However, all the voltage equations are only valid for a balanced DC link voltage across the neutral point
of the inverter. This constrain makes the control of a three-level inverter more complex than the two level
inverter, if not having a neutral point in the power supply. This will be further analyzed later in section

2.3.2.1.
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2.2 Three-level vs. Two-level

After analyzing the three-level inverter, a comparison with the common two-level inverter is performed. From
the previous section, it is clear, that the three-level inverter consists of twice the number of switches, and on
top of this the six neutral point diodes. So one leg of a three-level inverter will consist of the same number of
semiconductors as a three-phase two-level inverter. However, due to the switching nature of the three-level
inverter, each device will only be subjected to half the DC link voltage. This means, that lower rated devices
can be used for a three-level inverter. IGBTs for a lower voltage rating will typically have lower switching
losses. This enables the inverter to either increase the switching frequency, or have less cooling. A higher
switching frequency can in some applications lead to other components, ex. filters, to have smaller values.
But the operating principle of the three-level inverter also means, that two switches is conduction at the
same time, meaning two conductions losses instead of one, and typically a double rated IGBT device will
not possess the double on-state voltage drop. This is further investigated in chapter 3, where IGBTs in series
connections are analyzed.

The fact that each switch in the three-level inverter only requires half the voltage rating of a two-level
inverter, also makes it a good choice in medium voltage applications, which is the main topic of this project.
A disadvantage of the three-level inverter is unequal power dissipation in the switches due to the switching
nature. Switch 2 and 3 is conducting for a longer time than 1 and 4, hence more conducting loss. This can
lead to a difference in lifetime for the switches, and also complicate the cooling design. Another aspect of
the three-level inverter vs. the two-level counterpart, is the harmonic contents of the output voltage which
is investigated in the following.

2.2.1 Harmonic contents

Harmonic contents of the output voltage determines the fraction of the output energy, that is related to the
fundamental waveform. For instance, how much of the energy is related to the harmonic contents in a PWM
signal. To determine the power of the harmonic contents, the Total Harmonic Distortion or T'H D factor can
be calculated. THD is defined as:

THD — Harmonic power _ -V ] (2.15)
Fundamental frequency power L -

Where I; and V; are fundamental RMS values. By applying Fourier series, a signal can be split into DC,
fundamental and harmonic parts:

v(t) = Vpe + Vi - cos(wit) + Va - cos(wat) + Vi - cos(wst) + Vi - cos(wat)..... (2.16)

The Vpe term will be noted as VLQC in the upcoming calculations. This is done to keep the notation from
the previous section. All the capital variables are RMS values. Because inverters in most applications have
a low pass filter on the output, it is important to have a small TH D factor to preserve most of the energy.
By dividing the output voltage into the DC, fundamental component and the harmonics, the following can
be stated:

VDC 2 00 VDC 2 00
— 2 — == 2 2.1
1% ( 5 ) +;Vn ( 5 > V4> VP (2.17)

n=2

By division of V; equation (2.17) becomes:

‘/D o0 ‘r 2
= ° E n 2 18)
V Vi - —+ 2 + —_— .
' Vi n= Vi (

Because the THD is defined as [Lipo, 2003]:

o = () 45 (%) 210
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then equation (2.18) can be rewritten to:

V = Vi-V1+THD? (2.20)

And the THD can be isolated from this equation to:

THD = v 2—1 2.21
(¥) a2

Because the output voltage from power electronics is formed by square waves, the DC component and
the even harmonics are cancelled out, so the following is obtained:

f: (&)2 (2.22)

n=3,5,7..

THD =

As an example, the THD of a square wave can be calculated by using the following series [Ned Mohan,
2003]:

1 1 1 1 1 2
l1+=4+—=+=+—=+-—7....= — 2.2
+32+52+72+92+112 8 (2.23)
2 2
THD,p = (8 _ 1) — 0.483 (2.24)

To apply this to the two-level inverter, the levels of output voltage amplitudes is needed. To compare
the two-level inverter with the three-level inverter, it is assumed that the two topologies have star-connected
loads, and the base for comparison is the phase to star point voltage v,s, which for both inverters have the
highest number of levels, and thereby is most quasi sinusoidal. The phase to neutral output voltage v,s from
a two level inverter is seen on figure 2.6.

Vas B 413 Vpe/2

2/3 Vpcl2

u 2m

-2/13 Vpcl2

-4/3 Vpcl2

Figure 2.6: Phase to star-point voltage vqs levels for two-level inverter. Freely after [Lipo, 2003].

From figure 2.6 it is seen, that the numerical value of the output voltage is symmetrical around 7. From
this, the RMS value can be calculated as:

1 (T 1 [T
Vas = T v2.dt = —- v2.do (2.25)
0 ™ Jo
2 2 2 2
1|7 /4 2m (2 V 8 V
2 DC DC
_ lym /4 2m . _ S (Ytoc 2.2
2-v2 'V,
Vs = T% (2.27)

10
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The fundamental output voltage RMS value is found in [Lipo, 2003] as vgs1 = 0.9 - VLQC By using equation
(2.21) the THD is found as:

THDojoper = = 0311 (2.28)

For the three level inverter, equation (2.21) is also useful for calculating the THD. From [Lipo, 2003],
the RMS value of the fundamental output voltage for the three-level inverter can be calculated as:

4 57/12 VDC
Vas1 = —— - cos(0)do 2.29
Lm0 B ) (2.29)
2. \/i . 5-m Vpe Vbe
= : 2T IBC o gg7. 2RC 2.
Vas1 - sm( B ) 5 0.87 5 (2.30)

The total RMS output voltage can be calculated from the RMS definition.

1 T
Vs = T./o v2,dt (2.31)
So
1 T 2 7T/2
V2 = f./ vgsdt:—o/ v2.df (2.32)
T Jo ™ Jo

The 7/2 limit for the integral is chosen from figure 2.5 on page 8, because the waveform is periodic by this
factor, if the numerical values of the voltage amplitude is used. From figure 2.5 the RMS output voltage can
be calculated as:

27 /4\° =« 7 (2\2 T Vbe 2
2 = T (2) s T2 T (2) e (XRe 2.
Vas - [12 (3) W) T > ) 7 (2.33)
Ve = g% (2.34)

Now, by applying equation (2.21), the THD can be calculated as:

Vs \ e 2
THD3sjeper = 2 —-1= -1 2.35
=) B in () >
THDsjeper = 0.169 (2.36)

This is an improvement over the two-level inverter with a TH D of 0.311.
The THD comparison between the two topologies is based on an unmodulated output voltage.

2.3 Modulation of three level inverter

To connect an inverter to the grid or a machine, a sinusoidal output voltage is modulated. In this section, two
of the most common PWM modulation strategies, carrier based modulation and space vector modulation,
are analyzed in relation to the three level inverter. The common base for comparison of the two methods is
the ability to modulate a sinusoidal output voltage.
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2.3. MODULATION OF THREE LEVEL INVERTER

2.3.1 Carrier based modulation

Carrier based modulation is a simple PWM based control strategy and is commonly used in inverters. The
basic operation principle is, to compare a high frequency carrier wave, commonly a triangular or sawtooth
waveform, to a modulation waveform, commonly a sinusoidal waveform. Figure 2.7 shows a carrier based
modulation scheme for a three-level inverter.

Viri
Vsin

4

Vtrl,upper

0 >t

Vi lower

Van
Voc/l2 A&

A

Figure 2.7: Carrier based modulation scheme for three-level inverter. Top graph shows the modulation and carrier
waveform and bottom graph is the generated output voltage pr. leg for a three-level inverter, and the first harmonic
(dotted) waveform van,i.

One important aspect to notice from figure 2.7 is the double triangle. In a two level inverter, only one
triangle is needed, because one leg only produces positive and zero voltage. In section 2.1 it is stated, that
the three-level inverter can produce a v,n of both positive, zero, and negative voltage. The upper triangle
produce the positive to zero sequence when vgiy, > Viriupper, and the lower triangle produce the zero to
negative sequence of the v,n voltage waveform when vg;, < Utrijower. The first harmonic of the output
waveform shown on figure 2.7 was analyzed in the previous section, and is given by:

~ Vi .
Vang = Ma - %C -sin(0) [V] (2.37)
Where the modulation index Ma is given by:
Ma — '(/)\sin [7] (238)
Vtri

From equation (2.37), it is seen that the maximum value of Uy 1 is % for Ma = 1. Using a modulation
index greater than one is known as over modulation, and can produce a larger peak value of the fundamental
output voltage. However, over modulation is known to produce low-frequency baseband distortion [Lipo,
2003]. A common way of increasing the output voltage peak value, without the modulation indexes exceeding

one is known as third harmonic injection and is analyzed in the following.
2.3.1.1 Third harmonic injection

Equation (2.37) can be rearranged to include a third harmonic modulation wave:

V
Danits = %C - (May - sin(f) + Mas - sin(36)) (2.39)
where Ma; and Mas is the modulation index for the first and third harmonic waveform. The maximum

value of Vsin 143 is still kept equal to one, but by choosing the relationship between Ma; and Mag correct,

12
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Usin1 > VLQC The optimal relationship can be found from the derivative of equation (2.39), and from the
fact, that the third harmonic has no effect if § = (k + 1) - 7/3 for k = 0,1, 2.. since sin(3[k + 1|7/3) = 0.
This will ensure the maximum value for the fundamental component.

% = % -(May - cos(0) +3- Masz - cos(30)) =0 = (2.40)
—May 3cos(30)

= — 2.41

Mas cos(0) (241)

For § = %, when v, 3 = 0:

—Ma1

1
— 6 = Mas=Ma, - 9.42
Mas a3 =g (2.42)

Now, inserting this in equation (2.39) the maximum Ma; can be found at 6 = Z.

M
Dan143 = V;’C-(Mal-sm(e)+ 6alsm(3o)>vf2’c = (2.43)
2
Ma, = ﬁz1.16 (2.44)

The waveforms is shown in figure 2.8, and the PWM output voltage on figure 2.9, and here it can be seen,
that the first harmonic is larger than one, but the output voltage Uy n 143, and thereby the modulation index
is still one, meaning that the first harmonic can be higher than one without the base band distortion caused
by over modulation.

Third harmonic injection Third harmonic injection PWM output voltage
15p

Van1+3 1H

1V
1V
o
»

I
N

Van @ VDC/2
Van @ VDC/Z

-15

0 50 100 150 200 250 300 350 0 100 200 300 400 500 600 700
0 [deg] 0 [deg]

Figure 2.8: First harmonic, third harmonic and result- Figure 2.9: PWM output voltage for carrier based mod-
ing waveform for Ma, = 1.16. ulation.

In some literature ex. [Lipo, 2003], a third harmonic of Mag = % is suggested to give the minimum
THD. However, this is at cost of the gain in the fundamental waveform, because the modulation index still
has to be kept lower than or equal to one to avoid base band distortion.

Even though the resulting waveform of figure 2.8 does not look sinusoidal, the third harmonic, and
divisions of the third harmonic is canceled out phase to phase, and hence the output is purely sinusoidal.
This can be seen by the following equation:

Ugp = UaN — UbN (2.45)

13
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_ %[Mal - sin(0) + Mas - sin(30)] — % {Mal - sin.- <9+ 2;) © May - sin (3 <9+ 2??))}
= % Ma, - sin(0) — Ma, - sin (9-1— 237T> + Mag - sin (30) — Mas - sin (3 (9 + 2371—))
) =0
Vap = % Maqsin(0) — Maysin (9 + 2;)} (2.46)

This means that, even though a third harmonic is injected to give a higher gain, it is cancelled in the phase
to phase output voltage. This is also valid for the phase to starpoint voltage v,s as shown:

VaN + VpN + VbN

Vas = UaN — 3 (247)
_ 2-ugN _UN  UeN
= 3 3 3
" 1 2 2
_ % 3(Ma1~sin(9)+M03'5m(39))3(Ma1'sm <9+;>+Ma3-sin (3 <0+;)>)]

Vbe |1 . 27 . o
- g <Ma1-sm (9— 3) + Mas - sin (3 (9— 3)))}

% (May - sin(6)) — = (Mal.sm (9+ 2;)) - % (Mal.sin (9— 2;)”

‘% ; (Mas - sin(30)) — é (M“?"Sm (3 (9+ 25))) - é (MaS'Sm (3 (9_ 2;)»]

=0
_ Voo |2 . 1 . 2 1 . 2T
vas = 5 |3 (May - sin(9)) 3 (Ma1 sin (9 + 3)) 3 <Ma1 sin (9 3))} (2.48)

The carrier based modulation strategy analyzed in this subsection has the advantage of easy implementation
and the possibility of increasing the peak value of the fundamental output by an easy implemented third
harmonic reference. This third harmonic sine wave is cancelled out in a balanced system, but gives an
ampltude gain to the first harmonic waveform.

w

r 1
[SCRI )

2.3.2 Space vector modulation

Another method commonly used is space vector modulation SV M. The voltage space vector V, arises from
the sum of the individual voltage vectors in a balanced three phase system, and can be defined according to
[Marian P. Kazmierkowski, 2002] as the complex number:

2 2m 4
s = g (v(l +’Ub . 67]% +Uc '67‘7%) (249)

<

In the case of the two-level inverter, there are eight states, including two zero states, as illustrated on
figure 2.10.

By applying a duty cycle to two following states ex. (100)-(110), the position of the space vector in
quadrant 1 is determined as:

X7 Tl —_— T2 _— —_
Ve = —— —V = V|26 2.50
s .2 + .2 110 Vel ( )

where T7 and T5 is the time, that decides the fraction of the half switching period Ts/2, hence what duty cycle
each state is given. The reason for choosing Ty/2 will be explained later in this subsection. The maximum
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Vo1

Figure 2.10: SVM states in the two-level inverter.

value of the space vector can be calculated as:

Vo = [V.l(cos(8) + jsin(6)) = £;2|V100|(cos(0)+ jsin(O))+7§;2|V110 (cos (%) +isin (5))
[V l(cos(6) + jsin(6)) - To/2 = Ti+[Vigo| + T3+ [Visol - (cos (g) + jsin (g)) (2.51)

The magnitude of the two space vectors is % - Vpe, which can easily be seen by inserting Vigg in equation
(2.49). This gives the following results of T} and T5:

V,.sin(T—0) T,
T = 5 sin(5=0) T, [s] (2.52)
2. Vpe-sin(3) 2
VGSZTL(G) T@
T - e 2.53
? 2 Vpe -sin (3) 2 s} (2.53)

This means, that the time given to the space vectors states are dependent of . A constrain in space vector
modulation is, that 77 + 1o < %, meaning that V' can not become larger then % -Vbe.

V5~sin(%—0) LT + Vs-sin(6) T
T1 + T2 _ %-VDc-sin(%) 2 %-VDo-sin(%) 2 < 1 (2 54)
T.,)2 T,/2 - ‘
The value of # maximizing equation (2.54) is 6 = ¢ giving:
2.V, sin (=
T+ Ty S V. 82775 (6) < 1 (2.55)
Ts/2 5 Vbc - sin (%)
— 3 2 Vpe Vbe
omaz] = —=-2-2¢ &~ 116-2¢ 2,

This results shows, that space vector modulation and carrier based modulation with third harmonic in-
jection yields the same maximum value.
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To improve the TH D, the two zero vectors Voo and V111 can be incorporated in the switching sequence,
according to [Lipo, 2003] such as:

T
S =T+ 42Ty (2.57)

where T} is the time given to each zero state. Each zero state is applied for the same amount of time. By
placing a zero state in the beginning and the end of a sequence, a symmetrical sequence is obtained by
centering the active vectors. This sequence can be written for 0 < 6 < % as:

Vooo + Vioo + Vito + Vit + Vi + Vit + Vioo + Vooo (2.58)

Ts Is
2

This can be visualized as figure 2.11.
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Figure 2.11: Phase voltage representation of equation (2.58).

Because of the fact, that T, /2 is chosen, the times T; and Ty given to each vector in equation (2.58) can
be recalculated each T /2, and this gives advantages regarding the THD of the output [Lipo, 2003]. 77 and
T5 can be calculated for 0 < 6 < % as:

o= ‘Z;C~\/§-cos(9+g)-Ts/2 (2.59)
T, = ‘Z;C~\/§-cos(9—g)-TS/2 (2.60)
The average space vector for phase a, b and ¢ can be written based on figure 2.11 as:
w5 (gt w) oo
R C ) aen
Ven = Vgc : (;?2 — TST;2> (2.63)

This result gives the following average phase voltages for 0 < ¢ < %. The modulation index Ma is included

in the equations.

VoN = VDC(TI + T )?~Ma~vgc~[cos(9+76r)+cos(

2 \T./2 " T.,/2

(2.64)
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= = e i (04T (2.65)
wy = 22C ( TST;2 + Ti%) _ @ Ma- T2 [ cos (04T ) weos (- 7)) (266)
= 2 a 100 s (eﬂg) (2.67)
ey = V’;C (TST;Q _ Tf%) _ ? Ma- % Jreos (04 F) —cos (6-2)] (268
) 200

For the other remaining six quadrants, the space vector can be calculated in a similar manner. This is shown
i table 2.1. These results are taken from a similar table in [Lipo, 2003].

0 \ ERYIsTY \ RIS \ YIS \

2 2 2 2 2 2

0<0<z |sin(0+3) \ﬂ3)~cos( ) —sin (04 %)

T<0<3 | V3-cos(f) sin(0) —sin(0)

%’TSHSW 005(9—%) cos(@—i—%’r) \/3-003(9—&—2?”)

wgeg%ﬂ cos(@—%) \/§~cos( —%) cos(@—i—%)

T <H< T | V3-cos(h) sin(0) —sinf

‘%“SGSZW cos(ﬂ—i—%) cos( —‘%’r) \/5-003(04—%”)

Table 2.1: Space vector placement for 0 < 6 < 2w .

The graphical interpretation of the space vector calculated in similar fashion for 0 < 6 < 27 is plotted
on figure 2.12 and the PWM output voltage is plotted on figure 2.13.

Space vector modulation Space Vector modulation PWM output voltage

15

_15 i i i i i i i i i ; ; ; ; ;
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
0 [deg] 6 [deg]

Figure 2.12: Space vector output wave form for ven. Figure 2.13: PWM output voltage for space vector mod-
ulation.

The output for the three-level SVM is generated in the same way as for the carrier based modulation by
comparing the waveform from figure 2.12 to two triangular waveforms as was illustrated in figure 2.7.
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Vit -

V-—+ V0.+ V+-+

Figure 2.14: SVM states in the three-level inverter.

The three level inverter offers some advantages to the two-level inverter in the nature of SVM. The three-
level inverter has 27 states, 12 of these states are redundant and the zero vector is triple redundant. The
space vector diagram can be presented like figure 2.14.

It can be seen from figure 2.14, that the space vector V; originates in zero, but the vector sequence needed
to produce V; does not need to, as is the case for the two-level inverter. Because of the redundant states, the
vector sequence needed to produce V, can instead be produced as:

Vio+ Vi +Vio- + Voo + Vo + Vi + Vi +V o (2.70)

Is Is
2 2

)

This principle is also known as the "nearest three” space vector (NTS), and has the ability to create
a more accurate representation of V. This fact can also be linked to the results of section 2.1, where it is
stated, that the three-level inverter was able to produce more voltage levels. Another very important aspect
of the nearest three space vector (NTS) is, that is has the ability to balance the voltage across the neutral
point capacitors as explained in the following.

2.3.2.1 Neutral point balancing

For the basic three level equations in section 2.1 to be exact, the neutral point capacitor voltages are required
to be very stable. If the capacitor voltage is allowed to deviate, such that two switches experience a higher
voltage than intended, the voltage distribution in the output is compromised. This can cause a current offset,
and worst case the switches could be destroyed. This puts high demands, and thereby cost, to the DC link
capacitors, because these have to be able to prevent a large voltage drop, when current flows from or to the
neutral point. The rate of change of the capacitor voltage can be calculated as:

) dv,
e =
dt

¢ 4] (2.71)
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dv, = & e ) (2.72)
This means, that a larger capacitance leads to a lower rate of change in the neutral point voltage, and hence
decreased sensitivity.

This is an issue with the three-level and multi-level inverters in general, and a weakness in the NPC
topology. However, using the NTS aproach, this problem can be limited. The current flows from or to the
neutral point, when a zero state is present in one leg (except from (0, 0, 0)). In order to keep the neutral point
balanced, the average current must be zero. The three-level inverter has 33 = 27 different stages, but because
the output voltage only has seven levels, there is some redundancy of the switching states. For example,
(0,+,4) and (—,0,0) both give an output voltage of —1Vp¢ according to equation (2.14) and figure 2.14:

1 1
Vas = gVDC . (ma1 ~Ma3 — 5 (mp1 — mpg + Mep — mcz))
1 1 1
Vas(0++) = §VDC . (0 —0- 5 (1 —-0+1-— 0)) = —§VDC (2.73)
1 1 1
Uas(—00) = §VDC . (0 —1- 3 (0 —04+0- 0)) = _§VDC (2.74)

The current flow in the three-level inverter in these states are shown in figure 2.15 and 2.16.

\
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Figure 2.15: Current flow for state (0,+,+). Notice Figure 2.16: Current flow for state (0,+,4). Notice
that the current is entering the neutral point, hence dis- that the current is leaving the neutral point, hence dis-
charging the top capacitor. charging the bottom capacitor.

The figures show, that the current flows into the neutral point in (0,+,4), and out from the neutral
point in (—,0,0). So for the same output voltage, the control scheme of the inverter decides, which direction
the current is flowing through the neutral point, and hence if the upper or lower capacitor is charging. So
by choosing the NTS, control of the neutral point voltage balance is easy to implement by simply choosing
which redundant switch state that is applied, based on voltage feedback from the capacitors.

The space vector modulation analyzed in this subsection has the overall same performance as the carrier
based modulation, but also an easy implementation of neutral point balancing. However, according to [Br-
ckner, 2005], the approach described in this subsection has some issues when the double triangle is applied.
The problem is, that the redundant switch states can be activated at the wrong times, hence compromising
the NTS approach by not centering the redundant vectors. This is because the analyzed SVM approach is
developed for the two-level inverter, where only one redundant (zero) vector exists, and then applied to the
three-level inverter. To ensure that the vector sequence for the three-level inverter is optimal, three-level
SVM can be used for better performance. However, this subject is not within the time-frame of this project.
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2.4 Conclusion

In this section, the three-level inverter has been analyzed. The goal of the analysis was to gain knowledge
about the three-level inverter, and also pinpoint the advantages and disadvantages of this topology. The
base for comparison was the commonly used two-level inverter. Also two modulations strategies suited for
implementation of the three-level inverter was analyzed. One key feature of the three-level inverter, that
makes it well suited for the medium voltage levels is the fact, that the DC link voltage is always shared by
two switches. This lowers the requirements for the semiconductors used for the inverter. As later chapters
of this report will show, higher voltage ratings for a single device leads to higher switching losses, hence
limiting the upper switching frequency.

A disadvantage is twice the amount of semiconductors and the unequal loss distribution of the switches.
This could lead to issues regarding efficient cooling and lifetime of the inverter system. Also the neutral point
balancing is a disadvantage for the three-level inverter.

A great advantage of the three-level inverter instead of the two-level inverter is the TH D. It was calculated
in section 2.2 that the THD of the three level inverter was 0.169 against 0.311 for the two-level inverter. A
lower THD leads to higher efficiency. Due to the extra voltage level per phase, the output voltage of the
three-level inverter can reach seven levels (phase to star point), which makes the output more quasi-sinusoidal
compared to the two-level inverter. Table 2.2 sums up the advantages and disadvantages.

’ \ Two-level inverter \ Three-level inverter
Advantages Simple, few switches, Low T'HD, seven voltage levels,
no NPC balancing lower voltage rating for switches,
Disadvantages | Double the THD of a three-level, Unequal loss distribution, neutral point balancing
high voltage rating for switches | Twice the Switches + diodes for neutral NPC topology.

Table 2.2: Comparison of two-level inverter and NPC three-level inverter.

Finally the analysis of the modulation schemes for the three-level inverter showed, that the two standard
modulation strategies; Carrier Based Modulation and Space Vector Modulation both could be implemented
in a three-level inverter by using two triangular carriers in phase instead of one. Also neutral point balancing
could easily be implemented in the Space Vector Modulation scheme. From these analysis, it is concluded
that the three-level inverter is well suited for medium voltage applications, and even surpasses the two-level
inverter in performance.

20



CHAPTER 3. SERIES CONNECTION OF IGBTS

Chapter 3

Series connection of IGBT's

In this chapter advantages and disadvantages of series connections of IGBTs are analyzed with respect to
unequal voltage sharing due to parameter deviations in IGBTSs, switching and conduction losses. Finally
reliability in series and parallel connected IGBTs are compared from a statistical point of view.

Inverter operation at medium voltages can be obtained by either using single high voltage switches or
by series connecting two or more lower rated switches in series. IGBTs capable of blocking up to 6.5kV are
available today, however they are not industry standard, as the 1.7kV devices used for the project.

IGBTs have characteristics, that in practice deviate from one device to another. This is typically due
to small deviations in the silicon, from which the IGBT is produced. The deviations affect the switching
times of the devices, and can be subject to changes over time depending on the history of the device, such
as unequal temperature, improper environment or aging.

In many applications, small deviations do not matter, but when series connecting switches, small de-
viations become significant, because the deviations affect the switching times. The switches must turn on
and off very closely together, otherwise the switches may not share the voltage equally in the on and off
transitions, and eventually damaging one or more of the devices. Figure 3.1 (a) shows the switch voltages for
two switches with unequal voltage sharing, because of delayed gate signals, with the fastest switch exceeding
the maximum allowed voltage. Figure 3.1 (b) shows the situation, when the switch voltage does not exceed
the maximum voltage vee maz, €ven though the switches are not turned on simultaneously.

Figure 3.1: Switch voltages for two switches with (a) unequal voltage sharing, and (b) equal voltage sharing.

To avoid unequal voltage sharing and IGBT destruction, the switching must be very closely controlled,
also when temperature and aging changes the switch characteristics compared to one another. This control
is usually obtained by adding auxiliary circuits to the switches, called snubbers. This topic is discussed in
more detail in chapter 4.
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3.1 Parameter dependence

The unequal voltage sharing depends on the differences in device parameters as mentioned above. The pa-
rameter dependence of the turn on and off can be shown by simulations and used for comparison between
the individual dependencies.

In this section simulations are performed using OrCad for a simple circuit containing two series connected
IGBTs with additional deviation in selected parameters. The actual parameter values are chosen from the
data sheet for a Mitsubishi CM400HA-34H IGBT and a Semikron SKHI 21A gate driver. The Mitsubishi
IGBT device is chosen, because a Pspice model is available from the producer, and because it holds parameters
similar to the used Semikron SKM600GA125D IGBT. The relative parameter deviations are chosen according
to the Semikron data sheet.

Parameters for the SKHI 21A gate driver is used for the simulations, because the deviations in propaga-
tion delay is a known quantity, that are obtained from [Mads P. Vaerens, 2007].

The gate emitter and collector emitter capacitances Cg. and C. of the IGBT are derived in equations
(3.1) to (3.3) based on the input, output and reverse transfer capacitances (Miller capacitance) from the
data sheet. Generally these are dependent on the collector emitter voltage, but for this simulation they are
assumed to be constant for simplicity.

Cyge = Cres = 15nF (3.1)
Cge = Cies—Cye = 8nF —16nkF = 70nF (3.2)
Cee = Coes —Cy = 20nF —15nF = 5nF

The capacitances, gate resistances and the corresponding deviations are listed is table 3.1.

’ Parameter \ Default value \ Value with deviation \ Deviation ‘
Gate capacitance C, 70.0nF 9InF 30%
Collector emitter capacitance C 5nF 6.5nF 30%
Gate resistor R, 50 5.250 5%
Gate signal delay tq4 0Os 170ns

Table 3.1: Chosen parameters for a Mitsubishi CM400HA-34/H IGBT and Semikron gate driver - default and deviated
values.

3.1.1 Simulation results

Figures 3.2 to 3.5 show the four OrCad schematics used for the simulations. Figure 3.2 is added with 30%
collector emitter capacitance, figure 3.3 with 30% gate emitter capacitance, figure 3.4 with 5% gate resistance
and figure 3.5 with 170ns of difference between the gate signals. These are all the expected parameter de-
viations according to data sheets. The switching frequency is chosen to fs = 5k H z according to appendix A 4.

The corresponding simulation results are shown in figures 3.6 to 3.13. These show the collector emitter
voltage v, for each series connection.

It’s clear in any of the four figures, that deviations in parameter values affect the voltage sharing between
the devices, but there is a large difference in the significance of the deviations.

Generally an addition of capacitance or resistance increases the time constant of the device and makes
it turn off and on slower than the other device. Because of this, the slowest device is exposed to a higher
collector emitter voltage at turn on, and opposite at turn off. Here the quickest device is exposed to a higher
voltage. In both cases, the high voltage may damage the devices.
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The least significant parameter is the collector emitter capacitance, which is also numerically the smallest
according to table 3.1. Deviations in this parameter has almost no influence on the device dynamics as seen

in figure 3.6 and 3.7.

Deviations in the gate emitter capacitance and the gate emitter resistance leads to almost the same
behavior. The on transition becomes slightly longer with addition of gate capacitance leading to a small
voltage spike across the slowest switch as seen in figure 3.8 to 3.11.

The most significant deviation is the delay between the gate signals leading to a large voltage difference
between the switches as seen in figure 3.12 and 3.13. This fact must be taken into consideration in the choice
and design of the voltage balancing topology, because not every topology may be able to handle an unbalance
of this magnitude. Methods of voltage balancing is discussed in more detail in chapter 4.
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Figure 3.2: Schematic with added collector emitter
capacitance shown as Cy = 2.7nF. Results are shown
in figures 3.6 and 3.7.
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Figure 3.4: Schematic with added gate resistance
shown as Ras = 5.25€0. Results are shown in figures
8.10 and 3.11.
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Figure 3.3: Schematic with added gate emitter ca-
pacitance shown as C1 = 3.3nF. Results are shown in
figures 3.8 and 3.9.
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Figure 3.5: Schematic with added gate signal delay
TD = 170ns in the gate signal source Vi1. Results are
shown in figures 8.12 and 3.13.
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3.1.2 Conclusion

The simulations show, that the gate signal delay is the most significant contributor to voltage unbalance,
and therefore it is convenient to use this delay as reference in the design of a given balancing circuitry. The
worst case value is chosen according to the gate driver data sheet and to [Mads P. Vaerens, 2007].

It must be noticed, that combinations of parameter deviations are not examined here, and therefore no
estimate on this is given, even though a combination may lead to even larger voltage differences.

The simulation results are also only valid for the specific IGBTs chosen for the project and can not
be directly related to other types or manufacturers. If other devices are used, similar simulations must be
performed for these devices.

3.2 Losses Comparison for Series Connections

The main objective to series connect a number of devices is to increase the off state voltage capabilities of
the inverter. Series connecting a number of low voltage IGBT's devices can be shown to lower the total losses,
compared to using only one high voltage device. The losses of the series connection are dependent of the
switching frequency, and in fact there exist a given frequency, below which the losses become lower for the
single device setup. This is because the switching losses become less significant compared to the conduction
losses, which are independent of the switching frequency.

In this section, a comparison is performed by comparing losses for one 3.3kV IGBT with series strings of
two 1.7kV and three 1.2kV IGBTs. The losses are calculated based on typical loss energy values from the
data sheets for the device. The devices used are summarized below:

o Dynex DIM400BSS12 (1.2kV/400A)
e Dynex DIM400BSS17 (1.7kV/400A)
o Dynex DIM40ONSM33 (3.3kV/4004)

The reason for not using data and comparing three different Semikron devices, is because Semikron do
not produce 3.3kV IGBTs. To make a fair comparison, all three devices are chosen from Dynex, because
Dynex produces devices for all three voltage levels and Dynex supplies sufficiently detailed data sheets. The
Dynex 1.7kV and the Semikron 1.7kV devices have similar loss characteristics and current ratings.

The relevant parameters for the comparison obtained from the device data sheet are the switching energies
Eon, Eory, Erec and on state voltage drop vee,on and current i., and these are summarized in table 3.2.

The losses for the three different cases are calculated using equations (3.4), (3.5) and (3.6). The losses
are divided into turn on, turn off, reverse recovery and conduction losses.

Ptot,&SkV = Prse + Pfall + Prec + Peond [W} (34)

25



3.2. LOSSES COMPARISON FOR SERIES CONNECTIONS

’ Parameter: \ 1.2kV IGBT: \ 1.7kV IGBT: \ 3.3kV IGBT: ‘
T =25°C
On state voltage drop vee,on 2.2V 2.7V 2.8V
Collector current I, 400A 400A 400A
Off state voltage vee,ofs 600V 900V 1800V
Turn off energy F, 45mJ 120mJ 520mdJ
Turn on energy E,, 45mJ 150mJ 620mJ
Reverse recovery energy Fie. 17mJ 70mJ 150mJ
T =125°C
On state voltage drop Vee,on 2.6V 3.4V 3.6V
Collector current I, 400A 400A 400A
Off state voltage Vieors 600V 900V 1800V
Turn off energy E, ¢ 60m.J 180mJ 600mJ
Turn on energy E,, 60m.J 170mJ 870mJ
Reverse recovery energy F,.. 32mdJ 100mJ 300mJ

Table 3.2: Loss parameters for three differently rated IGBTs at T = 25°C and 125°C'. All values are for vge = £15V
and load inductance L ~ 100nH .

Ptot,1.7kV 2- (Prise + Pfall + Prec + Pcond) [W] (35)
Ptot,l.ZkV = 3 (Ijrise + Pfall + Prec + Pcond) [W]
where
Prise = fsw : Eon [W} (37)
Pray = fow-Eory [W] (3.8)
Prec = fsw ' E’r’ec [W} (39)
Pcond = Z‘c * Uce,on [W] (310)

The figures 3.14 and 3.15 show the calculated losses as function of switching frequency for a junction
temperature of T'= 25°C and T' = 125°C, because the losses depend on the junction temperature as well.

The figures show a clear difference in losses for the single 3.3kV" device and the two series strings of 1.7kV
and 1.2kV devices. Two factors here are obvious. One is the general dependence on the switching frequency
both for the single device and for the series strings, which is explained by equations (3.7) to (3.9), where f;
is a parameter. The second fact is the difference in losses between the single and the series strings, which is
explained by the relationship between the turn on and turn off energy loss for the individual devices.

For the lower rated devices, the individual loss energy is relatively small compared to the higher rated
devices In fact even the sum of the individual losses in the series string becomes smaller, than for the single
high voltage device. This can also be seen from table 3.2.

As figure 3.15 shows, the losses for the series string is not lower for all switching frequencies. In this case,
the single device becomes more efficient at frequencies below approximately 900H z, when the duty cycle is
D =0.5.

The figures also show, that the losses depend on the duty cycle. With an increase in duty cycle, the conduc-
tion losses increase more rapidly for the series string, because the total on state voltage drop is higher for the
series string than for the single device, but the total losses still remain significantly lower for the series string.

For high voltage applications, it is clear, that the losses can be lowered by connecting more IGBTs,
with more gate drivers and protection circuits, in series by applying a sufficient switching frequency, but
a drawback here is the increased volume and mass of the inverter. For a wind turbine application, where
space in the nacelle is limited, it may not be an option. But at same time lower losses require smaller cooling
systems, which may compensate for the mass increase of IGBTs. This discussion is out of further focus in
this report.
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Figure 3.14: Total losses at T = 25°C with duty cycle
D=0.1, D=0.5 and D = 0.9.

Figure 3.15: Total losses at T = 125°C with duty
cycle D =0.1, D=0.5 and D =0.9.
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3.3 Reliability in Series Connected IGBTs

In many applications, the overall reliability of operation is given high priority. In the case of an off shore wind
turbine, reliability is crucial, both seen from a competition and maintainance point of view. Wind turbines
with known low reliability will have a poor position on the market, and maintainance of off shore turbines
is a costly affair, in case of vital and heavy parts braking down. In this section, the reliability of the power
semiconductors is described and compared for parallel and series connected devices.

The motivation for series connecting devices is the advantage of operating at higher off state voltage and
though higher DC link voltage. The increase in DC link voltage allows either to decrease the current for a
given output power, or for a given current to increase the the output power. But adding a higher number of
devices into a circuit may degrade the reliability, because the probability of one single device failing increases
with the amount of devices - the more devices, the higher statistical risk of failure.

The probability of a fault vs. success for one device can be described by the random variable x. This can

take values zero for failure or one for success, and the probability p of a single device not breaking down is
given as

Plz=1}=p (3.11)

According to (3.11), for a inverter with n devices in total, the probability of no devices of the n not
breaking down becomes

P{(z1 = 1), (@3 = 1), (@5 = 1), e (w0 = 1)} = p" (3.12)

The variable p is always smaller than or equal to one, and therefore equation (3.12) shows, that the
probability of success decreases with the number of devices. Therefore series connecting IGBTs may not be
an optimal and more reliable choice from a statistical point of view.

S1
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<‘
4o .
+ Vi Vi | vl ”Ic SZ_
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Figure 3.16: IGBTs in parallel (left) and series connections (right).

Another way to increase the output power capabilities of a inverter is to keep the DC link voltage low,
and instead increase the total current. This can be realized by paralleling a number of switches of the same
type in the inverter, as shown on figure 3.16. The amount of devices is equal in both configurations because
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of the power P = U - I, and hence the power density will be the same for a given topology. According to equa-
tion (3.11), the probability of device failure will be the same for both the series and the parallel connected
setups. This means, that from a reliability point of view, the series connected devices can be considered an
alternative to the parallel connection scheme, when focusing on the power devices only.

Though the reliability is shown to be the same for the series and parallel connection, the series connection
has some advantages from a redundancy point of view. In the case, that one device in a series string breaks
down and short circuits, the remaining devices can keep the inverter operating, as longs as the voltage rat-
ings of the individual devices are not violated. If the same happens for a parallel connection, then the short
circuited device will clamp all of the paralleled devices, and render the rest of the paralleled IGBTSs useless.

The break down of an IGBT in the series string may not always create a short circuit internally as
described, but instead break the internal wiring on the silicon or between two individual devices. In this
case, the discussion about redundancy in a series string becomes irrelevant, because the entire string will be
shut off.

On the other hand, if using paralleled IGBTSs, then broken internal wirings in one IGBT does not prevent
the inverter operation, as longs as the current ratings of the individual devices are not exceeded.

3.4 Conclusion

In this chapter, advantages and disadvantages of connecting two or more IGBTs in series are analyzed with
respect to the unequal voltage sharing, that is a consequence of parameter deviations in IGBTs. The con-
clusion of this is, that for the Mitsubishi IGBT and Semikron gate driver chosen for the simulations, the
parameter deviation, that affects the voltage unbalance most significantly, is a delay between two or more
gate signals.

Also switching and conduction losses are analyzed for series strings containing one, two or three IGBTs.
Here the conclusion is, that the conduction losses increase for the series string, because the total on state
voltage drop becomes larger than for one single device. But lower rated IGBTs have smaller capacitances in
the junction, and therefore the switching losses decrease significantly, and therefore the total losses becomes
smaller compared to using fewer higher rated IGBTSs in series.

A short analysis shows, that the statistical reliability of the IGBTs does not decrease, when connecting
these in series in stead of parallel to obtain a given output power of the inverter. This is because the total
amount of IGBTSs stay the same for the series and the parallel connected setups for a given inverter topology.
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Chapter 4

Voltage Balancing Methods

4.1 Voltage balancing methods

In this chapter, different methods to balance the voltage across series connected semiconductors are described,
based on a state of the art analysis. The scientific literature proposes and describes numerous methods based
in different techniques, each one with their own advantages, disadvantages and requirements. Selected meth-
ods are described in this chapter, and among these three methods are selected for further analysis.

The asymmetry in the collector emitter voltage v.. can be divided into two groups, the static and the
dynamic asymmetry as described below.

e The static asymmetry is mainly caused by the off state characteristics of the devices connected
in series. The higher the leakage current i, .77 of the transistor, the lower is the off state resistance
Ree,orf and the lower becomes the voltage across the transistor. If two devices in series do not share
the same off state resistance, the voltages will differ.

e The dynamic asymmetry is caused by different factors, such as delays in the gate drivers and
differences in the IGBT’s switching times, as the simulations show on page 24.

The factors affecting the static and dynamic asymmetry are summarized in table 4.1.

| Factor | Static asymmetry | Dynamic asymmetry

Leakage current icof5 = f(Vee, Vge, 1) X
Gate emitter threshold voltage vge in

Switching times tq on, td,of s trises tfall

Output impedance of gate driver R,

Total loop impedance

Driver circuit inductance carrying collector current
Gate driver signal propagation time ¢4

SRR R AR

Table 4.1: Static and dynamic asymmetry factors [Semikron, -].

Careful selection and matching of devices with low parameter difference and synchronizing the gate drive
signals will minimize the problems associated with voltage sharing. But this alone may not be sufficient,
because temperature and aging also affect the parameters, and this may corrupt a mating of initially identical
devices. Three main methods exist to solve voltage unbalance [N.Y.A. Shammas & Chamud, February 2006,
and these are the

e Passive Snubber

o Active Gate Control
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o Voltage Clamping

Figure 4.1 shows the relation between the methods, and these are described in more detail in section
4.1.1.

voltage balancing techniques
|

active gate control voltage clamping
I

enlarge gate delay master-slave reference active gate

Miller zone control voltage  clamping
zener zener/cap. cap./diode multi-level
clamp  clamp clamp clamp

Figure 4.1: Classification of different voltage balancing methods for series connected semiconductors [N.Y.A. Sham-
mas & Chamud, February 2006].

4.1.1 Passive Snubber Method

The passive snubber is one of the three main topologies shown in figure 4.1 and is one of the most commonly
used methods in series connection of semiconductors because of its simplicity. It can be used both for series
connected diodes and transistors, because it is not dependent on the gate emitter side of the device. The
basic schematic of the snubber is shown in figure 4.2.

R load

S
1 D Dy
Gate - 3 L
driver \Vfu < Rp c b3 R oad
S

V

Sz
Gate + b T Ve
driver Vee2 < Re b )
\ - Cs :: Rs

—

Figure 4.2: Schematic of two series connected 1GBTs with passive snubbers.

The voltage divider made by the two R, resistors is used for static balancing. The resistance of these
is chosen to be dominant compared to the off state resistance. The RDC circuit is for the dynamic sharing
in the turn off and on transitions. This network constitute a larger time constant compared to the IGBT’s
internal time constant. The IGBT’s switching times t, therefore are small compared to the time constant
of the network, making it insignificant as shown in equation (4.1).

TR,Cs >> tsw(s1,52) (4.1)

In that way, the total time constant of the IGBTSs connected in series is the same, only affected by the
component tolerances of the snubber. Although the circuit is simple, it has some disadvantages. Increasing
the capacitance Cy for higher time constant makes the voltage unbalance decrease, but the snubber’s power
losses and the on and off time increases, and therefore the device switching frequency has to be kept compa-
rably low. Another disadvantage is, that the snubber is placed in the power side, and the energy stored in
the capacitance Cj is dissipated into the resistance R in every turn on transition, because the RC network
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is short circuited.

As shown in the simulations on page 24, a delay between gate signals affects the voltage sharing signif-
icantly. This expected gate delay must be taken into consideration in the choice of the RC network time
constant. For a long delay, the RC' time constant must be increased, and with this the losses also increase.

4.1.2 Active Gate Control Methods

The active gate control methods are commonly operating by affecting the gate emitter voltage, thus working
on the small signal side of the devices. Therefore the methods are not suited for balancing diodes in a series
connection, because these do not have gate emitter access. The literature proposes several active gate control
methods as described shortly in the following.

The voltage balancing by enlarging the Miller effect zone. This method balances the collector
emitter voltages during the transient state. A positive gate pulse is injected by inserting a precharged
capacitor to the fastest device to switch off, or the slowest device to switch on. The result is a small
transient voltage unbalance, that may be acceptable for particular applications. The static balancing is
done by connecting large resistors in parallel with each device [N.Y.A. Shammas & Chamud, February
2006].

The gate signal delay control method. The gate signal of each device is adjusted to control
the transient and steady state voltage unbalances. Controlled delays of gate signals can manipulate
the voltage balance. The gate delay times are decided according to the level of voltage unbalance
by monitoring the collector emitter voltage continuously in a closed loop. One gate signal is used as
reference for the other gate signals. The method requires additional voltage feedback and processing
power to generate the gate delays [N.Y.A. Shammas & Chamud, February 2006].

Master-slave approach method. In this method one device behaves as master and the other ones
are slaves. The slaves’ collector-emitter voltage are controlled by referring to the master device collector
emitter voltage. The control signal enables the current sources to charge the gate capacitance depending
on the voltage unbalance of the slave devices. The power losses and the switching time does not increase
significantly, but the control for more than two devices is complex [N.Y.A. Shammas & Chamud,
February 2006].

The reference voltage method. is based on controlling all the series connected devices with a
common reference. The collector emitter voltage reference (v.. voltage slope) is chosen by the designer
and does not depend on the device. High speed controls are needed in series connected devices in order to
follow the reference voltage. The power losses depends on the rate of rise of the reference voltage. Static
balancing is reached with parallel voltage sharing networks [N.Y.A. Shammas & Chamud, February
2006].

The voltage clamping by active gate control. This is an active voltage clamping with closed loop
feedback by passive components. The collector emitter voltage is controlled. If it becomes larger than
the reference voltage across C1; or Caq, a positive gate charge is injected into the gate. The proposed
schematic is shown in figure 4.3.

One of the main advantages of this method is the lack of complexity of gate side circuits. Ry and Rg
are the components in charge of the static voltage sharing, while C,, C, D and R, are the components
that ensure the transient voltage balancing [N.Y.A. Shammas & Chamud, February 2006].

The gate voltage reference clamping. Here v.. is converted to a gate signal reference and the
control circuit clamps the collector emitter voltage at the desired level. The active gate control circuit
consists of many functional units and therefore the gate drive circuit is complex and less reliable
[N.Y.A. Shammas & Chamud, February 2006].

The gate balancing core method. This method is shown in figure 4.4. here all the gate signal wires of
the series connected IGBTs are coupled magnetically with iron cores. Each gate driver circuit is coupled
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Figure 4.3: Active gate control by closed loop feed- Figure 4.4: Gate  balancing core  method
back with passive components [N.Y.A. Shammas & [N.Y.A. Shammas & Chamud, February 2006].
Chamud, February 2006].

with a gate balancing core, that induces gate currents whenever the switching signal is delayed. The
circuit becomes relatively complex for more than two switches in series. The static balancing is achieved
with a parallel resistive voltage balancing network [N.Y.A. Shammas & Chamud, February 2006].

These methods described all belong to the active gate control methods. The methods are commonly
characterized by affecting the gate emitter voltage to obtain one out of two different transient v.. behaviors.

e The Gate Signal Delay method and Master-slave approach method is balancing the switches
by matching the individual collector emitter voltages very precisely, both in steady state and transients.

e The remaining methods are protecting the switches being exposed to higher voltages, by defining a
given maximum voltage limit, that may not be exceeded. This means, that in the transients, they are
actually not balancing the voltages, rather working as over voltage protection.

The static balancing is in each case obtained by a resistive voltage divider.

4.1.3 Voltage Clamping Methods

The voltage clamping methods described here are basically operating by fixing the maximum collector emitter
voltage to a defined level. Some of the methods are not balancing the switch voltage equally as some of the
the active gate control methods do, but more acting as a clamping circuit to avoid over voltages across
collector and emitter. There are four main topologies as described here.

e Zener diode clamping. The collector emitter voltage is limited to the maximum acceptable voltage
defined by a zener diodes Z; and Z5 connected between collector and gate. Whenever the collector
emitter voltage reaches the zener breakdown voltage, the zener diode conducts. This makes the gate
emitter voltage increase, and the device is turned on slightly for a short while, until the other device
turns off also. The static balancing is obtained by parallel resistors R,. Basically this method is not
trying to balance the switch voltages in the transient states, like the active gate control method in
figure 4.3, but more acting as a over voltage protection [N.Y.A. Shammas & Chamud, February 2006].

The break down voltage level of the zener diodes must be chosen larger than the DC link voltage
divided by the amount of switches in series. Otherwise the devices will be clamped on permanently in
the off state.
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This method is the most simple and easy to implement, because it does not require complex circuitry.
The schematic is shown in figure 4.5.
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Figure 4.5: Voltage clamping by a zener diode be- Figure 4.6: Voltage clamping by two zener diodes and
tween collector and gate. an RC network [N.Y.A. Shammas & Chamud, Febru-

ary 20006].

e Voltage clamping by two zener diodes and an RC' network. This method is an extension of the
Zener diode clamping and clamps in two steps. When the collector emitter voltage increases above the
breakdown of Zs in the turn off transition, Z, clamps and the charging of C; slows down the quickest
transistor. The operation of Z; will ensure, that the IGBT voltage is clamped at the desired level,
working as over voltage protection. The schematic is shown in figure 4.6 [N.Y.A. Shammas & Chamud,
February 2006].

The RC network of R; and C; operates by the same principals as the passive snubber on page 31
by slowing down the quickest transistor, but for this one, the power losses and the switching time is
improved, because the RC network works on the small signal side.

e Voltage clamping by capacitors and diodes. This circuit is shown in figure 4.7 and basically
behaves as a passive snubber. C; / D; and Cy / Do work as a clamping circuit. The excess energy
stored in the clamping capacitors is transferred to an external load by a circuit similar to a flyback
converter. In that way, there is only one place to transfer the excess energy. The load can also be the
DC link of the inverter. The complexity of the circuit is considerable. As in many other methods, the
static voltage balancing is achieved by parallel voltage balancing network R; and Rs [N.Y.A. Shammas
& Chamud, February 2006].

e Multi-level voltage clamping. This balancing method uses three levels of feedback for the clamping,
as shown in figure 4.8. The signals from each feedback block is used to affect the actual gate signal.

The three levels are the ‘fi—;’ clamp circuit (DVC) to control the voltage slope, the peak voltage clamp
circuit (PC) to protect against over voltages and finally the tail current period clamp circuit (TCC).
Because of the three different clamping levels, the method requires external devices for the current and
voltage measurement, and this adds considerably to the complexity compared to the other methods
described here [N.Y.A. Shammas & Chamud, February 2006].

These methods described, all belong to the voltage clamping methods. These are commonly characterized
by clamping the collector emitter voltage to a given maximum limit by injecting current into the gate, when
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Figure 4.7: Voltage clamping by diodes and capaci- Figure 4.8: Multi level woltage clamping
tors [N.Y.A. Shammas & Chamud, February 2006]. [N.Y.A. Shammas & Chamud, February 2006].

the voltage limit is reached.

The clamping methods are acting more as over voltage protection than voltage balancing like the gate
signal delay method described on page 32. In the transients, the individual collector emitter voltages are
allowed to deviate from each other, but one switch will not be exposed to higher voltages than the clamping
voltage.

The static balancing is in each case obtained by a resistive voltage divider.
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4.2 Analysis of chosen methods

In this section deeper analysis of the passive snubber, the active gate control and the zener clamped snubber
is performed. These three methods are chosen for analysis mainly because of their simplicity. They work in
an intuitive way and do not require complex circuitry or any external devices, such as DSP’s or current and
voltage measurement devices. The main difference between the passive snubber and the active gate control
/ zener clamped snubber is, that the passive snubber is operated on the power side of the device, and the
two others operate at the small signal gate side. Beside of this, zener clamped snubber is not balancing the
switches perfectly, but protecting against over voltages. Each method shows its advantages and disadvan-
tages, and these are explained in this section.

The gate signal delay method is an interesting method also, but the time requirements for this one are
considered non realistic for this project.

4.2.1 Passive snubber

The passive snubber is known to be one of the most simple voltage balancing topologies. It is independent
of any extra control circuit, because the voltage balancing is obtained by passive components. The passive
snubber is shown in figure 4.9. The main disadvantage is, that the components are placed on the power side
of the IGBT, and therefore the components have to be able to handle high voltages. Also energy stored in
the capacitor is dissipated in the series resistor and the IGBT for every turn on transient.

R load

S
1 D Dy
Gate V+ 2 L
driver \ ‘_;el < Ry c > R foad
> S

S, +
D —1
+ ? — Ve

Gate >
2Ry

driver \erz

Il

]
O
@
AAA

W

)Rs

Figure 4.9: Schematic of two passive snubbers.

4.2.1.1 Design of passive snubber

The balancing is divided into static and dynamic balancing. The static voltage unbalance can be minimized
by connecting a resistor R, in parallel with each device in the string. The resistance must be chosen much
lower, than the device off state resistance. According to the IGBT producer [Semikron, -|, the current in
the parallel resistors is required to be three to five times higher than the IGBT leakage current, following
the inequality (4.2). In this way, the parallel resistors will be dominant, and the leakage current may be
neglected.

Uce,of f

: < R, < ol g (4.2)
5 lcoff

3 icoff
where v o5 is the off state voltage and i.off is the leakage current.
The transient voltage balancing is obtained by an RC'D snubber network consisting of R, Cs and D.

The capacitor Cs charges in the turn off transient, and discharges when the IGBT is turned on. The diode D
forms a low impedance path during charging. The resistor Ry acts as current limiter, when the IGBT turns
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on, and short circuits the capacitor. Because of this, the energy stored in the capacitor is mainly dissipated
into the resistor instead of the IGBT. The capacitor is used to prevent a steep change of the voltage vge. It
will cause v, to rise relatively slow, because the capacitance is chosen much larger than the internal collector
emitter capacitance C.. of the device - see figure 4.10. This makes the voltage difference Av.. between the
two switches decrease in the transient states, even when having differences in device parameter. At the same
time, a good choice of the capacitor is important to avoid affecting the switching time too much, because this
will add to the switching losses, and may also conflict with the dead timing between complementary switches.

The simplified switching waveforms of the voltage across the capacitor vos and the current through the
load 7j04q4, the transistor i, and the capacitor ics, when the IGBT is turning off, are shown in figure 4.11.
Notice, that the load current ;.44 is assumed to flow continuously through the capacitor, when the switch
turns off and the collector current decreases. This is because the load is assumed to be inductive, and the
collector tail current is ignored. These simplifications allows approximations for simple design rules.

\ V<9,81 \Ce,SZ Vceftsnub A AVce,snub
o Ves = Vee™
AVee Vee,s2,snub . |c7 lioad ic
lioad
> —
Vee,snub A
> t Y > t
tr 0 ty
Figure 4.10: Voltage waveforms in turn off transient Figure 4.11: Voltage and current waveforms for
with and without snubber. IGBT and snubber in figure 4.9.

Figure 4.12 shows the current path, when transistor S5 turn off earlier than 5.

i
S
Zload
S
Voe O load = ics \ ¢
+ D
SZ Vee
- +
T Cs Ves

Figure 4.12: Current path when lower switch is off.

For the RCD network design many design rules are developed. In this case the design rulers are inspired
by [Jiann-Fuh Chen & Ai, 1996], added by some corrections and additional deeper explanations.

The voltage across the capacitor at any time ¢ can be calculated as function of the capacitor current icy:

v —1/ti dt = v —l/tjload tdt (4.3)
CS_C, Cs CS_C, ‘. .

where I’O“d -t is the average current during t. 4,4 is the instantaneous load current, t,., is the fall time of
the capac1t0r voltage, and I,q¢ is the maximum load current. The capacitor reaches a designed voltage value
Avg, as in equation (4.4), which is a fraction of the voltage source, at time ¢ = t,.,,. This voltage is chosen
to be the maximum acceptable difference Avce snup as shown in figure 4.10. In the case of series connected
IGBTs, t,, can be dimensioned from a known worst case gate driver delay tq and the current fall time ¢ ;. In
the case of series connected diodes it is chosen from the worst case difference in voltage rise and fall times.

Io -t
= AU = c Trv

lo=% Vo= C

V] (4.4)
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where I¢ - t,, [C] is the approximate area A shown on figure 4.11, which is the electrical charge entering
the capacitor. To ensure, that the voltage across the capacitor does not exceed the designed value Auvee,
equation (4.5) must to be fulfilled. It is here assumed, that the switch is off and high impedant.

IL . tr'u

Cs > Ao

[F] (4.5)

In a serial resonant RLC' circuit the damping ratio is defined by & as:

5 _ Rload . Cs

5 Toa -] (4.6)

In this case the damping ratio is chosen to be smaller than unity, to avoid slow switching times, but not
too small to counter large voltage peaks. With £ < 1, some degree of overshoot is allowed, and the circuit
appears as second order. Equation (4.6) is reorganized to

Rload Cs 4. Lload
= <l = 0Ci<—-—
2 Lload Rl20ad

3 [F] (4.7)

With the conditions in equations (4.5) and (4.7), the value of the capacitor must fulfill the following
specifications.

Ir -t 4-L
L lro < Cs < = load
A’Uce Rload

[F] (4.8)

The resistor R, in series must be chosen so, that the capacitor discharges completely within the minimum
on time Ty, min (minimum possible duty cycle D,,;y,). Complete discharge occurs within five times the time
constant Trc. The complete discharge is very important for reliable operation, because any voltage across
the capacitor in the following turn off transient will add to the voltage difference and over time corrupt the
balancing. The actual minimum on time depends among other things on the switching frequency and duty
cycle.

Ton min
Ton,min > 5 - Rs . Cs = RS < ﬁ [Q] (49)

These preceding steps are followed in the design of the passive snubber.

4.2.2 Simulation of passive snubbers

Here the passive snubber is designed and simulated to verify proper operation. The simulation is performed
in two different stages. One simulation for a circuit with two IGBTs in series, and secondly for a pair of free
wheeling diodes in series as the NPC three level inverter.

The two setups are shown in figure 4.13 and 4.22, and they are simulated using OrCad. In the case for
two diodes in series, the parameter difference is obtained by adding C' = 1.5nF to the lower diode between
anode and cathode according to table 3.1 on page 22. In the IGBT case, the gate signal of the lower switch
is delayed by t4 = 170ns. The reason for using a delay in gate signals in stead of addition of gate resistance
or capacitance is due to the conclusion of section 3.1.1, that states, that a delay in gate signals is the most
significant contributor to voltage unbalance, when operating within the given tolerances.

The passive snubbers for both setups are designed following the steps in equations (4.2) to (4.9). The
IGBT and diode model used for simulations is a Mitsubishi CM400HA-34H IGBT.
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4.2.2.1 Simulation of passive snubber for IGBTSs
The numeric data required for the snubber design for the IGBTSs in series are:
e Data specifically from the IGBT data sheet:

— Leakage current icoff @Q (Vee,orf = 1.7KV, T = 125°C) = 4mA.
— Current fall time t5; = 160ns & t., =tq+ 1ty = 170ns 4 160ns = 330ns.

e Data chosen for the circuit design:

— Ve = 1.2kV
- Rload =40
- Lload = 10mH
— Modulation frequency f,0q = 50Hz
- __ Viocad,mazx __ V _
— Yoad,maz = l\Ziadl — |4+j.27r-563§z-10mH\ = 236A

— Ton,min is chosen from the switching frequency and the smallest possible duty cycle. In this case,
these are chosen to fs, = 5kHz and D = 1% = Typ min = 2S.

e Design value for the maximum acceptable voltage difference Avee.

— Avee = 200V
PARAMETERS:
[ Rst I8
S’ SW =
L1 934m V_DC = 1.2k upper_gate 1
10mH D1 CM400HA-34H
D3 > OUT+IN+
SZ RDE: ] 71 R14 sinusoidal_pwm_gate_driver OUT- IN. v =07
30k> VWA ——@ upper_gate ground [t E'EABLE To=1m
Cst 5 (%IN+, %IN-) V6| TR={05/Fsw}
‘?1 Tezn upper_emitter upper_emitter A T:\; (=°-15n/ Fsw}
PER ={1/Fsw + 1n}
.\owerﬁga(e
L—{""> ground
@ iower_emitter lower_gate E5
Sizsmz gate_driver = — OUT+IN+
D2 0~ D_‘/—‘Ml— f
ETABLE groun
V2=-1.07
1(\/ oc) ?8335 (%IN+, %IN-) v4|  TD=1000170m
- lower_emitter TR={0.5/Fsw}
Cs2 TF = {0.5/ Fsw}
Tazen PW=1n
PER ={1/Fsw + 1n}
L—{""> ground
Figure 4.13: Simulation schematic for passive snubber. Figure 4.14: Simulation schematic for sinusoidal PWM

circuit with tq = 170ns and fmod = 50H z.

For the static voltage balancing, the current through the parallel resistor R, must be three to five times
higher than the IGBT leakage current. From this, the resistance becomes:

Vce,of f 600V
Ry, min = - = = 30k2 4.10
P, 5- le,of f 5. 4mA ( )
o Uce,off - 600V .
Ry mar) = Seicer 3 AmA = 50k (4.11)

The numeric values for the components of the RCD network are obtained following equation (4.8) .

Tioad * tro 236 A - 360ns
Csmin = = = 428nF 4.12
’ Avee 200V " (4.12)
4 Lipad 4-10mH
Cs maxr = =2.5mF 4.13
7 Rlzoad 42 " ( )
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From this, the capacitance has to fulfill the following requirements:

428nF < Cy < 2.5mF (4.14)

The series resistance R, is calculated according to equation (4.9) as:

Ton min 2/-1’8
2 = = 4 Q 4.1
Re < 50C in = 5 a28nF g3am (4.15)

These component values are added to the simulation circuits. For summary, the chosen values are

Cs =428nF, R, = 30kQ and R, = 934mf).

The simulation results are shown in figures 4.15, 4.16 and 4.17. Important aspects to notice is, that the

capacitor and IGBT collector currents and capacitor voltages waveforms in figure 4.16 follow the ones used
as background for the design guide in figure 4.11. Also the voltage Avce snup does not exceed the designed
value of Av.. = 200V, which means acceptable performance of the snubber.
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Figure 4.17: Simulation of on transition of passive snubber for series connected IGBTs. (1) vge1 and vge2, (2) Vee,z1
and Vee,z2, (3) ics1 and ics2 and (4) ic,z1 and ic,z2.

4.2.2.2 Simulation of passive snubber for diodes

Here the passive snubber is simulated for a series string of two diodes in stead of IGBTs. This is of interest,
because the diodes are required for the neutral point clamping in the three level inverter topology.

The simulation schematic is shown in figure 4.18 and 4.19. Here the free wheeling diode is replaced by two
diodes D3 and Dy, in series. The Pspice model used is the Dbreak diode. In the model, the anode cathode
capacitance Cj, is chosen equal to the collector emitter capacitance C¢. for the Semikron IGBT used in the
project. This is done because the IGBTs reverse diode is used in stead of a regular diode rated for the same
voltage and current as the IGBTs.

Cjo = Cee = 5nF (4.16)

The lower diode Dy in the schematic is added with 1.5nF of capacitance C}, according to the deviated
values in table 3.1 on page 22.

The static voltage balancing resistances R,, are calculated according to equation (4.2) on page 36 and
summarized here:

Vce,of f 600V
R = = = 200kQ 4.17
p,max 5. ic,off 5. 600/LA ( )

(4.18)

The numeric values for the components of the RCD network are obtained by following equation (4.8).
The acceptable voltage difference Avp is chosen to Avp = 200V as for the simulation of the IGBTSs in series,
though this can be chosen freely within the off state voltage limitations of the diodes.

The required capacitor voltage rise time ¢,.,, can be determined from the difference in the time constants
for the diodes internal parameters; the junction capacitance Cj, and the forward series resistance R as in
equation (4.19). The numeric values are in the ranges Cj, = [5;6.5nF] and Rp = [1.3;1.5m$] according to
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Figure 4.18: Simulation schematic for the passive snub- Figure 4.19: Simulation schematic for sinusoidal PWM
ber for diodes - here used for two free wheeling diodes. circuit.

the data sheet for the Semikron IGBT. From these values, the minimum and maximum rise time can be
determined as in equation (4.19). See figure 4.20 for the circuit model for two diodes in series.

tm’se,min = 5- T = 5 - Cjo,l . RFJ =5-5nF-1.3mf = 32.5ns (419)
tm'se,mam = 5- T2 = 5 Ojo72 . RF)Q =5-6.5nF - 1.5m$2 = 48.8ns (420)

01 = Cjo.p1 - Rrp1

Ciop1 T

To2 = Cjo,p2 * Rrp2

Cjo,Dz =

Figure 4.20: Circuit model of two diodes in series, each with individual forward resistance Rr and junction capaci-
tance Cjo.

The difference in rise time become At,;s. = 48.8 —32.5 = 16.3ns. Within this period the voltage inequal-
ity between the diodes emerge, and therefore the rise time is used to estimate the appropriate minimum
capacitance according to equation (4.13). ., i set t0 t,, = Atyise.

I -t 300A-16.3ns
smin = - —  24dnF 4.21
Cs, Avp 200V " (4.21)

(4.22)

The maximum capacitance is not calculated, because it is of interest to determine only the smallest
possible capacitance, because of the losses associated with the energy stored in the capacitor.
The maximum series resistance Ry is calculated according to equation (4.9) as:

R o Ton,min o 2/145
S 5 Cmin D+ 24.4nF

= 16.40Q (4.23)
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The component values calculated are added to the simulation circuits in figure 4.18. For summary, the
chosen values are C; = 24.4nF, R, = 200kQ2 and R, = 16.4(2. The simulation results are shown in figures
4.22, 4.23 and 4.24.

Figure 4.21 shows the voltage and current waveforms, when a passive snubber is not applied to the series
connected diodes. This is done to show the need of snubber circuits, when parameter deviations are present
in the diodes. In this case the diode D3 is exposed to a high voltage of vp3 = 1.05kV, and the voltage
difference between the two diodes is Avp ~ 900V. The Semikron reverse diode used for the realization,
can block a maximum of Vp ez = 1.7kV, so the voltage seen by the diode here is within the upper limit,
and not in direct danger of destruction. But the simulation clearly shows the consequence of the parameter
differences and the need to add balancing circuitry, because the parameters change with temperature that
may lead to even larger voltage difference.

Figure 4.22 shows the voltage and current waveforms, when passive snubbers are applied to the series
connected diodes. The results show, that for the given parameter deviations At,.;s. and the used design guide,
the required voltage balancing can be obtained. The maximum voltage difference is Avp spup &= 50V, which
is within the chosen requirement and design parameter of 200V, and therefor the snubber can be accepted.
The losses associated with the snubber are explained in section 4.2.2.3.

1. axy Unaccetable increase in AVD without snubber

i
................

il
SEL>>

0 -V(D3:1,D3:2) o -V (D4:1,D4:2)

200A

0A

-200A

Os 4ms 8ms 12ms léms 20ms 24ms 28ms 32ms
0 I(D3) o I(D4)

Figure 4.21: Simulation of series connected diodes without passive snubbers. (1) vps and vpa, (2) ips and ipa.
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Figure 4.22: Simulation of passive snubber for series connected diodes. (1) vps and vpa, (2) ips and ipa.
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Figure 4.23: Simulation of off transition of passive snubber for series connected diodes. (1) vps and vpa, (2) ips
and ipa.
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Figure 4.24: Simulation of on transition of passive snubber for series connected diodes. (1) vps and vpa, (2) ips
and ipa.
4.2.2.3 Losses in passive snubber

As mentioned in the introduction, the main disadvantage of the passive snubber is the power losses related
to the snubber capacitors being discharged into the IGBTs in every on transition.

The total losses can be compared to the maximum acceptable voltage difference between the IGBTs in
off state, and from this an eventual optimum or trade off can be found. The losses depend on the switching
frequency, the capacitance and the voltage according to

1
Pioss = fsw . 5 : Cs . VCQS [W] (424)

Having two capacitors Cs; and Cyo sharing the DC supply voltage Vpeo with individual voltages, the
losses become

1
Pioss = Pos1+ Posa = fsw ' 5 - Cy - (VC%SI + VC%SQ) (425)
1 VDC Avce snub ? VDC Avce snub ?
= sw ' = °* s 2 — : 42
Jow-5-C ( 2 T ) T\ 2 (4.26)
1 V2 + Avge snu
= fowr 5 Ca (DC e b) W] (4.27)

Equation (4.8) and (4.27) are used here to estimate the minimum capacitance required to obtain a given
maximum voltage difference between the IGBTs in off state and the related losses. The capacitor voltage
rise time is chosen to t,., = 330ns according to the simulation parameters on page 39. The maximum load
current and switching frequency are I, = 3004 and fs, = 5kHz. The results are shown in figure 4.25.

As can be seen from the figure, the losses increase with decreasing voltage difference, because the required
capacitance becomes larger. For the specific voltage difference of Avce snup = 200V as used for the simulation
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Figure 4.25: Plot of acceptable voltage difference Avce snubp between two switches in off state, required snubber
capacitance Cs and related losses Pioss. Fized parameters are Ijoaq = 300A and fs., = 5kHz.

design and results shown in figure 4.16, the total losses become Pj,ss =~ 1kW. Another point worth noticing
is, that the distribution of snubber losses become unequal according to equation (4.24), whenever the voltage
difference becomes significant, meaning unequal heating of the devices.

The losses may be lowered for a given application, but here the trade off is an increase in the switch
voltage difference. And for a high difference, the switch voltages approach the maximum limit, and the safe
zone decreases.

Another way to lower the losses is to choose gate drivers and IGBTSs, that are closely matched with
respect to signal propagation delays and parameter differences. Finally the switching frequency is directly
proportional to the losses.

4.2.3 Conclusion on the passive snubber

In this section the passive snubber is analyzed, designed and simulated for a pair of IGBTSs in series and
for a pair of diodes in series. The simulation results show, that acceptable performance is obtainable for
both applications, because the device off state voltages do not exceed the designed values. But for the case
with series connected IGBTs with a significant gate driver delay time, the losses related to the energy stored
in the snubber capacitors, becomes unacceptably large, easily reaching the kW range. For this reason the
passive snubber is rejected as an option for voltage balancing for IGBTSs in a series string.

In the case with series connected diodes, voltage balancing can be obtained using the same topology
and design rules an for the IGBT based snubber. In this case, the required snubber capacitance become
significantly smaller, also with much smaller power dissipation. Because of this, the passive snubber is
accepted as solution for balancing the voltage across the neutral point clamped diodes.

4.2.4 Clamping by active gate control method

This method belongs to the active gate control schemes, because the balancing is obtained by controlling
the gate emitter voltage independent of the gate driver signal. The topology is proposed in an article by
[Ju Won Baek & Kim, December 2001]. In this topology a relatively simple circuit compares the voltage
across two or more switches, and if a significant voltage difference appears, the circuit tries to equalize them
by affecting the gate emitter voltage. In the turn on transition, the slowest switches are turned on by injecting
additional gate current, and in the turn off transition, the fastest switches are turned on for a while, until the
slowest switch follows. This means, that the snubber is always on state dominant, meaning that no switch
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in a series string is allowed to turn off until the slowest switch gate signal goes low.

The circuit is only monitoring v.., and therefore the topology is operating the same way, no matter, if
the slowing down of one switch is due to a delayed gate driver, difference in gate resistance, difference in
gate capacitance or difference in switch on resistance etc. The balancing in any case is obtained by affecting
the gate emitter voltage, depending on, if a given switch is turning on or off.

The circuit with two series connected switches is shown in figure 4.26. The snubber consists of six resis-
tors, four capacitors, and two diodes. Ri1, Ri2, Ro1 and Ryo form resistive voltage dividers and are used
for static voltage balancing only. The capacitors C7; and Cs; are used as reference voltages and are in the
ideal case assumed to carry the same constant DC voltage Vo11 = Vo1 = Vie/2, even during transitions.
This means, that initially the capacitors have to charge up before operation, and they must be chosen large
enough to keep the voltage constant, even when the circuit tries to balance the switches. The diodes D,
and Dy are used to block the gate currents from flowing into the capacitors, when the switch voltages are
balanced perfectly.

The voltages across the capacitors C12 and Css are not constant. They are varying between zero and
—Viae/2 in on and off transitions in a balanced situation, because the voltage across C1; and Ca; is constant.
When an unbalance appears, the capacitor voltage for the slowest switch becomes positive - in worst case
equal to Vg./2, and the diode begins to conduct a current into the gate of the slowest switch to turn it on.

A detailed description is below.
1 c Rua
Rud  val2 g) ? s, o
- D, Rz + D
Veer ! Lioad
+ Ciz -

+
+ Ve =/
Veer =

Figure 4.26: Schematic of the balancing circuit for two switches.

¥ X

4.2.5 Operation principle

The operation of the balancing circuit is most easily described in the ideal case, when the capacitor voltage of
C11 and Co is assumed to be constant and exactly Vpe/2 at any time. In this case, the operation is divided
into six periods for one cycle as described below. Later in this section non ideal behavior and consequences of
this are described closely. In both cases, the unbalance is assumed to be generated by a delayed gate signal.
In the transient periods, the static balancing resistors can be ignored.

Ideal operation

The ideal operation is shown in six periods in figures 4.27 to 4.32.
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v Ve =/
Veez  ~
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Figure 4.27: Period (a). Here both of the switches
are completely turned off, and the load current flows
through the inductive load Lioqaa and the freewheeling
diode Dy. The voltage across C12 and Caz is zero.

/ R load

Veer Lioad

Vcez

Figure 4.29: Period (c). Finally both gate drivers
are in the on state. The capacitors Ci2 and Cas reach
—Viae/2, and both switches turns fully on.

Rioad
Rug
Lioad
Ri2 &
>
Ra
b
R 3

Figure 4.28: Period (b). Here the gate driver of Si
is turned on earlier than Sz, and the voltage across
S1 decreases quickly, thus increasing the voltage across
the capacitor Caa. Before any gate signal is applied to
Sa, current flows through D2 into the gate turning So
on together with S1, in this way trying to balance vce1
and Vees.

< + C / R
Rll :: VdC/ 2 é 11 Sl |, load
N D, Ris + D
chl L\oad
+ Ci2 Ny N
Ri2 <E Vo == + 14 I B
- Vo g
- Y ioe A
< + Ca
Ru s Vul2Q) s, M .
- D, R23 + Vi T4
Vcez -
) + C2 N -
Rz 3 Ve, =/ + R M
X Voo 24
(d)

Figure 4.30: Period (d). Here an on to off transi-
tion has just started. Only the driver vg1 goes low, and
current is flows out from the gate of Si, discharging
the gate capacitance. Current iq. still flows from col-
lector to emitter, because the switches are not turned

fully off yet.
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Ry 2 Ricad

oY Lioad
Rz 3’ 11

igc A
Ro: :E +
D, Ra23 + Ve
+ Cz Ny erz
Ro 2 Vo= v () R i
(e)

Figure 4.31: Period (e). Here the voltage across Si
increases to a level above Vpc /2, and the capacitor
voltage vci2 becomes positive, and D1 becomes for-
ward biased. Therefore current flows into the gate of
S1 even though it is just turned off. In this way the
voltage across S1 does not increase above Vpc /2. In
this state, the switches do mot see the same wvoltage
yet, that means they are not balanced. This happens in

period (f).

T

Ru3 vd:/z(g Ci e g - -
- D, Ri3 + D¢
Vee1 Lload
+ Ci2 \ -
R | Ve E s KRN
N o

+
Ra1 :E V! 2 C

v Ve T/
Veer  ~

+
Ve =/

®

Figure 4.32: Period (f). In this period, the gate
driver vg2 goes low, and current flow out of the gate
emitter capacitance of Sa. vee2 starts to increase, and
at the end of this period, the voltage of S2 also reaches
Vae/2 and both switches become high impedant and the
static balancing is obtained by the resistive network
Ri1, Ri2, R21 and Rao.

The voltage waveforms vgei,ge2, Vcel,ge2, V12,022 and the current waveforms igi3 r23 and igria,ros are

shown in figure 4.33.
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Figure 4.33: Waveforms for the ideal active gate control snubber.
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Non ideal operation

In the preceding section, the operation was described assuming, that the voltage across C; and Cs; is con-
stant at any time and equal to exactly Vpe/2. This is only possible, if the capacitors are infinitely large,
and the voltage drop across the resistors R12 and Rss is zero, which requires zero resistance. This would in
fact oppose the operation of the snubber, because the snubber balancing function is dependent on a voltage
across the resistor R1o, and to obtain this across a zero resistance would require infinitely high current.

The consequences of non ideal operation, design rules regarding the resistive network and the capacitors,
are presented here to show disadvantages and limitations with this type of snubber. The circuit containing
one active gate snubber is shown in figure 4.34. For two transistors, two circuits are needed.

Design of resistive network

The resistive network for the steady state balancing R;; and Ris is needed in the off state, and the sum of
resistance is designed based on the IGBT leakage current. Here the requirement is, that the current in the
off state is required to be approximately five times the IGBT leakage current to make the resistive network
dominate [Semikron, -]. By voltage division one obtains:

vC(j o
> R=Ry+Rp= 57” (€] (4.28)
“leoff

The design would be simplified by having 0V off state gate emitter voltage vge off, as in the ideal case.
But in practical cases, this is negative to ensure proper turn off. The used Semikron gate drivers, applies
Vge,of f = —-TV.

Because of a negative vge o5, the resistor R may start to conflict with the gate driver, if chosen too
small. The diode D, is included to apply gate current, when v..12 becomes positive, but when v, is negative,
the diode is forward biased and the gate driver will conduct a constant off state current, which is not desirable
1

On the other hand, the resistor Ris should be chosen very small to ensure, that the voltage across the
capacitor Cq1, that acts as reference, is as close as possible to Vp¢/2. But this would draw high current from
the gate driver in off state, and this creates a conflict.

As can be seen from figure 4.35, the off state current 5 - i, oy will find an alternative path trough the
diode and the gate driver in the off state, and that allows to put Rjs to a high resistance without corrupting
the static sharing.

1Because the average gate current capabilities of the Skyper driver is only Ig,avg = 50mA.
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Figure 4.34: Schematic of one single active gate snub- Figure 4.35: Schematic of current paths with gate
ber. driver in off state.
From this, the resistance of Ry is determined as
v —Up1 — v —v —v
Rll _ ce,of f D1 R13 R14 gl [Q] (429)

5 . ic,off

Because vce of typically is large and i. s is in the mA range, the voltage drop across D1, Ri3, R14 and
the gate driver may be ignored. Equation (4.29) therefore simplifies to

UCE o
Ry = ———— EA (€] (4.30)
5 icoff

The resistor Ri5 is kept in the circuit to ensure the static sharing on case of the gate driver going high
impedant. The actual resistance is determined from the acceptable current, that the gate driver can source
in off state. This should be set in the low mA range.

Ry = 2920/l Z DL 0 (4.31)

ig1,0ff(maz)

Here the voltage drop across Ri3 and Ry4 is ignored, because they are typically small.

The feedback resistor Rjs is included in the design to limit the current through the diode Dy, to pro-
tect the diode. Within these constraints it can be chosen freely. But the choice of resistance also has great
influence on the snubber dynamics. The smaller resistance chosen, the quicker and better voltage balancing
is obtained, because the snubbers ability to deliver high peak current into the gate, will make the switches
turn on faster. A proper balancing function is highly dependent of fast response of the switches and though
high peak gate current 'zgel~

In practice, the optimal feedback resistance Ri3 is very hard to determine analytically and is better
determined iteratively by simulation and tests to assure, that the diode is not destroyed by over current and
that the balancing is obtained with the chosen resistance. It’s worth noticing, that fast snubber response
requires fast switching and this in term increases reverse recovery losses, so a trade off in this field must be
found, if minimization of losses is of concern. Also the optimum resistance found for a given switch may not
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stay optimal for a long period, because aging and temperature generally changes the device parameters, and
this may put a new set of requirements to the optimal resistance. In this particular case, the resistance is
chosen equal to R4, which is normally only a few ohms.

Design of capacitive network

For the design of capacitors, the upper capacitor C1; must be chosen as large as possible, to fix the voltage as
reference for the snubber. The lower capacitor must be chosen much smaller than the upper for two reasons.
In the first case, a part of the power dissipation of the snubber depends on the energy stored in Ci5. The
voltage shifts from —Vpe /2 to & 0 in every turn off transition giving a change in stored energy as in equation
(4.32).

1
AWeig = 3 Cia - AVE 1, [J] (4.32)

This energy is dissipated into Rjs every time the switch in turned off, and the larger capacitance, the
larger power dissipation. Secondly the capacitance must be small enough to ensure fast response of the
snubber in the turn off transitions. The response depends on, how fast Cy5 charges, related to the time
constant 7 of the RC circuit Cio and Ry;.

TRC,lower = Rll ' Cl? [_] (433)

TRC,lower MUst be much smaller, than the corresponding 7 for the upper capacitor RC' network

TRC,upper = R12 . Cvll [_] (434)

In the practical application, the upper capacitance is chosen as large as possible, only limited by the
available voltage ratings and the physical size. The lower capacitance is chosen very small or left out of the
circuit totally, because the energy delivered to the gate is flowing from the upper capacitance anyway.

Variations in reference voltage

In this section, the consequences of the non ideal reference voltage across the upper capacitors C1; and Cs; is
analyzed. For ideal operation of the snubber, these voltages must remain constant, but in the practical case,
this is not possible. In the on and off transitions, the capacitor voltages start to deviate from one another, if
devices have different parameters. And more important, the voltages start to drop below Vpe/2, when the
duty cycle stays below D = %, because in this case the discharge time is longer than the charging time. The
mechanism and consequences of this is described in detail in the following.

Figure 4.36 shows the interaction of the switch and the two RC networks during balanced off (a) and on
state (b) and during a non balanced off transition (c¢), where switch Sy turns off earlier than S;. The resistors
R11, Ro1 and the capacitors C2 and Css can be ignored here, because they are high impedant compared to
the other resistors and capacitors.

Figure 4.36 (a) shows the balanced off state, where neither switch is conducting. Here the capacitors are
charged through the resistors Ri2 and Rso. The final capacitor voltage depends on the RC time constant
Tupper and the off state time for the switches, meaning the duty cycle. In the best case, the voltage reaches
the full Vpe/2 and stays there as in the ideal case. This only happens with an appropriate off state time.

Figure 4.36 (b) shows the on state, where both switches are conducting. The consequence of the switches
being on is the discharging of the capacitors C7; and Co; through the resistors Ris and Rgs. The final
capacitor voltage depends on the RC' time constant and the on state time for the switches. In the worst case
with a long on state time, the capacitors discharge completely.
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Figure 4.36: (a) Balanced off state, (b) Balanced on state and (c) Non balanced turn off transient. Switch Sa turns
off earlier than Si.

The capacitors not carrying the constant voltage of Vp /2, does not corrupt the balancing function of the
snubber as such, but when both switches turn from on to off state, the capacitor voltages must be charged
to a voltage close to Vpe /2 very quickly. Otherwise both switches will be turned on again by the snubber,
even though both gate signals are low. This happens because a positive voltage appears across Ri2 and Rao,
and is caused by the transistor dynamics being faster than the RC network.

Figure 4.36 (c) shows the non balanced on to off transition, where switch Ss turns off earlier than Sj.
Here simultaneously, the upper RC network continues to discharge, while the lower RC' network is charged
again through Si, because the Sy is turned off. When the voltage across the switch becomes larger than
the voltage across Cy1, current starts to flow into the gate of Ss, in this way turning the device on again to
balance the two switch voltages. At the end of the transient period, the voltage across C1; ends up being
smaller than Cs;, and the voltages do not reach the same level again in the preceding off state, if the off
state time is too short. This is because both RC' networks share identical time constants.

This means, that the capacitors will charge and discharge identically, but with a DC offset, that increases
over time. This may corrupt the balancing function, because one of the switches will be turned on all of the
time by the snubber, when the capacitor voltages become heavily deviated.

4.2.6 Simulations of active gate control

The ideal and non ideal active gate snubber is simulated by OrCad with two switches in series using snubber
component values calculated according to the design rules specified. Both cases are simulated to show the
operation of the snubber and to show the problems associated with the non ideal behavior. In the ideal
case, the upper capacitors are replaced by voltage sources carrying a constant half of the DC link voltage
as shown in figure 4.43. Both simulations are performed with a sinusoidal PWM generator supplying both
the upper and lower switches with signals, that are delayed by t; = 170ns according to the device deviation
parameters defined on page 22. The reason for using a sinusoidal PWM is to apply variable duty cycle in
the whole range [0;1].

The non ideal control schematic is shown in figure 4.42. Here the capacitance for the upper capacitors is
chosen to C' = 10uF', because this is a realistic value for capacitors rated for a voltage of 600V .
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The used component values are calculated here according to equations (4.30) and (4.31) and the data
sheet value for the SKM600GA176D leakage current. The DC link voltage is chosen to Vpe = 1.2kV.

vce’off o 600V

= 200k 4,
fn 5-icors 5-0.6mA 00 (4.35)
v — Up1 V=07V
Ry, = -%e0ff = =  6.3kQ 4.36
2 5icors 5. 1mA (4.36)
Ris = R = 59 (4.37)

Simulation of ideal active gate control

The simulation schematics of the ideal snubber and the PWM circuit used are shown in figures 4.37 and 4.38.
Figure 4.39 shows four periods of operation and figures 4.40 and 4.41 show the zoomed on and off transitions.

Figures 4.40 (4) and 4.41 (4) clearly show, that the balancing of the voltage between the two switches
is obtained regardless of the delay in gate signals, because any of the two switches never are exposed to
voltages higher than Vpe /2. Figure 4.40 (2) and Figure 4.41 (2) show, how the snubber inject current into
the gate of the particular switch, that is about to be exposed to a voltage greater than Vpc /2.

The conclusion based on the actual simulations is, that given a constant voltage across C1; and Csq, the
ideal active gate control snubber shows acceptable performance. The challenge is to fix the voltage constantly
Vbe /2, also in situations with variations in the DC link voltage.

V1
u v_c/2) L PARAMETERS:
10mH 71 T Fmod = 50 upper_gate
4 2 cmacoma-en b1 R13 ta<3a |—|E4
]L —_d— A V_DC=12k — OUT+IN+
Dbreak L S OUT-_IN- V2 =107
R1 UF4007 < Rl ETABLE TD=1m
10 e S 2k sinusoidal_pwm_gate._driver (%IN+, %IN-) V6 TR ={0.5/ Fsw}
M upper gate ground B upper_emitter @ T:VG {=O.:LE:\/ Fsw}
° PER = {1/ Fsw + 1n}
upper_emitter
v —{"> ground
2 vV.DC/2} == lower_gate lower_gate es
D2 T
A L) over it C>—ourme |
> v V5" gate_driver QL
UF4007 - = ETABLE V2=-1.07 ground
g 0 (%IN*+, %IN-) v4|  TD=1.000170m
R24 A lower_emitter @ ¥E_={{g§l/§:x})
W PW = 1n
PER = {1/Fsw + 1n}
0;; —{"> ground
Figure 4.37: Simulation schematic for ideal active gate Figure 4.38: Simulation schematic for sinusoidal PWM
control snubber. circuit with tg = 170ns and fmoqa = 50H z.
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V(D1:C,Z1:E) o V(D2:C,0) Snubber gate current

I(R13) © I(R23) Constant voltage across C12 and €22

V(V1it,V1ii=) o V(V2:+,V2:-)

SEL>>
-1.0KV

V(R11:2,R11:1) ¢ V(R21:2,R21:1) Accptable balancing of voltage
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Figure 4.41: Zoom in of simulation of an off transition by the ideal active gate control (constant voltage across Ci1
and Ca1). (1) vge1 and vge2, (2) ir13 and ir23, (3) veiz and veaz, (4) vrir and vr21, (5) Vee,z1 and vee,z2 and (6)
Z'c,Zl-

Simulation of non ideal active gate control

The simulation schematics of the non ideal snubber and the PWM circuit used are shown in figures 4.42
and 4.43. Figure 4.44 shows three periods of operation in ¢ = [0; 50ms]|, and figures 4.45 and 4.46 show the
zoomed on and off transitions.

From figure 4.44 the consequences of the non ideal circuit are clear. In sub figure (3), the voltage across
C11 and Cb; starts to drop, when the duty cycle is D > 0.5. This is because the discharge time here is
longer than the charging time. And also a voltage difference appears between the two capacitors, because
the charge required by the snubber to balance the voltages is drawn from the capacitor associated with the
slowest switch.

Figures 4.45 (5) and 4.46 (5) clearly show, that the balancing of the voltage between the two switches is
obtained regardless of the delay in gate signals and regardless of the capacitor voltages starting to deviate.

Conclusion for active gate control

The conclusion for this snubber based on the actual simulations is, that the deviation of the capacitor voltages
ve11 and veog does not directly corrupt the voltage balancing, which is desirable. But the deviation increases
over time, and at some instant it will start to affect the balancing, because the difference appears across the
switches also. Therefore the active gate control snubber is considered not reliable and not an option.
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4.2.7 Capacitor voltage stabilization

As described, the decrease in the capacitor voltage across C11 and C5; leads to non acceptable performance.

This decrease can be due to the non intended discharging of the capacitors, but also a quick increase of the

DC link voltage will lead to the same consequences, because the mechanism is the same.

One possibility of decreasing the deviation is to increase the capacitance of C1; and Cs; from the 10uF

used here, but here practical limitations and availability becomes an issue. Capacitors with large capaci-

tance for high voltages are available, but they are generally expensive, bulky, heavy and generally based on
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Figure 4.45: Zoom in of on transition simulation of the non ideal active gate control. (1) vge1 and vge2, (2) iri3
and ig23, (3) veiz and vesz, (4) vrir and vr21, (5) Vee,z1 and vee,z2 and (6) te,Z1-

electrolytic technology with limited lifetime.

Also the capacitance must be chosen very large to ensure long term balancing and reliability, even though
the device parameter deviations exceed the expected ones or the ones used in the simulations here. And by
using very high capacitance, the RC' time constant easily becomes much longer than the eventual rise time
in an increase of the DC link voltage, and this will once again turn the switches on in the off state.

Another solution could be to replace the capacitors by isolated constant voltage sources with a constant
voltage of Vpe/2 like in the simulation shown on page 56. In the ideal case the voltage sources must follow
the DC link voltage closely even during transients. This solution in practice requires the same amount of
isolated PSU’s as power switches though adding to the complexity. And these sources are required to possess
fast and especially identical dynamics, so that transients do not corrupt the balancing. This solution is not
analyzed in more detail here.
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Figure 4.46: Zoom in of off transition simulation of the non ideal active gate control. (1) vge1 and vge2, (2) ir13
and ig23, (3) veiz and veaz, (4) vrir and vr21, (5) Vee,z1 and vee,z2 and (6) te,Z1-

4.2.8 Zener clamped snubber

The zener clamped snubber is the most simple method analyzed in this report, because it contains only
three passive components D,,, Z,, and R, ,. Here the collector gate voltage v, is limited to a maximum
level defined by the zener diodes Z; and Z, break down voltage vp z as shown on figure 4.47. Whenever the
collector gate voltage v, increases above the zener break down voltage, the zener diode conducts, as shown
in figure 4.48. This increases the gate emitter voltage, and the device is turned on slightly. In this way the
IGBT is protected against over voltages. The static balancing is obtained by parallel resistors R,,.

Basically this method is not trying to balance the switch voltages in the transient states, like the gate
signal delay method does, but more acting as a over voltage protection.

The diodes Dy and D- are included in the circuit to avoid a constant gate current, that will be conducted
by Z; or Zs through the switches in the on state.

From the zener break down voltage and the maximum gate emitter voltage, the maximum collector
emitter voltage becomes

Veg,max = VB,Z < (438)

Uce,maxr = Vge,max + VB,Z (439)

Typically the maximum gate emitter voltage is limited by protection to vgemaz = £20V.

To ensure proper functionality, the zener break down voltage must be chosen larger than the maximum
DC link voltage divided by the amount of devices in series, added with safety headroom for the eventual
voltage ripple AVpc.

A
VB, z(min) = M, n = number of devices (4.40)
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Figure 4.47: Zener clamped snubber schematic showing Figure 4.48: i/v curve for a zener diode.

current paths in a turn off transient with S1 turning off
quicker than Ss.

If the headroom is ignored, even a small increase in the DC link voltage will clamp all of the switches
at the same time leading to a short circuit, which becomes critical, if the voltage increase duration is very long.

In practical applications the zener break down voltage can be chosen arbitrarily, as long as the voltage is
kept within the borders of nominal DC link voltage and maximum collector emitter voltage for one IGBT.
In this case, unintended clamping of all switches into a short circuit or over voltage break down will not
appear. But from a loss point of view, the clamping voltage should be chosen as close as possible to the
minimum value according to equation (4.40), because a large difference in the collector emitter voltages
between switches leads to unequal distribution of the switching losses. This is because the collector current
through the switches always is the same for all switches in the series string, but for large voltage difference,
the individual losses begin to differ according to equation (4.41).

Ptot(t) = Pg; (t) + Psg(t> + ...+ Psn(t) = ic(t) . (Uce,Sl(t> + Uce’sg(t) + ...+ Uce,Sn(t)) (441)

where vee 51(t) 7# Vee,52(t) # Vee,5n(t), and i.(t) is the same for all switches. The total switching losses
P, in a series string stay the same, regardless of the losses being unequally distributed. This is because the
sum of switch voltages vce sn always equals the DC link voltage and the collector current i, for all switches
is the same. This can be shown by simulation.

The on state conduction losses P, s, will always stay equal for every switch in the series string, because
the on state voltages drops are low, and do not differ significantly. Therefore the on state does not contribute
to any unequal distribution of losses in a series string.

4.2.9 Simulation of the zener clamped snubber

Here the zener clamped snubber is simulated. As mentioned above, a voltage head room must be included
in the zener break down voltage Vp,z to avoid unintended short circuit of the switches.

In the introduction on page 4, the DC link voltage is chosen to Vpo = 2.4kV with +10% ripple giving
AVpe = +240V. This means, that 60V is to be expected across each switch pair, when AVp¢ is divided by
the four switches being exposed to the full DC link voltage, as for the three level inverter. Because of this,
the zener break down voltage is chosen with additional safety to Vg z = 700V.

62



CHAPTER 4. VOLTAGE BALANCING METHODS

The parallel resistors R, = 30k{) are calculated on page 39. The resistors Rs3, R4, R7 and Rg are included
in the simulation to ensure a defined potential in the junction between the diodes. These resistors are not
included in the realization.

The simulation schematic is shown in figure 4.49 and 4.50.
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Figure 4.49: Zener clamped snubber simulation
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Figure 4.51: Simulation of the zener clamped snubber.
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Figure 4.53: Zoom in of simulation of an off transition by the zener clamped snubber. (1) vger and vgez, (2) vVeg1
and veg2, (8) Veer and vee2, (4) Ws1 and Ws2 and (5) ic,s2.

The simulation results on figure 4.51, 4.52 and 4.53 show two important aspects.

1. First the collector gate voltages and the collector emitter voltages are clamped at v., = 700V and
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vee = 720V and this satisfies equation (4.39). This means, that the clamping action works properly.

. Secondly the switching losses are unequally distributed, because the two switches do not share the
same voltage in the transients, and this in fact is the main disadvantage of this method. Figure 4.51
(5) shows, that the difference in average power dissipation AP,,ss ~ 150WW meaning, that S; dissipates
~ 30% more power than Ss.

The quantity of the difference is heavily dependent on the difference in off state voltage Avee o = 200V
and the gate signal delay ¢4, which in this simulation is chosen to t; = 170ns. The smaller theses two
values become, the smaller the loss difference also will be.
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4.3 Choice of snubber topology for IGBTSs

In this chapter three selected methods for balancing voltages between IGBTs and diodes are analyzed in
detail. The first method is the passive RC snubber, that works by increasing the slope of v, and in this
way matching the voltages. The other methods are the active gate control and the zener clamped snubber,a
dn these work by clamping any over voltage seen in ve..

The methods are analyzed regarding to ability to balance the collector emitter voltages, power losses and
losses distribution between switches. The advantages and disadvantages are summarized in table 4.2.

Method \ Advantages \ Disadvantages
Passive snubber Simple - four passive components High and unequal power dissipation
Low power dissipation with diodes with IGBTs

Accepts transients in DC link voltage
Applicable for both IGBTs and diodes

Active gate control Simple - five passive components Difficult to stabilize reference voltage
Not applicable for diodes

Zener clamped snubber | Most simple - three passive components | Non uniform power dissipation
Not applicable for diodes

Table 4.2: Comparison of methods for voltage balancing.

Based on the analysis and the advantages and disadvantages in table 4.2, the best choice considered
for this project is the zener clamped snubber for the IGBTs. This is because of its simplicity and because
the snubber power dissipation is low compared to the passive RC snubber. The non uniform distribution
of losses can be kept at an acceptable level by choosing a clamping level close to the maximum expected
voltage according to equation (4.40).

For the neutral point diodes, the only possibility among the analyzed methods is the passive snubber,
and therefore this is chosen.

The active gate control is disregarded, because the capacitor voltages, that acts as clamping reference,
start to deviate whenever device parameter differences appear. This affects the reliability if the snubber, and
this can not be accepted.
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Chapter 5

IGBTs under fault conditions

One of the main goals of this project is to analyze and design a protection scheme to prevent a faults from
destroying any of the IGBTSs in the three-level inverter.

To obtain an over all protection scheme, that prevents destruction of any device in the total inverter
system, incl. the power supply, DSP and gate driver boards etc. under any circumstance, then individual
protection systems have to be incorporated in all sub systems. This is a complex task and beyond the time
frame of the project, and therefore the protection scheme of the inverter is focused on IGBT protection only.

The following definitions are used:

e Fault situation: This means, that one or more IGBTs are operated above rated values.

e Break down: This means, that one or more IGBT is destroyed as consequence of wrong handling of
the fault described above

The break down of an IGBT can happen due to one or more of the following faults mechanisms:
e Over voltage: IGBT break down because collector emitter voltage limit exceeded.

e Over current: Current range between rated current and short circuit current.

e Short circuit: When the current reaches maximum values, as shown on figure 5.5.

The over current fault can happen due to heavy loading of the inverter, whereas a short circuit will
appear as a fast fault, characterized by a high current rise, because the short circuit impedance is small. In
this project the fast fault is defined, as reaching short circuit level within one switching period, as shown on
figure 5.1. The slow fault is characterized by significant line inductance, that leads to small rate of change
in current, as shown on figure 5.2.

le

le

fast current rise slow current rise

Desaturation -~ & Desaturation ----,- - ‘\
Over current { /nge Kiload/ \ Over current { Vgew lload™ M,
| | [T ] [] o O N o % o |
Rated current { | \ V I \ >t Rated current { |/H/| I | I I I I | ” I >t
e " >l >
Ts Ts

Figure 5.1: Desaturation by fast fault with small in-
ductance. Desaturation occurs immediately after short
circuit.

Figure 5.2: Desaturation by slow fault with large
inductance. Desaturation occurs after a sequence of
switching periods.

The two fault types are shown, for the three-level inverter topology, in figures 5.3 and 5.4, and described

in more detail in appendix B.

To be able to design protection schemes, the fault mechanisms are analyzed in detail in section 5.1.
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Figure 5.3: Fast fault with shoot through in one phase Figure 5.4: Slow fault with phase to phase short cir-
leg. Characterized by very fast current rise. cuit. Characterized by slow current rise.

5.1 Fault mechanisms

The used Semikron SKM600GA176D IGBT is robust in short circuit situations. According to the data sheet,
the rated current is I. = 600A@25°C, and the short circuit current is limited by the IGBT to six times the
rated current I, ;. = 3.6kAQuv,. = 20V. This makes the IGBT a good choice in high power systems.

One way to analyze the IGBT under short circuit conditions, is to extend the graph from figure A.3 on
page 155 to the one shown on figure 5.5. This figure shows, that the voltage will start to increase rapidly, if
the current reaches high magnitudes for a given gate emitter voltage. This is known as desaturation of the
IGBT device. The figure also shows the relationship between rated current range, the over current range and
the desaturation level.

The desaturation current is highly dependent on the on vy, as figure 5.5 shows. For a low vy, desaturation
will occur for a low current and opposite.
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¢ desar=3.6KA@Vge=20V T

Saturation Desaturation

Over current
Ic,oc:[600;3.6kA]@Vgezzov
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Figure 5.5: i/v characteristic under fault conditions for the Semikron IGBT.

Desaturation will subject the IGBT device, to a high short circuit current, if vy is high, at a high Veel,
resulting in power dissipations, that can reach the MW range. This power dissipation can not be handled by
the device for more than a few us, and at some point the internal temperature of the device exceeds 250°C
[Rahul S. Chokhawala, April 1995] and the silicon becomes intrinsic, meaning that the doping disappears.
At approximately 900°C' the silicon breaks down, and this happens very quickly in desaturation.

The short circuit characteristic of a Toshiba MG100Q2YS40 IGBT is seen on figure 5.6. The figure
shows, that desaturation occurs when the current is at maximum. If the short circuit is detected in time,
steps can be taken to prevent device destruction. However, due to the stray inductance in an inverter circuit,
over voltages can be generated if the IGBT is hard switched off. The over voltage can be described by the
inductor terminal law that states:

Lwhich in medium voltage level can be in the kV range
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Figure 5.6: Short circuit characteristic of a Toshiba MG100Q2YS40 IGBT rated 1.2kV/100A [Vinod john, April
1999].
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So even if the stray inductance L is in the nH range, the % part of the equation will generate an over
voltage, that can destroy the device. Eventough the IGBT is robust in regards to high currents, it is very
sensitive to over voltages. This means, that both an over voltage and an over current protection must be
incorporated in a protection scheme, if hard swithing is used to turn the device off.

Another fault mechanism of great importance for the IGBT under fault conditions is the latch up phe-
nomena. Latch up can occur at high currents, and results in the IGBT being unable to turn off. Latch up
happens due to a parasitic thyristor across the collector emitter of the IGBT illustrated on figure 5.7. If this
thyristor is turned on, the IGBT can no longer be turned off by the gate, and control over the device is lost.

As an extension to the circuit model from figure A.1 on page 154, the latch up is included on figure 5.8.

Here the latch up is modelled by the extra transistor 77, which turns on when the current, and hence
the voltage across the Body Region spread resistance Rs becomes high. If this transistor turns on, it is clear
from figure 5.8, that the MOSFET controlling the gate is clamped, meaning that control over the IGBT is
lost until the transistor turns off again due to external circumstances. In latch up, the IGBT can break down
due to excessive power dissipation if not shut off.

To summarize, the fault mechanisms of the IGBT is the excessive power dissipation in the desaturation
and latch up modes. Also the over voltage at hard switching from figure 5.6 needs to be taken into consid-
eration, because the IGBT device is very sensitive to over voltages.

5.2 Fault detection

To prevent device break down because of a fault, it must be detected, and it must be detected fast. According
to [Semikron, -], their devices have to be shut down within tsq maes = 10usQ@(vee = 1.2kV, v4e = 20V) after
the desaturation occurs to ensure the functionality of the IGBT module. Even though one IGBT used in this
project is not expected be subjected to a collector emitter voltage of 1.2kV, and the on state gate emitter
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voltage is vge,on = 15V in stead of 20V, the 10us is used as maximum rating and as design guide. Because
of the vye = 15V, the current will not reach 3600A. In the following, three detection methods related to the
fast and the slow faults will be analyzed.

5.2.1 Over current detection

The over current can be detected by simply monitoring the load current. This is due to the fact, that the
over current situation is highly dependent on the line impedance.

5.2.2 Desaturation detection

A common way of detecting a short circuit is to monitor, when the device enters desaturation, meaning high
Uce, Vge and i, at the same time, as illustrated on figure 5.6. Measuring 4. directly is not always an option
because of confined spaces, and therefore desaturation is commonly detected by high v.. and vg.. But only
monitoring for high v.. and vge at the same time is not enough. This is because of the switching scheme of
the IGBT, explained in figure A.4 on page 156. Here it is seen, that vy rises before v.. drops, and this could
trigger an unintended desaturation error. However, the on and off times of the used IGBT are well defined,
and this knowledge can be used to set op the following rule for the desaturation detection:

If vee and vge is high for longer time than toy,, then desaturation has occurred.

In practical applications, a safety margin can be added to t,, to minimize the risk of unintended fault
detection.

When desaturation happens, the current, and the power dissipation in the device, has been high for a
while, because of high conduction losses as seen on figure 5.6.

5.2.3 Error detection by monitoring emitter kelvin-emitter voltage

The Semikron power IGBT used for this project, has an additional small signal emitter terminal, intended
for the gate emitter voltage vge. This is called the kelvin emitter terminal [Vinod john, April 1999].

This kelvin-emitter is physically connected to the real emitter on the silicon by a wire. The extra termi-
nal is included to avoid the relatively low gate emitter voltage of being affected by voltage drop due to the
impedance between the emitter on the silicon and the power emitter terminal. The impedance is denoted
Zeke, and a schematic view of this is shown on figure 5.9, and the Z.j. in the real IGBT is shown on figure 5.10.

The thesis behind the error detection by emitter / kelvin emitter voltage is, that if the collector current
becomes high, then a voltage drop will occur across the emitter kelvin-emitter terminals, because of the
impedance.
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Figure 5.9: Schematic view of the impedance Zeke Figure 5.10: Picture of the Semikron IGBT internal.
impedance. Zeke 1S shown by the blue line.

To test this thesis, a measurement is set up, where similar graphs from figure 5.6 is sought for the
Semikron SKM600GA176D together with the emitter kelvin-emitter voltage vex.. The purpose of the test
is, to analyze if any characteristics of the vk, can be used to detect the short circuit before desaturation
happens. The test report describing the fast short circuit test is found in appendix D.1 on page 170, and the
results are shown on figure 5.11 and 5.12. The negative voltage spike in veg. is due to the impedance in the
red kelvin emitter wire from figure 5.9.
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Figure 5.11: Short circuit test for Vi, = 150V . Dark blue = vge, light blue = vce, purple = vege, green = ic.
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Figure 5.12: Short circuit test for Vi, = 600V. Dark blue = vge, light blue = vee, purple = vere, green = i.. Notice
that the offset for vee has changed. Also notice that the desaturation occurs immediately.

The conclusion of the test is, that a fast short circuit can be detected by using the vege. In the 150V test,
the measured voltage stays constant at vege =~ 8V during the current rise. And in the 600V test, the same
voltage peaks at vege =~ 13V.

Also, the over voltage due to hard switching can cause device destruction and needs to be taken into
account in a protection scheme. The inductance and resistance of Z.g. is found to be L.g. = 7.5nH and
Repe = 2770u80.

From the two tests shown in detail on figure 5.11 and 5.12, an important aspect can be identified;
For the V;,, = 150V test, v, reaches zero and then enters desaturation. This is the equivalent of having a
short circuit occur while the IGBT is on. In this case, the ver. method will be the fastest way of detecting
the error by a margin of approximately 2us. For the V;;, = 600V test from figure 5.12; the desaturation is
detectable almost immediately. This is the equivalent of turning the IGBT on, while a short circuit is present
in the inverter.

These results show, that using both vk, and desaturation detection at the same time to detect an error,
will increase the effectiveness of the protection, due to the fact, that the fastest detector will trigger the
error. If the IGBT short circuit during on state, the non zero v, will trigger the protection, and if the
IGBT turns on into a short circuit, the error is detectable in both v.g. and v. at the same time. Also,
choosing two detectors pr. IGBT, will add redundancy to the inverter protection scheme, meaning that a
backup system is in place, in case of a defect in the detector. It must be mentioned, that the redundancy
can only be guaranteed with a fast fault.

The vege test is only performed on a fast short circuit with marginal bus bar stray inductance. In this
case, a clearly measurable voltage appears across Z.i., because the current rise is fast. It is suggested,
that an implementation of v.i. detection is based on integration of the waveform, rather than peak voltage
detection due to the fact, that peak voltage detection is sensitive to noise. Because of time constrains, the
corresponding slow fault test with large line inductance is not performed. It is expected, that the voltage

veke Will be hard to detect according to equation (5.1), because % will become smaller.
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5.3 Break down prevention schemes

In the previous section, the consequences of a short circuit have been clarified. It was concluded, that the
over voltage caused by hard switching the IGBT needed to be taken into account. Also it was critical, that
the short circuit was brought to an end within ¢s4 a2 = 10us. To prevent the transient voltage, that occurs
at a hard switched shut down, illustrated in the previous section, a soft shut down of the IGBT or clamping
of the over voltage can be utilized. In the following, these break down prevention methods are analyzed and
tested either by simulation or laboratory test.

5.3.1 Soft shut down

Soft shut down is performed, by slowing down the turn off of the IGBT. In the previous section, equation
(5.1) stated that the transient voltage was dependent on the inductance and the %, hence the rate of change
of the current. The rate of change in 7. and the resulting over voltage in v.. was deemed a damaging factor
in a hard switched turn off of a short circuit. From the transfer characteristic of an IGBT shown on figure
5.5, it is seen that the gate voltage vqe is a current limiting factor. This can also be verified by the tests of
appendix D.1, where the tests are performed at the same vg4e. By slowing down the gate turn off time, it is
in theory possible to limit the %, and hence limit the transient v.. voltage. As described in chapter A, the
turn off time of an IGBT is decided by the discharge time for the gate capacitance dependent on the the
gate resistance. According to appendix A.3, the Semikron SKM600GA176D turn off time is t,5y = 480ns
at Ry = 3(). To increase the turn off time, an additional resistor for soft shut down Rgs can be switched in
between the gate and vge o f. To prevent, that the gate driver sinks the gate discharge current, the connection
between the gate and the gate driver needs to be severed, because the Skyper 32 driver used in the project

is low impedant in both on and off state. A simple implementation of the protection is shown in figure 5.13.

C

Re NS

Gate W\’

Driver Rss
E

Error

signal ] Sz
Vge,off

Figure 5.13: Soft shut down implementation schematic.

The error signal turns off the switch S; and turns on S5 2, and the gate capacitance is discharged through
the soft shut down resistor Rgg. The value of Rgg can be estimated from the wanted soft shut down discharge
time tgg of the gate capacitance. As mentioned, Semikron states a maximum shut down time of 10us after
desaturation occurs. From this, the following demand can be set:

10/}’5 2 tss + tdetect + tdelay (52)

where tgeiqy is covering So and S; turn off time and propagation delays. These needs to be known.
tss can be found from 7 for the RC circuit consisting of the gate capacitance Cy. = 70nF and Rgs. The
threshold vge ¢ for the IGBT is 5.8V, but vg. has the range Avg. = [15V;(—7V)], and from this range, the
Avgen =22 — (15 — 5.8) = 12.8V. So the following discharge equation can be stated.

—tsg —tss
AvVgeoffith = Avge - €77 = Avg, - €F55Cge (5.3)

Under ideal circumstances, the maximum time is tgs = 10us, meaning that the error is detected before
desaturation, and no propagation delay is in the system, and then Rgg mq, can be found from:

—tgg —10pus
AvVgeoffoth = Avge-eTssOme = 12,8V = 22V - ¢Fssmac 07F (5.4)

251 needs to be a MOSFET due to voltage control, high speed and the need for bi-directional current.
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RSSmaz = 2630 (5.5)

To test, if the soft shut down method works properly, an OrCad simulation is used. The purpose of
this test is, to repeat the short circuit test from the previous section, but with protection. The simulation
schematic is shown on figure 5.14. The gate driver puts out a 10us pulse, that turns on the IGBT. 5us into
this pulse, the error signal is triggered by the error pulse generators. The sequence is shown on figure 5.15.
The added line impedance is used to simulate the non ideal laboratory setup.

V(Gatedriver:+ Gatedriver:-)

5.0¢

2.50

C Gatedriver
s

e VELL0)
S2 rror1
5.00

0 - 3
- oy
L?V(Q:LSZ:Z) s s L,[;Tz e = o
Figure 5.14: Simulation schematic of soft shut down Figure 5.15: Control signals for soft shut down sim-
protection. Rss = 4.7(Y) ,15(¢), 50(V), 75(A), ulation. From the top vge, Verror for S1 and verror for
100(x), 263(+)[R2] used for parameter sweep analysis. S2.

The results of the simulation are shown on figure 5.16.

The simulation is also here performed by using the Mitsubishi CM400HA-34H IGBT Pspice model used
in the previous chapters of the rapport. From figure 5.16 it can be seen, that the soft shut down works. The
first value of Rgs = 4.7Q(Y) is the same as the gate resistor in the test from last section on figure 5.12.
It can also be seen, that the over voltage at Rgs = 4.7Q(Y") reaches approximately the same value in the
simulation, as it did in the short circuit test from the laboratory, which verify that the simulation results
and the lab results are comparable. Figure 5.16 shows, that the over voltage can be controlled by the gate
discharge time. It can also be seen, that the calculated maximum value for Rgs = 263(+)[€?] turns of the
IGBT within the 10us, because the gate voltage reaches its threshold voltage. The transient over voltage
at this value of Rgg is measured to 624V, which is within safety limits. At Rgs = 5092(V), the IGBT is
turned of after 4us, and the over voltage reaches 746V, which is still very acceptable, but much faster. So to
determine the optimal for Rgg for the three-level inverter system, all the propagation delays in the system
and also the stray inductance of the inverter needs to be taken in to account, but the method can be used to
safely shut down the IGBT within the time frame and prevent the destructive over voltage associated with
hard switching.

5.3.2 Voltage clamping

Another method of preventing the transient over voltage from the hard switching is, to clamp the voltage at a
reasonable level. This method is very simple, and does not require active components, such as the transistors
used for the soft shut down method. An even bigger benefit of this method, if it works, is that the zener
clamping method for the voltage sharing of the series IGBTSs, described in section 4.2.8 from page 61, can
be used for the break down prevention as well. The implementation of the method is shown on figure 5.17.

It is expected, that the clamping method will eliminate the over voltage from the hard switching, therefore
the gate driver needs to receive the error signal when a short circuit is detected, and after that, shut down
the IGBT.

To test the method, the short circuit test from the previous section is repeated, but with added protec-
tion. The clamping voltage level is set to Veiamp = 800V. The tests are performed in appendix D.2. The
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5.4. CONCLUSION

result of the tests is shown on figure 5.18 and 5.19.
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Figure 5.18: Short circuit test with added clamping Figure 5.19: Short circuit test with added clamping
protection for Vi, = 500V . Dark blue = vge, light blue protection for Vi, = 600V . Dark blue = vge, light blue
= Vce, purple = veke and green = i.. = Vce, purple = vege and green = ic.

The conclusion of the test is, that the clamping protection works satisfactory by eliminating the damaging
over voltage in v... By using this method, there is no need to perform a soft shut down of the IGBT, so the
turn off time is faster compared to the soft shut down method. The clamping method also has the advantage,
that no active shut down hardware is needed in the gate driver, as would be the case for the soft shut down
method. The shut down of the IGBT is thereby only performed by the gate driver, which is required to have
feature specifically for this purpose.

5.3.3 Evaluation on break down prevention schemes

In this section, two break down prevention schemes were analyzed. The two schemes was Soft shut down
and Voltage clamping. The goal of the prevention schemes was to safely and fast shut down an IGBT under
short circuit, avoiding the over voltage in the v, shown in the previous section. From simulation and test of
the two methods, it was concluded that both methods work properly. When compared, the clamping scheme
shows some advantages in the form of simplicity. This scheme does not need the active hardware required
by the soft shut down method. Also the clamping protection circuit does double duty as snubber, hence
minimizing the utilized hardware pr. gate driver.

A subject that has not been mentioned in the break down prevention is the latch-up phenomena. The analyzed
fault prevention schemes will not work in a latch up situation. However, the Semikron SKM600GA176D is
a trench gate IGBT, and this technology prevents the latch up to some extent [Semikron, -].

5.4 Conclusion

The goal of this chapter was, to identify the fault mechanisms of the IGBT, and analyze methods to detect
and prevent short circuits and over voltages. The main fault mechanisms was desaturation, which results
in high power dissipation; latch-up which results in loss of control over the IGBT; and over voltage, which
causes isolation break down and device destruction.

It was stated, that to protect the IGBT, a fault must be detected and the device shut down in less than 10us
in worst case. By analyzing two ways of detection, either by desaturation or by emitter / kelvin emitter,
and performing short circuit tests at different voltage levels, it was concluded, that a combination of the two
detection methods would be the best choice under the circumstances in the tests. The short circuit test’s also
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showed a clear need for over voltage protection, as a hard switched turn off resulted in large voltage transients.

The vege detection method is not tested in a slow short circuit situation with significant line impedance.
Because the inductance of Z.. is known, the minimum current slope required for a detectable vex. can be
determined from knowledge about background noise voltage level. This is not done in this report due to time
constrains.

Using the knowledge gained through testing, two fault prevention schemes were proposed. One included
a soft shut down sequence of the IGBT, by ramping the gate voltage and preventing hard switching and
thereby the over voltage. The other simply clamped the over voltage associated with the hard switching. After
simulation and test of the two prevention schemes, it was concluded, that the simple clamping protection,
which also does double duty as snubber, could be used with satisfactory results. The soft shut down scheme
also proved effective, but required more hardware.

Based in this, the desaturation detection method using hard switch off and the zener clamped over voltage
protection is chosen for the realization.
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Chapter 6

Problem formulation

In the problem analysis in part I of the report, the following subjects was analyzed:
e The three-level inverter topology.
e Series connection of IGBTs.
e Voltage balancing methods and snubber topologies.
e IGBTSs under fault conditions.

In the following, the results and conclusions of the different analysis are summarized.

6.0.0.1 Three-level inverter

The goal of the analysis of the three-level inverter was, to investigate if the topology is well suited for medium
voltage applications, and also to make a comparison to the simple and commonly used two-level topology.
The conclusion of the analysis was that the three-level inverter is superior to its two-level counterpart in
terms of required blocking voltage pr. IGBT device. Also, the THD of the output was half of that from a
two-level inverter, because the three-level inverter puts out more voltage levels. The analysis also showed,
that disadvantages of the thee-level inverter were issues about neutral point balancing, more devices and
unequal loss distribution. The voltage rating advantage of the three-level inverter makes the topology well
suited for medium voltage applications.

6.0.0.2 Series connection of IGBTSs

The purpose of analyzing series connection of IGBTs was, to obtain medium voltage level capability using
standard IGBT’s. The analysis showed that connecting two devices in series can affect the voltage sharing
of the devices. It was shown, that changes in internal parameters and timing difference in the gate signal
produced the unequal voltage sharing, and that the unequal voltage sharing had to be avoided. A very
positive result of the analysis was that two standard IGBT’s in series has lower losses compared to one
double rated device if the frequency reaches above a few hundred Hz. The reason for this result is, that
the internal capacitance of the IGBT does not follow the voltage rating of the device linearly. This result
means that two IGBT’s in series can be operated at a higher switching frequency than one IGBT of higher
voltage rating for a given loss. Finally it was concluded, that series connection IGBT’s has the same overall
probability of failing, as paralleling IGBT’s for the same power rating.

6.0.0.3 Voltage balancing methods and snubber topologies

This analysis has it’s origin in the chapter about series connection of IGBTs, where it was stated, that an
equal voltage sharing between the semiconductors was needed. The voltage balancing is obtained through
the utilization of snubbers, and through state of the art analysis on snubber topology, three topologies was
selected for further analysis and comparison. These were the Active gate topology, the Passive snubber and
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the Zener clamped snubber. These methods were evaluated from their power loss, dynamic performance and
ability to be used together with sinusoidal PWM. From simulations, the zener clamped snubber was chosen
as the best choice for the project.

6.0.0.4 IGBTSs under fault conditions

The analysis of the IGBT module under fault conditions was done, to gain knowledge about the fault mech-
anisms of the IGBT, and also test fault prevention schemes. The analysis of the fault mechanisms showed,
that the large power dissipation associated with desaturation, and the over voltage associated with hard
shut down can be fatal to the IGBT. To test how the chosen Semikron IGBT reacted to a short circuit,
short circuit test’s was performed. From the results of these test’s, two fault detection schemes was analyzed;
standard desaturation detection and emitter-kelvin emitter voltage detection. It was concluded that a mix of
the two schemes was the optimal solution. Also, two fault prevention schemes was analyzed; soft shutdown
and voltage clamping. It was concluded by simulation and test, that both methods works, but clamping is
the simplest one.

From the analysis, the following problem formulation can be stated:

How to design and realize a three-level inverter rated for medium voltage level,
based on series connected IGBTSs, and protected against fast and slow fault conditions?

6.1 Requirements

The specific requirements for the system are summarized here for convenience.
e DC link voltage Vpo = 2.4kV £ 10%.
e Peak load current ?l(,ad = £200A but dependent on load.
e Switching frequency fs,, = bkHz.
e Modulation frequency f,,,q = 50H z.
e Protection maximum shut down time tsp mqr < 10ps from fault occurs.
o Allowed over voltage due to hard switching vee mar = 700V

e Maximum voltage deviation between series IGBTs AV, jnqz = 200V

e Third harmonic injection is to be incorporated in the modulation design.

6.2 Problem Boundaries

Due to time constrains, a set of boundaries for the project are listed below.
e All issues about neutral point balancing are omitted.

e Only two inverter phase legs are designed.
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Chapter 7

Implementation Model

This chapter describes the implementation model realized for the project. In order to apply with the specifi-
cations, and a due to time limitations, it has been chosen to only realize two legs of the inverter. The realized
setup schematic is shown on figure 7.1.

- Sa - S,
Gate driver _I " Gate driver _I -
Snubber Snubber
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2 _ —
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Figure 7.1: Realized three-level inverter setup.

Apart from the 16 Semikron SKM600GA176 IGBTs, the setup consists of:
e Medium voltage DC power supply

e DC link capacitors

e High power load

e DSP board

82



CHAPTER 7. IMPLEMENTATION MODEL

e Gate drivers
e Snubbers for IGBTSs and diodes
e Fault detection and protection

For the neutral point diodes, the reverse diode in the Semikron IGBT is used !, meaning that the total
number of IGBTs is 24. In the following sections, each of the bullet points from above will be dimensioned
and realized.

7.1 Medium voltage DC power supply

To power the inverter setup, a medium voltage DC supply is needed. Such equipment is not available at the
Institute of Energy Technology, so it needs to be designed and build. The demands for the supply are as
follows:

e Variable output voltage. This is important to initially test the inverter at low voltages.
e Capable of producing a DC link voltage of Vpeo = 2.4kV.

e Capable of sourcing the current needed for the power dissipation for the load and the inverter. This
demand can first be verified in the final test.

It is chosen to realize the power supply by the setup shown in figure 7.2.

Va
Vp
Danfoss Ve
VLT . . . . .
HVAC 6052 — —~ — —~ —
+
Low pass
filter
_Di L1 L1 L1 L1
Mains
Ve Vpc
- 2 N 2 +

Figure 7.2: Medium voltage DC supply schematic.

The details about the design, realization and test of the DC supply can be seen in appendix D.3 on page
180. Also in this appendix, photos of the realized DC supply are found.

The relationship between the adjustable phase to phase output voltage V,;, of the VLT and Vp¢ is as
follows:

81
Ve =6-1.35-Vyp = 10 Var  [V] (7.1)
For the medium voltage level of Vpo = 2.4kV, the output voltage for the VLT must be:
2.4kV - 10
Vb = — 296V (7.2)

The test performed in appendix D.3 verifies equation (7.2).

IThis is obtained by short circuiting the gate emitter, hence the IGBT is always off.
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7.2 High power Load

The reason not to choose a resistive load is, that the physical size of this load, and the power dissipation,
makes it very hard to realize. The power dissipation of a resistive load can be calculated as:

Pres = Vout * Iout = i)\out . \/5 '/Z.\out : \/5 :/Z’\out '/i\out -D (73)

because both voltage and current wave forms are square. As an example, a duty cycle D of 50% results
in the power dissipation of a resistor connected phase to phase to become:

Pres = 24KV - 2004 - 0.5 = 240kW (7.4)

This will dissipate a large amount of heat, and also this power need to be supplied into the inverter, setting
large requirements on cables and the power source itself.

Instead, the load can be chosen inductive. This in practice means, that the reactive power stored in the
inverter will be shifted back and forward between the load inductor and the neutral point capacitors. The
only active power needed for this setup is the conduction losses, and hence the amount of power needed from
the power supply is much less than in the resistive case. This means, that the three-level inverter can be
tested at rated voltage and current values. The apparent power S can is given by:

S=P+ijQ=13,, - R+jl},.- X, X=L-2n-f [VA] (7.5)

So by having a large reactance X and a small resistance R, the inverter setup of figure 7.1 stores more energy
than it dissipates. The load current i;,,4 Will take the form of the integrated voltage waveform. This can be
seen by rearranging the inductor terminal law:

diloq ‘ 1
Vout = # L = iipad = i3 : /Uout dt [A] (76)

This shows, that if the voltage consists of sinusoidal PWM, the current will be sinusoidal, but shifted 90°.
The inductance depends on the switching frequency for a given current and voltage:

Vout Vout
X=— = L=- H 7.7
lload toad * 2 T fmod [ } ( )

In the project, it is chosen to have a f,,,q = 50H z, because this corresponds to the danish grid frequency.
The phase to phase voltage v, by sinusoidal modulation becomes:

Vab,1 = Van,1 — Ubn,1 (78)

where vqp,1 and vy, 1 is found from equation (2.37) on page 12, which stated that:
Vi
van,1 = Ma- % - sin(6) (7.9)

From this, the following equation can be stated:

V; Vi 2
Vabi = Uani — Vb1 = Ma- % -sin(0) — Ma - % - sin (0 + ;) (7.10)
Vbe . T
Vab1 = Ma-T-\/§~szn (9+6) (7.11)

Since the inductor is connected phase to phase according to figure 7.1 on page 82, equation (7.7) can be
re-written to:
Vab,1 7Ma-%~\/§-sin(0+%)

L= - = - H 7.12
Zload'2'77-']01710(1 Zload'2'7r'fmod [ ] ( )

Which gives an inductance of L = 28.5mH at Ma = 1.16 and % = 1.2kV for the desired output current
and DC link voltage values. Pure inductors do not exist, and therefore the series resistance of the windings
must be taken into account in the design of the inductor.
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7.2.1 Load inductor realization

The inductor must be realize it by applying a core, ore else the number of windings, and hence the wire
consumption becomes excessive. Also, the windings have to be able to coop with the current. The RMS value
of the maximum load current is I;,,q = 141 A, and a general rule is, that the current density of the windings
does not surpass 54/mm?. This rule originates in motor design, and the reason for the 54/mm? is due to
the heat dissipation issues regarding the isolation of the wires. The cross sectional area of the wire needs to
be Ayire = & Ij;l}n‘?n s > 28.2mm?2. Another aspect of the wire is the skin effect and the resulting skin depth 4,
which is a measure for the utilization of the wire, and describes the dept where 63% of the current is flowing

in the wire. § is given as:
)
0= 4/——— [m 7.13
Vot fmod ) (7.13)

where p is the resistivity of the material. Using the resistivity of copper; pc,@100°C and knowing that
p = po for Cu, equation (7.14) can be simplified to [Robert W. Erickson, 2001]:

75 75
6= = — =10.6mm 7.14
V fmoa /50 (7.14)

So at 50H z, the wire will have a good utilization up to a radius of 10.6mm which result in a wire area of
705mm?2, and this is way more than needed, so the wire utilization at 50H z is not compromised by the skin
effect.

The realized load inductor L;,eq consist of six iron core inductors from APC? in series, and each of these
inductors consist of two sets of windings. Each of these sets consists of a high current and a low current
winding. This setup is shown on figure 7.3. The reason for using this setup is, that the core inductors are
available at the Institute of Energy Technology at AAU.

iIoad -

iIoad e d

Figure 7.3: Realized load inductor layout.

2 American Power Converter Corp.
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Figure 7.4: Realized load inductor.

To realize the load inductance, all the low current windings are disconnected, and the high current
windings are series connected, meaning two sets of windings in series pr. core. This means that the inductance
is quadrupled by adding twice the windings to the same core, as can be seen from the following equation:

TL2

L= [H] (7.15)

The realized inductor setup is shown on figure 7.4.
The load inductor is tested in appendix D.4 on page 186. With all six inductors, the inductance is
measured to:

L =103mH (7.16)
And the total DC resistance is:
Rpc = 87.6mS2 (7.17)

This is much more than needed, but the inductance can be variated in steps, by disconnecting some of the
inductors, to reach the wanted current level. This is an advantage, because the inverter setup can be tested
initially at lower current.

An important aspect of using cores in the inductors is saturation. Saturation occurs when no more energy
can be stored in the magnetic field of the inductor. Saturation causes the current to rise, and hard saturation
is comparable with a short circuit. To calculate the maximum allowed current, the following equation can
be used:

¢'§R_Bsat'Acore’§R
N N

N -Liy=¢-R = ILau= [A] (718)

86



CHAPTER 7. IMPLEMENTATION MODEL

From the APC data sheet of the inductor, the following data is obtained:
e The core area Aore = 0.00931m2.
e The core mean length [.,.. = 0.844m.
o Air gap length ly4, = 0.6mm
e N = 30.

Bgat for sheet iron is approximately 1.37 [Metals, 2006] and the permeability is pion, = 5000. The
reluctance of the core can be calculated as:

A - turns
Weber

lcore lgap
Hiron * KO * Acore Ho * Agap : 12

R = Reore + Rgap = = 14.4k + 42.7k = 56.6k [ } (7.19)

The 1.2 factor is used to compensate for the fringing in the air gap.
So the saturation limit I,; for the used cores is:

1.37 - 0.00931m? - 56.6k 5;rurns
Tat = 30 e

This result means that the cores used are not sufficient. On figure 7.5 and 7.6, the saturation becomes clear,
and this verifies equiation (7.20).

=22.84

(7.20)
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Figure 7.5: Measured current for one inductor. Notice,
that the waveform becomes quasi triangular because it is
near saturation.

Figure 7.6: Measured current for one inductor. Notice
the saturation at the top of the sinusoidal curve, causing
the current to rise.

To compensate for the small cores, the demands for the project have to be revised. The demand of the
load current of ?load = £200A can not be obtained by means of the used inductors. However, the six cores
can be modified to include a larger air gap. This will, according to equation (7.20) increase the saturation
current. However, this will also decrease the inductance according to equation (7.15). The reason for having
a large inductance in the first place was, to be able to modulate a 50H z sinusoidal current. By increasing the
modulation frequency, the impedance can be raised while the inductance stays constant. This means, that
by raising both the modulation frequency, and adding a larger air gab, the load inductor can be redesigned
to handle a larger current without going into saturation. The inductance as function of the air gap length
can be found by:

N? N?
L(lyap) = = H
( g p) §R(;07"6 + §Rgap §Rco’re + % [ ]
0-Acore-1.

(7.21)
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A plot of this function is shown on figure 7.7. From equation (7.21) the impedance as function of l44s
can be found as Rpc + jX (lgas) = Rpc + JL(lgap) - 27 - fimod, where Rpc = 87.6mf2 . The length of the
impedance |Z| is plotted for four different modulation frequencies on figure 7.8. The reason for choosing
the maximum modulation frequency to fi0q = 200 is to avoid base band distortion [Ned Mohan, 2003] at
fsw =b5kHz.

Inductance vs. |gap for one inductor Zvs Igap for one inductor
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Air gap length [mm] Air gap length [mm]
Figure 7.7: Inductance for one inductor as function of Figure 7.8: Impedance |Z| for one inductor as func-
lgap- tion of lgap plotted for fmod = 50,100,150,200Hz. The

largest frequency gives the largest impedance.

From figure 7.8, it can be seen, that for f,,,q = 200Hz, the air gap can be much longer for the same
impedance than at 50/ z. Knowing the dependency of l,q, on Z, the saturation current Isq¢, which is
frequency independent, then the load current ;,44 given by:

ftoad = =l — Job ] A 7.22
foad 6- |Zload‘ \/(Q'W'fmod'L(lgap)2+R2Dc) -6 [ } ( )
can be plotted as function of {4, for the four different frequencies. Zjoqq is 6 - Z because all six inductors
are used in series in the realized load, and v, = 2.4kV due to Ma = 1.16. 7,49 and I, are plotted on figure
7.9.

The results from figure 7.9 shows, that by increasing fi,,q to 200H z, the load current stays below the
saturation limit. Also, the impedance can be changed by adjusting the air gab length, meaning that the load
current of ?load = 200A can still be archived. However, based on initial test’s of the setup, the demands for
the current is changed to Zoad = 4+100A. This is due to excessive power dissipation of the DC link capacitors
designed in section 7.3. R

By increasing lgqp from 0.6mm to 3.8mm in all the inductors, a load current of ij,q¢ = £100A is
obtained according to figure 7.9. At this air gap length, the inductance is calculated from equation (7.21) to
Lipea = 6-3.22mH = 19.3mH. After adding air gab length to all six cores, the inductance is measured in
the same way as previous in the section, using the same equipment and setup as in appendix D.4. The test
results are shown in table 7.1, and the DC resistance from the previous measurement is used again.

The average value of |Z] is | Z]4vg = 7-3Q2, and hence:

‘Zﬁvg - R%C

T 2
2.-m-50Hz2 [ ] (7 3)
V7.32 ~0.0862
o= MYOom 00T oo 24
2.7 -50Hz sm (7.24)

This means, that the air gab is a little shorter than expected, but the redesigned core is accepted and used.
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Figure 7.9: ij00a and Isq: plotted as function of lgap for fmea = 50,100, 150,200H z and ve, = 2.4kV .

L VIVI[T[A] ] [Z][9] |
139 | 6.08 | 7.22
524 | 7.19 | 7.28
585 | 80 | 7.31
68.6 | 9.24 | 7.42

Table 7.1: Impedance measurements at f = 50H z on revised cores.

7.2.2 Conclusion on inductive load

In this section, the load for the inverter setup has been analyzed. It was chosen to use an inductive load,
because the inverter would store energy rather than dissipate it. The load was realized using six large APC
iron core inductors. The total inductance was measured to Lj,.q = 0.1H. After testing, it was concluded
that the iron cores would saturate at ?load = 422.8A4 which was only a fraction the specified load current.
By increasing the modulation frequency to f,0,q = 200H z, and add length to the air gap of the cores, it was
possible to rate the setup for a load current of /i\load = +200A. However, this load current will cause large
power dissipation in the DC link capacitors, and therefore the load current is lowered to i;,,q = £100A. So
for the rest of the report:

® froqd =200Hz

e ijpuq = £100A

7.3 DC link capacitors

In this section, the DC link capacitors, also mentioned as neutral point capacitors, are dimensioned. The
reason for using the DC link capacitors is to dampen the voltage ripple in the DC link. The capacitors are
placed according to figure 7.1. The demands for the capacitors are:

e To keep the ripple in the DC link at maximum 10% of the DC link voltage.

e Voltage rating of 2.4kV.
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The voltage ripple in the DC link is determined by the load current. If a large current is drawn from the
DC link, the rate of change (the ripple) in the capacitor voltage becomes large. This can be seen from the
capacitor terminal law:

. dv

i=—-C [4 (7.25)

So for a large C' value, the rate of change for a given current is small. In the case of the two-legged
inverter layout, the current drawn from one of the neutral point capacitors is unsymmetrical. This is because
the phase angle is 120°, and to have a symmetrically load current, all three phases are needed. So to gain
knowledge about the voltage ripple, an OrCad simulation is set up. To make the simulation fit the actual
setup, two three phase AC voltage generators and two three-phase rectifiers are used as voltage source. To
have a worst case scenario, maximum load current is applied. The goal of the simulation is, to find a value
for the capacitor, that keeps the ripple of the DC link within 240V. The simulation schematic and results
can be viewed in appendix D.5 on page 188. The simulation is set up, using capacitor values available at
IET. The result of the simulation is, that a capacitor of C' = 825uF' is well suited for the inverter setup.

7.3.1 Realization of DC link capacitors

From appendix D.5, the capacitor value was chosen to C = 825uF based on simulation results and avail-
able capacitors at the Institute of Energy Technology rated for the medium voltage level. The capacitor is
realized by four Siemens 3300uF/450V B43458-A5448-M electrolyte capacitors in series, giving each neutral
point capacitor a voltage rating of 1.8kV. The data sheet for the chosen capacitor states the equivalent
series resistance (Rggg) to 65mQ@20°C, 100H z. The series resistance is important for calculating the power
dissipation of the capacitor banks. The Rggg is frequency dependent as shown on figure 7.11, and because
the current in the capacitors follow the switching frequency of fs,, = 5kHz the Rgsr should, according to
the manufacturer, be reduced to 60% resulting in:

Rpsk = 0.065 - 0.6 = 39mS. (7.26)

The tolerance of the used capacitors are +20%, and because they are series connected, 30.3k/5%
parallel voltage sharing resistors (value from datasheet) R, are incorporated to ensure voltage sharing.
The equivalent diagram of the capacitors is shown on figure 7.10.

The power dissipation of the capacitor bank is, as mentioned, caused by Rgsr, and given by:

Pc=1%-Rgsp [W] (7.27)

Using the OrCad simulation from appendix D.5, and adding the Rgsp = 4 - 0.039Q2 = 0.15612, the average
power dissipation can be found. The simulation result is shown on figure 7.12.

From figure 7.12, the average power dissipation is read to Po = 256W, meaning that the total power
dissipation of both the capacitor banks is expected to be Pc ¢or = 512W.
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Figure 7.11: Rgsr versus frequency from capacitor data

sheet [Siemens, -]. Red circle shows relative Rpsr at f =

S5kHz.

Figure 7.10: Capacitor circuit model.
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Figure 7.12: Simulation results for power dissipation caused by the Rgsr of 0.1562 . The top graph show the average
power dissipation, and the bottom graph shows the capacitor current (red), and the RMS capacitor current (green).
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7.4 DSP setup

To make the eight sets of IGBTs able to switch, the gate driver circuits must be applied with appropriate
gate signals.

A versatile tool for this is a digital signal processor (DSP). This can generate the required gate signals
from code, that is easily modified and operated along important functions, as analog current and voltage
feedback through ADCs for security. For this reason a DSP is chosen to generate gate signals in this project.
The requirements for the DSP are the following:

e Kight logic outputs for the PWM signals to the two phase legs. Each output must be configured with
optical transmitters.

Four logic outputs for measurement of time duration of code execution.

Four logic inputs to control the functionality of the DSP.

Five analog to digital converters (ADCs) to set modulation indexes, phase angle and maximum load
current reference and one for load current feedback.

e Three counters; Two for carrier based modulation and one to execute an interrupt routine (IRQ).
® fmod,1 = 200Hz and f,04,3 = 600H 2
o fsw =bkHz.

e Dead time of t4eqq = 2us.

For this a Texas Instruments TMSF2812 fixed point DSP is chosen. This is used with three additional
extension boards, that supply the eight required optical outputs and up to 16 analog inputs. Four of the
analog inputs are designed with build in voltage offset, so that AC quantities can be measured directly. The
used DSP setup is shown in figure 7.13.

Figure 7.13: Picture of DSP board, extension I/0 board and extra optical transmitters.

This specific 2812 DSP has an advantage of being able to generate PWM signals based on compare and
period values defined in a set of registers. Beside of a single read operation into the counter register, all
PWM activity is performed in specially designated hardware, so that the period and pulse width of the
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PWM signals will never be affected by additional heavy code executing in the DSP main loop. The period
always maintains the value defined in the period register. Also generation of a user defined dead time band

is obtained by applying a value to a dedicated hardware register.

7.4.1 DSP code

The generated code for the project is written in C and compiled using Code Composer Studio v. 3.3
(CCS). The developed C code can be found on the CD-ROM. The flow chart of the code is shown in figure

7.14.

Initialization

Main loop

Make pulse on

IRQ routine

(Tirq = 200us)

1/0 BO5 to read main
loop duration

Set I/0 A12 to read
duration of IRQ routine

!

Increment main loop
counter

1

If I/O AO4 is high,
make shoot through

If phase current ip>iymax)
turn PWM off

If main loop
counter > 50000,

Get phase current i,
from ADC 00

Generate 1st and 3rd
harmonics modulation
for phase and A and B
from sine lookup table

!

toggle LED on 1/O B08

!

If 1/0 AO5 is high,
turn PWM on
If /0 AO7 is high,
turn PWM off

Get maximum phase
current reference
ip(max) from ADC 07

Set compare registers
equal to modulation
values

!

Get M, from ADC 04

Reset 1/0 A12 to read
duration of IRQ routine

!

Toggle I/0 B04 to read

IRQ period

Get M, from ADC 05 i

End of IRQ

Init ADC'’s
Init IRQ

Get 8,4, from ADC 06

Figure 7.14: Flow chart of the DSP code.

The code is designed to give control of the individual inverter phase legs. The modulation indexes for
phase A and B, Ma and Mb, and the phase angle between the phases 6,, can be adjusted individually
by potentiometers connected to the ADC’s. As figure 7.14 shows, four of the eight ADC’s in the interrupt
routine are used for this purpose. The fifth ADC is used to input a reference value for the maximum allowed
load current i, mq.. If the reference is exceeded, the PWM is turned off for safety, and after this the PWM
must be turned on manually.

The code executes in two sections:

1. A main loop, that inputs the logic level of two inputs to turn the PWM on or off, and counts a main
loop counter, that toggles an LED to show, that the main loop is executing.

2. An IRQ routine, that inputs the analog values from all ADC’s and generates the PWM pattern. The
IRQ period is chosen to Trrg = Ts = 200us, because this is the same as the switching period.

The TRQ routine also samples the load current to detect any slow faults as the ones described in figure
5.2 on page 67. The fast faults can not be guaranteed to be detected, because current rise is much
faster than the sample period of 200us. The detection of fast faults is described in section 7.7.1.

To be able to determine the proper timing of the IRQ period and the IRQ duration not exceeding
the period, two logic outputs are toggled for every period and can be measured by oscilloscope. The
measurements are shown in section 7.4.3.

7.4.2 Implementation of PWM

The theory behind the sinusoidal PWM for a three level inverter is described in section 2.3.1.1 on page
2.3.1.1, and here the PWM output is generated by comparing a two triangular carriers and a sinusoidal
modulation wave. One carrier for the positive and one for the negative half period of the modulation wave.
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The triangular waves are implemented in two hardware counters in the DSP, but the counter registers
can not take negative values as required by the lower triangle, because they are unsigned 16 bit registers.
Therefore some modifications to the carriers and modulation wave must be done prior to the code realization.

One solution is shown in figure 7.15, where the negative half of the sinusoidal wave is mirrored across the
time axis, and along with that the lower triangular wave only takes positive values. Notice, that the lower
triangular waves is shifted half a period, because of the sine wave is mirrored compared to figure 2.7 on page
12.

The sinusoidal values are obtained from a 1024 steps sine lookup table read in to the DSP memory and
then multiplied by the modulation indexes and then read in to the four timer compare registers. The registers
are EVA CMPR1 and EVB CMPR4 for phase A, and EVA CMPR2 and EVB CMPR5 for phase B. The PWM
outputs are set high, when the compare register value is larger than the triangle. EVA CMPR3 and EVB
CMPR6 are used, if the third phase leg is implemented.

Phase A positive Phase B positive
EVA CMPR1 EVA CMPR2

\MMMM LAY

0 S : -t
Phase A negative Phase B negative
EVB CMPR4 EVB CMPR5

Tmod

Figure 7.15: Modified PWM scheme for the three level inverter with only positive wave form values. Blue: Phase A
and green: Phase B. Notice, that the third harmonic waveform is not included in the figure.

7.4.3 Test of DSP

In this section, the DSP is verified by measurement of the eight PWM outputs A; to A4 and B; to By, the
dead time generation and the TRQ period and duration. The results are shown in figure 7.16 to 7.19.

ﬁ\ il HH Ul ﬂ_
Tmod(l) 5ms
: : 5 ......................................

s ————— 1 L] LR A e————————— [ SR R —— B S ——

Pk Wbl P | R (! A NS R ARAE
@ ,}____.‘ ........... dol ) 3 | U AN
Ch1| ot Ch2| by T (mms\ A| CINAEXTT chil ety ‘c'h'2'| XN \Mh ‘o'u'mS\' A\ I AFYTY,

@IE 2.00V  Chd| 5.00V @EE 2.00vV Chd[ 5.00V |

Figure 7.16: Measured PWM signals for phase A. From Figure 7.17: Measured PWM signals for phase B. From
the top: Ay to Aa. the top: By to Ba.
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Figure 7.18: Measured dead time tgeqqa = 2us on DSP Figure 7.19: Measured IRQ parameters. Purple: IRQ
output. Blue: switch A1, purple: switch A3. The voltage period and green: IRQ execution time.
levels and offset is shifted slightly for clarity.

7.4.3.1 Conclusion

Figures 7.16 and 7.17 shows the PWM signals for phase A and B, with Ma = 1.16 and Mb = %. As seen,
A; and Ag are complementary and the same for Ay and Ay, and the phase B PWM signals. The fundamental
period is T},0q(1) = dms corresponding to fy,0ac1) = 200H z, and the phase shift for phase A equals 120°
compared to phase B. Because the measurements are comparable with the simulated waveforms in figure 8.3
on page 114, the measurements are accepted.

Figure 7.18 shows the dead time tgeqq = 2us, and this is as required according to section A.5, and
therefore the measurements are accepted.

Figure 7.19 shows, that the IRQ period is Trrg = 200us. This is the maximum allowed period of time,
because the TRQ loop updates the compare registers, that are used to set the duty cycle for the next
switching period. The duty cycle must be updated at least once during one switching period to ensure the
correct modulation waveform. The IRQ execution time 77 rq 100p is measured to ~ 1515, which is acceptable,
because the IRQ routine then only uses ~ 7.5% of the total IRQ period, and no IRQ overflow appears.
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7.5

Gate drive circuits

Each of the IGBTs seen in figure 7.1 need to have a drive circuit to convert the optical signals from the
DSP to electrical signals with appropriate voltage levels and current source and sink capabilities. Here a
specially designed gate driver, the Semikron Skyper 32 is supplied by Siemens. Details about the driver and
the external circuitry required are explained in this chapter, followed by measurement results.

7.5.1 The gate driver

The Skyper 32 gate driver is utilizing the following features:

Two identical isolated gate drivers in the same housing for two-level applications.
Galvanically isolated power supply between signal side and driver side.

Two separate outputs for on and off gate signal for each driver - different gate resistance for different
on and off time constants.

Supply under voltage protection. Triggers, when supply voltage Vg < 13V
Short circuit protection by v.. desaturation monitoring.

Error latch / error output.

Isolation capability from input to output vseri0 = 4kV,e (for t = 2s).
Isolation capability from output 1 to output 2 viser,12 = 1.5kV,. (for t = 2s).

Supply voltage Vg = 15V, no load current 4,,,;, = 80mA and full load current é,,,, = 450mA.

The schematic of the driver interior is shown in figure 7.20. This is divided into a primary side and a
secondary side, that are galvanically isolated. The isolation border is obtained by two signal transformers
and one power transformer.

Primary Side Isolation Secondary Side

l«—— SEC_TOP_VCE_CFG
Error Processing

Signal transformer TOP j«———— SEC_TOP_VCE_IN
- VCE monitoring
N I | I SEC_TOP_IGBT_ON

A

!

Power SEC_TOP_IGBT_OFF
I—) Driver
H TOP SEC_TOP_15P
PRIM_TOP_IN O—>| Signal processing: Transformer for power supply Power
- short pulse suppression Supply SEC_TOP_8N

PRIM_nERROR_OUT €——

PRIM_PWR_15P O—>]

A 4

- error latch / output / input

l«——— SEC_BOT_VCE_CFG

Power

PRIM_BO \ o0—> - drive interlock top / » OoP SEC_TOP_GND
botton
PRIM_NERROR_IN  O- > - under voltage protectio

DC / DC converter control S;%E’I!y [€«— SEC_BOT_VCE_IN
PRIM_PWR_GND ~ O— i SEC_BOT_IGBT_ON
. ! Power
S | ti f - - -
ignal transformer ) Driver

SEC_BOT_IGBT_OFF

> BOT
I SEC_BOT_15P
Error Processing
: BOT SEC_BOT_8N

! 1]

- VCE monitoring

SEC_BOT_GND

Figure 7.20: Schematic of the Semikron Skyper 82 gate driver [Semikron, 2007a].

On the primary side, a signal processing circuit is utilized to shape and filter the signal input pulses from
PRIM_TOP_IN and PRIM_BOT_IN correctly, before transmitting to the secondary side. Switching pulses
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shorter than 625ns are suppressed and not transmitted to the IGBT to prevent noise in the gate emitter
voltages.

Because the driver can operate two switches in a bridge configuration, a dead time between the signals is
applied by the driver. The dead time is fixed to 3us and can not be changed. This means, that if the the two
switches are operated together as one series connected switch, as in this project, two separate drivers must
be used. This is because the driver puts out a constant low signal at both outputs permanently, if identical
control signals are applied to the inputs 3

The supply voltage Vs monitor and error monitor is also placed on the primary side. The error monitor
enables the PRIM_nERROR_OUT output, if the supply voltage drops below 13V or if the PRIM_.nERROR_IN
error input is enabled, or if the voltage across one of the two switches differs from the expected value. This
happens for instance, if one or both switches short circuit and enter desaturation. The dynamic behavior of
the monitor is determined by the resistor and capacitance R.. and C.. on the secondary side.

The secondary side consists of the power driver, that sources the current for the IGBT gate. The driver
has two outputs, one for the on state and one for the off state, so that different gate resistance and hence
different charge and discharge time constants can be applied. Along with the power driver, an Error Pro-
cessing unit is used to monitor v... The output signal from this unit is fed back through the isolating signal
transformer to the error monitor on the primary side, and if an error appears, a signal is sent to the Signal
Processor to turn off both switches for safety. Here it must be mentioned, that any turn off transition, also
in case of desaturation, is performed hard switched. This means, that no additional turn off gate resistance
is applied automatically to obtain soft shut down?, as described on page 70.

The power driver can source a maximum average current of ioys,avg = £50mA. This current is a limiting
factor for the upper switching frequency for a given required gate charge. The data sheet for the power driver
gives the following relationship for the average gate current, gate charge and switching frequency shown in
figure 7.21.

Calculation Switching Frequency Maximum Switching Frequency @ different Gate Charges @ T.my=25°C
60 kHz
‘ _ |0thAme 50 kHz === —\
max
QGE o 40 kHz \
\
H \
e Maximum switching frequency * BrolkEE N 4
loutavmax. Maximum output average current § ~ 3.25uC
Qee: Gate charge of the driven IGBT 0k o | s
10 KHz ////]m
@ Tamv=25°C /wnh external uoesx:auacnlom//
| W77/ /7// A_
ouc 1pC 2uC 3uc 4uc 5ucC B puc
gate charge

Calculation Average Output Current Average Output Current as a Function of the Ambient Temperature

Figure 7.21: Mazimum rating for output charge per pulse [Semikron, 2007a).

In the figure the average current is given by

I(mt,(wg = fsw . Qge [A} (728)

As the figure shows, the maximum obtainable switching frequency is very dependent on the gate charge
required to turn the given IGBT on. The data sheet value for the Semikron IGBTs nominal gate charge

3The dead time can be changed in the Semikron Skyper 32 Pro edition [Semikron, 2007b]
4This feature is possible in the Skyper 32 Pro edition [Semikron, 2007b].
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is Cge = 3.25uC for a gate voltage transition from vgeorr = =7V t0 vge,on = 15V. Comparing this to
the information in figure 7.21, the gate driver is capable of switching the IGBTs up to approximately
fsw = 1bkHz with use of external boost capacitors in the secondary power supply. These are connected
between 15P, 8N and GND. Recommended values according to Semikron [Semikron, 2007a] are given by
the expressions

1

Cboost(15P) [:U’F} = ch [,UC] : V - 22MF (729)
2

Cboost(SN) [:U’F} = ch [,U/C] . V - 47MF (730)

By inserting Q.. = 3.25uC, the minimum required capacitances for the boost capacitors become

1

Choostisp) = 3.25uC - o —22uF = LO5uF (7.31)
2

Croost(sy) = 3.25pC- o —4TuF = 18uF (7.32)

The on and off state voltages of vge on = 15V and vge ofy = —7V are fixed quantities, that can not be
changed.

Desaturation detection

The desaturation detection theory is described in detail in section 5.2.2 on page 70. The detection in the
driver is obtained by comparing the actual v.. voltage with a reference voltage vc g rey determined by the
first order RC' network Ceop and Rog. If v.e becomes larger than the reference within a defined blanking time
tp;, no action is taken. But after the blanking time has passed, the situation is interpreted as desaturation,
and a turn off is performed, and the output pin PRIM_nERROR_OUT is set.

Figure 7.22 shows three different fault situations, where desaturation appears and is detected.

Short circuit during operation J Turn on of IGBT too slow * J Short circuit during turn on
v,
V, CE
CE
vCE,ref
vV, vCE,ref o
\ ,__[ CE,ref i o
CE / ] \ . s
Veestat / Veestat ]\ CEstat
Veesat s Veesat Veesat
. > ty=—> = > t—> - t—

* or adjusted blanking time too short
Figure 7.22: Desaturation in three different short circuit situations [Semikron, 2007a].

The magnitudes of Cog and Rop are determined by the acceptable dynamic and steady state behavior
of the IGBT, that means the maximum acceptable v, in normal operation, and the acceptable time, for
which the IGBT dynamic behavior is ignored. This is called the blanking time ty;.

The data sheet of the gate driver [Semikron, 2007a] gives the following equations for determination of
Ccg and Reog without further explanation:

(7.33)

Rop = —17kQ-In (1— Chostat — VCE kﬂ) 2]

8.5V
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to[ps] — 2.5us — 01142 - Rop
Cop = F 7.34
or 0.00323 2 pF] (7.34)

Here Ry cp is the series resistance of the v.. feedback path, and this is Rycgp = 1kQ). Cor and Reg
are now determined from the IGBT characteristics from the data sheet [Semikron, 2006]. The IGBT turn on
time in normal operation is t,, ~ 400nsQRy. = 4.7Q2, and the on state voltage drop vee 0, @(T; = 125°, I, =
400A) = 2.9V. Also it can be seen from equation (7.33), that the maximum possible choice for vog stas is
approximately Vo g stqr = 7.5V, because the expression is not valid for negative numbers inside the brackets.

The blanking time t;; is chosen to t;; = lus to ensure, that the IGBT is turned fully on, before the
desaturation detection is enabled, and the threshold for the on state voltage drop is chosen to Vog stat(maz) =
7V to ensure sufficient headroom from the normal on state voltage Vo, stat = 2.9V. From this Ccgr and
RcE become:

Vo 1EQ -
Rop = —17kQ-In <1 -SSR~ sk (7.35)
4— 255 — 01155 - 1kQ)
Cop = i Q —  308pF (7.36)

0.003231’)‘—;

These are shown in the gate driver schematic in figure 7.23.

7.5.2 The gate driver external circuitry

The Semikron gate driver needs additional hardware to interface with two optical inputs and one output and
to be protected by variations on the DC power supply to function properly. The schematic of the complete
used gate driver system is shown in figure 7.23.
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Schematic of the complete gate driver circuit.

Figure 7.23



CHAPTER 7. IMPLEMENTATION MODEL

On the primary side, an LM7815 linear regulator is ensuring a constant supply voltage of +15V, from an
input voltage in the range of V.. = [+17V;+35V].

The two SFH551/1 RX; and RX5 are optical receivers for the gate and the disable signal. Because the
receivers are active low and the gate signal input is active high, the signal from RX; is inverted by R;, Ra,
R3 and the BC557B transistor.

The output of RX5 is connected directly to the PRIM nERROR_IN pin, because this one is active low as
well.

The error output SFH756 T'X; is driven by the transistor BC547B, and Dy, Dy, Ry, Rig and Ry, form
a discrete OR gate, because both gate drivers must be able to activate the error output.

On the secondary side, the gate resistors are chosen to be Ry, = 4.7Q and Ry .5y = 4.7€2 according
to appendix A.2. The error monitor feedback network consist of the components R.. and C,.. Important
components close to the IGBT are the two 18V anti parallel transil diodes across the gate emitter terminals.
With these the gate can not be exposed to voltages outside the range of [—20V;20V], which are critical
according to the data sheet. The reason for using transils in stead of regular zener diodes is, that the used
transils are designed to dissipate up to 1.5kW power for a short while, and this makes them robust as voltage
clamps.

A picture of the realized gate driver board is shown in figure 7.24.

Secondary side

V'
| Optical

[{inputs and °
output E

Figure 7.24: Photography of the gate driver board mounted on two IGBTs.

7.5.3 Measurement of gate driver signals

Here the signals related to the gate drivers and their interaction are measured to verify the operation of the
driver boards and to obtain numeric values for the signal propagation delays. These signals are

e The gate output signal on the DSP vout, psp-
e The gate emitter voltage vge.

e The collector emitter voltage v, -

e The gate driver disable input vip, disabie-

o The gate driver error output vout,error-

The measurement points are shown in the gate driver schematic in figure 7.23.
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7.5.3.1 Measurement of gate signals

Here the gate signal seen on the DSP board v, psp, the corresponding gate signal on the the gate driver
board vin,gate and the gate emitter voltage vy are measured. This is done to verify, that the 3us dead time
generation in the DSP is sufficient to avoid shoot through in the phase legs. The results for the turn on and
turn off transients are shown in figures 7.25 and 7.26.
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Figure 7.25: Measured gate driver signals in turn on Figure 7.26: Measured gate driver signals in turn off
transition. Blue: Vout,psP, magenta: Vin, gate and purple: transition. Blue: Vout,psp, magenta: Vin, gate and purple:
Vge.- Vge.-

Figure 7.25 shows, that the total turn on delay from the terminals on the DSP vy, psp to the the actual
rise of the gate emitter voltage vge 18 4,0n(gate)y = 1.2us. This includes the rise time of the of the optical
transmitter and receiver and the propagation delay in the gate driver circuit.

Figure 7.26 shows, that the total turn off delay from the terminals on the DSP v,,+, psp to the the actual
fall of the gate emitter voltage vge i tq,o1f(gate) = 2048

The conclusion of these measurements are, that the dead time f4eqq,psp = 2us chosen for the DSP in
section A.3 is sufficient, because the effective dead time will be reduced by a2 800ns only. This can be shown
by equation (7.37).

tdead,total = tdead,DSP - td,off(gate) + td,on(gate) = 2pus—2us+12us = 1.2ps (737)

The minimum dead time required is ~ 480ns, and therefore the measurements are accepted.

7.5.3.2 Measurement of desaturation detection

Here the desaturation detection circuitry is tested and measured to verify proper operation, when a desat-
uration situation occurs. This is important to verify, because the desaturation detection is used to protect
the inverter in case of fast faults, as described in section 5.2.2.

The measured signals are the gate signal on the DSP board v,u:, psp, the gate emitter voltage vge, collector
emitter voltage v.. and the error output signal vout error. It must be mentioned, that the desaturation
situation with high v.. is generated with a pulse generator connected to the collector voltage feed back
terminal in stead of generating a real short circuit. Therefore v, stays high without any inductive turn off
over voltage, after vg. goes in to off state, but this considered sufficient to verify the operation. The results
as overview and zoom in are shown in figures 7.27 and 7.28.

Figure 7.28 shows the zoomed desaturation, and it can be seen, that the delay between the IGBT entering
desaturation and the gate emitter voltage vge going low is ~ 8us. This is a worst case value. The value has
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Voutpse high

Vouterrory do€s not stay high
: S A

Vou.&(evmr) h'gh .
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Figure 7.27: Measured gate driver signals in desatura-
tion situation. Blue: Vour, Dsp, magenta: vge, purple: vee
and green: Vout,error-

Figure 7.28: Zoom of gate driver signals in desaturation
situation. Blue: Vout,psp, magenta: vge, purple: vee and
green: Uout,er'ror-

been measured many times for all 16 gate drivers, and the lowest obtained value is 2p1s. The delay is generated
internally in the gate driver, and can not be changed by the user.

It must be noted, the the requirement for the desaturation detection is, that it must turn the IGBT off
within 10us, under the conditions described in section 5.2, because of excessive dissipation. The delays mea-
sured are within the requirement, but close to the limit, which means, that only one desaturation sequence
can be tolerated, to prevent temperature destruction. This is explained in more detail below.

An important detail is, that voyt error is only high as long as the DSP gate signal stays high, which means,
it is not latched. As soon as the gate signal goes low again, vyt error also goes low after ~ 10us, and in
practice this means, that the switches are able to enter desaturation for every turn on transition in case of
a fault, until the inverter is fully turned off. The consequence of not latching the turn off of the inverter,
when the first desaturation is detected is, that the IGBTs may break down because of over temperature,
even though the desaturation detection performs acceptably.

The figure also shows, that the delay between desaturation detection and the error output going high is
10 — 12pus.

7.5.3.3 Measurement of disable input

Here the interaction between the disable input, the error output and the turn off of v, is tested and measured
to verify proper operation and to obtain numeric values for the propagation delays. The disable input is used
to turn of the gate driver to make it ignore any wave form in the gate input signals.

The measured signals are the disable input v;y, gisabie, the error output vouterror and the gate emitter
voltage vge, and the results as overview and zoom in are shown in figure 7.29 and 7.30.

Figure 7.30 shows the zoomed in situation, where the active low disable input becomes active. The
propagation delay between the disable signal vip 4isabie and the gate emitter voltage vg4. going low is ~= 500ns.
And the delay between vy, gisabie and the error output voyt,error going high is 6us.

7.5.4 Conclusion

The measurements performed in this section on the gate driver boards show the following aspects:
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Figure 7.29: Measured gate driver signals with dis- Figure 7.30: Zoom of gate driver signals with dis-

able input active. Blue: vour,psp, magenta: vge, purple: able input active. Blue: Vout,psp, magenta: vge, purple:

Vin,disable ONA green: Vout,error- Vin,disable ONA green: Vout,error-

e The propagation delays seen from the gate signal on the DSP to the gate emitter voltage on the IGBT
side of the driver is 1.2us and 2.2us. These values are small, and do not conflict with the 2us dead
time generation in the DSP, because this values already is including safety margin.

e The delays associated with the desaturation detection is 8us worst case for the vy turn off from
detected desaturation and 12us worst case for the error output signal vous,error. The vg4e turn off delay
is close to the maximum allowed turn off time of 10us, that is stated according to the IGBT data sheet.
But still the delay is within the limit and is therefore accepted.

e The delay from active disable input signal v;n disqbie t0 Vge turning off is 500ns, and 6us for the error
output signal Vout,error- That means, that the disable delay is much smaller than the desaturation shut
down delay. These are fixed quantities, that can not be changed by the user, even though is would be
desirable to minimize the time delay for the desaturation detection, because this is fixed close to the
limit.

The delay times measured here are important, because these have significant influence for the desaturation
protection scheme described in section 7.7.1.
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7.6 Voltage balancing

The realization of the balancing of the IGBT and diode voltages consist of the following parts:
e Passive snubbers for neutral point diodes .
e Over voltage clamping using zener diodes.

The theory and the simulations for both snubber types are described in section 4.1.1 and 4.2.8.

7.6.1 Passive snubbers for neutral point diodes

Here the passive snubbers are designed based design guide proposed in section 4.1.1, and the used components
values are recalculated for the actual maximum load current of 4j0q4,mar = £100A. The minimum required
capacitance becomes

Iload . tru 100A - 16.3ns
.. o 007 8.15n (7.38)

Here a 10nF /2.5kV polypropylen capacitor is used. The maximum series resistance Ry is calculated as

R _ Ton,min _ QMS
B 5 Cymin D - 8.15nF

49.10) (7.39)

Here a 16.5Q resistor is used. The use of a smaller resistance than the maximum of 49.1Q2 makes the
capacitor discharge faster than the required t,,,, = 2us, which is acceptable. The power dissipation in the
passive snubbers is associated with the energy stored in the capacitors, and this is dissipated into Ry in every
turn on. From this the power dissipation capability of the resistors R; becomes

1
Pioss,r, = fsw~§-Cs-VCQS:5kHz~10nF-600V2 = oW (7.40)

The static balancing resistance Rs; = 200k€2 found in the simulations are also used here, because the
calculations are based on the Semikron IGBT. The power dissipation capability of Rs; becomes

Pioss,r, = Ry (5-icorr)® =200kQ- (5-600ud)> = 1.8W (7.41)

This is a worst case value which only appears, when Ma = 0. In this case the inverter stays in zero
state, and exposes the parallel resistors of switch S, and Sp4 to 600V permanently. During operation the
dissipation will be less depending on the duty cycle.

The diode D used is a high voltage ultra fast STT H310/S / 1kV. The component values are summarized
in table 7.2.

7.6.2 Zener clamped snubber

The zener clamped snubbers are realized by three transil diodes in series Z;, Z> and D; and one parallel
resistor R,,. Here the breakdown voltage is chosen to Vg z = 700V according to the simulation in section
4.2.8, and this gives a maximum allowed DC link voltage of Vpc = 2.8kV before the transils start to clamp
the DC link. With this choice, the safety head room for the DC link voltage in normal operation is 400V .
The reason for using transils diodes in stead of ordinary small signal zener diodes is the transils capability of
dissipating high power for short times during the clamping. Normal zeners will be destroyed by high currents.

Transils with a break down voltage of 700V are not available for the project, and in stead two transils
with break down voltages of 300V and 400V are connected in series to obtain the required break down.
The chosen devices are a 1.5 K E300V A and 1.5K E400V A, and these have a peak pulse power capability of
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1.5kW (10/1000us). The desired operation of series connecting transils is verified experimentally in appendix
D.2.2 with two 400V transils in series.

The diode D1 i s used to avoid a constant gate current in on state, and here a 300V transil of the same
type as for Z; and Zs is used. This transil is operated only in the forward region, this means used as a normal
diode only. The parallel resistor for static sharing is also here chosen to R, = 200k€) according to equation
(4.18) and dimensioned with respect to power dissipation according to equation (7.41). The components are
summarized in table 7.2.

’ Component \ Value / type ‘
Passive snubber

D, STTH310/S / 1kV ultra fast
R, 16.5Q2 / 10W

Cs 10nF / 2.5kV

R, 200k / AW

Zener clamped snubber

AR 1.5K E300V A / 300V transil diode
Z12 1.5KE400V A / 400V transil diode
D, 1.5K E300V A / 300V transil diode
R, 200k82 / AW

Table 7.2: Summary of component values for passive snubbers and zener clamped snubbers.

Both the passive snubber and the zener clamped snubber are now added to the simulation schematic
shown on page 8.1, and the simulation results are shown in figures 8.5 and 8.4. The measured results of
voltage sharing at Vpo = 2.4kV are shown in figures 9.30 to 9.52.

7.7 Fault protection
The realization of the fault protection of the inverter consists of the two following parts:

e Slow fault detection with analog load current feedback to the DSP.

e Fast fault detection with local monitoring for desaturation. This is operated independently of the DSP.

7.7.1 Fast fault protection

The first part of the the load current protection is the fast fault detection scheme. This scheme is based on
the desaturation detection method described in section 5.2.2, and in the realized system, the detection is
chosen to be performed by the gate drivers as shown in the measurements in figure 7.28 on page 103.

As mentioned, the fast faults must be detected and handled within 10us in worst case, because the power
dissipation in the IGBTs become excessive, if desaturation appears. The fault could be handled by passing
an error signal to the DSP to turn off all gate drivers in case of a fault. But to avoid the time delay related to
executing a turn off routine, the fast fault detection and protection scheme is chosen to operate independently
of the DSP in separate hardware, here called an optical hub.

In stead the protection scheme is chosen to be based on discrete logic gates, because the propagation
delays in these are very low. The proposed block diagram of the system is shown in figure 7.31. Here the
detection is performed by the gate drivers.

The protection scheme is based on the optical Error Out from every driver board, that goes high,
when ever desaturation is detected. All the Error Out signals are gathered by optical receivers and
OR’ ed together by OR gates. But as described in figure 7.28, Error Out does not stay high after the
detection. In fact it goes low again, when the gate signal from the DSP goes low, and this may lead to
device break down, because the power dissipation will become excessive after several desaturation sequences.
Therefore the Error Out must be latched externally after the first detection, and this is the first part of
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the protection scheme. The latching is obtained by an R/S latch, that must be reset manually by applying
an external reset signal.

The second part of the protection ensures, that every gate driver is given a disable signal in case of at
least one gate driver detecting a desaturation. This is obtained by distributing the latched Disable Out
signal to every driver board, even if initially only one driver is detecting a desaturation. This is done to
ensure maximum immunity to the fault.

Optical "Error” outputs » Optical "Error” inputs
1 1 1 1 1 1 1 1 ddddiiy
Gat Gat Gat Gat Gat Gat Gat Gat . - Latch i
dri?/:r dr:/:r driillsr dri?/:r dri‘?/:r dr:/:r dr:/:r drie\llt(:r Olztt';? Ifg:gl‘g:h [ Lawchresetinput
01 02 03 04 05 06 07 08 [—> Disable signal to DSP
T i) 1 1 1 1 1 1 vibedlid
Optical "Disable” inputs < Optical "Disable” outputs

Figure 7.31: Block diagram of the optical hub used for fast fault protection. The detection of the fast fault is performed
by the gate drivers.

The schematic of the optical hub is shown in figure 7.32. On the left side the optical receivers SFH551/1V
are. These are active low, and therefore the outputs are connected to the two 4069 logic inverters named
U1 and U2 to convert the signals to active high. All of these signals are gathered into two 4078 eight input
NOR gates named U3 and U4, that are finally inverted before entering the SET input of the QUAD R/S
latch 4078. Here only one out of the four available latches are used. The latch reset is obtained by a separate
optical receiver connected to the RESET input through an inverter gate.

When one or more error inputs become high, a high value is latched, and the 2N3904 NPN transistor
Q1 sources current for the nine optical transmitters SFH756V and a LED.

7.7.1.1 Measurement of propagation delay

The measured propagation delay through the optical hub including the optical receiver and transmitter is
shown in figure 7.33. Here a desaturation is emulated by applying a high voltage to the collector feedback pin,
and monitoring Vout error and Vin disable- The propagation delay is measured as the duration from vout error
going high to the returning signal from the hub activates vi, disapie. This is measured to tg pus ~ 200ns.

The total expected delay t4,0ff,t0tal from one gate driver transmitting a high vou¢,error to the other drivers
turning off becomes

tdoffiiotal = tdhub +td,georr = 200ns +500ns = 700ns (7.42)

td,ge,off = 900ns is found in figure 7.30 on page 104. Because of the disable delay, the gate drivers are
expected to turn off at different times. And even though the delay is small, it is long enough to unbalance
the off state collector emitter voltages of the IGBTSs, as shown in the simulation figures 3.12 and 3.13 on
page 25. Especially if only one gate driver is detecting a desaturation, the corresponding IGBT is expected
to see a high v.. only limited by the over voltage protection.

The test results of the fast fault protection is shown in the short circuit test in figures 9.55 to 9.66.

7.7.2 Slow fault protection

The second part of the load current protection is the slow fault detection scheme. As described in figure
5.2 on page 67, the slow faults are characterized by slow current rise compared to a short circuit situation.
Typically a slow fault is to be detected, when the inverter is operated in over current mode. Because the
current rise is slow, the detection scheme can be satisfied with load current feedback to the DSP, that is
sampled within every switching period. It must be repeated here, that the over current situation do not lead
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Figure 7.32: Schematic of the optical hub used for fast fault protection.

to the same power dissipation as the desaturation, because the on state voltage drop is small. Therefore it
is not critical to detect the over current very quickly, as is the 10us requirement for a fast fault.

For the load current feedback a LEM current transducer is used, because this is able to measure both
AC, DC and pulse currents, and therefore any eventual DC offset in the load current will be detected as
well. This is not possible with for example a Rogowski Coil, that is only capable of measuring the change in
current, because the measurement is based on changes in flux density around the conductor. Below a given
cut off frequency, the induced voltage becomes undetectable.

The decision rule for the for the over current protection to trigger is the following;:

it —dpadmaz = Gload = Uload,mas then disable all PWM outputs (7.43)

The over current protection is implemented in the DSP code, and here the load current is sampled once
in the end of every switching period. The reference 7;o4d,maqz is chosen to be an adjustable parameter, that
can be set by a analog voltage to an ADC. In this way, the reference and the level of security can be chosen
prior to the individual tests.

A detailed description of the measurement results is not given in the report. The current feed back has
been tested by setting the reference to 50A, 1004 and 1504, and in each case the protection has shown
acceptable behavior by disabling all PWM outputs on the inverter, when the load current has exceeded the
reference.
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Figure 7.33: Measured propagation delay tq hup through
the optical hub. Blue: vg4e, magenta: vee, purple: Vout,error
and green: Vin, disable -

Figure 7.34: Photography of optical hub.
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Chapter 8

Simulation and realization

In the previous chapters, the individual parts of the inverter are designed, simulated, realized, tested and
accepted. These parts include the following:

e Load inductor.

Neutral point capacitors.

Medium voltage power supply with six transformers, Danfoss VLT and six three phase rectifiers.

Gate drivers for the IGBTSs.

e DSP to control the gate drivers.

e Protection circuit.

In this chapter, the full thee-level inverter is simulated and realized.

8.1 Simulation
In this section, the full system is simulated in one common simulation file using OrCad. This is done to have

a basis for comparison, when the full system is tested in the following section. The required waveforms from
the simulations are:

e The output voltages vqp, Von and vpy.

The load current %;,44-

The voltage v pny of the individual IGBTs.

The voltage vy 5, across each switch consisting of two series IGBTS.

The voltage sharing of the diodes vp .

The voltage vq,, across the diode pair.

The full simulation schematic is shown on figure 8.1, and the results are shown on figure 8.2 to 8.5.
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Figure 8.1: OrCad simulation of three-level inverter. Voltage imbalance for IGBTs obtained by adding a delay to one
of the IGBT’s in each pair like in section 4.2.9. Parameter deviation for diodes is implemetned by parallel capacitors
like in section 4.2.2. The reason for the extra diode across each IGBT is, that the anti parallel diode is not included

in the Pspice model of the IGBT.
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CHAPTER 8. SIMULATION AND REALIZATION

8.1.1 Conclusion on simulations

The results of the simulations on figure 8.2 shows, that the three-level performance is obtained. This can be
seen by the five level vy, and the three levels of v,y and wvpy. Also, the sinusoidal current ;.4 is shifted
90° compared to the output voltage v, as expected, due to the inductive load. The implementation of
modulation strategy, analyzed in section 2.3, is shown on figure 8.3. It shows, that the gate signals have
the expected distribution. The simulation of the IGBT voltage sharing on figure 8.4, shows that the zener
clamped snubber only allows a deviation of AVee maz = 200V, and that the static voltage sharing resistance
ensures static balance. Finally, the simulation of the passive diode snubber, shown on figure 8.5, shows that
the voltage deviation is well within the accepted AVee pmqr = 200V.

The next step is to build and test the inverter. The realization of the full thee-level inverter system is
shown in the following section.
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8.2 Realization

In this section, photographies are presented of the realized inverter and peripheral equipment. The wiring
between the switches is given special attention to minimize the stray inductance. The wiring is chosen to be
flat aluminium bars according to the mathematical background for minimum stray inductance described in
appendix C on page 167.

A step by step assembly of the inverter system is shown on the figures 8.6 to 8.12.

Figure 8.6: Bottom layer: Layout of the IGBTs, the Figure 8.7: Layer one: Realized connections between
heat sinks and the meutral point capacitor bank. The switches and the positive supply plate DC+.

zener clamped snubber / protection can be seen next

to each IGBT terminal.

Figure 8.8: Layer two: The two phase outputs and Figure 8.9: Layer three: Negative supply plate DC—.
the neutral point N.
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Figure 8.10: Layer four: Gate drivers and sup- Figure 8.11: Layer five: Static voltage sharing re-
ply/safety terminals for grounding capacitors. sistors, fiber optical connections, diode snubbers and
optical hub.
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2 x cooling

i

Diode ; T ' ‘| Gatedriver

snubbers

Figure 8.12: Final layout of the two-phased three-level inverter.
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8.2. REALIZATION

As shown on the photographies, the connections are made as wide as possible, and also, the current
conducting layers are placed on top of each other. The isolation used is Mylax plastic which has a dielectric
strength of 120kV/mm. The diode snubbers of figure 8.11 are bolted directly into the thread of the IGBT
terminals to minimize the inductance. The heat sinks below the IGBTs are grounded, to ensure that the
potential is not floating. The grounding is obtained by connecting to the floor ! in the HV laboratory at the
Institute of Energy Technology.

Two large electrical fans are mounted onto the heat sinks, to provide extra cooling, and compensate for
the heat sink lamellas pointing downwards.

LThe floor in the laboratory is grounded as one large low impedance metal plate.
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Chapter 9

Test

In this chapter, the test of the full system is performed. In the previous chapters, the individual parts of the
inverter are designed, simulated, realized, tested and accepted. These parts include the following:

e Load inductor.

Neutral point capacitors.

e Medium voltage DC power supply.

e Gate drivers for the IGBTs and isolated power supply for each gate driver.

e DSP to control the gate drivers.

The test setup used is presented on figure 9.1.
The used equipment is listed in table 9.1.

’ Equipment \ AAU number \ Used for
4 x Tektronix scopes 62796, 62794, 60349, 38387 Data importing
2 x High voltage probe 2kV No number Output voltage

4 x High voltage diff. probes

No number

Switch voltage / output voltage

Rogoflex current transducer

No number

Load current feedback to DSP

Differential voltage probes

56075, 56077, 56078

Switch voltages

Differential voltage probes

38393, 38396, 38398

Switch voltages

2 x Delta SM300 DC power supply

62767, 62765

Initial- and short circuit test

Danfoss 55kV A HVAC 6052

No number

Variable main supply

6 x 10kV A AXA transformers

38621,38619,38620,
38623,38617, No number

Generation of
medium voltage level.

6 x Semikron SKD 30/16 three-phase
diode bridge rectifiers

No number

Rectification of the
transformer voltage

32A low pass filter

No number

Filters the output to prevent harmonics

Table 9.1: Equipment used for full system test.

The tests performed on the system are done at different voltage and current levels, and organized as

follows:

e Initial test at Vpo = 600V with added load resistors. This test is to verify the functionality of
the inverter. High power 1kW resistors are connected in series with the load inductor to do initial test

of the system at low current.

e Test at Vpc = 1.2kV The purpose of this test is, to test the medium voltage DC power supply, and

the inductive load.
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Figure 9.1: Full test setup.
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e Final test at Vpo = 2.4kV and ?load = £100A. The final test is done, to verify the simulation from
section 8.1.

e Short circuit test. This test is done to verify the protection scheme of the inverter system.
For each test, the following parameters are sought:

e Static and dynamic voltage sharing between the IGBTs and diodes in series.

e QOutput voltage waveform.

e Output current waveform.

e In the special case of the short circuit test, the sought parameters is explained in section 9.4.

In the following sections, the data from the individual tests are presented.

9.1 Initial test at Vpo = 600V with added load resistors

The purpose of this test is, to initially test the functionality of the realized inverter setup. The test is done
by means of two delta DC power supplies, and also, an 802 power resistor is used in series with the load
inductor to limit the load current. The results are shown on figure 9.2 to 9.14.

TekRun |

—_
=
u

] Trig'd

..... ™ " [l TS N P——————_ A LT . b et 08

‘Ch1° 10.0 A““CHZ*500V ~~M4.00ms A EXt T S00mw
Ch3 500V 500V - - -

T i§50.60 % ; ; :

Figure 9.2: Output waveforms for initial test. Dark blue= ij0qd, light blue = vq1, purple = von and green = vpn .

9.1.1 Results of initial test at Vpc = 600V with added resistors

The results of the initial test showed, that the inverter is fully functional, and that the output waveforms is
as expected. There is some disturbance in the current. The voltage sharing of the IGBTSs is not equal in this
test, but this is because the snubber is designed for Vpoc = 2.4kV. The diodes have good voltage sharing,
because the passive snubber adapts to the DC link voltage, but the voltage sharing is not the main issue of
this test, so no closer inspection is performed until the final test.
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9.1. INITIAL TEST AT Vpc =600V WITH ADDED LOAD RESISTORS

Tek Run | E iy 1 Trig'd
T} :
Q\ bt . s R el .. e L
(P2
----- ik G i
B : N AL A sl
‘Chi- 250V 'Ch2- 250V M4.00ms A Ext & 800mV- ‘Chi1 250V - "Ch2° 200V “~M4.00ms A Ext 7 400mw
. 250 V . . . . . 200 ¥ . i . . . i
149.20% 05060 %
Figure 9.3: Voltage sharing of switch pair Sq1. Dark Figure 9.4: Voltage sharing of switch pair Sq2. Dark

blue= vsa11, light blue = vsq12, purple = vgq1.- blue= vgq21, light blue = vsq22, purple = vgq2.

Tek Run | [ ’ Trig’'d Tek Run |

iAo =i

=
11

Wl 250V - Ch2 200V ~"M4.00ms A Ext ~ 400mw
: I 49.60 %

@ 250v  ch2l 250V |M4.00ms A| Ext S 800mV
Ch3[ 250V

Figure 9.5: Voltage sharing of switch pair Se3. Dark  Figure 9.6: Voltage sharing of switch pair Sqa. Dark
blue= vsa31, light blue = vsae32, purple = vgq3. blue= vsqa1, light blue = vgqa2, purple = vsaqa.
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Ui somsmesrmann
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@i 250V Ch2 250V M4.00ms A| Ext 7 S00mv
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Figure 9.8: Voltage sharing of switch pair Sp2. Dark

Figure 9.7: Voltage sharing of switch pair Sp1. Dark
blue= vsp21, light blue = vsp22, purple = vspa.

blue= vsp11, light blue = vsp12, purple = vsp1.

TekBun | 1 Trgd Tek Run | E i ! Trig'd

bt B b . TLE:

R 250V - ChZ: 200V ~M4.00ms A Ext S 400mw
200 V . . I . . .
T [49.60 % :

@Gkl 250V Ch2 230V M4.00ms A Ext S B0OmV

Ch3| 250V

Figure 9.10: Voltage sharing of switch pair Spa. Dark

Figure 9.9: Voltage sharing of switch pair Syz. Dark
blue= vspa1, light blue = vspaz, purple = vspa.

blue= vsp31, light blue = vsps2, purple = vsp3.
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9.1. INITIAL TEST AT Vpc =600V WITH ADDED LOAD RESISTORS
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Figure 9.11: Voltage sharing of diode pair Dq1. Dark
blue= vpa11, light blue = vpai12, purple = vpa1.
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Figure 9.13: Voltage sharing of diode pair Dy1. Dark
blue= vpp11, light blue = vppi2, purple = Vpp1.-
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Figure 9.12: Voltage sharing of diode pair Dq1. Dark
blue= vpa21, light blue = vpa22, purple = vpa2.
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Figure 9.14: Voltage sharing of diode pair Dyy. Dark
blue= vpp21, light blue = vpp22, purple = vppe.
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9.2 Test at Vpe = 1.2kV using medium voltage DC supply

The purpose of this test is, to test the functionality of the realized inverter setup, including the effect of the
medium voltage PSU. The modulation index Ma is set to 1.16 as in the simulation of the prevuis chapter.
The results are shown on figure 9.15 to 9.27.

TekStop | E ;

.-

--@--g]:‘::n

®i| 100A © |Ch2[ 2.00kv  M1.00ms A Ext J S00mw
Ch3[ 1.00kV _|Ch4[ 1.00kV

Figure 9.15: Output waveforms for 1.2kV test. Dark blue= ii0qd, light blue = vqp, purple = von and green = vpn.
Notice the offset in the current.

9.2.1 Result of Vpo = 1.2kV test

The result of this section shows, that all the switches still works properly. Also the influence of the inductive
load can be seen on figure 9.15, where the current is shifted ~ 90° compared to v,p. There is an offset in 7j044-
It can be seen from figure 9.15, that the current has a peak to peak value of ij0q4,pp ~ 904, and this suggest,
that the load inductance is approximately the desired value. From the measurements at Vpeo = 1.2kV, the
effect of the medium voltage PSU becomes clear. On figure 9.25, the DC link voltage is added to the voltage
sharing data, and the effect of the ripple is seen in all the voltages of this test. Like the Vpc = 600V test, the
voltage sharing is not the issue here, and again, the switches does not share the voltage correct, because the
snubbers are fixed to a clamping level of 700V pr. switch. The diodes however have an acceptable voltage
sharing as shown on figure 9.24 to 9.27. Also the effect of the third harmonic can be seen on figure 9.15,
where the peak to peak value of the current can be calculated from equation (7.22) on page 88 to:

. Vab,1 Vab,1

Uoad,pp = : = - A 9.1

8P 6 Zoad] /27 farod - L{lgap)® + Roe) - 6 4] ®.1)
1.2kV -/3-1.16 _ 8344 (9.2)

1 oa =
foadt = 27 - 200Hz - 0.023H)2 + 0.0862

This calculated result fit the measured data of figure 9.15, and hence, the third harmonic injection works as
expected.
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9.2. TEST AT Vpc =1.2KV USING MEDIUM VOLTAGE DC SUPPLY
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Figure 9.16: Voltage sharing of switch pair Sq1. Dark
blue= vsa1, light blue = vsqa11, purple = vsai2.
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Figure 9.18: Voltage sharing of switch pair Sqz. Dark
blue= vsa3, light blue = vsa31, purple = vsq32.
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Figure 9.17: Voltage sharing of switch pair Sq2. Dark
blue= vgq2, light blue = vsai2, purple = vsqa22.
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Figure 9.19: Voltage sharing of switch pair Sqa. Dark
blue= vga4, light blue = vsqa1, purple = vsqa2.
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Figure 9.20: Voltage sharing of switch pair Sy1. Dark
blue= vgp1, light blue = vsp11, purple = vspi2.
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Figure 9.22: Voltage sharing of switch pair Sys. Dark
blue= vsps, light blue = vsp31, purple = vsp3a.
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Figure 9.21: Voltage sharing of switch pair Sy2. Dark
blue= vsp2, light blue = vgp21, purple = vsp22.
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Figure 9.23: Voltage sharing of switch pair Sya. Dark
blue= vspa, light blue = vspa1, purple = Vspaa.
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Figure 9.24: Voltage sharing of diode pair Dq1. Dark
blue= vpa1, light blue = vpqa11, purple = vpai2.
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Figure 9.26: Voltage sharing of diode pair Dy1. Dark
blue= vpp1, light blue = vpp11, purple = vppi2.
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Figure 9.25: Voltage sharing of diode pair Das. Dark
blue= vpa2, light blue = vpa21, purple = vpa22, green
= DC link voltage.
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Figure 9.27: Voltage sharing of diode pair Dy2. Dark
blue= vpp2, light blue = vpp21, purple = vpp22.
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9.3 Final test at Vpo = 2.4kV and 7,0 = +100A4

The purpose of this test is, to verify the data from the simulation of the previous chapter. The goal is, to
obtain detailed data regarding the voltage sharing and dynamic performance of the switches. It is expected,
that the voltage deviation of the individual switches never surpass AVee mqr = 200V. The overall voltage
sharing of each switch or diode pair is shown next to a zoom in of the off transition. This is done to be able
to comment of both dynamic and static performance of the inverter. The results are shown from figure 9.28
to 9.53.

Tek Stop | _ f ; ;

—
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ka1 L L : I oL Y
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Ch1] 100 A O 2.00kv |M[1.00ms A EXt 7 S00mW
Ch3[ 1.00kV__|Chd[ 1.00kV

Figure 9.28: Output waveforms for final test. Dark blue= iioad, light blue = vap, purple = von and green = vpn.
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9.3. FINAL TEST AT Vpc =2.4KV AND TLOAD = £1004
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Figure 9.29: Voltage sharing of switch pair Sq1. Dark
blue= vsa1, light blue = vsa11, purple = vsqi2.
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Figure 9.31: Voltage sharing of switch pair Sq2. Dark
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Figure 9.33: Voltage sharing of switch pair Sys. Dark
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Figure 9.35: Voltage sharing of switch pair Sqa. Dark
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9.3. FINAL TEST AT Vpc =2.4KV AND TLOAD = £1004
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Figure 9.37: Voltage sharing of diode pair Dg1. Dark
blue= vpa1, light blue = vpa11, purple = vpai2.
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Figure 9.39: Voltage sharing of diode pair Da2. Dark
blue= vpa2, light blue = vpge21, purple = vpa22.
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Figure 9.38: Zoom of turn off transition of the diode
pair Dgi. Dark blue= vpa1, light blue = vpa11, purple
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Figure 9.41: Voltage sharing of switch pair Sp1. Dark
blue= vsp1, light blue = vsp11, purple = vspia.
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Figure 9.43: Voltage sharing of switch pair Syz. Dark
blue= vsp2, light blue = vspa1, purple = vsp2a.
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Figure 9.42: Zoom of turn off transition of switch
pair Sq2. Dark blue= vsp1, light blue = vsp11, purple
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Figure 9.45: Voltage sharing of switch pair Sps. Dark
blue= vsps, light blue = vsp31, purple = vsp3a.
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Figure 9.47: Voltage sharing of switch pair Spa. Dark
blue= vgpa, light blue = vspa1, purple = vgpaz.
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Figure 9.49: Voltage sharing of diode pair Dy1. Dark
blue= vpp1, light blue = vpp11, purple = vppi2.
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Figure 9.51: Voltage sharing of diode pair Dyp2. Dark
blue= vpp2, light blue = vppa1, purple = Vppa2.
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Figure 9.50: Zoom of turn off transition of diode pair
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Figure 9.53: DC link voltage. Dark blue= upper Vg—c, light blue = lower VDTC, purple = Vpc.

9.3.1 Conclusion of final test at Vpo = 2.4kV and fload = +100A

The output waveforms of figure 9.28 showed, that like the Vpo = 1.2kV test, the load current has a =~ 704
DC offset. This current offset prevents the current from reaching the simulated /z'\load = £100A, because the
DC offset causes saturation in the load inductors. The offset is most likely caused by timing deviations, or
an unbalanced neutral point, resulting in the output voltage having a DC offset. This offset in the voltage
combined with the fact that the resistivity of the load, busbar and wires are in the 100mf) area means:

Vbc,offset = IDCoffset - Rpc = T0A - 0.1Q =7V (9.3)

So just 7V of DC offset in the voltage out of the 2.4kV can cause the 70A DC current offset. Due to time
constrains of the project, the reason for the offset is not investigated further.
Figure 9.28 also shows, that the three-level performance is obtained in the voltage waveforms. Also, the effect
of the DC link voltage ripple can be seen in the voltage, but due to the fact, that the load current is not
pushed to the maximum value, the simulations of the ripple voltage from section 7.3 can not be verified. The
DC link voltage is shown on figure 9.53.
In regards to the voltage sharing of the individual switches, the static voltage sharing is acceptable.
Regarding the dynamic performance of the snubber, some unexpected results are obtained. Overall, the
performance of the snubber is as expected, meaning that it clamps the voltage at the specified V. = 700V
But it can be seen in almost all the zoom figures of the switches, that the first transition is not clamped.
Taking the time division into account, it can also be noted that the overshoot happens around 500 — 800ns
into the off transition. This could imply, that the overshoot is due to the collector current in the IGBT
module turning off. Remembering that the voltage rises before the current falls in the IGBT, and the off
time of the used IGBT is ~ 480ns according to appendix A.3 page 161, the overshoot can be induced voltage
between the measurement terminals, even though the measure probes are placed as close to the terminals of
the device as possible.

The diodes static voltage sharing results are very satisfactory, and the dynamic voltage sharing of figure
9.38, 9.40 and 9.50 is also way within the accepted limits. The dynamic sharing of diode pair Djo on figure
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9.52 shows a 150V overshoot for vppe1. This has been further investigated by measuring the components,
and the measurement shows, that the capacitor of diode snubber Dyyo is approximately 2% larger that the
other capacitors. This means, that the snubber of Dys; will charge faster.

There is a difference in diode voltage slope of figure 9.38 and 9.40. This is not an error, but a result of
the data being sampled at difference instances in time. In figure 9.38, the instantaneous value of the current
is larger than in figure 9.40, hence charging the capacitor of the snubber faster.

137



9.4. SHORT CIRCUIT TEST

9.4 Short circuit test

In this section, the inverter is short circuited to verify the functionality of the protection scheme. The
demands for the protection of the inverter are:

e IGBTs have to be shut down within 10us after desaturation is entered.

e The over voltage associated with the hard switched shut down, performed by the gate drivers, has to
be clamped at vee maz = 700V

e The error must be latched, such that the protection and the system has to be manually reset after an
error.

e In the case of a slow fault, the DSP has to shut down the inverter.

To create the short circuit, the inverter is short circuited phase to phase by a short wire. A gate pulse of
t = 100us is then applied to the appropriate switches th create the shot through. Figure 9.54 shows, how
the short circuit test is set up. To test the protection circuits of all IGBTS, two tests are performed.

Figure 9.54: Schematic of short circuit test. The red line is the current path for test 1, and the blue line is the
current path for test 2.

The DC link voltage is kept to Vpe = 600V for safety, and the two Delta power supplies from the initial
test is used as voltage sources.

On figure 9.54 it can be seen, that during test 1, the switch pairs Su1, Se2, Sps and Sps are turned on by
the applied gate pulse. In test 2, the switches are mirrored, such that the short circuit path is though Sy,
Spa2, Sq3 and Sg4. The reason for this is, that the layout does not allow for current measurements in one leg.

On the figures 9.55 to 9.66, the short circuit current, the v, and vg. of the individual IGBTs can be seen.
It must be mentioned, that the scopes used for test is synchronized by triggering on the same gate signal.
This signal is therefore shown in the top of every figure. The gate signal of the IGBT’s is measured to verify,
that all IGBT’s turns off, and stay turned off, when an error occurs. This is to verify the latching action of
the optical hub.
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Figure 9.55: Short circuit test 1. Dark blue= 4044,
light blue = vVce,5q11, purple = Vee,sa12, green = gate
trigger signal.
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Figure 9.57: Short circuit test 1. Dark blue= vce, sa21,
light blue = vVee,sa22, purple = vee sp31, green = gate
trigger signal.
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Figure 9.56: Gate signals of short circuit test 1. Dark
blue= 110ad, light blue = vge,s5a11, purple = vge,sa12,
green = gate trigger signal.
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Figure 9.58: Gate signals of short circuit test 1. Dark
blue= vge,sa21, light blue = vge sa22, purple = vge sp31,
green = gate trigger signal.
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Figure 9.59: Short circuit test 1. Dark blue= vce,sp32,
light blue = vee,sp31, purple = Vce,sp32, green = gate
trigger signal.
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Figure 9.61: Short circuit test 2. Dark blue = ij0ad,
light blue = vce,sp11, purple = vee,sp12, green = gate
trigger signal.
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Figure 9.60: Gate signals of short circuit test 1. Dark
blue= vge,sp32, light blue = vge spa1, purple = vge, spaz,
green = gate trigger signal.
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Figure 9.62: Gate signals of short circuit test 2. Dark
blue = t10ad, light blue = vge sp11, purple = vVge sp12,
green = gate trigger signal.
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Figure 9.63: Short circuit test 2. Dark blue= vce, sp21,
light blue = vce,sp22, purple = Vee,s5a31, green = gate
trigger signal.
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Figure 9.65: Short circuit test 2. Dark blue= vce, 5432,
light blue = vee,gaa1, purple = vee,saa2, green = gate
trigger signal.
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Figure 9.64: Gate signals of short circuit test 2. Dark
blue= Vge,Sb21, llght blue = Vge,Sb22, Purple = VUge,Sa3l,
green = gate trigger signal.
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Figure 9.66: Gate signals of short circuit test 2. Dark
blue= vge,sa32, light blue = vge, 5041, purple = vge,sa42,
green = gate trigger signal.
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9.4.1 Conclusion on short circuit test

A detail, that can be noticed from figure 9.55 to 9.65 is, that the IGBTs in the off state (before the short
circuit) has unequal voltage sharing. This is due to the fact, that the diode snubbers include a 200kf2 static
voltage sharing resistor, and hence the IGBTSs Sy21, Sa22, Sa31, Saz2, Sp21, S22, Sp31 and Spze has only half
the static resistance due to the fact, that the diode snubber is placed in parallel with these IGBTs. This
changes the resistive voltage division, and is supported by the results.

The voltage sharing after the system has been shut down is unequal, but it will converge towards the
steady state values. However there is no demand for this, because the system has to be manual reset after a
fault.

A very important aspect of the short circuit test is the over voltages associated with the hard shut down.
In almost every case on figure 9.55 to 9.64, the v. has a voltage spike that reaches above the clamping
level of 700V. This can be due to induced noise in the probes, but if this is not the case, then the clamping
protection does not fulfil the requirements, even though the method has been tested in section 5.3 on page
73 and concluded functional. Steps have been taken to minimize measurement noise, such as twisting the
wires on the differential probes, and keeping them separated from the busbar.

The gate signals prove, that either the optical hub turns off all the IGBTs after one of the gate drivers
report an error, or the desaturation protection of the Skyper gate driver shut down the driver. This is sup-
ported by figure 9.59 and 9.60, where vge spa2 purple triggers because of the corresponding vce, spa2 going into
desaturation as the first IGBT of test 1. After switch Spso shuts down, all the other affected IGBT’s shuts
down within 3us, the last of test 1 being switch Sgpq1 on figure 9.60. It must be mentioned, that the Skyper
gate driver interprets v4e above 7.5V in the on state as desaturation, and therefore it is difficult to determine
when the desaturation actually occurs. This is because both the current and voltage do not become as high
as in section 5.3, due to the fact, that the resistance of the short circuit path is larger because of the high
number of devices.

9.5 Conclusion on tests

In this chapter, the realized two phase three-level inverter, all the peripheral equipment and the protection
scheme was tested. The result of the test was as follows:

The initial test at Vpe = 600V proved, that all the switches worked, and that the inverter is capable
of three-level performance and sinusoidal PWM modulation. This test verified the functionality of; the gate
drivers, the IGBTSs, the DSP interface and the code written for the modulation strategy.

The test at Vpe = 1.2kV proved the functionality of the medium voltage PSU, and the effect of the third
harmonic injection. This test also showed, that there is a DC offset in the current.

The final test of the system at Vpc = 2.4kV proved, that the static voltage sharing was acceptable, and the
overall dynamic voltage sharing was as expected from the simulation in the previous chapter. But there were
voltage spikes above the clamping level. It was concluded, that these could be due to induced voltage in the
probes. The performance of the diode snubbers was very satisfactory, except for one snubber where param-
eter deviances affected the dynamic performance. Like in the 1.2kV test, there was an offset in the current.
This offset was properly caused by an unbalanced neutral point, or timing issues in the DSP. Because of the
offset, the modulation index Ma could not be increased to 1.16, and therefore the goal of /z'\load = +100A
could not be reached due to saturation issues of the load inductor cores. The time constrains for the project
did not allow further analysis of this problem, but the offset of the current could be controlled by applying
feedback control or adding an offset to the reference waveform.

The short circuit test showed, that the time demands of 10us inverter shut down time after desaturation
is upheld. The over voltage clamping protection however did not perform as expected, allowing v.. voltage
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spikes at 900V This is still within the ratings of the IGBTSs, but above the specified values of v¢e ez = 700V,
and therefore the crucial over voltage protection can not be concluded functional. Even though the voltage
spikes can be due to measurement noise, these voltage spikes were also present in the final system test,
although not to the same degree as in the short circuit test.
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Conclusion

The goal of the master thesis was, to analyze medium voltage inverters suited for wind turbine applications.
The medium voltage level of the inverter should be obtained by means of series connecting standard IGBTs.
In part I of the report, analysis of the three-level inverter topology, series connection of IGBTSs, voltage
balancing methods suited for series connection of IGBTSs, and IGBTs under fault conditions was performed.
The conclusions of these analysis were;

The three-level inverter topology is well suited for medium voltage applications, it has lover THD than
the two-level inverter, but is also more complex.

The voltage imbalance in v, of two series connected devises was caused by parameter deviations and/or
delays in the gate signals. The balancing of the IGBTSs in series can be improved by adding snubbers.
The best suited snubber for this project, of the analyzed snubbers, was the Zener clamped snubber.

Series connection of two IGBTs will have lower switching losses compared to one IGBT with the double
voltage rating. This means that two series IGBTs can be switched faster than one large IGBT, and
have a lower total loss when the switching frequency reaches a level around 400Hz dependent of the
type of IGBT.

The analysis of the IGBT module under fault condition concluded, that the large power dissipation
associated with desaturation, and the over voltage associated with hard shut down can be fatal to the
IGBTs. The fault prevention scheme chosen for the project was desaturation detection and voltage
clamping.

Based on these conclusions of the analysis part of the report, a two phase three-level inverter setup was
designed, realized and tested. The inverter was rated for medium voltage (Vpc = 2.4kV) level, and based
on series connected IGBTs. A fault protection scheme was design and implemented. This was based on
desaturation detection and clamping of over voltage. The peripheral equipment needed for testing of the
inverter was also designed realized and tested. This equipment included a medium voltage DC supply, a load
inductor of 23mH, gate drivers for the IGBTSs, snubbers, optical hub for shut down and C-code and optical
interface to a TI12812 DSP.

After realization of the inverter setup, the inverter system was tested against the requirements set in the
problem formulation. These requirements were:

DC link voltage Vpc = 2.4kV £ 10%.

Peak load current Zoad = 4+200A but dependent on load.
Switching frequency fq, = bkH z.

Modulation frequency fi,0q = 50H 2.

Maximum voltage deviation between series IGBTs AV ez = 200V.
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e Protection maximum shut down time tsp mar < 10ps from fault occurs.
o Allowed over voltage due to hard switching Vee maz = 700V

The DC link voltage of Vpe = 2.4kV + 10% was reached, and the inverter performed as expectet in the
test.
The peak load current of/i\load = £200A was revised to j[load = +100A due to the capacitors. In the final test,
a DC offset in the current caused the load inductor to saturate, when the current reached %44, = 100A4,
and hence this demand is not fulfilled.
The test showed, that there was no problem associated with the switching frequency of fs,, = 5kH z, so this
demand is satisfied.
The modulation frequency of f,,,q = 50H z was revised to fioq = 200H z to increase the impedance of the
load. This was revised due to saturation issues.
In the final test, the static and dynamic performance of the switches verified the demand of Avee ymae = 200V
However there were voltage spikes that reached above 700V, but these could be due to noise.
In regards to the protection scheme, the short circuit test showed, that the protection maximum shut down
time tsp maz < 10ps was upheld. However, the allowed over voltage reached above the clamping level of
vee = 700V, so the over voltage protection is not acceptable according to the test.

The conclusion of the project is, that medium voltage level can be obtained by series connection of standard
IGBT modules, this is in theory also associated with lower switching losses, and hence the switching fre-
quency can be increased compared to a single IGBT. Also, the three-level inverter is well suited for medium
voltage applications, due to its voltage sharing nature. The zener clamped snubber is a simple and reliable
snubber topology, but using it as over voltage protection in short circuit situations has limitations.
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Perspective

During this Master Thesis, we have been very fortunate by cooperating with Siemens Wind Power. We have
had the chance to discuss our solutions and ideas, and also the limiting factors of implementing medium volt-
age technology in real wind turbine applications. What we have experienced is, that implementing medium
voltage inverters and generators may not be the largest challenge, but the safety rules in regards to service
of the wind turbines and space requirements of the three-level topology in an already crowded nacelle, is the
real challenges that has to be solved, in order to push a shift in technology.

Regarding the series connection of IGBTSs, the results, and especially the fact that series IGBTSs can be
switched faster than one lager device, makes this approach toward medium voltage performance interesting.
This is because switching an inverter faster lowers the requirements for the output filter, and also base band
noise is reduced.

Further Development

The main part of the work effort of this project was spent on designing, debugging and testing hardware.
This has resulted in a working two-phase three-level inverter. The next logical step is, to duplicate one of the
legs, and build the full three-phase setup. This setup can now be used for testing of modulation strategies
suited for the three-level inverter. Also experimental data at high power levels can be obtained, like the ones
in this report, meaning that the real life effect of modulation strategies, such as THD, over voltage, common
mode voltage and power dissipation and loss optimization can be investigated at medium voltage level.

Regarding the snubbers chosen for further analysis in this project, it seams like the passive snubber could
be interesting to apply to the IGBTs. This is based on its almost flawless performance, and its independence
of the DC link voltage. However care must be taken regarding power dissipation and conflicts with dead time.

The performance of the clamping protection was not as expected, when it went from stand alone test to the
realized total setup. The "ringing” behavior of the snubber have been observed before, when the clamp by
accident was placed between the collector and emitter. This could imply that the gate protection, which is a
bipolar transil diode, clamps the collector emitter unintended. Why this did not happen in the stand alone
test needs further investigating. Also, a short circuit test at Vpe = 2.4kV could be performed to see if the
voltage level reach above the rated value.
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Chapter 12

Nomenclature List

’ Parameter: \ Variable: \ Value:
DC link voltage Vbe 0—2.4kV
Load current 1load +0 — 100A
Load resistance Rioad —
Load inductance Lioad —
Load impedance Zload —
Phase to phase voltage Vab 0—24kV
Phase to neutral voltage VaN —
Star point to neutral point voltage UsN —
Phase to star point voltage Vgs —
Modulation index for fundamental Maq 0—1.16
Modulation index for third harmonic Mas — %
Modulation sine wave Vsin 0—-1
Upper carrier wave signal Viri,upper 0—-1
Lower carrier wave signal Vtri lower 0—-1
Modulation frequency fmod 200H z
Switching frequency Fsw 5kH z
Switching period Tsw 200us
IGBT on state voltage drop Vce,on —
IGBT off state voltage Vee,of f -
IGBT collector current 1c —
IGBT leakage current le,of f -
IGBT gate emitter voltage Vge —
IGBT gate emitter threshold voltage Vge,th -
IGBT collector gate voltage Veg —
IGBT gate emitter capacitance Cye —
IGBT collector emitter capacitance Cee —
IGBT collector gate capacitance Cegy -
IGBT gate resistance R, —
DSP dead time tdead 2us

Table 12.1: Nomenclature list.
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Contents of CD-ROM

e Articles:

— This folder contains all articles used as references in the bibliography.
e Data sheets:

— This folder contains all data sheets related to the software and hardware used in the laboratory.
e Pictures:

— This folder contains additional pictures of the laboratory test setup.
e Report source files:

— This folder contains all source files in the Latex project file structure.
e Simulation files:

— This folder contains all files used for Matlab and OrCad simulations .
e Software:

— This folder contains some additional free ware used for the project.
o PCB files:

— This folder contains printable PCB layouts for the snubbers, gate drivers and DSP extension
board.

e DSP:
— This folder contains the C code for the DSP.
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Appendix A

IGBT characteristics

The IGBTs are devices, that have combined characteristics of a BJT and a MOSFET. The BJT has low
conduction losses in the on state, specially for devices with larger blocking voltages compared to MOSFET"s,
but they have longer switching times and are current controlled. The voltage controlled MOSFET can switch
faster than the BJT, but they have higher conduction losses. The combination of these two semiconductors
is the IGBT, which have the best features of each one.

A.1 Equivalent circuit model

As mentioned, the IGBT is a combination of the BJT and the MOSFET. It is not easy to model exactly, but
some approximation can be made. Figure A.1 shows one equivalent circuit, among several, for the IGBT.

‘T,

D " Ve

ed
Figure A.1: Fquivalent circuit for the IGBT.

The combination of the BJT and the MOSFET here is clear. In the on state with high gate voltage, the
MOSFET will conduct the base current from collector to base, and the BJT will be in the on state. The
Cye is the gate capacitance, that is charged during turn on and vice versa. Because of this capacitance, the
gate emitter voltage can not change from zero to the final gate voltage in zero time. Cj. is the capacitance
between gate and collector, and this is strongly dependent of the gate collector voltage vy because of the
internal structure of the IGBT. The capacitance C,. is the capacitance between the power terminals of the
IGBT. This is also dependent on the voltage vee.

The diode D is a freewheeling diode, which is typically an integrated part of the silicon of the IGBT.
This is added to achieve an alternative current path, to prevent destruction of the device, when applying
inductive loads. All of the internal capacitances mentioned, characterize the IGBT ans have great influence
on the switching characteristics of the IGBT. These are described in more detail in section A.1.2.
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A.1.1 Current voltage characteristics

The i/v characteristics of an n-channel IGBT, which is commonly used, are shown in figure A.2 and A.3,
which show similarities to a BJT except, that the controlling parameter is a voltage, the gate emitter voltage,
instead of a current.

The transfer curve i./vg. from figure A.2 is identical to that of a power MOSFET. Above vg. ¢, the curve
is linear, becoming non linear, when the value is close to vge ¢5. If vg4e is smaller than the threshold voltage,
then the IGBT is turned off.

ic A i. A

Vge,4 > Vge,3

Vgea
Vge,3
Vge,2

Vge,l

> Vge » Ve

Figure A.2: Transfer characteristic for an n-channel Figure A.3: Output characteristics for the n-channel
IGBT. IGBT.

Figure A.3 shows, how the maximum value of i, depends on the gate emitter voltage. For small gate
emitter voltage, the current will be equally low. The figure also shows, that the on state collector to emitter
voltage v.. depends on the current for a constant vge.

A.1.2 Switching waveforms

The switching waveforms for the turn on and turn off transients are shown in figure A.4. As shown, both
transients do not happen instantaneously, but are delayed depending on the quantities of the internal ca-
pacitances. In the turn on, the current rises before the voltage across the IGBT drops, and opposite for the
turn off.
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A.1. EQUIVALENT CIRCUIT MODEL
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Figure A.4: Turn on and off waveforms for the IGBT.
Turn on

In the turn on, the gate signal v,(t) goes high as a step, charging the gate capacitance. After reaching the
threshold level vge (1, the current i. starts to flow through the IGBT. When this reaches the maximum level,
the collector emitter voltage v, starts to drop in two steps with different slopes. In the first step (marked
with a (1)), the voltage decreases linearly, but it must be noted, that the gate voltage v, stays constant,
without being at its maximum, during this step. This is explained by examining the transfer curve for the
IGBT seen in figure A.5. This shows, that for constant current and changing collector emitter voltage, the
gate emitter voltage must remain constant.

In the second step, the slope of the voltage drop decreases. This is due to the fact, that the capacitance
Cyc is dependent on the voltage across the IGBT. The capacitance increases, when v.. decreases, leading to
longer discharge.

Vge = CONSt. Vge = CONSt.

P Vee

P Vee 0

Vce,on Vce,off Vce,on Vce,of‘f

Figure A.5: Transfer curve for the IGBT. (1) in the turn on. (2) in the turn off.

Turn off

In the off transition, the gate signal v, (t) goes low as a step. The gate capacitance Cy. is discharged to some
level, and Cy. starts to charge. At one instant, v.. starts to rise, and the gate voltage stays constant during
the rise. This is explained by the transfer curve in the same manner as for the turn on, as shown in figure
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A.5 (2). Here again, the rising voltage does not have constant slope due to the voltage dependency of the
gate collector capacitance.

When the voltage v, has reached its maximum value, the current starts to drop. This also happens in
two steps. The first step is the time required for the gate drive circuit to discharge the IGBT gate to emitter
capacitance to the threshold value, which causes the effective MOSFET in the IGBT to turn off. This time
can be minimized by use of a high current gate drive circuit, which discharges the gate capacitance quickly.
However, switching off the effective MOSFET does not completely interrupt the current i., because the
current continues to flow through the effective BJT for a short while, called tail current. This happens in
step two, and after this, the device is turned off.

A.1.3 Losses in IGBT

All switching devices dissipate power losses during the operation. The power dissipation happens due to four
different factors:

e Turn on losses P,;,.
e Turn off losses Pyqy
e Conduction losses P,,,

¢ Reverse recovery losses P,

In general, the energy dissipated in the IGBT can be obtained according to equation (A.1).

E:/O Vee(t) - ic(t) -t [J] (A1)

where t is the duration of operation. It is clear that, when both voltage and current get significant, the
energy dissipation increases. This usually happens during the switching of the devices.

As figure A.4 shows, the voltage and current do not change at the same time in the transitions, and this
leads to energy dissipation in the devices. The power losses related to the switching are linearly dependent
to the switching frequency fs, = %, both for the turn on and turn off transients. The turn on power losses

P,;s take place during ¢,;s. and the average turn on power during one switching period is given by equation
(A.2)

trise
Prise = fsw : / Uce(t) 'ic(t) -dt [W] (AQ)
0
where the frequency fs,, accounts for the number of switching transitions each second.

In the same manner, the average turn off power losses take place during ¢y.; and are given by equation
(A.3)

Pfall == fsw : /0 " Uce(t) : Zc(t) : dt [W] (A3)

The instantaneous on state conduction losses P,,(t) are dependent on the on state voltage drop vce,on
and the current, and is shown in equation (A.4).

Pon (t) = Uce,on (t) ’ ic(t) [W] (A4)

From this the average power P,, during one switching period becomes
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Pon = fsw : /0 ” Uce,on(t) . Z.c(t) -dt [W] (A5)

It must be noticed, that the on state voltage drop is not constant, but dependent on the collector current
i as shown in figure A.2.

The reverse recovery losses for the IGBT is related to the reverse diode path in the device. These losses
are given by equation (A.6).

ET’I‘ = VUce * QTT [J] <~ Prr = fsw * Ve * QTT [W} (A6)

where F,,. is the energy required to push the charge @, across the electrical potential v.e. fsy is the
switching frequency, v is the voltage across the IGBT, that is conducting the diode reverse recovery current

ip, and Q. is the amount of charge moving during the recovery period. The recovery charge is normally
dependent on the % in the turn off transient, which depends on the gate resistance used for the IGBTs

and the leakage inductance of the connections between devices, controlling the current slope. The reverse
recovery current behavior is shown in figure A.6.

io Area

1 Qn

| 7

Figure A.6: Reverse recovery current through a diode and switch.

The total amount of power loss P, in a device, is given by equation (A.7).

Ptot = Prise + Pfall + Pon + PTT‘ [W] (A7)

It is often convenient to minimize the power losses in any device because of the requirement of additional
cooling and heat sinks. Among the four parameters in equation (A.7), the on state power losses P,, are hard
to manipulate, because the on state voltage drop can not be modified in any manner, without lowering the
current through the given device.

But for the three other losses, an optimum design may exist with respect to minimizing the losses. This
optimum depends on the rise and fall times and the reverse recovery charge @, for the reverse diode path
in the devices, and these can be controlled by adjusting for instance the gate resistance.

A.2 Choice of gate resistance

In this section, the characteristics of the SKM 600GA176D IGBTSs used for the project are examined to
determine an appropriate value for the gate resistances R,. As described above, an optimum resistance may
exist with respect to minimizing the losses, and this is in fact the main goal for the choice of resistance in
this case.
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Figure A.7: Turn on and off energy as function of Figure A.8: Reverse recovery charge for the reverse
gate resistance for the SKM600GA176D [Semikron, diode as function of forward current and gate resis-
2006]. tance for the SKM600GA176D [Semikron, 2006].

From the IGBT’s data sheet, the turn on and off energy consumption and reverse recovery charge for
different gate resistance values are given as shown in figure A.7 and A.8.

The actual peak current is chosen in the introduction on page 4 to only 26 = 4200A and the maximum
voltage is chosen to v.e &~ 700V because of the zener clamped snubbers. But the data in figure A.7 are
given at I, = 4004 and off state voltage Ve o5y = 1.2kV, so the information in figure A.7 can not be used
directly for an estimate of the optimal gate resistance. No additional loss data is available for the 1004 /700
conditions, and therefore the data from the data sheet is used, even though the estimate may not become
accurate.

It must be mentioned, that in the data in figure A.7, the reverse recovery energy is included in the turn
on energy, and it must be subtracted to obtain the turn on energy only.

Figure A.8 shows, that the reverse recovery charge for a forward diode current of Ir = 4004 stays with
in the range of Q... = [140; 175uC] depending on the gate resistance.

Figure A.9 shows an estimate of the sum of turn on, turn off and the reverse recovery loss energy for one
single on and off transition, estimated for I. = 400A and vee,orf = 1.2kV . It is assumed here, that one single
diode reverse recovery appears for one IGBT turn on transition, even though this may not always be true.
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Figure A.9: Estimate of sum of turn on, turn off and reverse recovery loss energy for one single transition estimated
for I. = 400A and Vee,ofr = 1.2kV.
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The energies noted here are valid for one transition only, and to obtain the power loss over time, the
switching frequency or period must be included according to equations (A.3) to (A.6).

Figure A.9 shows, that the turn on loss energy E,, is largest at R, = 20€2, because this leads to longer
discharge of the gate capacitance. The turn off loss energy F,;; also increases for larger Iy, but the change
is only a fraction compared to the turn on energy.

The reverse recovery energy [, is almost constant for any choice of gate resistance. At R, = 3Q it is
E,, 30 = 190mJ and slightly less at R, = 20€2. The change is insignificant compared to the change in turn
on and off loss energy mentioned above, and may be ignored.

From these results, the gate resistance may be chosen from a loss point of view. By choosing a large value
of resistance, the switching losses increase, even though the reverse recovery energy decreases. By choosing
a small value, the losses decrease, but it must be kept in mind, that fast switching also may induce high
potentials across wires depending on the quantity of stray inductance. At this time, the stray inductance
of the realized inverter is unknown, and must be measured properly in advance to estimate any induced
voltages. So therefore the choice of gate resistance is based on minimizing the losses only without focus on
any induced voltages. From this the choice is

R, = 3Q (A.8)

The on state losses are not treated here, because these in general are not dependent on the gate resistance
and the rise and fall times of the devices.

A.3 Choice of dead time

The dead time tg4eqq is an important parameter to include in the control of the switching. The fact, that the
devices do not switch momentarily, may lead to a short duration short circuit for a set of complementary
coupled devices, because one device turns off slower, than the other turns on.

The dead time can be chosen freely, as long as the minimum value is determined with respect to the
device rise and fall times. But it must usually be chosen much smaller than the switching period - otherwise
it will become significant in the input / output voltage relationship.
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In this case, the dead time is chosen with respect to the turn off and on times related to the choice of
gate resistance in section A.2. For R, = 3(, the device rise, fall and on and off delay times are shown in
figure A.10.

10000 S
T, =125 C [
Voo = 1200 V [
t[ns] Vee =+ 15V ]
Rs =30
T T
1000 L tdon —+ | l 900ns
300ns
— 4 1
| tdoft |
| — 18015 |
100 |
i 70ns
b
10
0 200 400 600
Ic [A]

Figure A.10: Rise and fall times as function of collector current I. for the SKM600GA176D with Ry = 32 and
Vee = 1.2V [Semikron, 2006].

The relevant time values at I, = 400A are summarized in table A.1.

| Variable | Value [ns] |

tdtom) 900
trise 70
tdof ) 300
traul 180

Table A.1: Rise, fall and delay times for the SKM600GA176D at I. = 400A, Veeorr = 1.2EV and Ry = 3Q
[Semikron, 2006].

To determine an appropriate dead time, one device must be turned off completely, before the comple-

mentary one can be turned on. This means, that the dead time must be chosen equal to or larger than the
total turn off time ¢,s; for the conducting device.

toff = tdoff +trau =300ns+180ns = 480ns (A.9)

From this, the dead time is chosen together with additional safety margin to:

tdead = toff = ldead = 2/145 (A].O)

The safety margin is added, because the on and off times may vary with temperature and aging.

A.4 Choice of switching frequency

The switching frequency fs,, is chosen within the frequency range, for which the used integrated gate drive
Semikron Skyper 32 can source the gate charge. This is described in detail in section 7.5 on page 96. Here
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it is stated from the data sheet, that the maximum obtainable switching frequency with a gate charge of
Cy =3.25uC" is fs ~ 15kHz.

An appropriate switching frequency can be chosen within the range, where the chosen dead time tg4eqq =
2us does not become significant compared to the switching period. For the frequency range fs,, = [0; 15k H 2],
the switching period Ty, stays within the range Ts,, = [00; 66.6ps]. From this, the switching period is initially
chosen to

Tsw =200us & fo, =5kHz (A.11)

because this dead time here only covers ~ 1% of the switching period, and can be considered insignificant.

A.5 Conclusion

In this section the chosen Semikron IGBT’s characteristics are examined closer to obtain data regarding to
switching losses and turn on and off times. From these values the gate resistance is chosen from a switching
loss minimization point of view. The conduction losses are not estimated here.

From the gate resistance, the dead band time and finally the switching frequency is chosen. The values
are summarized in table A.2.

| Variable | Value |

R, 30
tdead 2/1’3
fsw S5kHz

Table A.2: Chosen gate resistance, dead time and switching frequency.

It must be mentioned here, that the gate emitter voltage supplied by the Skyper 32 gate driver is
Vge = +15/ — 7V, where the same data from the IGBT date sheets are given at vy = £15V. This will
naturally give some degree of deviation in the amounts of loss energy, that are used as background for the
choices in this section.

Finally it must be mentioned, that this appendix has been conducted relatively late during the project
work, and at the time of writing, the gate resistances have been chosen and used initially to R, = 4.7€),
because this value was used for the IGBTSs in the 9th semester project [Mads P. Vaerens, 2007], which has
worked as an initiator for this Master Thesis. The consequence of a slightly larger gate resistance for the
realized system is, that the turn off and on times increase slightly, which may become critical with respect
to the dead time. But as mentioned, the 2us dead time chosen has included 1.5us of safety margin, and
therefore the initially used 4.7€) gate resistors are accepted and kept throughout the thesis.

IThis is the gate charge required by the SKM600GA176D
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Appendix B

Short circuit types

The current magnitude i and rate of change g @ of a short circuit current depends on the short circuit

impedance Zg. and the DC link voltage Vp¢. In thlb section, different short circuits situations in the three
level inverter are described to expose the influence of a short circuit appearing in the vicinity of the inverter
or separated by significant impedance.

This is important, because different short circuit detection techniques depend on significant jz and/or
significant ¢ to operate properly. In general, the short circuits can be divided into fast faults and slow faults,
depending on the short circuit impedance.

B.1 Influence of short circuit impedance

The influence of wire impedance, which for grid lines is mainly inductive, can be explained by observing,
how many switching periods it takes for the inverter, before the IGBT current exceeds the rated value or
even enter desaturation. For a very small inductance, % is very large, and desaturation can occur almost
immediately as shown on figure B.1.

In the case of large inductance and smaller %, the current peaks after a sequence of switching periods as
shown on figure B.2. If the short circuit impedance is high, the switches may not even enter desaturation at
all, but rather conduct the current waveform controlled by the switching scheme, with a peak value much
higher than the rated value.

faS‘ current rise slow current rise
Desaturation - Desaturation ----- Q
Over current { /{‘Vge Klload/ \ Over current { Vge} lload ™4
1 | ] [ 1 1]
Rated current { V | \ > t Rated current { |/i_|/| | | | | | | | » t
> >
Ts
Figure B.1: Desaturation by fast fault with small in- Figure B.2: Desaturation by slow fault with large
ductance. Desaturation occurs immediately after short inductance. Desaturation occurs after a sequence of
circuit. switching periods.

In the following section, the current paths for fast and slow faults in the three level inverter are described
along with with typical causes for the faults.

B.2 Fast faults

e Fast faults - occur very close to the inverter - Z,. small

— Cause
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* Failure in dead time generation
+ Failure in gate drivers
% Failure in DSP

Short circuit in the DC link bus bar.

— Effect

x Characterized by very fast current rise

*

+* IGBTSs enter desaturation within the switching period of the fault.

For the fast faults, the impedance is given by Z,. fqst as

Zsc,fast = Zbusbar + 1+ Z1GBT [Q] (Bl)

where n is the number of IGBTS in the short circuit path, and Zpysper is the impedance of the DC link
bus bar and the connection between the IGBTs. Figures B.3 to B.5 show three different fast fault situations
in the three level inverter.

+ Sa1 Sb1 Se1 + Sa1 Sb1 Sec1
= %Voc [ — —1 === Vpc ]
_ouk NSk PaK \spA 0uE \Se _0u \S2X DPaK Yspd 0wk \Se
“® o =
+ +
D Sa3 Y. ¥ Sb3 Do 8 Sc3 DK | Sas D2 K Sb3 D28\ Sc3
—=—YVpc —=—%Vpc A w
- Sasa Sba ] Sm* - Sas Sha Sca
Zgrid % Zgrid % Zyid Zgrd% Zyid % Zyid
Figure B.3: Fuast fault with shoot through in one Figure B.4: Fast fault with phase to phase short cir-
phase leg. Characterized by very fast current rise. cuit. Characterized by very fast current rise.
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Figure B.5: Fast fault with phase to ground short circuit. Characterized by fast current rise, but only involving half
of the DC link voltage.

Figure B.3 shows the current path for a shoot through fault, where all four switches in one phase are
turned on at the same time. The switches are exposed to full DC link voltage, and only the impedance of the
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DC link bus bar and the IGBT is present. This fault leads to the fastest % of the short circuits types described.

Figure B.4 shows the current path for a phase to phase fault right at the output terminals of the inverter.
Also here the switches are exposed to the full DC link voltage. The impedance of the current path is only
marginally larger than the one for the shoot through fault, and is also characterized by very large %.

Figure B.5 shows a phase to ground short circuit close to the inverter. This fault only involves half of
the DC link voltage, because ground is connected to the neutral point. If it is assumed, that the ground
impedance is zero, then the short circuit impedance becomes half of the phase to phase short circuit of figure
B.4, because only half the amount of IGBTs and half the electrical length of the bus bar is involved. This
means, that ideally a phase to ground short circuit will lead to the same % as the phase to phase short circuit.

B.3 Slow faults

e Slow faults - occur away from the inverter - Z,. large

— Cause
* Failure in the load
* Machine winding short circuit due to insulation failure
* Grid short circuit.
— Effect
* Characterized by slow current rise

* IGBTSs do not generally enter desaturation within the switching period of the fault. This may
happen after several periods, depending on the total wire inductance and if the duty cycle is
increasing or decreasing.

For the slow faults, the impedance is given by Z. 10w as

Zsc,slow = Zbusbar +n- ZIGBT + Zgrid ~ Zgrid [Q] (BZ)

because the grid impedance Zg,;q is dominant. Figures B.6 and B.7 show two different slow fault situa-
tions in the three level inverter.

+ Sa1 Sh1 Sc1 + Sa1 Sh1 Sc1
== Y5Vpc 1 == %Vpe [ 1
_ DuR Sa2 D K Sh2 Du 8 Sc2 _ DbuR Sa2 Da K Sh2 DuZR Sc2
Vic C_) N Voe C) N
0ol Y Sw & [o-& Sba% 0u& \ Sea Y ouE \ Swsd [0uF \ SwsE |0uE \ Ses
=== Y%Vpc A L 7 A ——%Vpc
" Saa Sha Sca Sa4 L 7 Sba Sca
Zgiid Zyid Zyria % = %ﬂ g Zgiig % Zgia
Figure B.6: Slow fault with phase to phase short cir- Figure B.7: Slow fault with phase to ground short
cuit. circuit.

Figure B.6 shows a phase to phase fault occurring at a distance from the inverter. Because the wires have

significant self inductance, % becomes much slower compared to the fast faults. Figure B.7 shows a slow
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phase to ground fault at a distance from the inverter also involving the wire impedance.

As for the fast faults, the phase to phase and the phase to ground faults will lead to the same current
di

rise at-

B.4 Conclusion

This appendix gives a short description of fast and slow short circuits. Fast short circuits are characterized
by very large %, which means, that the conducting switches can enter desaturation within the switching
period. In this project the fast fault is characterized by the current increasing from zero current up to the
desaturation limit within one switching period.

The slow short circuits are characterized by smaller %, and here the load current may not exceed the
desaturation limit at all, but rather conduct the current waveform controlled by the switching scheme, with
a peak value much higher than the rated value.

More types of short circuits are possible for a three phase inverter, but not examined in detail here. These
are the three phases short circuit, the two phases to ground and three phases to ground short circuit [Voerts,
December 1963].
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Appendix C

Self inductance in conducting wires

All electrical conductors represent a certain amount of self inductance depending on the length and geometry
of the conductor. The self inductance is closely related to the flux around the conductor for a given current
as given in equation (C.1). In many applications the self inductance does not lead to any difficulties or might
even be required, but for applications with high rates of change in current, self inductance can become a
problem. This is due to high voltages induced across the conductor by rapidly changing currents as given in
equation (C.2).

L = % [H] (C.1)
di
vy = L-d—f V] (C.2)

In this appendix, three different procedures to minimize the inductance are described by the equations for
different wire geometries and layout according to [Wisler, December 1996]. In one of the cases, the inductance
can theoretically be canceled out completely by choosing an appropriate wire layout and return path for the
current.

C.1 One flat wire

For one flat wire without a magnetically coupled return path, the self inductance is dependent of the thickness,
the width and the length of the wire - see figure C.1. The self inductance for this wire geometry is given by
equation (C.3).

2
L=2-107"-1-]1In (M) +0.5 +0.22 - b JZF ¢ [H] (C.3)
C
I 11

Equation (C.3) consist of two parts - part I is dominating for a sum of small values of b and ¢ and part
17 is dominating for small values of I. This can also be seen in figure C.2, that shows the inductance for a flat
wire of fixed thickness ¢ = 5mm and different lengths [. For every choice of ¢ and I, there exist a minimum
inductance at some value of width b, which can be used as a parameter for an optimum design.

In a practical application, the minimum inductances from the figure may be difficult to obtain. For
example, a wire of length 50mm must be approximately 450mm wide to minimize the inductance, and this
may not be realistic in most applications. So for the flat single wire geometry, the inductance is practically
minimized by using wires, that are as wide and short as possible.
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C.2. ONE FLAT WIRE WITH IDENTICAL RETURN PATH

Single flat wire, thickness c=5mm

300 :
— |=10mm
| I=20mm
< 250 — |=30mm
[=40mm
T 200 —— |=50mm
¢ % I=60mm
o — |=70mm
i g 10 — 1=80mm
\{ A 3 NO [=90mm
| £ 100} —— |=100mm |
Ci'eooooo'/ s
b 0 ‘ ‘ ‘ ‘
> 0 200 400 600 800 1000
Width b [mm]
Figure C.1: Layout of a single flat wire with no cur- Figure C.2: Self inductance one flat parallel wire ac-
rent return path. cording to equation (C.3).

C.2 One flat wire with identical return path

For one flat wire with a coupled return path, the self inductance is dependent on the width, length and
the distance between the wires. It becomes independent of the thickness of the wire, as long as the wires
are oriented exactly parallel - see figure C.3. In the case, where the currents ¢; and iy in the upper and
lower conductors have the same magnitude but flowing in opposite direction, the self inductance is given by
equation (C.4).

L:4-10_7-l-ln(1+77~%) H], b>2-a (C.4)

Parallel conductors, length I=10mm

5 :
a=0.25mm
a=0.5mm

4r a=0.75mm |1
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T
s
@
(8]
c
8
[}
=}
©
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0 : ;

0 20 40 60 80 100
. Width b [mm]
Figure C.3: One flat wire with identical return path Figure C.4: Self inductance for two flat parallel wires

according to equation (C.4).

Figure C.4 shows the inductance for a wire of length I = 10mm. Here the inductance becomes small,
when the width b is large and the distance a between the wires is small. In the ideal case with infinitely small
distance a, the inductance reaches zero, which is explained by the flux lines ¢ and ¢5 of the two conductors
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canceling each other completely because of opposite signs and same magnitude.

In a practical application this means, that to minimize the inductance, the isolation between the wires
must be chosen as thin as possible, without exceeding the dielectric strength of the isolation. And the width
of the wire must be chosen as large as the application allows.

C.3 One flat wire with non identical return path

For one flat wire with a non identical coupled return path, the self inductance is dependent on the width,
length and the distance between the wires. It becomes independent of the thickness of the wire, as long as
the wires are oriented exactly parallel as for the case with identical flat wires. The self inductance in this
case is given by equation (C.5), under the restriction, that the two widths satisfies by >> b;.

L:2-10_7-l~ln<1+2-77~ba> [H], b >4-a (C.5)
1

Parallel conductors, length I=10mm

35
a=0.25mm
3H a=0.5mm
a=0.75mm
25| a=1.0mm
= DR
A=)
[0}
(8]
o
<
(8]
=}
©
£
0

0 20 40 60 80 100

Width b [mm]
Figure C.5: One flat wire with non identical return Figure C.6: Self inductance for two flat parallel non
path. identical wires according to equation (C.5).

Figure C.5 shows the inductance for a wire of length [ = 10mm. Here the inductance becomes small,
when the width b; is large and the distance a between the wires is small. In the ideal case with infinitely
small distance a, the inductance reaches zero.
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Appendix D

Measurements

D.1 1IGBT short circuit characteristics

D.1.1 Purpose

The purpose of this test is to obtain the short circuit characteristics of the Semikron SKM600GA178 IGBT.
This is done to gain knowledge about the IGBT, and to obtain data regarding the emitter kelvin-emitter
voltage veke across the impedance Z i shown on figure D.1. and if it is possible to detect a short circuit before
desaturation occurs. This is important, because according to Semikron, desaturation can only be handled in
approximately 10us. Another required parameter is the over voltage in the v.. due to hard switching.

Figure D.1: Picture of the internal of a Semikron IGBT. Z.k. is shown by the blue line.
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D.1.2 Setup

The used equipment is listed in table D.1 and the test setup is shown in figure D.2.

’ Equipment \ A AU number \ Used for ‘
Tektronix oscilloscope 3307 Obtaining parameters
HP 937A multimeter 35936 Monitor capacitor voltage
2 x Delta SM 300 s Power supply 62765, 62768 Main supply V;,,
3 x Differential probes 55719, 56076 , no number Vge, Vce aNd Uege
Tabor Electronic series 8201 35553 Pulse generator
10m2 shunt no number Collector current
2.3mF capacitor bank C' no number Charge for short circuit
Rcnarge = 100€) charge resistor no number Limits charging current
Raiischarge = 28k§) discharge resistor no number Discharge the capacitor bank.

Table D.1: Equipment used for short circuit test.

Recharge

Pulse

Gate
Driver

sbreyospy

Figure D.2: Test setup for short circuit test.

D.1.3 Measurements

The measurements are performed at the following voltage levels: V;,, = 150V, 200V, 300V, 400V, 500V and
600V. The pulse width of the gate voltage is 5us.

The reason for this, is to ensure the survival of the IGBT, and still get close to a realistic operating
situation at 600 V. The laboratory temperature was 19°C' at time of test.

D.1.4 Data evaluation

To elaborate on the measurements, two of the figures from above is explained in detail on figure D.9 and
D.10.

On figure D.9 it becomes clear, that the desaturation occurs approximately 2us after the short circuit
starts. However, the v k. can be detected almost at the same instance. It can also be seen, that the impedance
from emitter to kelvin emitter is mainly inductive, because v.,. becomes constant at a constant rate of change
in the current, and approximately zero at a constant current in desaturation. The approximate inductance
value can be calculated as:

Veke 1.5V
dic ~ 2kA
dt 2us

Lepe = = 7.5nH (D.1)

The resistive part of the impedance from emitter to kelvin emitter is ignored, but has an approximate value
of Rege = 10_‘8% = 277uf) obtained in the desaturation region of figure D.9. The negative spike in v, before
the positive spike, is due to the line impedance of the kelvin emitter terminal wire. This is backed up by the
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Home: TDS 3014B A (192.168.1.11) Home: TDS 3014B A (192.168.1.11)
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Figure D.3: Short circuit test for Vi, = 150V . Dark Figure D.4: Short circuit test for Vi, = 200V . Dark
blue = wvge, light blue = vce, purple = veke, green = blue = vge, light blue = vce, purple = vege, green =
ic. 0.
Home: TDS 3014B A (192.168.1.11) Home: TDS 3014B A (192.168.1.11)
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Figure D.5: Short circuit test for Vi, = 300V. Dark Figure D.6: Short circuit test for Vi, = 400V. Dark
blue = vge, light blue = vce, purple = vVege, green = blue = vge, light blue = vce, purple = Vepe, green =
ic. ic.
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Home: TDS 3014B A (192.168.1.11) Home: TDS 3014B A (192.168.1.11)
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Figure D.7: Short circuit test for Vi, = 500V. Dark Figure D.8: Short circuit test for Vi, = 600V. Dark
blue = vge, light blue = vce, purple = vVege, green = blue = vge, light blue = vce, purple = vVege, green =
ic. ic. Notice that the offset for vece has changed.

Home: TDS 3014B A (192.168.1.11)
1 | s ]

OE 5.00V Chd4 500A E- |l

Figure D.9: Short circuit test for Vin, = 150V. Dark blue = vge, light blue = vce, purple = vVeke, green = ic.
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. Detectable Ve

Chi 10.0V [®iF] 250V  M1.00us A Chl % 200mv

Ch3| 2.50V Ch4| 500 A
176.00 %

Figure D.10: Short circuit test for Vi, = 600. Dark blue = vge, Light blue = vce, purple = veke, green = ic. Notice
that the offset for vece has changed, and that the desaturation occurs immediately.
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fact that the spike occurs at the same time as the gate signal, hence there is a current change in the kelvin
emitter wire. On figure D.10 the desaturation occurs from the beginning of the on-state. The short circuit is
detectable in both vege as before, but there is no advantage in detecting it compared to the desaturation. The
Vee OvVer voltage has a maximum value of 1.2kV@V;,, = 600V due to the hard switching, and this is within
the device rating. However, the over voltage will be dependent of the stray inductance of the actual inverter
busbar, and the busbar stray inductance is expected to be larger, so the over voltage has to be addressed as
a very critical factor of the protection scheme.

D.1.5 Conclusion

The conclusion of the test is, that a short circuit can be detected by monitoring veg.. Also, the over voltage
due to hard switching can cause device destruction and needs to be taken into account in a protection scheme.
From the two tests shown in detail on figure D.9 and D.10, an important aspect can be identified;

For the V;,, = 150V test, v, reaches zero and then goes into desaturation. This is the equivalent of having a
short circuit occur while the IGBT is on. In this case, the v g will be the fastest way of detecting the error
by a margin of approximately 2us. For the V;, = 600V test from figure D.10, the desaturation is detectable
almost immediately. This is the equivalent of turning the IGBT on, while a short circuit is present in the
inverter.

These results shows, that using both v, and desaturation detection to detect an error, will increase the
reliability of the protection. If the IGBT short circuit while turned on, the veg, will trigger the protection,
and if the IGBT turns on into a short circuit, the error is detectable in both vex. and v.. at the same time.
Also, choosing two detectors pr. IGBT, will add redundancy to the inverter protection scheme, meaning that
a backup system is in place, in case of a defect in the detector. To ensure that a normal switching operation
is not detected as a short circuit, an integration of v.r. can be incorporated to ensure that only a large
current will trigger an error.
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D.2 Protection by voltage clamping method test

In this appendix section, the protection by voltage clamping method is tested. This is done to verify if the
zener clamped snubber can be used as protection.

D.2.1 Purpose

The purpose of the test is, to repeat the tests from appendix D.1, but with added over voltage protection in
the form of two transil diodes, which are more robust version of the zener diode. This is to test, if the over
voltage, that was a consequence of the hard switched shut down, can be eliminated. This over voltage was
concluded as a major risk for the destruction of the IGBTs in appendix D.1.

D.2.2 Setup

The used equipment is listed in table D.2 and the test setup is shown in figure D.11. The clamping level is
set to Veigmp = 800V, and therefore only the two tests from appendix D.1 at V;,, = 500 and V;,, = 600V is
repeated, because the over voltage in these tests went above the clamping level.

’ Equipment \ AAU number \ Used for
Tektronix oscilloscope 3307 Obtaining parameters
HP 937A multimeter 35936 Monitor capacitor voltage
2 x Delta SM 300 s Power supply 62765, 62768 Main supply V;,
3 x Differential probes 55719, 56076 , no number Vge, Vee ANd Vege
Tabor Electronic series 8201 35553 Pulse generator
10m£ Shunt no number Collector current
2.3mF capacitor bank C no number Charge for short circuit
Rcnarge = 100§ charge resistor no number Limits charging current
Raischarge = 28k$2 discharge resistor no number Discharge the capacitor bank.
2 x Transil diode 1.5ke400A / 400V no number Series connected to clamp v.. = 800V

Table D.2: Equipment used for protection by clamping test.

Clamping
protection

Pulse

Gate
Driver

Recharge

@
(@]
| |
[
abreyosipyy

Figure D.11: Test setup for protection by clamping test.

D.2.3 Measurements

The measured waveforms is shown on figure D.12 and D.13. The laboratory temperature was 19°C' at time
of test.
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Tek Stop I [ 1} ]

“+ Effectof
+ clamping
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Figure D.12: Short circuit test for Vi, = 500V with added clamping protection. Dark blue = vge, light blue = vce,
purple = Vege, green = ic.
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~Effect of
clamping

v : .
: . . :

UM 1.00[s A CHT =120V

Figure D.13: Short circuit test for Vi, = 600V with added clamping protection. Dark blue = vge, light blue = vce,
purple = Vege, green = ic.
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D.2.4 Data evaluation

The obtained data from figure D.12 and D.13 shows the effect of the clamping. It is seen, that when the
transils clamp the over voltage, the vy is turned on for a short while. This is because the transils inject
current into the gate. The required clamping level of the veqmp = 800V is read to veiamp = 810V on figure
D.12, and veiamp = 825V on figure D.13.

D.2.5 Conclusion

The conclusion of the test is, that the voltage clamping protection works satisfactory by eliminating the
damaging over voltage in v... By using this method, there is no need to perform a soft shut down of the
IGBT, so the turn off time is faster compared to the soft shut down method. The clamping method also has
the advantage, that no active shut down hardware is needed in the gate driver, as would be the case for the
soft shut down method. The shut down of the IGBT is thereby only performed by the gate driver.
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D.3 Medium voltage DC supply measurements

The medium voltage DC supply for the inverter is designed and tested in this appendix. The demands for
the supply are as follows:

e Variable voltage regulation. This is important to test the inverter at low voltages in the beginning.
e Capable of producing a DC link voltage of Vpo = 2.4kV.

e Capable of supplying the current needed for the power dissipation for the load and the inverter.

No high voltage DC supply exist at AAU, so one must be build. This is done as shown in figure D.14.

Va
Vp
Danfoss Ve
VLT
HVAC 6052 — —~ — —~ —
+
Low pass
filter
_Di L~ L~ L1 L1
Mains
Vic Vpc
- 2 N 2 +

Figure D.14: Medium voltage DC supply.

To obtain an analytical expression of the relationship between the phase voltages and the DC component
of the rectifier output, when the DC link contains no filter capacitor, the voltage waveforms at the input and
the output on the rectifier are examined. These are shown in figure D.15.

Figure D.15: Three phase rectifier voltages. [Ned Mohan, 2003]

The average value of the output voltage Vpe from the rectifier is found by considering only a small
fraction of one full period. Here only one of the six equal sub periods of duration § = 60° is sufficient to
calculate vy, which is the instantaneous value of the output voltage.

Vg = Ugp = \/5 Voo - cos(wt), 7% <wt < % (DQ)
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when the time ¢t = 0s is chosen, where the line to line voltage vy, is at its maximum. Vi, is the RMS

value of the line to line voltages. Now by integrating over the period [—§; §] = %, the volt-second area A
becomes
/6
A = V2 Vi - cos(wt) d(wt) = V2 Vi (D.3)
—m/6

By dividing A by the period %, the average value Vpc of vg becomes:

1 7\'/6
VDC:7/ \/§~VLL~COS(wt)=é'\/ﬁ'VLL:L&S'VLL (D.4)
/3 )6 ™

This expression covers one transformer and one rectifier from figure D.14, so the total Vp¢ for the medium
voltage DC supply as a function of the line to line voltage is:

81
Vpe =6-135- Vi = 35 Vir (D.5)

For the medium voltage level of Vpeo = 2.4kV, the output voltage for the VLT must be:

2.4kV - 10

Vab 81

= 206V (D.6)

This is tested later in this section.

D.3.1 Realization of medium voltage DC supply

The equipment used for the supply on figure D.14 is listet in table D.3.

’ Equipment \ AAU number \ Used for
Danfoss 55V A HVAC 6052 No number Variable main supply
6 x 10kV A AXA transformers 38621,38619,38620, Generation of
38623,38617, No number medium voltage level
6 x Semikron SKD 30/16 three-phase No number Rectification of the
diode bridge rectifiers transformer voltage
32A low pass filter No number Filters the VLT output to prevent harmonics

Table D.3: Components for medium voltage DC' supply.

Initial test showed a problem with the transformers, which contained a safety relay that could not handle

input voltages below V,;, = 200V, so these had to be bypassed. However, the safety of the setup is not
compromised by this, as the Danfoss VLT is galvanically isolated from the user. Furthermore, the setup is
placed in a safety cage in the high voltage lab of AAU, so the local emergency stops on the transformers are
not usable by the operators of the system anyway. The VLT is fitted with a switch to enable and disable
it, and also a potentiometer to control the VLT. This is done based on a Danfoss application note in the
manual of the VLT 6052. This interface is also galvanically isolated from the user of the system.
The VLT used in the setup has a disadvantage that is quite limiting for the project. The output voltage can
not be adjusted manually while the VLT is running. To accommodate this, a V/F ramp is used to reach a
target output voltage and hence the required Vpc. The reason for using a ramp is, that the neutral point
capacitors will act as a short circuit at start up, and needs to be slowly charged. The power rating of the
setup is determined by the filter, because the VLT and transformers have larger power rating than this. The
filter has a power rating of 16kV AQV,;, = 296V .
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High voltage cagel

Danfoss
VLT
HVAC 6052
+
Low pass
filter

‘ = High voltage probe
‘ = Multimeter

Figure D.16: Schematic view of medium voltage DC' supply test setup.

Figure D.17: Diode bridge rectifier and high voltage Figure D.18: The six AXA transformers with the
Propes. diode bridge from figure D.17 on top. In the bottom,
the load resistor is seen.
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| Equipment | AAU number | Used for |
Tektronix oscilloscope 62796 Measure Vpeo
2 x High voltage probes 2kV No number Measurement of Z’Q?’—Q
Fluke multimeter 62785 Monitor VLT output voltage vgp

Table D.4: Equipment used for short circuit test.

i

Figure D.19: The Danfoss HVAC 6052 VLT. Notice the display on the cage and the two fiber converters connected
via the orange fiber. This equipment is used to control the VLT and the scopes by LAN interface.

D.3.2 Test of medium voltage DC supply

The purpose of the test is, to verify equation (D.6), and also obtain knowledge about the output voltage
ripple. The used equipment is listed in table D.4, the test setup schematic is shown in figure D.16 and the
realized DC supply is shown in figure D.17, D.18 and D.19.

The test results are shown on figure D.20, D.21 and D.22. The laboratory temperature was 18°C' at time
of test.

D.3.3 Data evaluation

From figure D.20, D.21 and D.22, it is shown, that the mean value of the DC link voltage approximately
fits equation (D.6). Also, the two DC link voltages is reasonable symmetrically with a maximum difference
of 50V. Considering measurement equipment tolerances this is acceptable. There is a large ripple voltage
of approximately 500V}, in figure D.22. The measured DC link voltage is plotted as a function of the VLT
output voltage on figure D.23, together with calculated values for equation (D.6).

D.3.4 Conclusion

The purpose of this test was to verify equation (D.6). From the scope pictures in the previous subsection,
the equation was deemed valid. The secondary objective of the test was, to gain knowledge about the ripple
voltage. This was also done by the scope pictures, where the ripple peak to peak voltage was read to 500V .
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Figure D.20: DC link voltage for Vo = 100V
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Figure D.21: DC link voltage for Va, = 200V .
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Figure D.22: DC link voltage for Vg, = 296V .
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VDC as function of VLT output voltage Vo
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Figure D.23: DC link voltage as function of the VLT output. Equation (D.6) is plotted for reference (red).

This is unacceptable, but it must be mentioned that the neutral point capacitors are not included in the
setup. By adding these large capacitors, the ripple is expected to be significantly reduced. Also the supply
was lightly loaded under the test, so small voltage deviances can be expected, when the three-level inverter
is connected. This is however not seen as a problem, since the VLT can generate a V,;, = 400V output hence
a DC link voltage of Vpe = 3.4kV.
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D.4 Load inductor measurements

In this appendix section, the realized load inductance is measured.

D.4.1 Purpose

The purpose of the test is, to determine the inductance and the DC resistance of the inductor setup.

D.4.2 Test setup

For the inductance measurement, an LCR meter is used to measure the inductance at various frequencies.
Also, the DC resistance! , and hence the theoretically power dissipation of the inductor is measured by this
device. The use equipment are listed in table D.5

’ Equipment \ AAU number \ Used for ‘
HP 4248 precision LCR meter 3307 Inductance
Fluke multimeter 70395 DC resistance
Fluke multimeter 62785 DC resistance
INSTEK Power supply 55702 DC resistance
Vario Trafo Power supply

Table D.5: Equipment used for inductance measurements.

The test setup for the DC resistance is shown on figure D.24.

Figure D.24: Resistance measurement test setup.

D.4.3 Measurements

The initial measurements with the LCR meter was discarded, because the LCR meter is only capable of
sourcing 200m A, and this gives an unreliable result, because the cores cant be properly magnetized. Instead,
the DC resistance setup on figure D.24 is used with an AC voltage source, in the form of a variable transformer,
replacing the DC source. From measuring the RMS values of the voltage and current, the impedance of the
inductor setup can be found. The measured values for the impedance is listed in table D.6.

Ldue to the large skin depth and the low frequency, Rac ~ Rpc
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| VIVI[I[A] ] [Z][9] ]

10 0.49 20
20 0.86 23.5
40 1.53 26.1
80 2.73 29.3
100 3.28 30.4
125 3.98 314
150 4.65 32.3
175 5.36 32.6
200 6.06 33.0
230 6.88 33.4
250 7.45 33.5

Table D.6: Impedance measurements at f = 50H z.

The measured values for the DC resistance Rpc is listed in table D.7.

| VIVI[T[A] | Rpc [ |

0.02 | 0.23 0.086
0.044 | 0.48 0.091
0.081 | 0.91 0.089
0.146 | 1.70 0.086
0.168 | 1.95 0.086

Table D.7: DC resistance measurements. Average Rpc = 87.6mf).

D.4.4 Data evaluation

From table D.7, the reason for not using the LCR meter becomes clear. At low voltages, the variation in
impedance is significant, but it stabilizes when the current becomes high. This is because the iron cores
needs to be magnetized. It can be seen, that from 125V to 250V the deviation is smaller than from 10V to
20V. From this, the impedance is obtained from the average value from 125V to 250V giving |Z| = 32.61).
The DC resistance has some slight deviations, but the average value of Rpc = 87.6mS is deemed realistic.
Knowing |Z| and Rp¢, the following equation can be used.

1Z> = RLo+ (2 7 fmoa-L)? = L
V32.6% — 0.08762
;o V3261008762

2-m-50

D.4.5 Conclusion

712 _ p2
= M [H] (D.7)

2'7.(-'f7ﬂod

(D.8)

The conclusion of the test is, that the inductance is L = 103mH and the DC resistance is Rpc = 87.6mf).
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D.5 Simulation of DC link capacitor.

D.5.1 Purpose

The purpose of the simulation is, to gain knowledge about the non symmetrical current drawn from the DC
link capacitors, and hence the resulting voltage ripple. From this ripple, an appropriate capacitor can be
chosen.

D.5.2 Simulation setup

The simulation schematic can be seen on figure D.25.

PARAMETERS: R19 1
Fsw =5000 1
phase = 120 0.085 \g.amu
|
vdchalf = 1000
mod = 1.16
fmod =200 \. R
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0 IN+OUT+ =~ OUT+INT 0
Dbreak p17
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,—‘M’—<
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© o=
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TE= {05/ Fow) IN+OUT+ W Wy OUT+IN+
PW =1y Lnour.| Dijreak Lour- |

PW = 1n
“—PER = (LFsw+in}

=1n 5
PER = {UFsw+1n} \
~o
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Figure D.25: OrCad simulation schematic for capacitor simulation.

_ The load inductance is set to Ligqa = 19.7mH to simulate maximum current, that has been changed to
11oad = £100AQMa = 1.16 when third harmonic injection is included. and a series resistance is included in
the capacitor to model the Rgpsgr. Due to available capacitors at AAU, which can withstand the DC link
voltage of 2.4kV, the simulation is set up as a parameter sweep with three different capacitor values; 400,
825 and 1100pH.
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D.5.3 Simulation results

The initial simulation results are seen on figure D.26.

1.3125KV-H-

1.2500KV -

1.1875KV

SEL>> -
1.1250KV-L.

100A

OA

-100A-L

100A

oA-L

-100A -

62.0ms

Time

Figure D.26: Initial simulation results. The colors represents: green = 400uF, red = 825uF and blue = 1100uF.
The top graph shows the voltage across the top DC link capacitor, the middle shows the capacitor current and the
bottom graph shows the load current.

From the initial test, the 400uF capacitor is discarded, because it results in a large voltage ripple. On
figure D.26, the unsymmetrically load currents effect on the ripple voltage can be seen. In the following
simulations, shown on figure D.27, the two remaining capacitor values are closer inspected regarding the
current and voltage ripple.

Figure D.27 shows the simulated waveforms for the 825 F and 1100uF' capacitor values. On the top graph,
the capacitor voltage v is shown, together with the average (%) value. It can be seen, that the average
DC link voltage varies slightly, approximately vyippie = 20V for the 8254 F capacitor and approximately
Uripple = 16V for the 1100pF capacitor. The ripple is defined as:

Uripple = 66’ - % [V] (Dg)
Because the maximum voltage is of interest, due to the snubbers and the overall maximum voltage rating
for the used equipment.
The middle and bottom graph of figure D.27 shows the capacitor current, together with the average
current waveform. This waveform only deviates a little for the two different capacitor values because it is
mainly dependent on the load.

D.5.4 Choice of capacitor value

Both capacitors of 825uF and 1100uF' can be used, but remembering that the choice of capacitor values was
done from available values, the voltage rating plays an important role. The value of 825uF can be realized by
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Figure D.27: Initial simulation results.

(blue/purple). The middle graph shows the capacitor current (red/green). The bottom graph shows the average

waveform of the capacitor current (blue/purple

voltage

).
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four 3300 F'/450V capacitors giving each neutral point capacitor a voltage rating of 1.8kV, and the 1100uF
value can be realized by three 3300 F/450V reaching a voltage rating of 1350V. This is rater close to the
DC value of 1.2kV, and therefor the chosen capacitor is the four 3300 F/450V capacitors in series, yielding:
C =825uF/1.8kV.
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