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Puolijohdeteknologian kehitys on johtanut tehoelektroniikan kytkinkomponenttien

kytkentäaikojen huomattavaan lyhenemiseen. Moottori- ja generaattorikäytöissä

pulssileveysmodulaatiota käyttävien (PWM) inverttereiden nopeat kytkentäajat

aiheuttavat kaapeliheijastumista johtuvia ylijännitteitä entistä lyhyemmillä kaapeleilla.

Voimakkaat ylijännitteet saattavat johtaa sähkökoneen hajoamiseen jo muutaman

kuukauden käytön jälkeen.



Tässä työssä tutustutaan kaapeliheijastumien syntyilmiöihin, sekä erilaisiin

vaimennustekniikoihin. Näistä tekniikoista valitaan sopivimmat vaihtoehdot

ylijänniteongelman minimoimiseksi tuulivoimageneraattoreissa. Menetelmien

soveltuvuutta arvioidaan simulointien, sekä prototyypillä tapahtuvien mittausten

perusteella. Ylijänniteongelman ratkaisuksi esitetään käytön sähkökoneen päätyyn

asennettavaa RC suodatinta, sekä invertterin lähtöön asennettavaa jännitteen

nousunopeutta rajoittavaa suodatinta. Työssä analysoidaan molempien suodatintyyppien

suorituskykyä sekä häviöitä.
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Advancements in power electronic semiconductor switching devices have lead to

significantly faster switching times. In motor and generator applications, the fast

switching times of pulse width modulated (PWM) inverters lead to overvoltages caused

by voltage reflections with shorter and shorter cables. These excessive overvoltages

may lead to a failure of the electrical machine in a matter of months.



In this thesis, the causes behind the overvoltage phenomenon as well as its different

mitigation techniques are studied. The most suitable techniques for mitigating the

overvoltage phenomenon in wind power generator applications are chosen based on

both simulations and actual measurements performed on a prototype. An RC filter at the

terminals of the electrical machine and an inverter output filter designed to reduce the

rise and fall times of voltage pulses are presented as a solution to the overvoltage

problem. The performance and losses of both filter types are analysed.
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SYMBOLS AND ABBREVIATIONS

Roman letters

A Attenuation

a Inductor core dimension, see Figure 12

Acore Inductor core cross-sectional area

ACu Conductor cross-sectional area

Aw Winding area

B Magnetic flux density

ba Inductor core dimension, see Figure 12

Bac AC core flux density

Bpeak Peak core flux density

Bsat Saturation flux density

c The speed of light

Cc Cable capacitance per metre

Cfilter Filter capacitance

cos Power factor

d Inductor core dimension, see Figure 12

do Wire diameter

du/dt The rate of change in voltage, the derivate of voltage

Ec Energy stored in a capacitor

Es Stored energy value

Es,c Core energy value

fc Carrier frequency

fco Cutoff frequency

fo Oscillation frequency

fop Operating frequency

Gc Cable conductance

ha Inductor core dimension, see Figure 12

I Current

Î Peak current
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IDC Rated DC current

Îfilter Peak current in the filter network

IRC The current flowing to the RC branch of the dU/dt filter

IRMS Rated RMS current

Kp Proximity effect

Kskin(fo) Skin effect

L Inductance

L1— LN The inductance values used in the dU/dt filter simulation model

Lc Cable inductance per metre

lc Cable length

lcrit Critical cable length

Lfilter Filter inductance

lfp Flux path length

Lmax Maximum inductance achievable with the selected inductor core

Lmotor Inductance of the low frequency motor model

Ltot Total inductance

lw Length of the winding wire

Mi( ) Double pulsing inception modulation index

Pcore Total core power loss

Pcore, sp Inductor core power dissipation density

Ploss Power loss, power dissipated as heat

Pm Motor effective power

Pw,sp Inductor winding power dissipation density

Qm Motor reactive power

R1— RN The resistance values used in the dU/dt filter simulation model

Rc Cable resistance

rDC Cable DC resistance

Rfilter Filter resistance

Rm Total reluctance of the magnetic flux path

Rm,core Inductor core reluctance

Rm,gap Air gap reluctance

Rmotor Resistance of the low frequency motor model
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rp Cable parallel insulation resistance

rs Series conductor AC resistance

R sa Surface-to-ambient thermal resistance

s Laplace variable

Sm Motor apparent power

t time

Ta Maximum ambient temperature

T The time it takes for an overvoltage transient to decay in a cable

Tc Carrier period

tcr Critical rise time

Tcycle The time it takes to complete one reflection cycle

tdesired Desired rise time

Ton The time when line-to-line voltage is not zero in a PWM inverter’s output

trise Rise time

Ts Maximum component surface temperature

tt Time needed for a pulse to travel the length of a cable once

U Voltage

u Final voltage pulse amplitude

u0 Initial voltage pulse amplitude

U* Modulating voltage

U+ Voltage travelling in a positive direction

U- Voltage travelling in a negative direction

U * Per unit modulating voltage

UC,filter Voltage across the filter capacitor

UDC DC bus voltage

UL Voltage at the load side

Upk Peak voltage

ur2 Second reflected voltage

URMS RMS voltage

Us Voltage at the source side

Ut Voltage at time t

Vcore Core volume
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VCu Copper volume

vp Pulse propagation velocity

Vw Total winding volume

x Place

Z0 Cable characteristic impedance

ZL Load impedance

Zmotor Combined motor impedance used in dU/dt filter power loss estimation

ZRC The total impedance of the RC branch of the dU/dt filter in one phase

Zs Source impedance

Greek letters

Reflection coefficient

L Load reflection coefficient

s Source reflection coefficient

Skin depth

Permittivity

r Relative permittivity

Damping ratio

efficiency

Permeability

0 Vacuum permeability

Resistivity

Cu,100 The resistivity of copper at 100 °C

g Total air-gap length

Conductivity

Cable damping time constant

Angular frequency

co Angular cutoff frequency

n Natural frequency
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Acronyms

AC Alternating current

ASD Adjustable Speed Drive

BJT Bipolar junction transistor

CM Common-mode

DC Direct Current

DM Differential-mode

EMI Electromagnetic Interference

FFT Fast Fourier Transform

GTO Gate turn-off thyristor

IGBT Insulated Gate Bipolar Transistor

pu Per unit

PWM Pulse Width Modulation

RMS Root Mean Square

SVPWM Space Vector Pulse Width Modulation

SPWM Sine wave Pulse Width Modulation

TPPWM Two Phase Pulse Width Modulation

TPWM Third harmonic injection Pulse Width Modulation
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1 INTRODUCTION

This Master’s thesis is done as part of a project for The Switch High Power Converters

Oy. Their business areas “are wind power and other emerging businesses, including

industrial facilities, variable speed gensets, and solar and fuel cell applications. [1]”

The  results  of  this  work  will  help  designers  choose  the  correct  wind  power  generator

protection scheme.

When an electric machine is driven by a present-day pulse width modulated (PWM)

inverter through a long feeding cable, voltage overshoot occurs at the motor terminals

due to steep voltage rise and fall times. The magnitude of the overvoltage depends on

the voltage pulse rise and fall times, the length of the motor cable, motor and cable

characteristic impedance, motor load, the magnitude of the drive pulse and the spacing

between the PWM pulses [2],  [3],  [4],  [5].  These overvoltages cause electric stress on

the inter-turn insulation of motor windings and can contribute to bearing currents, shaft

voltages and electromagnetic interference (EMI). They also have adverse effects on

cable insulation in the immediate vicinity of the motor terminals [6]— [12]. Minimizing

the overvoltage at the motor terminals is very important, since the deterioration of

motor insulation can lead to motor failures in a matter of months [13].
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In wind turbine applications, the generator and power converter can be located in the

nacelle of the mast. However, typically the converter is installed at the bottom, which

makes maintenance and access to the drive system easier. Because the height of the

mast can be a hundred metres, long cables are required. Figure 1 illustrates the structure

of a typical wind power station.

Generator
cables

Converter

Generator

Figure 1. Wind power station structure. Modified from [14].
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The scope of this thesis is to study and compare different overvoltage mitigation

techniques and evaluate their applicability to wind power systems. The goal is to find

out which of the presented overvoltage mitigation methods are best suited for this

application, and to clarify their design processes. Existing filter design procedures

explained in other papers dealing with the overvoltage problem are compared and

analysed.

Chapter 2 explains the theory behind the overvoltage phenomenon. Different filter

topologies are studied in Chapter 3, and the design procedures of filters suitable for this

application are explained. Chapters 4 and 5 present results from simulations and

experimental measurements. Chapter 6 deals with the losses in the filters. Finally, in

Chapter 7, the conclusion drawn from these acquired data are presented together with

suggestions for possible improvements in future studies.
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2 IMPEDANCE AND OVERVOLTAGES

According  to  transmission  line  theory,  a  forward  travelling  pulse  is  either  partially  or

fully reflected at the receiving end depending on the impedance mismatch in the system.

If the impedance in the transmission line is the same as the impedance at the receiving

end, there is no mismatch and no reflections occur. The same principle applies to

voltage pulses in AC drive and generator systems, since the machine cable behaves like

a transmission line for PWM voltage pulses [6]. Unfortunately different parts of typical

power generator and AC drive applications usually do not have matching impedances.

2.1 Voltage reflections

Because of the impedance mismatch, the voltage is reflected at the terminals of the

electrical machine. Understanding the voltage reflection phenomenon is critical

whenever there is a need to suppress the voltage overshoot caused by this mismatch.

Figure 2 (a)— (e) illustrates the reflections at both ends of the motor cable.

U
I

(b)

I
U 2U

0
(c) (d)

2UU

-I
0

(a)

U

(e)-I

U

0

0

Figure 2. Repeated voltage and current reflection steps. Figure (a) represents an equivalent circuit of an

inverter. Figures (b) – (e) represent the travelling pulses. Modified from [3].
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In Figure 2 (a) the equivalent circuit of an inverter is shown. At high frequencies, an

inverter looks like a short circuit. In the electrical machine, the impedance is dominated

by the winding inductance. Seen from the end of a long cable, the machine looks like an

effective open circuit at high frequencies [3].

Figure 2 (b) shows the incident wave travelling from the inverter. The voltage and

current waves have the same shape, but different amplitudes. Figure 2 (c) illustrates

what  happens  when  the  first  incident  wave  reaches  the  terminals  of  the  electrical

machine. The incident wave is reflected back towards the inverter because of the

impedance mismatch between the cable and the machine (dashed line). The reflected

voltage wave has the same sign as the incident wave, and voltage is doubled at the

machine terminals (solid line). Because the current in the circuit equals zero at all times

(an open circuit), the reflected current has the same amplitude but opposite sign as the

incident current. The voltage in the line is now charged to 2U, but the inverter output

voltage is U, so a negative reflection -U travels from the inverter to the machine. The

travelling voltage wave is always accompanied by a current wave. The current also has

a negative sign [Figure 2 (d)]. When this second incident wave reaches the electrical

machine, it is again reflected. The second reflected voltage wave has a negative sign,

and the second reflected current wave a positive sign, as shown in Figure 2 (e). When

the second reflected waves reach the inverter, the resulting third incident wave is the

same as in Figure 2 (b). This cycle repeats over and over.
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Another way to illustrate the reflected wave phenomenon is the lattice diagram in

Figure 3. Similar lattice diagrams for a lossless transmission line with unmatched

terminations can also be found in [15]. The horizontal axis represents the distance along

the cable, and the vertical axis the time it takes the pulse to travel the length of the cable

once (tt).  The  diagonal  lines  represent  the  travelling  waves.  The  reflections  are

determined by multiplying the incident wave arriving at an end by the reflection

coefficient at that end. The voltage at any point x and t on the diagram is calculated by

adding all the terms directly above that point [16].

t=t'

tt

x=0 x=l
s

t'+tt

t'+2tt

t'+3tt

t'+4tt

t'+5tt

t'+6tt

U

U s

2U s

22U s

3 2U s

U

c

L

L

L

L

L

L

Figure 3. The Bewley lattice diagram. The diagonal lines represent the reflected waves. Modified

from [16].

Reflected wave transients occur at every drive switching instant, which are defined by

the drive carrier frequency. However, the fundamental output frequency of the drive

does not affect the reflected wave transients [5].
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Whenever a reflection happens in a transmission line, all points of the resulting reflected

voltage U- are the corresponding points of the U+ waveform multiplied by the voltage

reflection coefficient .

The reflection coefficient at load side is defined

,
0L

0L
L ZZ

ZZ
+
−

= (1)

where ZL is the load impedance and Z0 the cable characteristic impedance. Similarly, the

reflection coefficient at the source is defined

,
0s

0s
s ZZ

ZZ
+
−

= (2)

where Zs is the source impedance. The voltage at the machine terminals can be

calculated using the reflection coefficient with equation

,)1( sLL UU ⋅+= (3)

where UL is the voltage at the load side and Us the voltage at the source side. The cable

characteristic impedance Z0 is given by

cc

cc
0 CjG

LjR
Z

ω
ω

+
+

= , (4)

where Rc is the cable resistance,  the angular frequency, Gc the cable conductance, Lc

the cable inductance and Cc the cable capacitance. The angular frequency is defined

,2 f⋅⋅=ω (5)
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where f is frequency. If the cable is assumed lossless, the characteristic impedance is

reduced to

c

c
0 C

L
Z = . (6)

The common-mode (CM) impedance in the cable consists of the inductance from the

insulation material, the ground capacitance and the capacitance between different phase

conductors, so the characteristic impedance of the cable depends on the type of cable

used, and the distance between the cables. For tightly bundled cables, the cable

capacitance is much larger than with widely separated cables, and thus the characteristic

impedance is lower. According to measurements done by G. Skibinski’s team, the

characteristic impedance of bundled cables is around 80— 150 , which is 10 to 20

times lower than for separate cables [17], [18]. For bundled cables, an average value of

85  can be used.

The common-mode impedance in the machine cable is usually much smaller (10 – 100

times) than the common-mode impedance in the machine [3]. The load impedance at the

machine  side  is  very  difficult  to  calculate  or  measure.  Experimental  results  show that

the characteristic impedance for smaller machines is around 2000 — 5000 , a 90 kW

machine has a characteristic impedance of roughly 800  and the characteristic

impedance of a 370 kW machine is about 400  [5]. This means that the reflection

coefficient for smaller machines fed through bundled cables is around  0,95, for

90 kW machines around  0,82 and for 370 kW machines  0,60. Using (3), the

theoretical maximum voltage at the load side, caused by voltage reflections, is therefore

DCU⋅95,1  for  low power  machines, DCU⋅82,1  for 90 kW machines and DCU⋅60,1  for

370 kW machines. However, the use of parallel cables with high power machines

increases the cable capacitance. This in turn reduces the cable characteristic impedance

Z0 and increases the reflection coefficient to about 0,90 and the theoretical maximum

load side voltage to DC90,1 U⋅ . In reality, the voltage at the machine terminals can reach

values as high as three to four times the magnitude of the DC bus voltage [18], [19].

This is explained in more detail in Chapters 2.2 and 2.3.
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In the inverter, the impedance is mainly formed by the DC bus capacitors and the

freewheeling diodes. As the first reflected wave reaches the inverter [Figure 2 (d)], the

freewheeling diodes conduct the reflected voltage to the DC bus capacitor bank, which

represent an equivalent short circuit to fast rising pulses.

If the time it takes for one PWM voltage pulse to travel from the inverter to the motor is

one  third  of  the  pulse  rise  time,  the  voltage  at  the  terminals  of  the  electrical  machine

will approximately double under full reflection conditions [6], [8]. Thus, for a fixed

pulse rise time, a critical length for the cable can be defined as the minimum length

which causes voltage doubling. This critical cable length lcrit can be calculated using

equation

,
2

risep
crit

tv
l

⋅
= (7)

where vp is the pulse propagation velocity [20], which is given by

,c11

rrcc
p εµεµ

=
⋅

=
⋅

=
CL

v (8)

where  is permeability,  is permittivity and r the relative permeability and r the

relative permittivity of the dielectric material between the conductors and c is the speed

of light. With low resistance cables, the resistance does not affect the pulse propagation

speed significantly and a lossless line approximation can be used. The pulse propagation

velocity is approximately the speed of light if widely separated cables are used, because

r = 1.
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Similarly for a fixed cable length, critical rise time is defined as the maximum rise time

which causes voltage doubling. With modern insulated gate bipolar transistor (IGBT)

PWM inverters the rate of change in voltage, or du/dt, is in the range of 10000 V/ s.

This means that voltage doubling at the motor terminals will occur with cables as short

as 10 - 20 metres [21], [22]. Critical cable lengths for various rise times are given in

Table 1.

Table 1. Minimum cable length after which virtual voltage doubling occurs at motor terminals. Modified

from [3].

PWM pulse rise time [us] Critical cable length [m]

0,1 6

0,5 39

1,0 59

2,0 118

3,0 177

4,0 236

5,0 295

The time needed for the pulse to travel the length of the cable once is given by

,
p

c
t v

lt = (9)

where lc is the length of the cable.
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In order to define the critical rise time, an equation for the peak voltage is required. This

can be derived by following the voltage reflection process. When the first incident wave

gets reflected at the machine terminals, the amplitude of the backward-travelling wave

will be









≥Γ⋅=

<
Γ⋅⋅

=

risetLDCtt

riset
rise

LDCt

tt

,)(

,
)(

ttUtU

tt
t

Ut
tU (10)

The backward-travelling wave gets reflected at the inverter in the same manner. Only

this time the reflection coefficient is that of the source, or s. It can be seen from (2) that

for low impedance sources, the reflection coefficient approaches -1, which makes the

amplitude of the reflected wave negative.

Because of this negative amplitude, the increasing voltage at the machine terminals will

start to reduce after the PWM pulse has travelled the length of the cable three times.

Therefore, the peak voltage Upk, is given by










≥+Γ⋅=

<+
⋅

Γ⋅⋅⋅

=

3
,

3
,

3

rise
DCLDCpk

rise
DC

risep

LDCc

pk
ttUUU

t
tU

tv
Ul

U (11)
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The normalised electrical machine terminal peak voltage as a function of rise time for

(11) when
3
risett <  can be written as

.1
3

risep

Lc

DC

pk +
⋅

Γ⋅⋅
=

tv
l

U
U

(12)

From (12) it can be seen that for minimal or no overvoltage to occur

.0
3

risep

Lc ≈
⋅

Γ⋅⋅
tv

l
(13)

If 20 per cent voltage overshoot is allowed, the desired rise time can be calculated using

the following equations [3].

⇒≈
⋅

Γ⋅⋅
2,0

3

risep

Lc

tv
l

(14)

2,0
3

15
p

Lc
tLdesired ⋅

⋅⋅
=⋅⋅=

v
ltt (15)
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2.2 Double pulsing

As mentioned before, in some situations the voltage overshoot at the machine terminals

can exceed the theoretical maximum value of twice the DC bus voltage. Some modes in

a PWM modulation cycle can lead to these increased voltage stress levels when long

cable lengths are used. If the inverter dwell time (the time the line-to-line voltage is

zero) is shorter than the time it takes for the last cable transient to decay (T ), a residual

charge is trapped in the cable and may lead to increased overvoltages. This phenomenon

is known as double pulsing. Due to the spacing of inverter PWM pulses, the carrier

switching frequency and modulation technique have a predominant effect on voltage

overshoot in this mode. The rise time of the inverter output PWM pulses has a lesser

effect on how often the double pulsing phenomenon occurs [18].

The amount of residual charge trapped in the cable depends on the cable AC damping

resistance. The natural oscillation frequency of the cable has a large influence on this

damping resistance. As was discussed in Chapter 2.1 and illustrated in Figure 2, during

a voltage reflection cycle the voltage pulse travels the length of the cable four times, i.e.

Tcycle = 4 · tt. The oscillation frequency is thereby given by

cccc

p

tcycle
o 4

1
44

11
CLll

v
tT

f
⋅⋅⋅

=
⋅

=
⋅

==  . (16)

This means that short cable lengths lead to high oscillation frequencies. The oscillation

frequency affects the skin [Kskin(fo)]  and  proximity  (Kp) effects, which in turn increase

the AC resistance of the conductor above the DC value. The series conductor AC

resistance rs (  / unit length) and the cable parallel insulation resistance rp (  /  unit

length) cause power losses as dissipated heat during both the forward-travelling and the

reflected wave pulses.
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This attenuates the initial pulse amplitude u0 to its final value u depending on cable

constants rs, Z0, Kp, Kskin(fo) and the distance travelled x [19] and can be solved as










⋅

⋅⋅⋅
−









⋅
⋅

−

== 0

DCskin(fo)p

0

s

22
)

0

Z
xrKK

Z
xr

u
u εε , (17)

where rDC is the cable DC resistance. Distance x is given by

.p tvx ⋅= (18)

The reflected waves dampen quickly, since distance lc is travelled four times during

each oscillation cycle. Furthermore, smaller machines have greater damping than more

powerful ones, since the DC resistance values in the rs term of smaller gauge wires are

higher.

Skin effect results from the inductance in a conductor being unevenly distributed. The

inductance is highest in the centre of the conductor and least near the edges. This means

that high frequency current does not penetrate the conductor deeply and only travels

near the surface, which decreases the apparent conductor area and increases AC

resistance. The skin effect factor Kskin(fo) in (17) is a function of frequency [23].

Proximity effect, as the name suggests, is a result of two neighbouring conductors. The

magnetic field of an adjacent neighbouring conductor distorts and reduces the current

flow area in the primary conductor. In (17), the proximity effect increases AC resistance

by a factor of two (Kp = 2) for tightly bundled round cables [24].
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Skin depth  is defined when the conductor current density in the radial dimension is -1.

The total amount of high frequency power in the conductor can be described using the

Poynting vector equation

,
2

v
δ
γ

ε
⋅

−
∝P (19)

where  is the depth of conductor current density penetration. The radial depth after

which only minimal high frequency power is carried inside the conductor is defined

when

2
δγ = . (20)

Skin depth  is given by

α
δ 1

= , (21)

where  is the attenuation coefficient. For a good conductor, skin depth can be defined

as

,21

o µω
ρ

σµ
δ

⋅
⋅

=
⋅⋅⋅

=
f

(22)

where  is conductivity and  resistivity. With the condition set in (20), the expression

for the skin effect becomes

22
oo0

skin(fo)

σµ
δ

⋅⋅⋅⋅
=

⋅
=

fddK , (23)

where do is the wire diameter.
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The expression for the AC resistance of a solid wire conductor which takes into account

the skin and proximity effects can now be written as

2
oo

pDCskin(fo)ps
4

2 d
fd

KrKKr
⋅
⋅

⋅










 ⋅⋅⋅⋅
⋅=⋅⋅=

ρσµ
. (24)

Predicting the rs value for wires with large diameter d0 is difficult, because the number

and size of the conductor strands are critical in the calculation.

The voltage overshoot caused by reflected waves is damped out in a

τα ⋅= 3T (25)

time interval, where the time constant  is given by

s

c2
r
L⋅

=τ . (26)

The time needed for the reflected pulse to damp to less than five per cent of the initial

peak value can be estimated by substituting (18), (8) and (6) into (17), which gives
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0

. (27)

The skin effect AC resistance significantly affects the damping time of the reflected

transients. With shorter cable lengths, the reflected transients are damped out faster

because the oscillation frequency is higher.
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In Figure 4, the inverter dwell time is short compared with T , which leads to a voltage

overshoot of over two times the magnitude of DC bus voltage. Initially the cable is in a

fully charged condition. When the cable is discharged for approximately 4 s, the

voltage at the machine terminals is forced to approximately negative DC bus value.

When the third resulting voltage pulse reflection reaches the machine terminals, the

pulse from the inverter arrives at the same time and both are reflected. This double

pulsing event increases the voltage at the machine terminals to 1670 V.

1670 V

<Tα

0  1

0  2

500
V/div

500
V/div

T

Inverter

Motor

0 5 10 15 20 25 30 35 40 45 50
Time (µ sec)

Figure 4. Motor and inverter line-to-line voltages showing the effect of double pulsing. A 7,5 kW

unloaded induction motor at 60 Hz, a third-harmonic PWM (TPWM) modulator with a 4 kHz

carrier frequency and 152 metres of 3,31 mm2 cable were used. The DC bus voltage is about

650 V. Modified from [19].

The magnitude of the voltage overshoot resulting from double pulsing depends on the

damping characteristics of the cable, DC bus voltage, inverter dwell time, modulation

technique, duty cycle and carrier frequency. Double pulsing occurs more often if carrier

frequency is increased.
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To prevent the charge trapped in the cable from causing possible overvoltage transients

of three times the magnitude of DC bus voltage with short PWM dwell times, or when

the carrier frequency is increased to reduce allowable decay times, the reflected wave

transients must decay before the next PWM pulse is sent to the cable. This is achieved if

the inverter Ton time is greater than 3 · .

The  reflection  coefficients  of  low  power  AC  drives  are  approximately  one,  so  the

primary mechanism affecting transient overvoltage decay is skin effect AC resistance

damping. Cables with larger diameters are used with high power drives and generators,

so overvoltage transient decay as a result of skin effect resistance damping is minimal.

In  this  case,  the  damping  of  the  reflected  waves  is  a  result  of  the  reduced  reflection

coefficients. The voltage pulse is damped after each oscillation cycle and eventually

decays [19].

The operating frequency after which the inverter dwell time is too short and

overvoltages in excess of twice the magnitude of DC bus voltage start to appear is

referred to as the double pulsing inception frequency. Together with the cable’s

damping ratio, this inception frequency defines the minimum dwell time of the line to

line voltage. If the condition in (25) is met, voltage at the machine terminals will decay

before the arrival of the next PWM pulse. The double pulsing inception frequency is

modulator dependant [19].

Modulators may be characterised by their respective double pulsing inception

modulation index Mi ). This is achieved by relating T  to the modulation index, which

eliminates the DC bus voltage and operating frequency as parameters. By describing

double pulsing with Mi( ), the induced overvoltages can be reduced utilising minimum

time, pulse elimination and different modulator techniques.
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All modulators – sine wave (SPWM), third harmonic injection (TPWM), space vector

(SVPWM) and two phase discontinuous (TPPWM) – can be viewed as duty cycle

comparisons. Figure 5 further illustrates this method. By denoting the modulating

voltage with U* and the carrier period with Tc, the on time Ton of an upper power device

of one inverter pole can be calculated using equation

.
U2 DC

*

c
c

on
UT

T
T ⋅+= (28)

Ton equals Tc / 2 (50 % duty cycle) when U* equals zero [Figure 5 (a)]. If U* = -UDC / 2,

Ton =  0  for  that  carrier  cycle  [Figure  5  (b)].  The  upper  device  is  on  for  the  complete

carrier cycle only if U* = UDC / 2 [Figure 5 (c)].

Tc

Ton(n) = 0Ton(n-1) = 0,5 Ton(n+1) = 1

U(n)
* U(n+1)

*U(n-1)
*

0

1

½UDC

-½UDC

0

½UDC

-½UDC

0

(a) (b) (c)

Figure 5. Pulse time generation. The sawtooth line represents the trigger voltage, U* is the modulating

voltage (sometimes also referred to as the control voltage) and Tc is the carrier period. Ton

changes state every time the modulating voltage and the trigger voltage intersect. Modified

from [25].
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The effects of T  can be investigated by selecting Ton equal to Tc - T  and solving the per

unit modulation voltage from the double pulsing inception modulation index

2T2
1

2
)(

cDC

*

⋅







−≥

⋅
=

T
U

U
Mi α . (29)

It can be seen from equation (29) that Mi( ) decreases as the carrier frequency

increases. When T  and cable damping characteristics are known, a minimum allowable

dwell time can be calculated and Mi( ) determined as a function of carrier frequency.

The  shape  of  the  modulating  signal  also  affects  the Mi( ) characteristic of each

modulator type [26]. Only one overvoltage region exists for the continuous modulators

(SPWM, TPWM and SVPWM), whereas the discontinuous modulators – for example

TPPWM – have multiple overvoltage regions.

Figure 6 on the next page shows the double pulsing inception modulation index as a

function of carrier frequency for different modulator types. In the case depicted in

Figure 6, there are two overvoltage regions for TPPWM. The operating regions where

overvoltages are possible are separated by the Mi( ) curves so that the regions where

Ton < T  are below and the regions where Ton > T  are above the curves.
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Figure 6. Double pulsing inception index with T  = 12 s. The Mi( ) curves separate the regions where

Ton < T  (above) from the regions where Ton > T  (below). Modified from [25].

2.3 Polarity reversals

Besides double pulsing, modulators can also contribute to increased overvoltages by

inducing polarity reversals. This can happen when the modulating signals are

transitioning into and out of overmodulation, and also at the intersection point of the

two modulating waveforms. With bus voltages under 640 V, third harmonic injection

pulse width modulators (TPWM) enter into overmodulation to maintain the rated

voltage. The line-to-line inverter voltage generates a polarity reversal when the

modulating signals are transitioning into and out of overmodulation.
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The reversal of polarity creates a travelling wave, which results in an overvoltage spike

at the machine terminals of over three times the magnitude of DC bus voltage. These

significant overvoltages can rapidly deteriorate the windings of motors and generators.

Figure 7 illustrates the effect of polarity reversals.
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Figure 7. Motor and inverter line-to-line voltages showing the effect of polarity reversals. A 7,5 kW

unloaded 460 V AC induction motor at 60 Hz, a TPWM modulator with a 4 kHz carrier

frequency and <640 V DC bus voltage were used.  Modified from [25].
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3 OVERVOLTAGE SUPPRESSION

One  method  for  mitigating  the  effects  of  the  voltage  overshoot  at  the  terminals  of  an

electrical machine is increasing the insulation strength of the wire used in the machine

windings. This method was studied by V. Divljakovic and J. Kline in [9]. Their research

shows that the most important factors which contribute to the aging of the wires in

machine windings are voltage, temperature and frequency. However, increasing the

insulation strength of the wires does nothing to the overvoltage phenomenon itself. The

steep voltage pulse rise times still cause parasitic common-mode and differential-mode

(DM) currents, which flow through the parasitic capacitances of the inverter, the cable

and  the  machine.  The  fast  switching  transients  also  cause  EMI  problems,  and  the

impedance mismatch between the cable and the machine leads to voltage reflections.

In order to minimise the effects of the overvoltage, some kind of filtering is required. A

lot of research has been done to find the best methods for designing the filters [3], [8],

[17]. Figure 8 shows a few commonly used filter topologies.
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a) RC Filter at Motor Terminals b) RLC Filter at Motor Terminals

c) RLC Filter at Inverter Output d) LC + Clamping Filter at Inverter Output

Figure 8. Commonly used filter topologies. Modified from [2].
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RC shunt filters at the terminals of electrical machines are used to match the load

impedance at high frequencies to the cable characteristic impedance. On one hand, by

getting rid of the impedance mismatch, the RC filters effectively minimise the voltage

overshoot at the machine terminals. On the other hand, they do not reduce the fast

voltage rise and fall times of the inverter output PWM pulses, which still leaves the CM

and DM currents and other EMI problems. The resistance in the filter also leads to

increased power losses.

A second-order RLC filter to be used at the machine terminals was proposed in [8].

These filters are also designed to provide impedance matching between the cable and

the  machine.  However,  it  was  shown  in  the  study  that  the  second-order  filter  did  not

reduce the voltage overshoot or dampen the voltage ringing at the machine terminals as

effectively as a first-order RC shunt filter, and that the second-order RLC filter caused

more losses. For these reasons, this filter will not be studied further.

The primary role of an inverter output RLC filter is to reduce the du/dt of the inverter

PWM output pulses below a critical level, so that the voltage pulse rise time is not too

short compared with the time needed for the pulse to travel the length of the cable. This

significantly reduces overvoltages and voltage ringing at the terminals of an electrical

machine. As with the previous topologies, some power losses occur in the resistor.

The LC + clamping filter was proposed in [27]. In addition to the LC circuit, the filter

consists of six fast-recovery diodes.  The LC resonant circuit  is  used to slow down the

fast voltage pulse rise and fall times. The desired rise time can be achieved by correctly

selecting the values for L and C. To negate the remaining voltage overshoot, the diodes

are used to clamp the voltage through the LC circuit to the DC bus voltage. Every time

the voltage across the LC filter exceeds half of the DC bus voltage (positive or

negative), a diode connected to the DC bus starts conducting and the voltage through

the filter is clamped to half of the DC bus voltage. This topology presents a much

shorter common-mode current loop compared with conventional designs. However, this

filter is not compatible with generator applications because the diode bridge is

connected to the inverter DC bus, so it will also be left out of this study.
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3.1 RC filter at machine terminals

There are three ways to determine the values of R and C for the machine terminal RC

filter. All methods match the input impedance of the electrical machine to the cable

characteristic impedance by matching the resistance to the cable characteristic

impedance, but the selection criteria for the capacitor is different. One method employs

cable characteristics for the capacitor selection, while another uses the inverter output

voltage pulse rise time to select the correct capacitor value. The third method relies

solely on simulations. A trade-off between maximum allowable overvoltages and

maximum allowable filter losses always needs to be made when using an RC filter.

3.1.1 Designing the RC filter using cable characteristics

With this design method, the main principle in selecting the values of R and C is to

make the first incident reflected wave result in a leading front magnitude of zero [3].

This is accomplished if Rfilter = Z0. The capacitance value is selected so that when the

second incident wave reaches the machine terminals (after t = 3 · tt), the magnitude of

the reflected voltage ur2 is less than 0,2 · U, if 20 per cent overvoltage is allowed. This

results in

.2,0 filter0
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The filter capacitance Cfilter can now be solved by
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A higher capacitance value can be used to further reduce the voltage overshoot, but this

will also increase the filter losses.
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3.1.2 Designing the RC filter using voltage pulse rise time

If  the  filter  is  designed  using  the  voltage  pulse  rise  time,  the  filter  resistance Rfilter is

again chosen equal to the cable characteristic impedance Z0.  Factors  affecting  the

selection of the filter capacitor Cfilter value are inverter pulse rise time, inverter dwell

time, peak allowable overvoltage and filter losses. When the travelling voltage pulse

wave reaches the machine terminals, the purpose of the capacitor is to make the cable

seem optimally terminated for long enough to make the load reflection coefficient zero,

and also to make the filter appear as an open circuit to prevent power losses [17]. An

uncharged capacitor represents an equivalent short circuit to fast rising pulse edges, and

an open circuit to DC bus values.

The capacitor seems like a line-to-line resistor termination as the pulse is propagating

into the machine, if the voltage across the capacitor is less than 10 per cent of the DC

bus voltage at the end of the pulse rise time. Initially, the voltage across the resistor is

approximately the same as the DC bus voltage, and the peak current in the filter network

is given by

filter

DC
filter

ˆ
R
UI = . (32)

The voltage across the filter capacitor can be calculated by the RC charge equation

)1(10,0 filterfilter
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DCDCfilterC,
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−⋅=⋅= . (33)

The optimum filter capacitor value can therefore be calculated using equation

)90,0ln(filter

rise
filter ⋅

−=
R

tC . (34)

A line to line RC filter network is shown in Figure 9 on the following page.
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Figure 9. RC filter network in delta connection for use at machine terminals. Modified from [17].

Another  constraint  that  needs  to  be  kept  in  mind  when  selecting  the  capacitor  value,

given a fixed Rfilter value, is to ensure the discharge time 3 ·  is less than the inverter

dwell time so that the capacitor is initially discharged before the arrival of the next

PWM voltage pulse.

The energy stored in each capacitor can be calculated using equation

.
2
1 2

pkfilterc UCE ⋅⋅= (35)

The capacitor is charged and discharged during each carrier frequency fc cycle, and the

power is dissipated in the resistor in each phase [17], so power loss can be calculated by

2
pkfiltercloss UCfP ⋅⋅≈ . (36)

As can be seen from (36), increasing the filter capacitance also increases power losses.

The same is true for the carrier frequency. The amount of heat dissipated in the filter

determines the size of the filter enclosure, as well as other thermal characteristics. Heat

dissipation can be slightly reduced by careful component selection [17].
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3.1.3 Designing the RC filter using simulations

Moreira et al. propose that closed-form expression derivation is too complex a method

for designing the filter, and thus filter design should be based solely on simulation

analyses [2]. Filter resistance is again chosen to be equal to the cable characteristic

impedance at high frequencies. The capacitor value is chosen, based on several

simulation runs, so that filter losses and the magnitude of the voltage overshoot are as

low as possible. Simulation results acquired by Moreira et al. for different capacitor

values using cable lengths from 5 to 70 metres with a 2,2 kW motor drive are presented

in Figure 10. The filter resistance was fixed to 42 ohms, which closely matched the

characteristic impedance of the cables.
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Figure 10. Overvoltage versus filter losses at 5 kHz for a various number of filter capacitors in star

connection with different cable lengths. Voltage pulse rise time  100 ns. Modified from [2].
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3.2 LRC dU/dt filter at inverter output

Even though the voltage reflection phenomena occurs when these filters are used, there

is no voltage overshoot at the terminals of the electrical machine because the voltage

pulse rise time trise is kept longer than the voltage pulse travel time tt. There are a

number of topologies to choose from when designing an LCR dU/dt inverter output

filter. The topology depicted in Figure 11 and also in Figure 8 (c) on page 26 was

chosen for this study, because if the capacitor and resistor are installed in series, the

overall power losses in the damping resistor are reduced [3]. To minimise the required

number of components and the size and weight of the filter, and to reduce the overall

costs, a lower order filter is preferable. This second-order lowpass filter also yields the

required stopband attenuation characteristics and passband ripple values.

From
Inverter

Cfilter

Rfilter

Cfilter

Rfilter

Cfilter

Rfilter

To Cable
Lfilter

Lfilter

Lfilter

Figure 11. An inverter output LRC lowpass filter designed to reduce the voltage rise and fall times. This

topology was chosen for this thesis. The series capacitor reduces the power losses in the

damping resistor.
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With a dU/dt filter, the inductor core material, shape and size have a significant effect

on  the  overall  costs  and  power  losses.  There  are  many  filter  core  materials  to  choose

from, for example electrical steels, ferrites, amorphous alloys and iron powder cores.

The choice of material is influenced by the operating frequency. The core shape

depends on availability, cost and how easily the windings can be made.

The inductor design procedure chosen for this thesis is presented in [28]. The first step

is to assemble the design inputs. These are the desired inductance value L, rated peak

current Î, rated DC current IDC, rated RMS current IRMS, operating frequency fop,

maximum inductor surface temperature Ts and maximum ambient temperature Ta. The

current values and the operating frequency are provided by the inverter manufacturer.

The maximum temperatures can be approximated by taking into account other

temperature-limited components in the same circuit, the limitations set by the chosen

inductor material and the environment where the inductor is installed. A typical value

for maximum component surface temperature is Ts = 100 °C.

Once the design inputs are known, the stored energy value can be calculated by

RMS
ˆ IILEs ⋅⋅= (37)

Next, the core material, shape and size are chosen. Once the core is chosen, the core

power dissipation density Pcore,sp at a given frequency can be checked from

manufacturer datasheets. If not given by the core manufacturer, the allowable specific

power density, Psp,  which  can  be  dissipated  in  the  core  and  the  windings,  can  be

calculated by

( ) ,
wcoresa

as
spw,spcore,sp VVR

TTPPP
+⋅

−
=== (38)

where Pw,sp is the winding power dissipation density, R sa is the surface-to-ambient

thermal resistance of the combined core and windings, Vcore is the core volume and Vw

the total winding volume.
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The AC core flux density Bac can also usually be found in manufacturer catalogues or

datasheets. If there is no DC current in the inductor, the AC core flux density is the peak

core flux density Bpeak. This peak value must be under the saturation flux density of the

core Bsat.

The winding parameters include the current density JRMS, the conductor cross-sectional

area ACu and the required number of turns N. The conductor type is selected based on

the operating frequency and the importance of eddy current losses in the windings. If

the allowable current density is known, the required area of the copper conductor is

given by

RMS

RMS
Cu J

IA = . (39)

The conductor type determines the copper fill factor kCu. In practice, the copper fill

factor ranges from 0,3 for Litz wire to 0,5— 0,6 for round conductors [28].Once the

conductor type is chosen, the required number of turns can be calculated by

w

Cu
Cu A

ANk ⋅
= . (40)

The stored energy value is compared to a value referred to in this thesis as the core

energy value Es,c. If the core energy value is greater than the stored energy value, the

selected core can be used. Manufacturers sometimes provide these values as a function

of different copper fill factors in a core database. The designer then chooses the wire

type used in the windings and the first core that has a core energy value greater than the

stored energy value for the selected application from such a database. The core energy

value is given by

.corewpeakRMSCucs, AABJkE ⋅⋅⋅⋅= (41)
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The maximum inductance achievable with the selected core is given by

I

BAN
L ˆ

peakcore
max

⋅⋅
= . (42)

The last parameter to be found when designing an inductor is the air-gap length g. The

air gap is chosen so that the peak flux density Bpeak is reached with the peak current Î.

The total reluctance of the magnetic flux path Rm can be calculated by

,
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where Rm,core is the core reluctance, Rm,gap is the air gap reluctance, lfp is the length of the

flux path and Ag is the air gap area. In most situations
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which results in a total gap length of
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A double-E core was chosen as the core shape. Such a core is shown in Figure 12.

d

a

ba

½ ha

½ a

½ a

Figure 12. A double-E inductor core. Modified from [28].

According to [28], the combined length of the air gap for a double-E core is given by
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da
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Ag (46)

where a and d are the core dimensions from Figure 12 and Ng is the number of air gaps.

For this thesis, a Magnetics Inc. 00K5528E 40  Kool Mu® powder  core  was  chosen.

Compared to regular powdered iron cores, the Kool Mu® E cores have lower losses and

better thermal properties. The 1,5 T saturation flux density of Kool Mu® also ensures a

higher energy storage capacity and smaller core sizes, which lead to lower overall costs

[29]. The core dimensions and specific power dissipation versus AC flux density curves

for the E5528 core are given in [29].
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3.2.1 Designing the dU/dt filter using voltage pulse rise time

When designing an inverter output dU/dt filter, the first parameter one needs to

determine is the angular cutoff frequency [3], which is given by

coco 2 f⋅⋅=ω . (47)

The Fourier series determines that the sharpness of a near square-wave pulse is defined

by the highest frequency component, so the period Tc of the highest frequency inverter

output PWM voltage pulse should be

desiredc 2 tT ⋅= , (48)

which means that the cutoff frequency can be solved using

desired
co 2

1
t

f
⋅

= . (49)

The transfer function for the filter is

filterfilterfilterfilter
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filterfilter
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⋅⋅⋅+

=
ωω

ω
. (50)

The passband response of the filter should be as flat as possible, as is the case with

Butterworth filters, so the attenuation is selected to be 3 dB at the cutoff frequency. The

effective attenuation in decibels is given by

.1log20
H

A ⋅= (51)
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The value of the filter damping resistor is chosen to be equal to the cable characteristic

impedance. It is also tied to the filter capacitance and inductance values according to

equation

.
4

filter

filter
filter C

L
R

⋅
≥ (52)

The appropriate values for the filter capacitance Cfilter and inductance Lfilter can be

solved with equations (50), (51) and (52) using the angular cutoff frequency co.

3.2.2 Designing the dU/dt filter using cable parameters

As suggested in [21], the value of the filter resistor Rfilter is chosen to be equal to the

cable characteristic impedance Z0. The transfer function for the second order filter is
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Comparing these two gives the filter capacitance Cfilter and the filter inductance Lfilter as

a function of the required damping ratio  and natural frequency, resulting in

( )
n

0L
filter 4
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For critical damping, the damping ratio must be  = 1. According to [21], the step

response of (53) is given by

.90,0
e
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(56)

With the condition set in (56) and if 20 per cent overvoltage is allowed, the natural

frequency must be

.
15

78,0

L
n ⋅

≤ω (57)

With equations (57) and (15), the natural frequency can be solved by
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=ω (58)

This reduces the equations for the filter capacitance and inductance to
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The correct filter parameters can now be solved with equations (59) and (60) if the cable

parameters and the load side reflection coefficient are known.
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3.2.3 Designing the dU/dt filter using simulations

As with the RC machine terminal filter, Moreira et al. suggest designing an inverter

output dU/dt filter should be done through simulation and analysis [30]. The first step is

to match the filter resistance to the cable characteristic impedance. The capacitance

value  is  chosen  the  same  way  as  with  the  machine  terminal  RC  filter  –  based  on

multiple simulation runs, the value which gives the lowest losses and overvoltage is

selected.

According to [30], the filter inductance Lfilter has minimal or no effect on filter losses,

but when paired with a capacitor, the joint effect becomes significant. The simulation

results acquired by Moreira et al. for a 2,2 kW induction machine and various lengths of

13,29 mm2 cable are presented in Figure 13. It can be seen that increasing the

capacitance decreases the overvoltage, but also increases the overall filter losses. After

selecting the optimum capacitor value, the proposed inductance values to achieve the

best results in this case are presented in Figure 14.
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Figure 13. Minimum line-to-line peak voltage versus filter losses for different capacitor values. Modified

from [30].
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Figure 14. Suggested filter inductance and capacitance pairs. Modified from [30].

Using simulation results like the ones presented in Figures 13 and 14 provide an easy

method for designing the filter, but the reliability of the results depends on how accurate

the simulation models are compared with the actual devices used in the application.

3.3 Filter design summary

Out of the three design methods presented for designing an RC machine terminal filter,

only the first two methods should be considered as relevant. The idea of designing the

filter  based  solely  on  simulation  analyses  might  seem  practical  at  first,  but  if  the

designer does not understand the physics behind the phenomenon, the resulting filter

can  prove  to  be  extremely  inefficient.  Besides  the  question  of  how  accurately  the

simulation models used in the simulations compare to the actual devices, the designer

should also have an idea on the magnitude of the simulation model parameter values.

Finding the right parameters could prove to be a difficult task without any calculations.
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The method that uses the voltage pulse rise time to help determine the correct capacitor

value  can  also  lead  to  increased  filter  losses.  This  method was  used  to  design  a  delta

connected RC filter in [17], but using a star connected filter actually leads to lower filter

losses, as will be demonstrated in Chapter 5.

As with the machine terminal RC filter, using nothing but simulations when designing a

dU/dt filter for the inverter output should not be considered a viable design method. The

method presented in [3] is also not very practical, because selecting the correct

parameters based on equations (50), (51) and (52) requires some prior understanding as

to what the magnitude of the parameters should be. The simplest method found is the

one which relies on cable parameters and the load side reflection coefficient.

One factor needs to be kept in mind when considering the reliability of these filters. Fast

switching voltage transients can deteriorate and eventually break down resistors. If the

resistor in one of the filter phases breaks down, the impedance in that phase is no longer

matched, and phase voltage will increase significantly. For this reason, some kind of

condition monitoring should be added to the filter application. One way this could be

done is to monitor the temperature of the resistors. If any of the resistors stop warming

up during the operation of the system, it is safe to assume those resistors are broken.
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4 SIMULATIONS

There are a large number of simulation tools to choose from, and they all have their

advantages and disadvantages. Because The Mathworks™ Matlab [31] is used in many

published papers [2], [21], [30], the use of Matlab R2008a / Simulink was considered.

However, an equation based approach might cause problems because finding the correct

transfer functions that accurately describe the behaviour of the system can be difficult.

For this reason, Cadence™ OrCad [32] was chosen instead.

The inverter was modelled as a voltage pulse generator. The part name is VPULSE.

Parameters V1 and V2 are the maximum and minimum voltage pulse values, TR and TF

are the voltage pulse rise and fall times and PW and PER are the pulse width and

period.

A 128 segment lumped model TLUMP128 was chosen for the cable. R, L and C are the

cable resistance, inductance and capacitance per metre and LEN is the length of the

cable. The parameter values were estimated based on the cable geometry and

installation. Because the cables in an actual wind power generator are installed close to

the msdy walls, a high cable capacitance value was used to replicate the effect the close

proximity of such a highly conductive surface has on the cables. The same 128 segment

lumped model was also used in [4].
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Because separate cables are sometimes used in wind power generators, it can be

assumed that the insulation material between the conductors is air, and thus cable

conductance can be neglected.

The peak voltage at the machine terminals is higher between two phase conductors than

between a phase conductor and ground. This can be seen from the measurement results

presented in Chapter 5. This being the case, a differential-mode line-to-line model

introduced in [33] was chosen to represent the electrical machine. The high frequency

behaviour is modelled by capacitance C_hf and resistor R_Z0, which is equal to the

machine characteristic impedance. Inductance L_lf and resistance R_lf are responsible

for capturing the low frequency phenomena. The simulation model is presented in

Figure 15.

+
-

V1 = 0
V2 = 580
TR = 100ns
TF = 100ns
PW = 50µs
PER = 100µs

0

R = 0.00877
L = 0.115µH
C = 52pF
LEN = 50

LUMPED  128

TLUMP128

L_lf
170 mH

C_hf
200pF

R_Z0
600

R_lf
2.5

0

Figure 15. Simulation model for the system, when no filter is used.

Finding the correct parameters for the models is always a challenge. Table 3 gives the

motor parameters for three AC induction machines [4], [33]. The parameters used in the

simulations were estimated based on the parameters for a 7,5 kW machine given in

Table 2.
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Table 2. Differential-mode model parameters for three different AC induction machines.

0,75 kW 7,5 kW 75 kW

R_Z0 1000  400 100 

R_lf 25 1,76 0,18 

C_hf 190 pF 600 pF 6,48 nF

L_lf 260 mH 110 mH 4,3 µH

Figure 16 shows the simulation results for the model presented in Figure 15. The peak

voltage at the machine terminals is approximately 1,144 kV, which is almost twice as

much as the 580 V pulse generated at the source.

Time

0s 2.0us 4.0us 6.0us
V(T4:OUT) V(V7:+)

0V

0.5KV

1.0KV

1.2KV

Figure 16. Simulation results for the small-scale test setup without a filter.
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4.1 RC filter at the machine terminals

Using equation (6) for the cable parameters presented in Figure 15 gives a cable

characteristic impedance of approximately 47 . Solving the filter capacitance Cfilter

with equation (31) gives approximately 17,5 nF. With a pulse rise time of 100 ns,

equation (34) gives a filter capacitance of approximately 20,2 nF. The capacitance value

for the filter is close to 20 nF with both design methods, so 22 nF capacitors were

chosen for the prototype RC filter used in the measurements in Chapter 5. To be able to

compare the simulation results to the measurements, a 22 nF capacitor was also used in

the simulations.

The filter resistor was modelled as a series RL circuit. There are many different

capacitor simulation models, but the filter capacitor in this thesis was modelled simply

as a series RLC circuit, which was discussed in [34]. More accurate models can be used

when the exact capacitor type chosen for the filter is known. The development of these

models was left for future studies, because it is not within the scope of this thesis. To

find out the correct parameter values, a HP 4194A impedance / gain-phase analyser was

used to measure the frequency response of the prototype filter components (Figures 22

through 30). The measurement results for the Evox Rifa PME271 Y capacitor were used

to select the parameters for the simulation model. Figure 17 on the following page

shows the simulation model with the RC filter at the machine terminals.
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Figure 17. Simulation model for the system, when an RC motor terminal filter is used. R_R and L_R are

the resistive and inductive components of the filter resistor. ESR_C, ESL_C and C_C are the

filter capacitor equivalent series resistance and inductance values and the capacitor

capacitance value.

At the self-resonant frequency, the impedance of the capacitor is purely resistive, i.e. the

impedance is formed only by the capacitor’s equivalent series resistance. In this case the

value of the capacitor ESR was determined from Figure 29. The value for the capacitor

equivalent series inductance (ESL) was approximated based on Figure 30.

The simulation results for the system with the RC filter are presented in Figure 18. The

peak motor terminal voltage is 699,78 V, which means that the magnitude of the

overvoltage is 20,65 per cent.
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Figure 18. Simulation results for the small-scale test setup with an RC machine terminal filter.

These simulation results indicate that designing the RC machine terminal filter using the

design methods based on cable parameters and voltage pulse rise time give the desired

result. This is further validated in Chapter 5 with measurements.
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4.2 LRC dU/dt filter at inverter output

The motor used in the measurements is a small 5,5 kW induction machine, so the load

reflection coefficient L is approximately 1,95. Because the cable length and

capacitance are known, the dU/dt filter is designed using the method described in

Chapter 3.2.3. Filter resistance Rfilter equals the cable characteristic impedance Z0, which

is approximately 47 . Equations (59) and (60) give a filter capacitance and inductance

of Cfilter  195,195 nF and Lfilter  158,769 µH, so the values Cfilter = 200 nF and

Lfilter = 160 µH are chosen.

To accurately simulate the high-frequency behaviour of the inductor, an accurate

simulation model of the inductor core is required. The model chosen for this thesis is

the four segment Cauer equivalent series inductance network suggested in [35]. The

inductances simulate the flux paths, where as the resistances represent the paths of the

eddy currents. In theory, the accuracy of the model can be increased infinitely by

increasing the number of RL loops.

The inductance values are chosen so that L1 = L2 =  … = LN = Ltot / N. The resistance

values are chosen so that R1 > R2 >  …  > RN. After experimental measurements and

optimisation, values presented in Table 3 were selected for the 10 mH inductor in [35].

To get the correct values for the 160 µH inductor used in this thesis, the values were

divided by 62,5.

Table 3. Resistance and inductance values for the simulation model of the 10 mH inductor used in [35],

and the scaled down values for the 160 µH inductor.

10 mH inductor 160 µH inductor
R [ ] L [mH] R [ ] L [µH]
31416 2,5 502,66 40
3142 2,5 50,27 40
314 2,5 5,03 40
31,4 2,5 0,50 40
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If the core AC flux density is estimated to be 100 mT, the specific core loss density for

the double-E Kool Mu® core chosen for this thesis is about Pcore,sp = 40 mW / cm3 at the

10 kHz switching frequency [29]. To account for the leakage flux in the coil, an

estimate of 10 per cent is used. This means that the actual coil needs to be 176 µH. The

rated peak current of the inverter used in the measurements is 10,8 A. With 55 turns and

2 mm2 round copper wire used in the windings (kCu = 0,50), equation (42) gives a

maximum inductance of Lmax =  176,24 µH for the chosen core. For the four air gaps in

the core, equation (46) gives a total air gap length of 9,35 mm. This means that all of the

four distributed air gaps are about 2,34 mm long.

Equation (39) gives a current density of JRMS = 380 A / cm2 with the 7,6 A RMS current

of the inverter used in the measurements. Using this value, equation (37) gives 0,014

and equation (41) gives 0,025 so the selected core can be used for this application.

Now that the number of required turns and the dimensions of the core are known, the

length of the wire used in the windings can be estimated. This is needed so the inductor

DC resistance value can be calculated for the simulation model. The diameter of the

2 mm2 wire is about 1,60 mm. The height of the winding window for the selected core

is 37 mm, so 23 turns can fit side by side. Therefore the windings will be in 3 layers.

The length of the first 23 turns is about 7,5 cm. The lengths of the turns in the second

and third layers are 8,8 cm and 10 cm, respectively. This results in a total wire length of

4,65 m. The resistivity of copper at 100 °C is 2,2 · 10-8 m [28]. The inductor DC

resistance value is given by

.
Cu

w100,
DC A

l
R Cu ⋅

=
ρ

(61)

Solving equation (61) results in a DC resistance of 51,15 m  51 m .
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The simulation model of the system with a dU/dt filter is presented in Figure 19.
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Figure 19. Simulation model for the system, when an inverter output dU/dt filter is used. Rdc_Lfilter is

the DC resistance value of the filter inductor, Ll_1— Ll4 and Rl_1— Rl4 are the inductance and resistance

values of the four segments used to model the inductor and R_R, L_R, ESR_C, ESL_C and C_C are the

filter resistor and capacitor model parameters as explained in the caption of Figure 17.

The  simulation  results  are  presented  in  Figure  20  on  the  following  page.  It  is  clearly

evident, that the dU/dt filter placed at the inverter output effectively slows down the

voltage pulse rise time, which significantly decreases the amount of overvoltage at the

machine terminals.
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Figure 20. Simulation results for the scaled-down test system when an inverter output dU/dt filter is used.

According to these results, the peak voltage value is at 612,69 V and thus the magnitude

of the voltage overshoot at the motor terminals is only about 5,64 per cent. Even though

the filter effectively mitigates the overvoltage, slightly lower filter losses could be

achieved if lower filter capacitance and inductance values were chosen so that the

amount of overvoltage would be closer to 20 per cent. The losses of both filter types are

analysed more thoroughly in Chapter 6.
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5 MEASUREMENTS

A small-scale test setup was built for prototype filter testing purposes and overvoltage

analysis. Table 4 lists the devices that were chosen for the test setup.

Table 4. Scaled-down test setup for overvoltage studies.

Inverter Vacon NXP5, 7A, 10 kHz, 570 V DC bus
Cable MMJ 3 x 2,5 mm2, 50 m
Motor ABB M2AA 132SA 5,5 kW

Isolation transformer Muuntosähkö OY 3MLK18000
400 V / 400 V

phase overcurrent and earth-fault relay ABB SPAJ 135C

To replicate the conditions in an actual wind power generator as accurately as possible,

the cables were installed on top of a metal grate. This ensured they were close to a

highly conductive surface, just like the cables attached to the walls of the mast of a real

wind power generator. The whole system was isolated from the power grid by a 1:1

isolation transformer. To meet electrical safety regulations, an ABB SPAJ 135C earth-

fault protection relay was installed between the transformer and the inverter. The motor

was connected in star and the motor and inverter frames were grounded. Figure 21

illustrates the measurement test setup.

Isolation transformer

SPAJ
135C

Inverter

Phase overcurrent and
earth-fault relay

M
50 m MMJ
3 x 2,5 mm 2

Induction
motor

Figure 21. The test setup used in the measurements.

The  voltage  at  the  motor  terminals  was  measured  with  and  without  an  RC  filter.  The

filter was tested while connected in star, and also while connected in delta.
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Three different capacitors were used in the RC filter to be able to compare different

capacitor types. The frequency responses of all the filter components were measured

with an impedance analyser. The measurement devices that were used are listed in

Table 5.

Table 5. Measurement equipment.

Impedance analyser HP 4194A
Voltage probes Tektronix P5205 100 MHz high voltage differential probe
Current probe Fluke 80i-1105 AC/DC current probe

Tektronix TDS3052 two channel color digital phosphor oscilloscopeOscilloscopes
Fluke 199C scopemeter color

The resistor chosen for the prototype RC filter was a Tyco Electronics 47 

HSC100 100W aluminium housed wirewound power resistor. The 22 nF filter

capacitors are listed in Table 6. Class Y capacitors are intended for line-to-ground

applications, while class X capacitors are designed for line-to-line operation.

Table 6. Capacitors used for the prototype RC machine terminal filter.

Manufacturer: Type: Class: Dielectric material
Evox Rifa PME271Y Y2 Metallised paper film

Vishay MKP 338 6 Y2 Metallised polypropylene film
Panasonic ECQU2A223ML X2 Metallised polyester film

All of the measurement results were plotted in MathWorks™ Matlab R2008a. Figure 22

shows  the  absolute  value  of  the  impedance  of  the  HSC100  resistor  as  a  function  of

frequency. Figures 23 through 28 on the following pages show the capacitance vs.

frequency curves of the capacitors used in the RC filter. These measurements were

made with the HP 4194A impedance analyser.
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Figure 22. Impedance vs. frequency curve for the Tyco Electronics HSC100 47  resistor.

It can be seen from the figure that the self-resonant frequency of the resistor is

somewhere around 35 MHz.
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Figure 23.  Capacitance as a function of frequency for Panasonic ECQU2A223ML capacitor, 100 Hz –

40 MHz. The self-resonant frequency is 5,52 MHz.
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Figure 24. Capacitance as a function of frequency for Panasonic ECQU2A223ML capacitor, 100 Hz –

 4,5 MHz.
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Figure 25. Capacitance as a function of frequency for Evox Rifa PME271Y capacitor, 100 Hz – 40 MHz.

The self-resonant frequency is 5,9 MHz.
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Figure 26. Capacitance as a function of frequency for Evox Rifa PME271Y capacitor, 100 Hz – 4,5 MHz.
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Figure 27. Capacitance as a function of frequency for Vishay MKP 338 6 capacitor, 100 Hz – 40 MHz.

The self-resonant frequency is 5,9 MHz.

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5

20

25

30

35

40

45

50

Frequency [MHz]

Ca
pa

ci
ta

nc
e 

[n
F]

Figure 28. Capacitance as a function of frequency for Vishay MKP 338 6 capacitor, 100 Hz – 4,5 MHz.
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Based on these results, it can be said the Evox Rifa paper film capacitors and Vishay

polypropylene film capacitors are almost identical in terms of capacitance stability over

a wide frequency range. The capacitance of the X-series capacitor from Panasonic is

closer to the promised value on lower frequencies, but starts rising more rapidly after

2 MHz. This should lead to small differences in the overvoltage suppression capability

of the filter when different capacitors are used. As mentioned in Chapter 3, the higher

the filter capacitance, the lower the voltage overshoot but the higher the filter losses.

To find out the ESR of the capacitor for the model used in the simulations, the absolute

value of the impedance of the Evox Rifa capacitor was measured near the self-resonant

frequency with the HP 4914A impedance analyser. The measurement result is presented

in Figure 29.
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Figure 29. The absolute value of the impedance of Evox Rifa PME271 Y capacitor near the self-resonant

frequency. It can be seen that the capacitor ESR  0,288 .
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The equivalent series inductance value for the capacitor simulation model in the RC

filter’s case was approximated based on the inductance vs. frequency curve in

Figure 30.
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Figure 30. The inductance value of the Evox Rifa PME271 Y capacitor at 5 MHz— 40 MHz measured

with the HP 4194A impedance analyser.

At very high frequencies, the inductance settles to a value of approximately 36,6 nH.
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Figure 31 illustrates the behaviour of the impedance of a 220 nF Vishay BC ceramic

multilayer capacitor near the capacitor’s resonant frequency. In Figure 32 on the

following page, the inductance versus frequency curve of the same capacitor is shown.

These measurements were also made with the HP 4194A impedance analyser. The ESR

and  ESL  values  of  the  capacitor  in  the  dU/dt  filter  simulation  model  were  estimated

based on these data.

4 4,5 5 5,5 6 6,5 7 7,5 8
2.85

2.86

2.87

2.88

2.89

2.9

2.91

2.92

Frequency [MHz]

Im
pe

da
nc

e 
[ Ω

]

Figure 31. Absolute value of the impedance of a Vishay BC ceramic multilayer 220 nF capacitor. The

reonant frequency is 5,8 MHz.

It can be seen that the impedance is about 2,856  at the resonant frequency, so 2,86 

will be used as the capacitor ESR value in the simulation model.
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Figure 32. The inductance value Vishay BC ceramic multilayer 220 nF capacitor at 10 MHz— 40 MHz.

The inductance value at 40 MHz is about 31,94 nH, so 32 nH is chosen as the ESL

value of the capacitor model in the dU/dt filter simulation model.
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5.1 Measurements without the RC filter at the motor terminals

The voltage measurement results when no filter was used and the voltages were

measured between phase and ground and between two phases, are presented in Figures

33 and 34, respectively. The measurements were taken with the Tektronix TDS3052

oscilloscope and Tektronix P5205 differential voltage probes, and the data was acquired

as an average value of the last 512 samples.
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Figure 33. Line-to-ground voltages from motor terminals (red) and inverter output (blue) without filter.
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Figure 34. Line-to-line voltages from motor terminals (red) and inverter output (blue) when no filter was

used.

It can be seen that the voltage overshoot is significantly greater between two phases

than between phase and ground. The peak and RMS voltages from the motor terminals

and the inverter output are presented in Table 7 and current measurements from

different parts of the system in Table 8. The current values were measured with the

Fluke 199C scopemeter in meter mode and a Fluke 80i-1105 current probe.
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Table 7. Voltage measurements without the RC filter.

 Voltage measurement Line-to-ground Line-to-line
Motor Upk [V] 1037,00 1160,43

Motor URMS [V] 313,50 538,30
Inverter Upk [V] 585,50 615,70

Inverter URMS [V] 304,20 530,30

Table 8. RMS current measurements without the RC filter.

Phase current [A] 1,33
Motor ground current [A] 0,30

Inverter ground current [A] 0,17

When compared against the simulation results, the difference in the amount of voltage

overshoot is less than two per cent, but the setting time of the motor terminal voltage is

almost twice as long. This is most likely caused by inaccuracies in the cable simulation

model parameters. The actual MMJ cables that were used did not damp the voltage

pulses as effectively as the simulation model predicted.

In the rest of the measurements presented in this thesis (Chapters 5.2 and 5.3), the same

measurement devices were used as in the aforementioned voltage and current

measurements.
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5.2 Measurements with a star connected RC filter at the motor terminals

The prototype RC machine terminal filter was built so that the capacitors could be

easily changed. This allowed for easy comparison of different capacitor types. All of the

capacitors were tested with and without grounding the filter star point. The voltages

were measured between two phase conductors with the same devices that were used in

Chapter 5.1.

5.2.1 Panasonic ECQU2A223ML

The measurement results for the RC filter using Panasonic polyester film capacitors are

presented in Figures 35 and 36 and Tables 9 and 10.
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Figure 35. Motor terminal voltage and inverter output voltage with a star connected RC machine terminal

filter, which uses Panasonic ECQU2A223ML X-series capacitors.
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Figure 36. Motor terminal voltage and inverter output voltage with a star connected RC machine terminal

filter, which uses Panasonic ECQU2A223ML X-series capacitors. The filter star point is

grounded.

Table 9 shows the peak and RMS values of the voltages and Table 10 the current

measurements from different parts of the system.

Table 9.  Motor and inverter peak and RMS voltages.

 Voltage measurement Filter star point  not grounded Filter star point grounded
Motor Upk [V] 696,52 712,77

Motor URMS [V] 515,00 541,20
Inverter Upk [V] 585,70 600,00

Inverter URMS [V] 520,00 540,90

Table 10. RMS current measurements with the star connected RC filter when Panasonic

ECQU2A223ML X-series capacitors are used.

 Current measurement Filter star point  not grounded Filter star point grounded
Phase current [A] 1,53 1,58

Motor terminal current [A] 1,53 1,47
Filter resistor current [A] 1,03 0,93
Filter ground current [A] - 1,46
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According to these results, the magnitude of the voltage overshoot at the motor

terminals is about 19 per cent whether the filter star point is grounded or not. This is

close to the value predicted by the simulation model. The setting time of the motor

terminal voltage was 3— 4 µs with the simulation model, which is also true for the

measurement results. In Figure 35, because the falling edges of concurrent voltage

pulses were sampled together with the studied pulses, the average values of the

measured voltages start to decrease after 10 µs. This also slightly affected the voltage

RMS values.

Grounding the filter star point resulted in lower current flow through the filter resistors,

which leads to decreased power losses. However, because the magnitude of the current

in the grounding cable was easily over an ampere, this would trigger an earth-fault error

with larger inverters. Less current was also flowing to the motor, which decreases the

motor torque.
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5.2.2 Evox Rifa PME271Y

According to the measurements done with the HP 4194A impedance analyser

(Figures 25 and 26), the Evox Rifa paper film capacitor has a lower capacitance value

on higher frequencies than the Panasonic polyester film capacitor. This should lead to

slightly higher overvoltages at the motor terminals. The measurement results for the

Evox Rifa capacitor are presented in Figures 37 and 38 and Tables 11 and 12.
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Figure 37. Motor terminal voltage and inverter output voltage with a star connected RC machine terminal

filter, which uses Evox Rifa PME271 Y Y-series capacitors.
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Figure 38. Motor terminal voltage and inverter output voltage with a star connected RC machine terminal

filter, which uses Evox Rifa PME271 Y Y-series capacitors. The filter star point is grounded.

The peak and RMS values of the voltages are presented in Table 11 and the current

measurements in Table 12.

Table 11.  Motor and inverter peak and RMS voltages.

 Voltage measurement Filter star point  not grounded Filter star point grounded
Motor Upk [V] 707,62 703,23

Motor URMS [V] 534,50 513,00
Inverter Upk [V] 594,00 585,30

Inverter URMS [V] 541,60 520,00

Table 12. RMS current measurements with the star connected RC filter when Evox Rifa PME271 Y

Y-series capacitors are used.

 Current measurement Filter star point  not grounded Filter star point grounded
Phase current [A] 1,65 1,65

Motor terminal current [A] 1,46 1,80
Filter resistor current [A] 0,96 0,90
Filter ground current [A] - 1,45
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When the filter star point is not grounded, the magnitude of the voltage overshoot at the

machine terminals is about 19 per cent – the same as with the Panasonic capacitors. If

the  star  point  is  grounded,  the  overvoltage  rises  to  about  20  per  cent.  The  difference

between the two capacitor types is therefore insignificantly small in this application.

As with the Panasonic capacitors, grounding the filter star point reduced the current

flow through the filter resistors. The current flow measured from the motor terminals

when the filter star point was grounded was higher than without grounding the star

point. This can only be EMI interference from the inverter distorting the measurement,

because grounding the filter star point should decrease the current flow into the motor

instead of increasing it. As with Figure 35, the voltage drop in Figure 38 was caused by

the falling edges of concurrent voltage pulses interfering with the measurement.
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5.2.3Vishay MKP 338 6

The capacitance vs. frequency curves of the Vishay polypropylene film capacitors were

very close to those of the Evox Rifa paper film capacitors. The measurement results for

the RC motor terminal filter using the Vishay capacitors are presented in Figures 39 and

40 and Tables 13 and 14.
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Figure 39. Motor terminal voltage and inverter output voltage with a star connected RC machine terminal

filter, which uses Vishay MKP 338 6 Y-series capacitors.
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Figure 40. Motor terminal voltage and inverter output voltage with a star connected RC machine terminal

filter, which uses Vishay MKP 338 6 Y-series capacitors. The filter star point is grounded.

Table 13.  Motor and inverter peak and RMS voltages.

 Voltage measurement Filter star point  not grounded Filter star point grounded
Motor Upk [V] 712,70 717,29

Motor URMS [V] 525,10 534,40
Inverter Upk [V] 583,20 592,10

Inverter URMS [V] 530,40 539,50

Table 14. RMS current measurements with the star connected RC filter when Vishay MKP 338 6

Y-series capacitors are used.

 Current measurement Filter star point  not grounded Filter star point grounded
Phase current [A] 1,58 1,55

Motor terminal current [A] 1,66 1,55
Filter resistor current [A] 1,06 0,78
Filter ground current [A] - 1,30
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There is a voltage overshoot of about 22 per cent when the filter is not grounded and 21

per cent when it is grounded. Based on these results, the Vishay polypropylene film

capacitors are the worst of the three capacitor types used in the measurements, but the

difference is insignificantly small and could very well be caused by inaccuracies in the

measurements.

The  current  through the  filter  resistors  was  the  lowest  with  these  capacitors  when the

filter star point was grounded. The same is true for the current flowing through the

grounding wire. This would lead to significantly lower filter losses if it were possible to

ground the filter star point in other than laboratory applications. The ground current is

still too high not to cause an earth-fault error.
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5.3 Measurements with a delta connected RC filter at the motor terminals

Besides measuring the filter in star, a delta connected filter was also tested as suggested

in [17]. The filter was built using the Panasonic ECQU2A223ML X-series capacitors

and the same Tyco Electronics HSC100 47  100 W power resistors. Figure 41 and

Table 15 show the voltage measurement results. The measured currents are presented in

Table 16.
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Figure 41. Motor terminal voltage and inverter output voltage with a delta connected RC machine

terminal filter, which uses Panasonic ECQU2A223ML X-series capacitors.

Table 15. Motor and inverter peak and RMS voltages.

Motor Upk [V] 782,66
Motor URMS [V] 562,20
Inverter Upk [V] 526,60

Inverter URMS [V] 564,10
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Table 16. RMS current measurements from the motor terminals and from the filter resistor.

Motor terminal current [A] 1,47
Filter resistor current [A] 1,90

The  amount  of  overvoltage  at  the  motor  terminals  is  now  over  49  per  cent.  Also,  the

current flowing through the filter resistors is almost two amperes, which heated the

resistors up very quickly and power was cut from the system to prevent damaging the

components.

Because the filter was not working properly, the estimate used for the voltage pulse rise

time was checked. With a rise time of 200 ns, equation (34) gives a filter capacitance of

40,39 nF. This new filter capacitance value was tested by connecting a Panasonic

ECQU2A223ML polyester film capacitor in parallel with a Vishay MKP 338 6

polypropylene film capacitor in every phase, which resulted in a combined capacitance

of 44 nF. The measurement results are presented in Figure 42 and Table 17.
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Figure 42. Motor terminal voltage and inverter output voltage with a delta connected RC machine

terminal filter, which both the Panasonic and Vishay capacitors in parallel.
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Table 17. Motor and inverter peak and RMS voltages.

Motor Upk [V] 710,00
Motor URMS [V] 490,00
Inverter Upk [V] 586,00

Inverter URMS [V] 487,00

The amount of RMS current flowing through the filter was 2,08 A, which again heated

the resistors up very quickly and the measurements had to be aborted to prevent

damaging the components. This is also why a 512 sample average data acquisition

method was not used and the waveforms in Figure 42 have a lot of noise. According to

these measurements, the amount of overvoltage at the motor terminals with the delta

connected filter is about 21 per cent, so the filter works as intended with this revised

capacitance value, but the high amount of current flowing through the resistors would

require using components rated for at least 200 watts. The increased power losses would

also require better cooling, which in turn means increased size and costs. Based on these

data, it can be said using the filter connected in star is a more practical solution.
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6 FILTER LOSSES

Besides the effectiveness with which the filters mitigate the overvoltage phenomenon, it

is important to know how efficient the filters are. For this reason, the power loss in each

of the filter components with both filters needs to be determined. The combined effect

of all the filter components to the total power loss in the filter is very important.

However,  an  accurate  analysis  on  the  combined  effect  of  all  the  losses  caused  by  the

filter components at different frequency ranges is a very complex process, and it was

decided to leave this task for future studies.

6.1 RC machine terminal filter

The RC filter consists of a capacitor and a resistor in all three phases, so there are three

capacitors and three resistors in total. The losses in the resistor can be calculated when

the current flowing through the resistor is known. The resistive losses are given by

.2
R IRP ⋅= (62)

Power loss in each of the resistors of the star connected RC filters is presented in

Table  18.  The  resistors  used  in  the  filters  are  the  Tyco  Electronics  HSC100  47  

aluminium wirewound power resistors. The resistance value was selected to be equal to

the cable characteristic impedance given by equation (6), as suggested by the filter

design procedures discussed in this thesis. The results from the RMS current

measurements made with the Fluke 199C scopemeter and a Fluke 80i-1105 current

probe (Tables 10, 12 and 14) were used with equation (62) to calculate the values.

Table 18. Filter resistor power loss for the star connected RC filters (per phase).

Filter star point  not grounded Filter star point grounded Manufacturer Power loss [W] Power loss [W]
Panasonic 49,86 40,65
Evox Rifa 43,32 38,07

Vishay 52,81 28,60
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As can be seen from Table 18, grounding the filter star point would decrease the losses

in the filter resistor. Because it is unlikely it is possible to ground the filter star point in

other than laboratory measurements, only the measurement results acquired when the

filter star point was not grounded will be analysed.

The losses in the filter capacitors also need to be studied. Because the Evox Rifa

capacitors resulted in the lowest losses for the filter resistor, they are chosen for this

analysis. The power losses in capacitors are mainly caused by the plates, terminals,

leads and the dielectric material. The contribution of these factors to the total capacitor

losses is a function of frequency [36]. The equivalent series resistance of the Evox Rifa

PME271 Y capacitors was determined to be 0,288  in Chapter 5. Using this value to

estimate the power losses, equation (62) gives a power loss of 0,27 W with the 0,96 A

RMS current measured from the test system.

The amount of current flowing through the resistors in a delta-connected RC filter was

2,08 A. This gives a power loss of 203,34 W for the resistors in each phase. This is

above the rated 100 W power handling capability of the Tyco Electronics HSC100 47 

resistors, so new filter components would have to be chosen. Assuming the ESR of the

capacitors used in the filter is approximately the same as the ESR of the Evox Rifa

capacitors, the power loss in each capacitor of the delta connected filter is about 1,30 W.

Equation (36), which was suggested in [17], gives a total filter power loss of

221,804 W in each phase with the 10 kHz switching frequency and the 710 V peak

motor terminal voltage value from Table 17.
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6.2 RLC inverter output dU/dt filter

Besides a resistor and a capacitor, an inductor is also used in the dU/dt filter. The losses

in the inductor are caused by the losses in the windings and the core losses. The specific

core losses, Pcore,sp, were estimated to be approximately 40 mW / cm3. The core volume

of the E5528 Kool Mu® core is 43,1 cm3, so the total core volume for the double-E core

is 86,2 cm3 [29]. This means that the core losses are approximately 3,45 W. The total

volume of copper VCu is given by

,wCuCu VkV ⋅= (63)

where Vw is the winding volume. The winding volume for the selected core, assuming

the winding window is completely filled, is approximately 22,10 cm3. Using

equation (63) with kCu = 0,50, the copper volume VCu is found to be 11,05 cm3.

According to [28], the specific power dissipation per winding volume, Pw,sp, is given by

.2
RMSCuCuspw, JkP ⋅⋅= ρ (64)

At 100 °C, the power loss in the windings is 1,76 W.

The amount of current flowing through the RC branch of the filter depends on the

impedances in the system and the impedances depend on frequency.

The  amount  of  current  flowing  to  the  motor  at  50  Hz frequency  is  assumed to  be  the

7,6 A RMS value provided by the inverter manufacturer. To simplify the power loss

calculations, a low frequency RL model was used to represent the motor. The effect of

the cable was also neglected. To accurately determine the power loss, a simulation

model, which takes the cable into account and uses a PWM inverter model that

accurately simulates the frequency content of the output voltage, would have to be

developed. The development of such a model was left out of this thesis.
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The combined motor impedance Zmotor is used when calculating the apparent power of

the motor, Sm. The resistance is used when calculating the effective power Pm and the

inductance is used for solving the reactive power of the motor, Qm.

The effective power of the motor is given by

,cosRMSphasem ϕ⋅⋅= IUP (65)

where Uphase is the phase voltage. Assuming the phase voltage is 230 V, equation (65)

gives Pm = 1538,24 W. Using this value with equation (62), the resistance value for the

low frequency model is found to be Rmotor = 26,63 . The reactive power of the motor is

given by

.sinRMSphasem ϕ⋅⋅= IUQ (66)

The reactive power of the motor at 50Hz is Qm = 830,25 W. The inductance value for

the low frequency motor model is given by

.
2 2

RMS

m
motor If

QL
⋅⋅⋅

= (67)

With f = 50 Hz, equation (67) gives 45,75 mH. The combined impedance of the motor is

given by

( ) .2 2
motor

2
motormotor LfRZ ⋅⋅⋅+= (68)

The combined impedance of the motor at 50 Hz is therefore Zmotor = 30,26 .
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The low frequency equivalent circuit used for power loss estimations is presented in

Figure 43.

Lmotor

45,75 mH

Rmotor

26,63 Ohm

Lfilter

160 µH

Rfilter

47 Ohm

Cfilter

200 nF

IRMS

IRC

Motor
dU/dt filter

Figure 43. Low frequency single phase equivalent circuit used to estimate power losses in the dU/dt filter.

The resistance and inductance values for the low frequency motor model were chosen so that a

7,6 A RMS current flows into the motor at a frequency of 50 Hz.

The current in the RC branch of the dU/dt filter, IRC, is given by

,RMS
motorRC

motor I
ZZ

ZI RC ⋅
+

= (69)

where ZRC is the total impedance in the RC branch and is given by

( )
.

2
1

2
filter

2
filterRC Cf

RZ
⋅⋅⋅

+= (70)

Because an accurate simulation model was not available, the frequency content of the

output voltage was estimated based on typical motor voltage fast Fourier transform

(FFT) measurement results.
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Based on these typical motor voltage measurements, the highest voltage spikes were

found to be at the 50 Hz fundamental frequency and some of its multiples. The

frequencies used in the power loss calculations together with the calculated current,

impedance and power loss values are presented in Table 19. The power losses are

calculated with equation (62). The resistance value for the 200 nF capacitor is the

estimated 2,86  ESR value, and the resistor resistance is 47 . Impedances Zmotor and

ZRC are calculated with equations (68) and (70), respectively. The RC branch current is

solved by dividing the voltage given in Table 19 by the combined impedance value of

Zmotor and ZRC connected in parallel.

Table 19. Power loss in the filter resistor and capacitor at various multiples of the fundamental

frequency. The power loss values given here are for the components in one phase.

Multiple of the 50 Hz
fundamental frequency Zmotor [ ] ZRC [ ] Voltage

[V]

RC
branch
current

[A]

Resistor
power

loss [W]

Capacitor
power loss

[W]

1. 30,26 253,3·106 230 9,08·10-7 3,87·10-11 2,36·10-12

5. 76,64 3183,45 1,47 1,96·10-2 1,81·10-2 1,10·10-3

11. 160,33 1447,63 1,74 1,21·10-2 6,83·10-3 4,16·10-4

13. 188,73 1225,17 2,60 1,59·10-2 1,19·10-2 7,23·10-4

17. 245,78 937,38 1,30 6,68·10-3 2,09·10-3 1,27·10-4

19. 274,38 838,98 1,30 6,29·10-3 1,86·10-3 1,13·10-4

35. 503,75 457,15 3,47 1,45·10-2 9,85·10-3 6,00·10-4

240. 3449,57 81,28 4,34 5,47·10-2 0,14 8,54·10-3

249. 3578,92 79,34 4,34 5,59·10-2 0,15 8,94·10-3

251. 3607,67 78,93 3,04 3,94·10-2 7,28·10-2 4,43·10-3

Based  on  the  results  presented  in  Table  19,  it  can  be  said  that  most  of  the  losses  are

formed at frequencies of 240 and 245 times the fundamental frequency. In this case,

those values correspond to frequencies of 12 kHz and 12,45 kHz. Overall, the losses in

the dU/dt filter are much lower than the losses in the RC filter analysed in Chapter 6.1.

The lowest losses in the RC branch are at the fundamental 50 Hz frequency.
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7 CONCLUSIONS

Based on the simulation results and measurements, it can be said that the RC filter at the

motor terminals is a more effective solution in terms of how efficiently the voltage

overshoot is mitigated. However, sufficient mitigation is also achieved with a dU/dt

filter. The dU/dt filter also decreases the amount of fast switching voltage transients,

which increases the reliability of the filter. This is due to the fact that the resistors used

in the filter deteriorate less rapidly than when fast voltage transients are present.

Because the RC filter does not reduce the fast voltage rise and fall times in the system,

internal voltage reflections are still present in the electrical machine, which leads to

poor voltage distribution and increased common-mode currents.

The dU/dt filter designed in this thesis produced less power losses. As mentioned in

Chapter 6.2, the accuracy of these results could be greatly improved by designing an

accurate simulation model for power loss estimation purposes. The frequency content of

the voltage in the system needs to be known in order to predict the amount of current

and power losses in different parts of the system.

If necessary, the losses in the dU/dt filter could be further lowered by using a wire with

a smaller copper fill factor, for example Litz wire. This would decrease the power

dissipated in the inductor windings. To cool the filter more effectively, a number of

smaller inductors could be used in series instead of one bigger inductor. Even if the

efficiency  of  the  dU/dt  filter  was  only  as  good as  the  RC machine  terminal  filter,  the

dU/dt  filter  does  present  a  better  solution  for  mitigating  the  effects  of  the  overvoltage

phenomenon. This is also supported by the results in [30].
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7.1 Future research and possible improvements

The accuracy of the dU/dt filter simulation model should be analysed with measurement

data from a prototype filter. One also needs to keep in mind that all of the measurements

done for this thesis were made with a scaled-down test setup. The validity of the results

and the applicability of the proposed filter design methods should be confirmed with

measurements on a full-scale wind power generator. With the inclusion of common-

mode calculations, the results in [30] could be validated. More thorough analysis should

also be performed on the power losses in both of the filters to determine the combined

effect of the filter components.

The effect of different filter core materials should also be studied when considering the

losses in a dU/dt filter. Measuring prototype dU/dt filters with different core materials

would also make it possible to create more accurate simulation models and design

procedures for these filters.

Another important research topic would be to find out how to make the system as cost

effective as possible in the long run. In addition to the initial capital required for

purchasing and installing the devices, materials and components, the long-term

maintenance expenses and the financial losses caused by the power losses in the filters

should be taken into account.
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