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A' cos o + B'sin d = 
!:::":: : - #,?,uJ;""
- îa(t) lcos á - ôt(t) Br sin 0

+ aA(t)cos0

ri, cos 0 + ilrsin á = ø(t)Arsin á- at(t)Brcos9

+ c,t(t) {cos d - ô\t) B,sin 0

(e.20)

(e.2r)

Because of the orthogonality of cosd and sind, it is possible to decompose these equations

into:

i¡, = -at(t) Bt - a4 -,î4t) 4 + aA(t)

È,= a(t)A,-aBr-dt)B,

4 = -at(t)Br+ 'ôXt)A

Ìl'= a\t)A'+ ôt(t)B' '

This can be expressed more compactly as

0

-rt\t)
-a(t)

0

(e.26)

where *=[4 Bt A, Brf' and ñ.(t)=¡¡¡¡. Thus, the equilibrium trajectory of (9.11) is

described by (8) and (9) where the coefficients evolve

9.3.2.1,1, Global Exponential Stability of Equilibrium Trajectory System

The stability of the equilibrium trajectory system can be understood by consideration of the

following Lyapunov function:

(e.27)

X=

líl
b

i+ ñ(t)

(e.22)

(e.23)

(e.24)

(9.2s)

[r o k ol

v,*,=*,19 1 o tl*
lk 0 I 0l

Lo k o lj
F

where

i, =4øa min -! 
=ôÊ[ô.i".â*l 4Ü + A"

| -a -a(t) -ôX,

lø,> -a o

lauoo
I o -¿ltt) a\t

(e.28)
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and o€ [0,1]. The nature of the objective function in (9.28) is such that the minimum occurs

at one of the endpoints. Also, ã>0. Suppose 3 ô such that

4aîo

-\ 

I
^ ^ -L

4â1" + a"

4aôs> 4ôf + a2

0>4ôf -4aôt+a2

0>(2 îo-a)z

whichisimpossible.Thus, [<t.thepositivedefinitenessof symmetric Þ canbeassessed

through its eigenvalues, which are lxñ, each with multiplicity two. Each of these are

positive for i e [0,1]. Therefore, i(.) is a positive-definite function. Furthermore,

1r-rlll*lll < v(Í) < 1r +iã¡ll*lll (e.33)

(9.29)

(e.30)

(e.31)

(9.32)

Thestabilityoftheu=0)isassessedbyexamining

-T

the time derivative of the Lyapunov function V(.) : 
I

ú=Í'Ã'(r)Þi+*'ÉÃ(r)* / \i ¡

l) vÒ\)r '\ (e'34)

i=-r'Õ(r)i Çr,tt fieecY (e.35)(Qç' ,,

v2a-2kôt(t) 0 ak

Q(r):
0 2a-2kâ¡(t) 0 ak

oi o znî,*> o

o ai, o zia*)

(e.37)

The positive definiteness of symmetric Q(r) can be assessed through its eigenvalues, which

area|,eachwithmultiplicitytwo.Eachoftheseispositive

for qi'?ôÎØ+a'i'-+ai,ât1t¡<0. Suppose aîoelîo^,^,î0^*l such that

+ñ' î,Í (t) + a' ñ' - +añ, ôt(t)> o . Then,

(+*tÌ +a'i-4aîo)[>o (e.38)
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4i,ôf +azi> 4aîo

(+,ôf +a')n> 4aîo

- 4aîok>-
+ûr +a-
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(e.3e)

(e.40)

(e.4r)

(e.42)

(e.44)

(e.4s)

(e.46)

(e.47)

(e.48)

(e.4e)

(e.s0)

(e.51)

which is impossible over Íõ^,n,ôt^*) by (20). Therefore, Õ(r) is positive definite. Further,

let

i= o- ^ Q.43)1 âe[ô,¡",¿ì*]\ 
. 1..rf

The nature of the objective function i" F) is such that the maximum occurs at one of the

endpoints. From above, i>O¡sa lower bound on the eigenvalues of Õ(l) an¿

lli(r)ll, <

lli(r)ll, = ffi f {t o)¡1,,#u"'

9.3.2.2. Dynamics about Equilibrium Trajectory



u*r.[l , ât> -,'/wo L

Having established tþ equilibrium trajectory of the tracking filter above,

examine the filter's dynamics about the equilibrium trajectory. Let

x. =It xj1r. Also, observe thatv(t)= u(t) - u*¡t¡.Then,

it -- *. - ir' = L(t)z+ bv(r) .

This error system describes the evolution of the state variable errors

equilibrium traj ectory

8.3,2.2.1. Global Exponential Stability of Error System

of the endpoints. Suppose Aõ>0 such that

Then,

aõ
-+- 

< l.4õa

a2 +4ôÍ <4aîo

at -4aîo+4ôf <0

(a-2ôt)2 <0

l3t

it is possible to

z=x-x* where

--./ t\.o'*r 
e.sz)

with respect to the

(e.54)

(e.s5)

(e.s6)

(e.s7)

which is impossible. Thus, &>1. The positive definiteness of symmetric P can be assessed

with Sylvester's criterion by examining its leading principal minors, which are k and k2 -I.
Each of these are positive for È>1. Therefore, V(.) is a positive-definite function. The

eigenvalues of P are trl so

&-r)ll4l:< v(z) < (k + t)ll4l: (e.58)

(v(t)=O) is assessed by examining the timeThe stability of the undisturbed enor system

derivative of the Lyapunov function V(.):

i = z' 
^' 

(t)Pz + z' P Atlt¡z (e.5e)



where

v =z'QQ)z

Q(r) = -(Ar (r)P + PA(r))

lzat-zô¡ a f
Q(r)=l , 2ôr)

1= ak
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(e.60)

(e.61)

(e.62)

(e.64)

(e.6s)

(e.67)

(e.68)

(e.6e)

(9.70)

The positive definiteness of symmetric Q(r) can be assessed with Sylvester's criterion by

examining its leading principal minors, which are 2ak-2îo and -a2 +4akîo-4ôf . Suppose

a îo e lôl^r^, õ,*rf such that

2ak-2ô¡30

Then,

zo( L*91-ra. o
\4,â, a )

L.o
2â)

which is impossible. Thus, the first leading principal minor of Q(t) is positive for

îoe lôl^n, õ^ ) . Suppose aîoe lôt^r^, õ^ f such that

-a2 +4akôt-4ôÍ <0.

Then,

-o'++o(L*9\a-oæ =o\4,õ a )

-at +a'+4ôf -4ôÎ <o

0<0

(e.63)

(e.66)

which is impossible. Thus, the second leading principal minor of Q(Ð is positive for

îoelîo^n,õ^*1, and QØ is positive definite. The eigenvalues of QØ are

ok¡ffi.Ys¡

The nature of the objective function in (63) is such that the maximum occurs at one of the

endpoints. From above, 1. > 0 is a lower bound on the eigenvalues of Q(t) and

V = -zrQ( t)z <-nllzlli. (9.7r)
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The global exponential stability of the error system is demonstrated:

v <-1ll,ll: (e.72)

Lld.. ,.,'n
llr(ùll,= ff;r{to¡1¡,r#u'"' 

à'"t\'"''*'*t6Ì-'t:"t9''9
9.3.3. Selection of parameteÍ "ø" -/
The only numerical constraint defined for a is that it has to be greater than 0. Besides that,

any other constraint is qualitative in nature. The trade-off that has to occur is between the

selectivity of the filter and the initialization or rapidness with which stÍtte ¡r will reach

steady-state. Both, selectivity and initialization are application dependent. The application for

this dissertation is tracking the 3'd harmonic of the current sourced by the CMV of a drive in

a system with HRG grounding. The sampling time for the tracking filter implementation is

fixed at 250 ¡rs. Then, the maximum frequency to be tracked is determined to be 400 Hz (i.e.,

the maximum operating frequency of the inverter considered is 133.3 Hz). This ensures that

at least 10 samples will be used to reconstruct the tracked signal. At 4 KHz carrier frequency,

as discussed in Chapter 5, the overlap between sidebands of the canier and frequencies 1/10

the carrier is negligible. Therefore, the only harmonic that requires to be filtered out is the 9th

of the current sourced by the inverter CMV. For the lower bound, it is easy to demonstrate

that the tracking filter falls apart if the required signal to be tracked is a constant. Without

further discussion, no inverter operating frequency below I Hz is considered. The frequency

to be tracked for this limit case is 3 Hz while the frequency that requires filtering is 9 Hz.

Qc+pllztL.Jlli ,#,-,0,
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Without the loss of generality, to quantify initialization of stâte x1, (9.4) can be solved for

âi:t)=øo.Thisispresentedin(9.79). If theinput,z,isdefinedas ø(t)=Acos(4òt+Q),the

response in time of the resonator to this input can be found as in (9.79). The first term

matches the input. The second term is a transient whose decay rate depends on d. The more

selective the resonator, the smaller ø is set. The smaller a is set, the longer the transient tenn

takes to decay.

y(t)=x,(t)=A

cos (øor + ø) +

al

-t-t cos(Q)

r,.',' ôuT13''
w

tu"* Tl¡-q

-\

î* r0"" (/))
'i"nIr

,*f, 
[,ffil a')

7-4
J

Jrn$f ,. e.ls)
Ir can be demonstrated that the positive envelope orlnKrvrl"*to.i.ilv in.r.^i:^rÄ

Then, steady-state has been defined as the which .r/ equals 997o of the amplitude

of the input. The attenuation can be quantif,¡¡d'for the same case, ôs(t) = ao.

In Table 9.1, the initialization timey'nd the are given for several values

of the parameter a. The resonant frequency has no attenuation (i.e., attenuation factor equals

1). When the input is filtered, the amplitude of the 9th harmonic with respect to the 3'd

harmonic is given as the relative amplitude of the 9th harmonic to the 3'd harmonic times the

attenuation factor.

From (4.I4), the 9th harmonic has an amplitude of 1/10 the amplitude of the 3'd harmonic

of the CMV. If the amplitude of the 3'd harmonic is normalized to l, when filtered, the

amplitude of the 9th harmonic corresponds to the last column of Table 9.1. )
For this dissertation, the criterion to choose the parameter a is no more than 6Vo of 91h

harmonic present in the filtered output and no more than 1 s allowed for initialization time

for operating frequencies of the inverter equal or greater than I Hz. This is an engineering

design criterion that could be tighter or more relaxed as the application demands. The value

ofa, therefore, is chosen as 40.

Table 9.1. Initiali zation time, attenuation factor and amplitude of 9th harmonic.

a Tss Atten. Factor Amplitude of 9'n Harm (V or A)

C\ hra'" urrò

dÞ l\z- '

C¿tt'l 
t: t'\ ft

i:i:';5.
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(rad/s) (s) (3'" Harm=l¡

0.1 82.7 0.002 0.0002
I 9.3t 0.019 0.002
5 1.98 0.1 0.01

10 0.98 0.19 0.02
20 0.64 0.31 0.04
40 0.48 0.62 0.06
80 0.30 0.84 0.08

9.3.4. Comparison of proposed tracking filter and QSG-SOGI

In this section, the proposed tracking system which is compactly expressed in (9.4) and the

QSG-SOGI, presented in (9.5), are compared qualitatively and quantitavely for the case in

which the actual and estimated frequencies of the harmonic to be extracted from a noisy

signal are the same.

In Fig.9.10, the input is a60Hz sinusoid which frequency is disturbed by a normally

(Gaussian) distributed noise of mean 0 and variance 50 rad/s. The noise is sampled and held

every 0.1 ms. The direct-axis, state x¡, of the proposed filter and the QSG-SOGI are

compared with the input in portion a) of Fig. 9.10. In portion b), a 90o phase shift is

artificially added to the non-disturbed input signal and it is compared to the q-axis of both the

proposed filter and the QSG-SOGI.

While Fig. 9.10 corresponds to the initialization of the tracking filter for the case which

has been described in the previous paragraph, Fig.9.1l conesponds to a comparison in

steady-state for the same case. The proposed filter is sld,to be better than the QSG-SOGI.
.>e9^

.(
t¡\uie .r

,,*fi'"i
ð 

(/1 
(:>

,Í\\"
\f u'r

-{'
\A
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,,íeJ
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(s)

. ^^< 
'f
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Fig. 9.10. Initialization: Comparison of input which frequency is disturbed by normally

distributed high Freq. noise (mean=0, o2=50 rad/s, 7', = 0.1 ms) and state x¡ given in (9.4-5)

Fig.9.11. Steady-state: Comparison of input which frequency is disturbed by normally

distributed high Freq. noise (mean=O, o2=50 rad/s, Z, = 0.1 ms) and state,r/ given in (9.4-5)

In Fig. 9.I2,the input is a60Hz sinusoid which frequency is disturbed by a similar noise

than the one described for the previous case. The difference is that @se is sampled and

held every 10 ms. State x¡ of the proposed Rtt.r unrlts'Ñ3òft ar{comnared with the

input in steady-state. Also, a comparison of ificially created, non-
J

contaminated input, proposed tracking filter and QSG-SOGI.ií presented. Once, again, the

proposed filter is said to be better than the QSG-SOGI. Passed the initialization time, the

selectivity of the proposed filter far exceed that one of the QSG-SOGI.
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a)

Direct axis state
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t(s)
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2.E8 2.9 2.92 2.94
t(s)

;I
'o li;
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2.E

Fig. 9.I2. Steady-state: Comparison of input which frequency is disturbed by normally

distributed high Freq. noise (mean=O, variance=S0 rad/s, T, = 10 ms) and stâtê xr of filters

given in (9.4-5)

9.3.5. Some results of the equilibrium trajectory of the tracking filter (9.26)

In this section, the equilibrium trajectory presented in (9.26) is solved for the case in which

the actual frequency (frequency of the input) and the estimated frequency (tracking filter) are

not equal. In Figs. 9.14-16 equilibrium trajectory coefficients and the reconstructed dgect----

axis and quadrature-axis waveforms are presented for the case in which the frequency of the

ihquencyusedbythetrackingfrequencyis59.4Hz.The
delay of the reconstructed quadrature-axis waveform due to this error is 400 ¡rs and the

attenuation is2.l27o as illustrated in Fig.9.16.
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Fig. 9.13. Steady-state: Error between input which frequency is disturbed by normally

distributed high Freq. noise (mean=O, o2=50 rad/s, [ = 10 ms) and state "r/ given in (9.4-5)
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Time (s)

Fig. 9. 14. Coefficients of the equilibrium trajectory (9.26) for ø=60 Hz, îo=59.4 Hz
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Fig. 9.15. Reconstructed q-axis and d-axis waveforms for ot=60H2, îo=59.4H2

Reconstruction of direct axis and guadrature axis slgnals

-'- Input
Iliract Axis

axis

0.9865 0.987 0.9875 0.988 0.98t5
t(s)

Fig. 9.15. Comparison input and q-axis waveform for a¡=60H2, îo=59.4H2

In Figs. 9.I7, the coefficients of the equilibrium trajectory given in (9.26) for actual

frequency, ø=I80 Hz, and estimated frequency, îo=178.2 Hz are illustrated. In Fig. 9.18,

the reconstructed waveforms for the q-axis and d-axis are compared with the input for the

same case. The delay is found to be 400 ¡rs, similar to the previous case, while the

attenuation is about 147o. These results have been used in Chapter 5 to determine the

threshold of the current sourced by the 3'd harmonic of the inverter CMV.
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Fig.9.l7 . Coefficients of the equilibrium trajectory (9.26) for ø=180 Hz, îo=178.2H2
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Fig. 9.18. Reconstructed q-axis and d-axis waveforms for ø=180 Hz, ôt=I78.2H2

Reconstruction of direct axis and quadnatura axis signals
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10. EXPERIMENTAL RESULTS

The experimental results presented in this chapter encompass:

l) Experimental results with long cables: The experimental setup utilized for this case was

described in Chapter 3, 10 HP diode-rectifier-inverter system. The cable utilized was the

12 AWG Alcatel PVC Cable Shielded Asymmetrical, 4-conductor cable which

parameters are given in Appendix A. Two different lengths of this cable were considered

(100 ft and 800 fÐ. A line-to-ground fault was introduced at the inverter terminals, 100 ft

from the inverter terminals or at the motor terminals.

2) Experimental results with 2 ASDs in parallel: The setups utilized for this case are 2 of

setup #1 kind. The 2 ASDs are connected such that they share the AC input power. One

of the setups was connected to a long cable, the 12 AWG Alcatel PVC Cable Shielded

Asymmetrical, 4-conductor. The line-to-ground fault is asserted in only one of the setups.

To amplify the effects of stray capacitance, the setup to which the long cable was

connected was not the one on which the fault was introduced.

The commissioning stage to determine a threshold, as described in Chapter 5, was

implemented in the setup on which terminals a line-to-ground fault was asserted.

10.1. Experimental results with long cables

Two cable lengths (100 ft and 800 ft), hard and softer conditions, R¡=42 O,&= 10 Q, R¡= 7

Q are considered. Also, different operating frequencies, l'l Hz, 37 Hz, 47 Hz, 60 Hz are

considered for these experiments.

Due to limitations of dSPACE hardware, data collected from scope shots (inverter

operating frequency, current through faulted phase, sum of the 3 phase currents and current

through artificially created fault paht) is post-processed together with internally data saved

using the dSPACE data logger. An example of the data saved from scope shots, which

corresponds to the first test case described below is depicted in Fig. 10.1.

Test 1: the operating frequency of the inverter was set at 60 Hz. The length of the electric

cables was 800 ft. A fault was asserted at 100 ft from the inverter terminals. The fault path

resistance was set to 42 Q. The record length was I s and the fault occurred at t=0.3008 s.

Description of each result is provided below each Fig. From Fig. 10.2, notice that before the

fault, the energy content in the higher frequency range is larger than after the fault. Higher

frequency content indicates current circulating through stray capacitances.
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Fig. 10.1. Test 1: Scope shot that illustrates measured signals: Output frequency, cunent

through faulted phase, sum of the 3 cunents and current through fault path

In Fig. 10.2 and in Fig. 10.4, more data that was acquired in scope shots is presented. In Fig.

10.2, the sum of the 3 output currents and the corresponding magnitude and phase spectrums

are presented (before the occunence of the line-to-ground fault in black and after the

occurrence of the line-to-ground fault in red). Details of Fig. 10.2 are depicted in Fig. 10.4.

Herein, the focus is in the low-frequency range, fundamental and 3'd harmonic with some

presence of 5th harmonic. The information found in the phase spectrum before and after the

occunence of the line-to-ground fault at low-frequency is hard to compare. This is because

effectively there are no frequency components at such low-frequencies before the occurrence

of the fault. In Fig. 10.3, the 3'd harmonic of the sum of the 3 output curents and the fault

indicator as processed by dSPACE are depicted.

The tracking filter detects the occurrence of the line-to-ground fault just a couple of

milliseconds after its occunence as indicated by the fault indicator. The setting of the

threshold was initially attempted at levels given in Chapter 6. It was found that only by

delaying the detection of the fault by up to 100 milliseconds and adjusting the threshold

given in Chapter 6 by up to 5 mA this was possible.
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Fig. 10.2. Test 1: Sum of 3 inverter output currents, magnitude spectrum and phase spectrum

of the sum of 3 inverter output curents before and after the fault
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Fig. 10.3. Test l: Sum of the 3 output currents, extracted 3'd harmonic of the sum of the 3

output curents and fault indicator Ç.,..u,', ñ¿À tt 6Qp4cv' l^ c¡u'å<¿ J;t.'u>oA

From Fig.(f0.23 andlor Fig. l0.25Js appreciated that the tracking fîlter has an overshoot

at the moment oflftiãIi-tiõn- ft is less than 50 mA, but it is large enough to compromise the

accuracy of detecting the fault, hence, the delay in the detection of the fault right after the

initialization of the tracking filter is important. No.Bronn#hypothesis of why the filter

iii¡i¡iil---'Bcforcfâ0I
: : : : i : : : L---...-

¡ : .r : : : : : : l t..-.......1.+- -+

PIr¡Be Speclnr¡tr of tl¡e sil¡r¡ of tl¡e 3 orrtFrl curðüg
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behaveslikethishasbeenprovedatthismoment'b
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-'rrÕr. In the implementation of the detection method, therefore, a 100 ms delay and 5 mA

offset for the threshold determined in Chapter 6 were considered.

Fig. 10.4. Test l: Detail of Fig. 10.2 for low-frequency range

Test 2: the operating frequency of the inverter was set at60Hz. The length of the elect¡ic

cables was 800 ft. The line-to-ground fault was asserted right at the terminals of the motor.

The fault path resistance was setto 42 Q. The record length was I s and the fault occurred at

t=0.3008 s. Notice that the fault is detected in about 2 ms, as depicted in Fig. 10.6

From Fig. 10.6, notice that the sum of the 3 output currents of the inverter when the fault

occurs is such that the 3'd harmonic added to the fundamental limits the magnitude of the

fundamental. A detection method based on level of fundamental should account for this fact.
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Fig. 10.5. Test 2: Sum of 3 output curents with fault indicator,

the 3 currents extracted by tracking filter with fault indicator
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Fig. 10.6. Test 2: Detail of Fig 10.5

Test 3: the operating frequency of the inverter was set at 60 Hz.

cables was 100 ft. A fault was asserted right at the terminals of

The fault path resistance was setto 42 O. The record length was

The fault was detected in less than 3 ms. When this case is com

in which the cable length was 800 ft, the difference is clear before the occurrence of the fault.

The current flowing through stray inductances is much larger for the previous 2 cases.
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Fig. 10.7. Test 3: Sum of 3 output cuffents with fault indicator, 3'd harmonic of the sum of
the 3 currents extracted by tracking filter with fault indicator

15

10

5

0

-5
-10

0.59 0.6 0.61 0.62 0.63 0.64 0.65
t(s)

Sum of tha 3 phasc curncnts utÈh Fault

0.68

0.59 0.6 0.61 0.62 O.ta 
a(*)0.t4 

0.65 0.66 0.67 0.69

Fig. 10.8. Test 3: Detail of Fig. 10.7

Test 4: the operating frequency of the inverter was set at37 Hz. The length of the electric

cables was 800 ft. A fault was asserted right at the terminals of the motor. The fault path
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resistance was set to 42 Q. The record length was I s and the fault occurred at t=0.3008 s.

The fault was detected in about 15 ms.

0.1 0.2 0.3 0.4 0.5 0.6 o.7 0.8 0.9 rt"f
Fig. 10.9. Test 4: Sum of 3 output currents with fault indicator, 3'd harmonic of the sum of

the 3 currents extracted by tracking filter with fault indicator
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Test 5: the operating frequency of the inverter was set at 37 Ha The length of the electric

cables was 100 ft. A fauh was asserted right at the terminals of the inverter. The fault path

resistance was set to 42 Q. The record length was I s and the fault occurred at t=0.3008 s.

The fault was detected in about 5 ms. Corresponds to this test Figs. 10.10-11
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-Fä.¡lt 
Indtcator

0 0.1 o.2 0.3 0.4 ,?:i 0.6 0.7 0.8 0.e

Fig. 10.11. Test 5: Sum of 3 output currents with fault indicator, 3'd harmonic of the sum of
the 3 currents extracted by tracking filter with fault indicator
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Fig. 10.12. Test 5: Detail of Fig. 10.10

Test 6: the operating frequency of the inverter was set at 17 Hz. The length of the electric

cables was 100 ft. A fault was asserted right at the terminals of the inverter. The fault path

1,

3 o.s
,ì
ú
L.lo

<E

al
ùg
ho

1Ë.
o.8li'
o.sE.
o.r þ.
o.2li.
oþ

-o.rL
0.æ

<a

,å
ùg
ba

Sun of thc 3 phaeE cuments

Srr of thr 3 phrsr crfftñts
15F

ïl:
oh
*[-'

-to l-.
-tuL

0.æ



t49

resistance was set to 7 C¿. The record length was I s and the fault occurred at t=0.3008 s. The

fault was detected in about 8 ms.
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Fig. 10.13. Test 6: Sum of 3 output currents with fault indicator, 3'd harmonic of the sum of

the 3 currents extracted by tracking filter with fault indicator
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Fig. 10.14. Test 6: Detail of Fig. 10.12

10.2. Experimental results with 2 ASDs in parallel

The fault scenarios include hard and soft types of faults' Rr-42 Ç)' R¡= l0 o' In all cases' the

length of the electric cable connected to the non-faulted drive is 800 ft. This is done to

0.3
t(s)

0.2s

9¡r of thc 3 phàsc ctmcnts

Stn of tho 3 ph¡so currunts
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amplify stray capacitance effects. The cable connected to the non-faulted drive is 25 ft. In all
cases, the fault is asserted at the terminals of the motor. The operating frequencies of the

drives are set: 1) different from each other and different from the mains, 2) equal to each

other but different than the mains, 3) equal to each other and equal to the frequency of the

Data saved include: a) Sum of 6 currents at the source-side, b) Sum of the 3 output currents

of the non-faulted drive and magnitude spectrum before and after the fault has occurred, c)

Sum of the 3 output currents of the faulted drive and magnitude spectrum before and after the

fault has occurred d) Cunent through the fault path. Data saved is posrprocessed together

with the data logged from dSPACE due to dSPACE hardware limitatior_r-s.-

Test 1: The Op. Freq. of the non-faulted drive was set at.íA'tlz. The Op. Freq. of the

faulted drive was set at 60 Hz. The fault path resistance RJ.--/í'Q.

In Fig. 10.16, the sum of the 3 inverter currents for the non-!*oq,rO

are presented together with a linear magnitude spectrum of such signals before and after the

occulrence of the line-to-ground fault. A detail is provided in the same Fig. for the low-
frequency harmonic content.

mains. An e of the data saved from 10.15.

Fig. 10.15. Test l: Data saved from scope shots
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Fig. 10.16. Test l: Sum of the 3 output currents at non-faulted drive terminals, sum of the 3

output currents at the faulted drive terminals, linear magnitude spectrum of the sum of the 3

output curents and detail of the magnitude spectrum at tracked frequency

In Fig. 10.17 the 3'd harmonic of the sum of the 3 output cunents as tracked by the tracking

filter is depicted for the drive with no fault and the drive on which terminals a line-to-ground

fault has been asserted. The fault indicator signals the detection of a line-to-ground fault only

in the drive on which terminals the fault occuned.
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3rd Harmonlc of the Sum of 3 cumEnts at the terninals of Non-Faulted Drivs
0.02

<t

c
ÊL
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2,5
t (s)

2.5
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Fig. 10.17. Test l: 3'd harmonic of the sum of the currents at the terminals of the non-faulted

drive (in red) with fault indicator (in blue), 3'd harmonic of the sum of the currents at the

terminals of the faulted drive (in red) with fault indicator (in blue)

Test 2: The operating frequency of the non-faulted drive was set at 60 Hz. The operating

frequency of the faulted drive was set at 60 Hz. The fault path resistance R¡ =10 Q. The

detection time was 5 ms.

By comparing the 3'd harmonic of the sum of the 3 output currents tracked in Test I and

in Test 2, it is apprìrent the presence of a varying phase shift between the CMV of the

inverter and the CMV of the converter. This has been identified to be generated by the

control of the inverter that uses an unbalanced set of cunents to generate a balance set of
modulated voltages. Further refinement of the control of the inverter is beyond the scope of
this dissertation.
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Fig. 10.18. Test 2: Sum of the 3 output currents at non-faulted drive terminals, sum of the 3

output curïents at the faulted drive terminals, linear magnitude spectrum of the sum of the 3

output cunents and detail of the magnitude spectrum at tracked frequency
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Fig. 10.19. Test 2: 3'd harmonic of the sum of the currents at the terminals of the non-faulted

drive (in red) with fault indicator (in blue), 3'd harmonic of the sum of the currents at the

terminals of the faulted drive (in red) with fault indicator (in blue)

Test 3: The operating frequency of the non-faulted drive was set at 47 Hz. The operating

frequency of the faulted drive was set at 17 Hz. The fault path resistance was R¡ =10 Q. The

detection time was roughly 1.9 ms. Figs. 10.20-21 conespond to this test.
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Fig. 10.20. Test 3: Sum of the 3 output currents at non-faulted drive terminals, sum of the 3

output cunents at the faulted drive terminals, linear magnitude spectrum of the sum of the 3

output currents and detail of the magnitude spectrum at tracked frequency
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Fig. 10.21. Test 3: 3'd harmonic of the sum of the cunents at the terminals of the non-faulted

drive (in red) with fault indicator (in blue), 3'd harmonic of the sum of the cunents at the

terminals of the faulted drive (in red) with fault indicator (in blue)
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Test 4: The operating frequency of the non-faulted drive was set at 17 Hz. The operating

frequency of the faulted drive was set at 17 Ha The fault path resistance R¡ =10 Q. The

detection time was 2.8 ms.
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Fig. 10.22. Test 4: Sum of the 3 output currents at non-faulted drive terminals, sum of the 3

output cunents at the faulted drive terminals, linear magnitude spectrum of the sum of the 3

output currents and detail of the magnitude spectrum at tracked frequency
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Fig. 10.23. Test 4: 3'd harmonic of the sum of the currents at the terminals of the non-faulted

drive (in red) with fault indicator (in blue), 3'd harmonic of the sum of the currents at the

terminals of the faulted drive (in red) with fault indicator (in blue)

Test 5: The operating frequency of the non-faulted drive was set at 17 Hz. The operating

frequency of the faulted drive was set at I7 Hz. The fault path resistance R¡ =42 {1. The

detection time was 1.2 ms. The threshold was 39 mA without delay for initialization time

and 15 mA when the delay was applied.
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Fig. 10.24. Test 4: Sum of the 3 output currents at non-faulted drive terminals, sum of the 3

output currents at the faulted drive terminals, linear magnitude spectrum of the sum of the 3

output cunents and detail of the magnitude spectrum at tracked frequency
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Fig. 10.25. Test 4: 3'd harmonic of the sum of the currents at the terminals of the non-faulted

drive (in red) with fault indicator (in blue), 3'd harmonic of the sum of the currents at the

terminals of the faulted drive (in red) with fault indicator (in blue )

10.3. Comparison of simulation and experimentation results

In this section, a comparison of simulation and experimentation results is made for 2 drives

operating in parallel. For this case, both drives, faulted and non-faulted, were operated at t)
Hz. Both setups are similar to the one used in the previous s{ction.

In Fig. 10.26, the tracked 3rd harmonic of the sum of the 3 oùtput culrents a9¡he'ferminals of

the non-faulted drive and the fault indicator are depicted. ì.inÈrgfTÚñ, the tracked 3rd

harmonic of the sum of the 3 output currents at the terminals of the faulted drive and the fault

indicator are depicted. In Fig 10.28, the tracked 3rd harmonic of the sum of the output

currents and the fault indicator for the experimental faulted drive are shown. In Figs 10.29-31

details of Figs. 10.26-28, respectively, are
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3rd Harnonic of tha Stn of 3 cumonts at thc tornlnals of llon-Faultcd llrivc

: : : : : : : l-Srdlhrnontc

of the sum of output currents



160

I

t.5

I
'f.s5

Fig. 10.27. Simulation, faulted drive: Tracked 3'd harmonic of the sum of the output currents

and fault indicator
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Fig. 10.28. Experimentation, faulted drive: Tracked 3'd harmonic of the sum of the output

currents and fault indicator
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10.29. Simulation, non-faulted drive: Detail of Fig. 10.26
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10.30. Simulation, faulted drive: Detail of Fig.10.27
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1.1. CONCLUSIONS AND
^"ri;:'í.,,,* i tn ,,o, þ,1 ,l/ e., t

RESEARCH

A line-to-ground fault detection method that has desirable c\aracteristics like immunity to

groundloopsmagneticcontamination,modu1arity,eesiM¡vithno
additional costs àd@has been developed. In Table 11.1, a comparison between the 5

current-signature-based line-to-ground fault detection methods listed in Chapter 3 (M1-M5)

and the merhod developed in this disserrarion (M6) is presented. (.\¡ ,L ilt r ,

Thecharacteristicsevaluatedoftheseveralmethodsare:1)@/i
the question is detection affected by ground loops?, 2) Modutarit|l which answers the I

I
question is it possible to detect which drive has the fault in a multi-drive system?, 3)Easiness I f ,\
to set threshold, which answers the question is it easy to set the threshold of the signal used i : j
for detection in a multi-drive and reconfigurable (any ASD turned-on or turned-off at any j
instant), 4) Extra DSP, which answers the question is it required to have extra digitat signat /^I C

processing capability to detect the occurrence of a line-to-ground fault?, 5) Extra HW, 

:::::|t,,i ",\"
answers the question is it required to add hardware to the system in order to detect th7 

",J )
occurence of the line-to-ground fault? ç! ,l

The reliability of method Ml depends on the signal that is chosen to be utilized for \f,.t*
detection of the occurence of the fault. The recommended signal is the fundamental of the lttl
operating frequency of the drive which is hard to determine in multi-drive systems and it is

signature affected by ground loops. Method M3 is modular, but uses signature that

corresponds to the fundamental of the operating frequency of the inverter.

Method M2 is reliable, modular and the threshold of the signal used for detection is easy

to set. However, its reliability depends on the signal injected. As a rule of thumb, a high

frequency signal is prefened. Furthermore, though the method is modular, it requires trained

personnel to determine the occurence of the fault, which could take a long time. Finally, the

easiness to set the threshold depends on the signal selected to be injected. In many cases such

a signal is determined by trial and enor with more trial and error if the topology of the

system changes due to expansion, for instance.
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Methods M4 and M5 present most of the disadvantages of any of the methods compared.

The reliability to detect a fault based on any of these 2 methods depends on the accuracy with

which the threshold is set. In multi-drive systems with long cables, this is difficult and

requires trial and error or extensive simulation and tweaking.

Method M6, the one developed in this dissertation is the one with the most advantages

among the methods compared. As it was demonstrated in Chapter 7, this method is immune

to contamination magnetically coupled due to ground loops. It is modular and easily

applicable to multi-drive systems as it was discussed in Chapter 8. The threshold is easy to

set because the signature selected has been shown to be the least prone to be affected by

ground loops, operating conditions of the ASD and topology of a multi-drive system.

Furthermore, the signature selected is low-frequency which does not require extra digital

signal processing capability or added hardware.

Table 1 1.1. Comparison of current-signature-based line-to-ground fault detection methods

Reliable? Modular? Easy to set

threshold level?

Extra DSP? Extra HW?

M1 Yes. No. No. Yes. Yes.

M2 Yes. Yes. Yes. Yes. Yes.

M3 No. Yes. No. No. Yes.

M4 No. No. No. Yes. Yes.

M5 No. No. No. Yes. Yes.

M6 Yes. Yes. Yes. No. No.
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APPENDIX A

FEA FOR CABLES

4.1. Comparison of cable electric parameters: 1) measured with an LCR and 2)

calculated using FEA

4.1.1. Measurement of cable electric parameters using LCR meter

An LCR meter (HP 4284A: Freq. range 20Hz-lMHz) and Kelvin clip leads (HP16089A

leads: Freq. range l0 Hz - 100 kHz) used to measure cable parameters) was used to

measure the resistance, inductance and capacitance parameters of the 3-phase cables as a

function of the frequency in various differential-mode and common-mode configurations

as shown in Figs. 4.1-3. A detailed test procedure is provided in section 4.4. The

computer simulation models for common-mode analysis use the parameters of the line-

ground 3-wire configurations.

H
G1 e2 G1 G2

N K
Fig. A.l. Differential Mode cable configurations to determine inductance and series

resistance (Ls, Rs): (a) Line-line2-wire and (b) Line-line 3-wire

þaA1þc,A1



Fig. 4.2. Common Mode cable configurations to determine inductance and series

resistance (Ls, Rs): (a) Line-to-ground 1-wire and (b) Line-to-ground 3-wire

A1 þC

B1 82

Fig. A.3. Cable configurations to measure capacitance (Cp, Rp): (a) Differential-mode

line-line 3-wire and (b) Common-mode line-ground 3-wire.

The R and L parameters of a cable can be represented by 5 X 5 symmetrical matrices and

the C parameters can be represented by a 3 X 3 symmetric matrix as follows. The off-

diagonal elements in R are due to proximity effect; and they are neglected. In the L

matrix, the diagonal elements represent the self-inductances and the off-diagonal

elements represent the mutual inductances. It has been shown in Í27) that the R and L

matrices vary with frequency while the C matrix does not show significant change with

frequency.
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The measured inductance (Leà and capacitance (Crþ for configurations shown in Figures
2-4 can be related to the L matrix of (l) as follows, assuming symmetry between the 3
phases

Line-line 3-wire

4u =!@o- Mab)

C,î =zc"r+1c",
Line-to-ground 3-wire

L"u=+(L,*M,,*Mu*-M*

C* =3C,r

(4.4)

(4.5)

-M,*)+:Ø,-M o^+M¡,s)-l*- (A.6)

(4.7)

L.1.2. Calculation of cable electric parameters using FF,AÍ271

4.1.1.1. Cable structure for FEA

FEA 2D modeling software was focused on a 2 AWG cross-linked polyethylene (XLPE)

3-conductor cable (stranded) with 3 symmetrical bare grounds (stranded) and 2-mil

copper foil tape shield. The FE software uses an electrostatic field solver to determine the

capacitance matrix and eddy current solver to determine inductance and series resistance

matrices as a function of frequency. Skin and proximity effects are included in the

solution. The simplified geometry shown in Fig. 4.4(c) drastically reduced simulation

time without significantly compromising on accuracy. Cable parameter matrices were

obtained at frequencies ranging from DC-l MHz.



Fig. 4.4. Shielded and bundled cable studied for FEA parameter extraction: (a)

physical outline (b) Detailed cross-sectional geometry showing stranded wire

Simplified geometry for FEA simulation.

^,1.1,2. 
Resistance / Inductance Matrices of Cable vs. Frequency

The R and L matrices obtained from FEA at different frequencies (100 Hz, I KHz, 10

KHz, 100 KHz, I MHz) are similar to those presented in (4.1-3). Computer simulations

require R and L matrices corresponding to the cable oscillation frequency to obtain

correct reflected wave peak voltage, damping and common-mode current. It was noted

that the off-diagonal elements in the R matrix are small and can be neglected for

simulation.

4.1.1.3. Cable Capacitance Matrix

The FEA electrostatic field solver cannot compute variation of capacitance with

frequency. It was confirmed by laboratory measurements that the C matrix has negligible

change with frequency. The FEA output C matrix has an interpretation based on solving

for electrostatic charge (Q) using the equations Q - CV and IQ = 0 in Fig. 4.5 [95]. The

system of Fig. 4.5 can be represented by 3 linear equations expressing charge (Q) as a

function of voltage (V).

(A.8)

The electrostatic solver output capacitance matrix contains coefficients c¡i called

coefficients of capacitance while the off diagonal c¡ Írro called coefficients of induction,

3D

(c)

Qt = ctrV, + crrVr* crrV,

Ø=r^Vr*crrVr*crrV,
Ø=rrrVr*crrVr*crrV,



which interestingly have negative values. If a (+) Qi exists on the ith conductor, then V¡

will be (+), but charge Q induced on the jth conductor will be (-). Hence, c¡¡ coefficients

of capacitance are positive, while coefficients of induction c¡ âre negative. Also, from

symmetry cü = cji. System of equations (4.8) can be rewritten based on Fig. A.5 as in

(A.e)

Fig. A.5. Circuit schematic showing the different parameters that can be obtained from

the FEA solver.

Q, = CroV, + Cn(Vt -Vr)* C,r(v, -vr)
Q, = C rr(Vr- v, ) + C roV, + C n(vz -\)
Ø = c,r(vr-% )+ crr(vr-vr)+ crov,

In (5) the conductor-to-ground capacitances (Clo, Czo, C¡o) are called self-partial

capacitances and the line-line capacitances (Ci.) are called mutual partial capacitances.

Equation (4.9) can be rearranged to form a Y-coefficient matrix as in (4.10).

Q, = (c ro + c n + C rr)v, - c,rv, - c,rv,

Q, = -CrrVr+(Cro+ Cn+ Crr)Vr- CrrV,

Ø=-CrrVr-CrrVr+(Cro +Cr3 + Crr)V, (A.10)

The coefficients in (4.8) can thus be related to the capacitances shown in Fig. 4.5 using

(4.8) and (A.9) to obtain (4.11)

ctt = Cto * Cr, * Cß cn = -Ctz

czz = Cr, * Cro + C* czt = -Czt

ctt = C* * Czt * Cro cn = -Cn

M.n

(A.e)

irlÐ

(4.11)



Thus, the coefficient of capacitance c¡¡ is equal to the total capacitance between

conductor i and ground, with all other conductors shorted to ground in Fig. 4.5. The c¡

coefficients of induction are the negative of the mutual partial capacitances C¡.

However, nodal circuit simulation programs require a physical realizable matrix of

the form in (A.1-3) using Cr0, Czg, and C3e conductor-to-ground self-partial capacitances

and C¡ line-line mutual partial capacitances. The C¡ terms can be determined from above.

Conductor-to-ground self-partial capacitances for the nodal matrix are:

Cto = cn+ cn+ cß

Czo = cn+ c22+ cz3

Cto=cß+cn+ca3

Once the C matrix similar to (A.1-3) is obtained in (4.12), a 3-phase drive-cable-

motor simulation program such as PSpicerM or SimplorerrM can utilize these R, L and C

transmission line cable parameters [27] with a 3-phase induction motor model [31] for

computer simulations of peak motor voltage and common-mode culrent.

4.1.3. Comparison of some results

Parameters of a 2-mil, 2 AWG copper tape shielded cable were measured using an LCR

meter, in a frequency range from 20 Hz to I MHz and also modeled in FE software to

obtain the R, L and C matrices.

Plots of inductance and series resistance vs. frequency are shown in Figs. A.6-7. fot

line-line 3-wire DM and line-ground 3-wire CM configurations. The series resistance and

inductance values show similar parameter trends with measured data, with a difference of

about 15 7o - 20 Vo for the inductance at high frequencies. Inductance and resistance

differences can be attributed to several factors including limitations of 2-D modeling

(cannot account for 3-D effects such as twisting of conductors), accuracy of FEA

simulation (typically about 57o), LCF. meter measurement accuracy and the fact that

solid-grouped conductor approximations were used in lieu of the multi-strand wires.
cÀev 1ç,, o-

Inductancestren+-towãrd-zr@ueathighfrequencyduetointernalself

inductances of the wire tends toward zero due to skin effect, so only external self and

mutual inductances remain. Skin and proximity effects of the resistance at higher

I c", coø c",f [c,o c,, c,r-l

c=lc"u co, c*l=1c,, cro crrl

lc", cu, c,r l La,, c* crr-l 
(A.l l)



frequency are clearly seen and would require modeling the finer strands more accurately

to improve on the eror. Differences between LCR measurements and FEA

inductance/resistance simulations are about 5 - I0 7o.

400
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^ 300

EzæI zoo
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/
/

/¡4
Fig. 4.6. Focus cable: a) Inductance, b) resistance for line-line 3-wire differential mode

The 3-wire common mode capacitance of focus cable predicted by FEA was within

5Vo of measured LCR values. The 3-wire DM capacitance of the focus cable FEA

prediction was within 20 Vo of the measured LCR value. Differences can be attributed to

several factors including value of dielectric constant of conductor insulation, accuracy of

FE simulation (typically about 5Vo) and LCR meter measurement accuracy. The cable

capacitance does not change with frequency.

a)

b)

Table 4.1: Capacitance of focus cable



Confiquration LCR measurement (oF/m) Maxwell (pF/m)

Line-line 3-wire 196 244

Line-to-sround 3-wire 717 75t

lnductance
140

120

^ 100t:Bo
c60
J40

2A

0

rLCR

-À,b)orell
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Frequency (Hz)
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./
///
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Fig. A.7. Focus cable: a) Inductance and b) resistance for line-line 3-wire common mode.

The cable characteristic impedance (Zc) plotted in Fig. 4.8 is calculated from line-line

two-wire inductance and line-ground capacitance as Zc = J-U C .7* is about 45 Q at 60

Hz fundamental frequency and reduces to about 30 Q in the 100 KHz - I MHz range due

to variation of inductance with frequency as described earlier.

b)
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Fig. 4.8. Focus cable: Characteristic Impedance.

A.2. Procedure for Cable Impedance Measurements with HP 4284^/ HP 4285 LCR

Meter

^.2.1. 
Choosing length of cable

In very short cables accurate measurement of cable parameters is difficult due to the

resolution of the LCR meter. In [96], 45 m of cable is used for accuracy of the

measurement. In very long cables, reflected wave phenomena need to be accounted for

tl8l. In [96], it is shown that if the PWM pulses take longer than one-third the rise time

to travel from the inverter to the motor, then a full reflection will occur at the motor and

the pulse amplitude will approximately double. Moreover, the speed of the PIVM pulses

in an electric cable is approximately half the speed of light (150 m/ps - 200 rnlps).

Therefore, if 400 ns rise/fall edges are being used a maximum length of about 150

m/ps*400 ns = 60 m should be used, being recommended around 50 m.

^.2.2. 
LCR meter set-up

o Calibrate the LCR meter per manufacturer specifications. Perform the OPEN,

SHORT and CABLE correction tests to calibrate the meter.

o Use the highest frequency rated terminal fixtures possible. The HPI6089A fixture

(Kelvin clip leads) is rated at 100 kHz with a lm long cable. The HP47047C is

rated at 40 MHz, but has no cable, which makes it difficult to connect to the

device under test.



o Set the following measurement options: Test Signal Level = I V, Range = AUTO,

Delay Time = 0 and Integration Time = MED or LONG

o Choose the {Rs, Ls} mode for measuring cable inductance and {Rp, Cp} mode

for measuring cable capacitance.

L.2.3. Cable set-up

Connect the cable in the desired common-mode or differential-mode configurations to

measure inductance or capacitance, as depicted in Figures A.1-3. Connect the cable to the

terminal fixture on the LCR meter.

A.2.4. Record Impedance Measurements

o Make the measurements at the following frequencies over the instrument's range:

(HP 4284A: 20, 100,200,500, lK,2K,5K, 10K,20K,50K, 100K,200K,500K'

lM) (HP4285: 75K, 100K,200K,500 K, lM,2M,5M, 10M,20M,30M)

o For inductance measurements, record the {Rs, Ls} values and for capacitance

measurements, record the {Rp, Cp} values. (NOTE: Record only the positive

values, negative values are elToneous data)

4.3. Cable electric parameters for 3 conductor-3 ground, symmetrical cable

In this section, electric cable distributed parameters are given for several cable gauges.

These parameters are calculated at an operating frequency of l0 KHz.

Table 4.2. Some cable dimensions

Cable R" (mm) D, fmm) D (mm) Rn (mm)

5OO MCM 10.350s 1.651 24.003 3.759

350 MCM 8.6485 t.651 20.599 3.759

40 6.7185 r.397 16.231 2.9845

3_0 5.98 r5 r.397 r4.757 2.362
20 s.334 t.397 t3.462 2.362

l0 4.75 r.397 12.294 2.362

I 4.229 r.397 tr.252 2.362

4 2.9845 t.r43 8.2s5 1.854

6 2.362 t.t43 7.0t 1.486

8 1.854 1.t43 5.994 t.486
10 1.486 0.762 4.496 1.181



T2 1.181 0.762 3.886 0.94
t4 0.9398 0.762 3.4036 0.7365

4.3.1.500 MCM
Table A.3. Capacitance C matrix (pF/m)

Table A.4. Inductance L matrix (uFVm)

Table A.5. Resistance R matrix (mQ/m)

^.3.2.350 
MCM

Table 4.6. Capacitance C matrix (pF/m)

Table 4.7. Inductance L matrix (utVm)

A B c
A 290j 45 45

45 290.1 45
4s 45 290.t

B

C

Ar G A B c
Ar 1.196 r.197 r.197 1.197 t.t97

t.t97 t328 1.255 r.255 t.255
1.197 1.255 1.435 r.216 1.216
1.197 1.255 1.2t6 1.435 1.2t6
1.197 t.255 1.2t6 1.216 t.435

G
A
B
C

Ar G A B C
Ar 0.1790000

00.13000
000.0s1 00
0000.0s1 0
00000.051

G
A
B
C

A B C
A 40.1 40.r

265.4 40.1
40.1 265.4

265.4
40.1

40.1

B
C

Ar G A B C
Ar r.226 t.227 t.227 1.227 t.227

r.227 r.342 r.279 1.279 Lng
1.227 1.279 1.47t 1.247 t.247
1.227 r.279 1.247 t.47r 1.247

1,.227 1.279 1.247 1.247 t.47t

G
A
B
C



Table A.8. Resistance R matrix (mQ/m)

a.3.3.4_0
Table 4.9. Capacitance C matrix (pF/m)

Table 4.10. Inductance L matrix (utUm)

Table 4.11. Resistance R matrix (mC¿/m)

a.3.4.3_0
Table A.12. Capacitance C matrix (pF/m)

Ar G A B C

Ar 0.21 0000
00.13000
000.07400
0000.0740
00000.074

G
A
B
C

A B C

A 37.8
37.8
252

37.8
252
37.8

252
37.8
37.8

B
C

Ar G A B C

Ar r.235 1.237 1.237 1.237 1.237

t.237 1.352 1.289 1.289 r.289
t.237 1.289 1.485 r.258 r.258
1.237 1.289 t.258 1.485 r.258
1.237 t.289 1.258 r.258 1.485

G
A
B
C

Ar G A B C

Ar 0.260000
00.21 000
000.r200
0000.r20
00000.r2

G
A
B
C

A B C

A 234.2 34.2 34.2

34.2 234.2 34.2B



34.2 34.2 234.2

Table 4.13. Inductance L matrix (utVm)

Table A.14. Resistance R matrix (mCr/m)

a.3.5,2_0
Table 4.15. Capacitance C matrix (pF/m)

Table A.16. Inductance L matrix (utUm)

Table A.17. Resistance R matrix (mQ/m)

Ar G A B C
Ar 1.253 1.255 t.255 t.255 t.255

1.255 1.386 1.315 1.315 1.315
r.255 1.315 1.508 1.277 1.277
1.25s 1.315 1.277 1.508 1.277
r.255 1.315 t.277 r.277 1.508

G
A
B
C

Ar G A B C
Ar 0.2870000

00.33000
000.15400
0000.1540
00000.1s4

G
A
B
C

A B c
A 221.t 31.8 31.8

31.8 22t.1 31.8
31.8 31.8 22r.1

B
c

Ar G A B C
AT r.226 1.228 1.228 r.228 1.228

t.228 1.35 1.284 r.284 1.284
r.228 1.284 1.486 t.251 1.251
t.228 t.284 1.251 1.486 

' 
25t

1.228 r.284 1.251 t.25t 1.486

G
A
B
C

Ar G A B c
Ar 0.314

0
0
0
0

0000
0.33000
0 0.t94 0 0
0 0 0.t94 0
0 0 0 0.194

G
A
B
C



a.3.6. 1_0
Table 4.18. Capacitance C matrix (pF/m)

Table 4.19. Inductance L matrix (utVm)

Table A.20. Resistance R matrix (mCl/m)

^.3.7.1AWGTable A.21. Capacitance C matrix (pF/m)

Table A.22.Inductance L matrix (uH/m)

A B C
A 29.4 29.4

208 29.4

29.4 208

208
29.4
29.4

B
C

Ar G A B C

Ar t.2r7 r.219 1.219 1.2t9 1.219

r.2r9 1.331 1.272 1.272 1.272

r.2r9 r.272 1.483 1.242 t.243
r.2r9 1.272 r.242 1.483 1.242

r.2t9 1.272 1.243 1.242 1.483

G
A
B
C

Ar G A B C

Ar 0
0
0

0.244 0

0 0.244

0
0
0

0.342 0
0 0.33
00
00
00

0
0

0.244
0
0

G
A
B
C

A B C

A 1965 27.2 27.2
27.2 196.5 27.2
27.2 27.2 196.5

B
C

Ar G A B C

Ar 1.233 1.235 r.235 t.23s 1.23s

r.235 1.338 1.284 r.284 r.284
r,235 1.284 1.505 r.259 r.259
1.235 t.284 r,259 1.505 1.259

r.23s 1.284 L259 r.259 1.505

G
A
B
C



Table A.23. Resistance R matrix (mQ/m)

A.3.8.4 AWG
Table A.24. Capacitance C matrix (pF/m)

Table A.2S.Inductance L matrix (utVm)

Table A.26. Resistance R matrix (mC¿/m)

a.3.9.6 AWG
Table 4.27. Capacitance C matrix (pF/m)

Ar G A B C
AT 0.3720000

00.33000
000.30800
0000.3080
00000.308

G
A
B
C

A B C
A 180.5

24.5
24.5

24.5 24.s
180.5 24.5
24.5 180.5

B
c

Ar G A B c
Ar r.291 1.294 1.294 1.294 1.294

1.294 r.392 1.342 1.342 1.342
1.294 1.342 t.575 1.32t 1.321
t.294 1.342 r.32t r.575 t.32t
r.294 r.342 1.32t 1.321 t.575

G
A
B
c

AT G A B C
At 0.499 0 0

0 0.535 0
0 0 0.619
000
000

0
0
0

0.619 0
0 0.619

0
0
0

G
A
B
C

A B C
A 158.6 20.3 20.3

20.3 158.6 20.3B



20.3 20.3 158.6

Table A.2S.Inductance L matrix (uFVm)

Table A.29. Resistance R matrix (mO/m)

a.3.10.8 A\ryG
Table 4.30. Capacitance C matrix (pF/m)

Table 4.31. Inductance L matrix (uH/m)

Table A.32. Resistance R matrix (mO/m)

Ar G A B C
Ar 1.209 1.213 1.213 1.213 1,.213

r.213 t.32 r.266 r.266 r.266
r.2r3 r.266 1.51 1.242 r.242
r.213 t.266 t.242 1.51 1.242

r.213 1.266 1.242 1.242 1.51

G
A
B
C

Ar G A B c
Ar 0

0.833
0
0
0

000
000

0.989 0 0
0 0.989 0
0 0 0.989

0.581
0
0
0
0

G
A
B
C

A B c
A 133.5 r7.r l7.l

t7.t 133.5 l7.l
t7.t I7.l 133.5

B

c

Ar G A B C
Ar L235 t,24 r.24 r.24 1.24

r.24 r.333 r.29 r.29 r.29
t.24 r.29 1.56 r.274 1.274

t.24 t.29 r.274 1.56 1.274

r.24 r.29 r.274 t.274 1.56

G
A
B
C

Ar G A B C
Ar 0.6630000

00.833000
001.60500
0001.6050
00001.605

G
A
B

C



a.3.11. 10 AWG
Table 4.33. Capacitance C matrix (pF/m)

Table A.34.Inductance L matrix (uIVm)

Table 4.35. Resistance R matrix (mCUm)

^.3.12.12 
AIryG

Table 4.36. Capacitance C matrix (pF/m)

Table 4.38. Inductance L matrix (utVm)

A B c
A t33.6 19.9 19.9

r9.9 t33.6 r9.9
19.9 19.9 133.6

B
c

Ar G A B c
Ar r.223 t.229 t.229 1.229 1.229

1.229 t.326 r.286 1.286 1.286
1.229 t.286 1.546 Ln  Ln4
1.229 t.286 Ln4 L546 Ln4
t.229 t.286 Ln4 Ln4 L546

G
A
B
c

Ar G A B c
Ar 0.836

0
0
0
0

0000
1.318 0 0 0
0 2.498 0 0
0 0 2.498 0
0 0 0 2.498

G
A
B
c

A B c
A 133.8 16.4 16.4

16.4 133.8 t6.4
16.4 16.4 133.8

B

c

Ar G A B c
Ar r.255 t.26t 1.261 t.26t r.261

1.261 1.365 1.32 1.32 1.32
1.261 1.32 1.591 1.303 1.303

t.261 1,32 1.303 1.591 1.303
t.26t 1.32 1.303 1.303 1.591

G
A
B
c



Table 4.39. Resistance R matrix (mA/m)

4.3.13. 14 AWG
Table 4.40. Capacitance C matrix (pF/m)

Table A.4l.Inductance L matrix (uFVm)

Table A.42. Resistance R matrix (mCr/m)

4.4. Alcatel 12AWG PVC Cable Shielded Asymmetrical,4-conductor cable
4.4.1 12 AWG
Table 4.40. Capacitance C matrix (pF/m) - diagonal values are capacitances to shield

A B C Shield
A 201 75.8 75.8

75.8 20r 2.2
2.2

75.8B

Ar G A B C
Ar 00

00
00

3.955 0
0 3.9ss

0
0

3.955
0
0

0.989 0
0 2.081

00
00
00

G
A
B
C

A B C
A 119.2 r3.4 t3.4

t3.4 n9.2 t3.4
t3.4 13.4 rt9.2

B
C

Ar G A B C
Ar r.r97t 1.204 r.204 1.204 1.204

t.204 t.324 t.272 r.272 1.272
1.204 r.272 1.557 t.249 r.249
1.204 1.272 1.249 r.557 1.249
r.204 1.2t2 1.249 1.249 t.557

G
A
B
C

Ar G A B C
Ar 0000

3.39000
0 6.243 0 0
0 0 6.243 0
0 0 0 6.243

1.111

0
0
0
0

G
A
B
C



Table 4.41. Inductance L matrix (uIVm)

Table A.42. Resistance R matrix (mCl/m)

A B c G Shield
A 1.t43 0.899 0.899 0.829 0.86

0.899 t.t43 0.829 0.899 0.86
0.899 0.829 t.r43 0.899 0.86
0.829 0.899 0.899 t.t43 0.86
0.86 0.86 0.86 0.86 0.86

B
c
G

Shield

A B c G Shield
A 3.940000

03.94000
003,9400
0003.940
0000s.62

B
c
G

Shietd



APPENDIX B

MOTOR PARAMETERS FOR MOTOR MODEL USED IN CHAPTER 2

The parameters for different power ratings of the motor model (5 HP, l0 HP, 20 HP, 60

HP) developed in [31] are presented herein. Magnitude and phase response corresponding

to the 15 HP motor are depicted in Figs. B.I-2.

Table B.l. Motor used in implemented test-beds: 5 HP

Ct 0.27 nF

Cz 0.87 nF

Rr 9ç)
Rz 500 c¿

R: 7000 c¿

R¿ 0.5 c)

Lt 2.45 mH

Lz 5.2 mH
Ls 44 nH

Table 8.2. Motor used in implemented test-beds: Reliance Electric L01944, 10 HP

Ct 0.5 nF
Cz 1.15 nF

R¡ 100 o
Rz 190 c¿

R-r 2000 o
R¿ 0.5 o
Lt 10.8 mH

Lz 6.85 mH
Ls 100 nH



Table 8.3. Motor used in implemented test-beds: 20 HP

Ct 0.41 nF
C¡ 1.08 nF
R¡ 70
Rt 340 O
R: 4400 a
Ra 0.5 o
L1 2mH
Lz 4.6 mH
Ls 280 nH

Table 8.4. Motor used in implemented test-beds: 60 HP

Ct 1.28 nF
C¡ 2.7 nF
Rr 8O
R" 710 c¿

R¡ 4Q

R¿ 0.s o
Lt 0.05 mH

Lz 2.2mH
Ls 260 nH

105 1oÛ lo7
Frequency (Hz)

Fig. 8.1. Magnitude response of the impedance of the 15 HP motor
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APPENDIX D

FREQUENCY-BASED MODEL OF THE INVERTER

Communications theory [97], [98] is used. The thought process starts defining the

sampling technique to be utilized: 1) natural or 2) regular (sample-and-hold). The

sample-and-hold (S/H) technique is chosen since it makes digital implementations

simpler. The carrier that the modulated signal is compared with is chosen to be a

triangular waveform.

The S/H can be performed at: 1) every peak or every valley of the carrier

(symmetrical S/H) or 2) at every peak and every valley (asymmetrical S/H). Only the

case 1) is analyzed. Two time-variables, shown in (D.1) and in (D.2) are defined.

x(t) = o"t + 0" (D'l)

y(t) - û)nodt + înd Q.2)

In (D.1), Ø^od=2x lT,* is the period of the fundamental waveform and d,noo is an

arbitrary phase offset of the angle of the fundamental waveform. In (D.2), a4 and 0" are

similar variables for the carrier, as the ones defined for the modulated waveform. The

time-variables )c(t) and y(t) represent the time-variation of the carrier and the

modulated waveform respectively. Each one of these is considered as independently

periodic. The geometric wall method described initially by [99] and further expanded

upon by [100] and [101], [102] is utilized to find the Fourier series of this double-

variable-controlled waveform | 
.

Assuming Dirichlet's conditions for the existence of the Fourier series for the

modulated waveform and the carrier hold (which for this case do), a Fourier series

expansion can be determined for the double-variable-controlled waveform

f (x,y) = f (x(t),y(t)) , as shown in (D.3).

I The interested reader is prompted to specialized literature IHOLMES 2003] to understand the method of
geometric wall, although, the author of this dissertation has had difficulties implementing the results
presented in Section 6.4 of IHOLMES 2003].



f (t) - ry.àþr, cos ( ny ) + åu, sin ( ny) ) * i ( *, cos ( rur) + å,,,0 sin (,*)) *
m=r 

(D.3)
. Ë i (a,,,, cos (mx + ny) + b,,,,sin (,,x + ny))

r¿=l r¡=<
(a*0)

The first term in (D.3) is the DC-offset. The second term represents the fundamental

component and baseband harmonics. The third term contains the carrier harmonics. And

the fourth term represents the sideband harmonics. The magnitudes of the harmonic

components must be evaluated for particular values of. m and ¿. In complex form

(,1= GT ), such coefficients can be found from (D.4).

In this process, the inner and outer double Fourier integral limits for the SVPWM will

be defined, which contain sinusoidal functions. When these limits are replaced in (D.4),

exponential modulation (i.e., frequency modulation), as found in [97], [98] results. The

Jacobi-Anger expansion [103], given in (D.5), provides a relationship between

exponential modulation and Bessel functions of the first kind ( 
"/, ).

d,,, I i b,,, = # |'Jf 
(*, y)eiþ'o*"ù dxd.y

,izcoso = J, (z) + zZ j,, J, (z) cos (no)
r¡=l

The expression in (D.5) can be manipulated to obtain (D.6).

cos(ø+zsin(a))= Ë ¡o Q)cos(a+ko)

(D.4)

(D.5)

(D.6)

Now, using (D.5) and (D.6) in (p.¿1, tt, coefficients 4,,,,, and b,n,,canbe found for the

case of the inverter line-to-neutral voltage, which includes the inverter CMV, as shown in

(D.7).

a^u I jb,,n =

,v,n,rr,,,,,[{t 
* t-'l' ) (t', @) - r o 0t,) ) 

"" 
(i) + r o (þ,, 

"" 
(i)) .l (D.7)

-r *' 
[;åtr- (t*1-t¡0." )(',0,,'o@)*p,*ro(,',))) )



In (D.7), Vroo is defined as the DC-link voltage. r = @" I o^oo is the ratio between

carrier frequency and modulated frequency, s=mr+n. M,=2V,olVro, is the

modulation index (i.e., M¡={/¡l¡4¡. with V,o defined as the amplitude of the line-to-virtual

neutral voltage of the modulator. The Bessel functions of the first type are evaluated at

þt= {3M rs t (+r) and ¡4=3M ns I (ar). Also, T^n =¡,¿-jT-(-r)'r, wirh t, = ¿jt#

and t, = ei* is defined. The integrals

î
Pzrn =Jcos (ny)c os(lçy)dy and (D.7) are evaluated for the case in which tc +lnl.

J

Since (D.7) is valid only for n*0, no carrier harmonics can be calculated (incomplete

inverter CMV and line-to-neutral spectra). It is necessary to find an expression for n=0, in

order to have a complete spectra of the line-to-neutral voltage and the inverter CMV after

modulation.

anû,odd t jb^o,o¿¿ =

(D.8)

In (D.8), rl, ='f3Mmx / 4 and Qz =3Mmø I 4. The value of an¡,odd I jb,,o,oaa is zero

for even values of m. Expressions (D.7-8) define the full spectrum content of the line-to-

middle-poinçof the-DC-link-capacitor voltage. Then, the harmonic spectrum for the

CMV, the line-to-line voltages and the line-to-virtual-neutral voltages can be calculated

for different values of m and n. As it was established before, this calculation is valid for

asymmetrical regular S/H. The cases: l) m=0 and, n=3,9,15, etc., which corresponds to 3'd

harmonic and its baseband harmonics, as given by (1.17), and 2) m=l and n=0,3,9,15,

etc., which conesponds to the carrier and sideband harmonics, are found.

4, = þo,t').",[o( ,-Ðþ, and



APPENDIX E

tCR MOTOR COMMON MODE IMPEDANCE MEASUREMENT

Table E.1. Three-wire common mode impedance for a Y-connected 5 HP,460 V motor

F (Hz) z@) lheta (deg) z (db)
20 .96E+0( -89.7 .268+O2

50 /.868+0i -89.7 .l8E+01
60 i.55E+Oi -89.7 .16E+01

100 1.94E+0i -89.7 .l2E+01
200 .978+0i -89.7 .06E+01

500 .90E+02 -89.7 ).80E+01

1000 96F+0¿ -89.6 ).20E+01

2000 .98E+0¿ -89.6 1.59E+01

5000 r.90E+0: -89.4 r.808+01

10000 t.90E+0! -88.7 .l8E+01
20000 .89E+0: -86.5 i.55E+01

50000 660 -72;7 i.64E+01

60000 532 -64.9 i.45E+01

80000 417.8 -44.8 i.248+01
100000 427 -27.1 i.26E+01

120000 500 -19.2 i.40E+01

150000 613 _t) \ i.57E+01

200000 615 -37 i.58E+01

250000 562 -43 i.50E+01

300000 534 -50 í.46E+01

400000 43r -64 i.278+01
s00000 330 -71 i.04E+01

600000 26r -73 t.83E+01

800000 t82 -72 1.528+0

100000( 144 -67 t.32E+01

Table E.2.Three-wire common mode impedance for a Y-connected,20 HP, 460 V motor

: (Hz Z ftOI :heta (degrees)
100 130 -89.2
200 65.5 -89.3
500 26.4 -89.4

1000 t3.3 -89.5

2000 6.6 -89.s
s000 2.7 -89.4

10000 1.3 -89. l
20000 0.649 -88. r

50000 0.23 -82

60000 0.181 -78

70000 0.141 -72



80000 0.1l9 -65.9
10000( 0.0896 -44.8
2000( 0.0899 -18.6
5000( 0.139 0
6000( 0.163 -0.6
6600( 0.t79 -2.5

0.233 -22.6
0.195 -47.6
0.155 -54.5

0.0832 -60.4

Table E.3. Th¡ee-wire CM impedance for a Y-connected, 100 HP,460 V motor

f (Hz\ z@) lheta (degrees]

100 72980 -88.46
200 36900 -88.65
500 t4930 -88.85
1000 7520 -88.97
2000 3790 -89.05
5000 t520 -89.07
10000 76t -88.9
20000 374.2 -88
50000 t34.74 -82.05
60000 107.05 -78.53
75000 79.59 :71.03

100000 56.57 -5t.2
120000 53.29 -32.2
150000 65.34 -t4.65
r60000 7t.41 -t2.79
200000 94.04 -17.12
240000 104.4( -29.23
300000 97.51 -46.5

333333 88.83 -53
400000 73.2 -60.84
480000 60.2 -65.73
600000 46.28 -70.24
800000 34.43 -71.35
1000000 26.4 -72.6
1200000 24.47 -71.2
1500000 t3.t7 -64
2000000 7.n -52.9
2250000 4.5 -46.8
2400000 2.9 -30.1
2450000 2.52 -t9.7
2500000 2.26 -6.1

2626000 2.35 30.6
2750000 3.t7 53.83
3000000 5.37 72.2
4000000 4.45 84.8
s000000 23 l4 85. r

0000000 17.8 84.5



Table E.4. Three-wire CM impedance for a A-connected, 100 HP,460 V motor

f lHz) L (Q', fheta (desrees'
100 73000 -88.46

200 36900 -88.64
500 t4930 -88.85
1000 7530 -89
2000 3790 -89.05
5000 1530 -89.1
10000 766.4 -89.02
20000 J82.48 -88.7t
s0000 147.69 -86.8

60000 120.76 -85.76
75000 93.37 -83.66
00000 65.52 -78
20000 5l.95 -70.47
50000 43.44 -52.t2
60000 44.35 -45.93

200000 58.2 -41.1
240000 60.73 -55.1
250000 59 -58. I
300000 48 -67.2
400000 34.13 -70.t9
500000 27.4 -70.2
800000 16.51 -74.6
1000000 l 1.35 -73.3
1200000 8.1 -69.6
1500000 4.84 -57.4
1600000 4 -52.38
1700000 3.19 -45.6
1800000 2.44 -34.t
1850000 2.13 -25.6
1900000 1.9 -14.8
1950000 t.75 -1.8
2000000 t.7t 12.6

2100000 r.95 39.1

2200000 2.5 56.3
2400000 3.9 72
2500000 4.64 75.6
3000000 8.25 83.2
4000000 5.03 86.5
5000000 22.3 86.9
r000000q 66 84.5
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Table E.2. Some other calculated motor frames and parasitic capacitance

Motor power (HP) Parasitic capacitance (nF)

l0 2t
20 54

30 90

50 150

Table E.l. Common mode impedances for different motors

5 HP motor (Y) 20 HP motor (Y) 100 HP motor (Y) 100 HP motor (A)

f=180 f=4 k f=180 f=4 k f=180 f=4 k f=180 f=4 k

z(a) 196,400 10,410 65,200 6,335 36,700 3,733 36,700 3,602
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