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Figure 4.57 Difference between vDft2 '(k) andSV(k) of Figure 4.56 
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Figure 4.58 Comparison between vn/(k) and SV(k)(Figure 4.55 charge distribution) 
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Figure 4.59 Difference between var/(k) and SV(k) of Figure 4.58 
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A comparison of the charge distribution obtained by the PMSM(Figure 4.50 or Figure 4.55) 

with those obtained by the DM(Figure 4.24 or Figure 4.25) and the DCON(Figures 4.32 & 

4.35 or Figures 4.42 &4.45) reveals that the resolution and the accuracy of the PMSM are 

obviously better than those of the DM and the OCON. The PMSM shows little sensitivity to 

noise as compared with the OCON and still provides high resolution as compared with the DM 

and OCON. Besides, the difference between vn/(k) and SV(k) generated using the charge 

distribution obtained by the PMSM method is much smaller than the difference between vnr/(k) 

and SV(k) generated using the charge distribution obtained by the OM and OCON, indicating 

no misrepresentation of the actual charge distribution(SPD 1). 
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Figure 4.60 Comparison between vn/'(k) and SV(k) (SPD 1) 
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Figure 4.61 Difference between Vsm2'(k) and SV(k) of Figure 4.60 
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Figure 4.62 Comparison between Vsm 2(k) and SV( k)(SPD l) 
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Figure 4.63 Difference between vlln
2(k) and SV(k) of Figure 4.62 
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Owing to the presence of noise, one cannot expect the obtained charge distnoution to be the 

same as SPDI or the difference between vz,,/'(k) and SV(k) or Vsm
2(k) and SV(k) to be very 

small, approaching zero, as for the noise-free signal set. Figures 4.60 and 4.61 compare 

Vsm
2 '(k) and SV(k) generated using SPDl, and Figures 4.62 and 4.63 compare vn/(k) and SV(k) 

generated using SPDl. Obviously, the difference between vv/'(k) and SV(k) or Vsn/(k) and 

SV(k) still exists even with charge distribution SPDl. Comparing the amplitude of the 

difference between vn/'(k) and SV(k) or vn/(k) and SV(k) using SPDl and the amplitude of 

corresponding difference using the charge distribution obtained by the PMSM, one can see that 

the PMSM results are very good. 

The accuracy and resolution of the obtained charge distribution depend upon the noise level, 

system bandwid~ and the sensitivity of the method (used to get the charge distnoution) to the 

noise and bandwidth effects. As mentioned in Chapter 3, the linear process is more sensitive to 

the noise and bandwidth effects than the nonlinear process. To obtain Figure 4.50 and Figure 

4.55 charge distributio~ a nonlinear process already used at the interfaces., Le., at points 1 and 

N+2. From comparisons, it is clear that this process produces better results than the OM and 

the OCON. However, near the place where rapid change of charge distribution occurs, the 

results seem to be a little bit smeared. Therefore, for even better results, the nonlinear 

detection and . optimization process(NDOP) can be considered to further improve the 

resolution .. 

Since the nonlinear detection and optimization process is very time-consuming, it has not been 

applied to the experimental signals but only to the synthetic signals. For the continuity of the 

thesis, the application of the nonlinear detection and optimization process for the 2nd set of 

signals are presented in Appendix D-2. The function of the nonlinear detection and 

optimization process shows the potential of the PMSM for high resolution and accuracy in 

representing the charge distribution. 
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4.2.4 The 3rd Set of Signals 

The 3rd set of signrus are noise-corrupted g,,/ {k) and vmr.
1 (k) as shown in Figures 4. 7 and 

4.8 respectively. The charge distribution results obtained using the DM, the OCON, and 

the PMSM methods for this set of signals are demonstrated in this section. 

1) The direct method(DM) 

Figure 4.64 shows the charge distribution obtained by the DM method when ma is set at 

point 53. Figure 4.65 and Figure 4.66 compare v11/(k) and SV(k)(Figure 4.64 charge 

distribution). When the 10 point z.ero•pbase average filter is applied to Figure 4.64, 

Figure 4.67 charge distribution is obtained. Figures 4.68 and 4.69 compare vn/(k) and 

SV(k) using Figure 4.67 charge distribution. 
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Figure 4.64 Charge distribution obtained by the DM method for the 3rd set signal 
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Figure 4.65 Comparison between v.,,/(k) and SV(kJ(Figure 4.64 charge distribution) 
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Figure 4 .. 66 Difference between vn/(k) and SV(k) of Figure 4.65 
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Figure 4.67 Filtered charge distribution obtained by the OM method 
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Figure 4.68 Comparison between vu/(k) and SV(kJ(Figure 4.67 charge distribution) 
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Figure 4.69 Difference between v,m3(k) and SV(k) of Figure 4.68 
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From these results and a comparison of the 2nd set of signals processed by the DM, the 

DM can clearly identify the slow change of charge distribution. The difference between 

Vsm3(k) and SV(k) generated using the DM charge distribution result is comparable to the 

noise level However, it is still difficult for the DM to identify the presence of surface 

charges. Comparing the charge distnoution obtained by the DM(Figure 4.64 or 4.67) with 

SPD2 shows that cr1 is missing while the presence of <r2 is similar to a space charge 

distnbution. Nevertheless, from these results, one can see th~ if no surface charges exist 

in a distribution, if the space charges are distributed at a considerable distance from the 

surface charges, or if the space charges distributed near the surface charges are not 

impottan4 the representation of space charge distribution from the DM is fine. The 

procedure to obtain the space charge distnbution is quite simple and straightforward, as 

long as the system IR is narrow and with no rings. 

2) The deconvolution(DCON) procedure 

Figures 4.70 and 4.71 show the amplitudes of the Fourier transform of output gm1(k) and 

Vsm1(k). Figure 4.72 shows the charge distribution obtained by the OCON, which is bad. 

Figure 4.73 and Figure 4.74 compare vn/(k) with SV(k) using Figure 4.72 charge 

distribution. Figure 4.75 is the charge distribution obtained when Figure 4.72 is filtered by 

the 10 point anti-causal zero-phase average tilter. Further, Figure 4.76 and Figure 4.77 

compare vn/ (k) with SV(k) using Figure 4.75 charge distnbution . 
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Figure 4. 70 Amplitude of Fourier transform of output gm1 (k) 
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Figure 4. 71 Amplitude of Fomier transform of output vm/ (k) 
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Figure 4.72 Charge distribution obtained by the OCON for the 3rd set 
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Figure 4.73 Comparison between vm/(k) and SV(kJ(Figure 4.72 charge distribution) 
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Figure 4.74 Difference between v,,/(k) and SV(k) of Figure 4.73 
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Figure 4.75 Filtered charge distribution obtained by the deconvolution procedure 
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Figure 4.77 Difference between vv/(k) and SV(k) of Figure 4.76 
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Although the filtered charge distribution is not the same as SPD2,. especially near the 

interfaces, the representation of internal space charge distribution is not bad. This can also 

be seen from the results of applying the OCON to the filtered output gm3 '(k) and vm/'(k). 

Figure 4.78 and Figure 4.79 show gm
3 '(k) and Vsm

3 '(k) which are obtained by applying the 

10 point zero-phase average filter to Figure 4.7 and Figure 4.8 gm3(k) and Vsm
3(k), 

respectively. Figures 4.80 and 4.81 are the amplitudes of the Fourier transforms of gm3
'(k) 

and Vsm
3 '(k). Figure 4.82 shows the charge distnbution obtained by the OCON. Figures 

4.83 and 4.84 compare vn,.3 '(k) with SV(k) using Figure 4.82 charge distn'bution. Figure 

4.85 shows the filtered charge distribution by the deconvolution procedure and Figures 

4.86 and 4.87 compare Vsm
3 '(k) with SV(k) generated using the filter charge distribution. 

The first surface charge is again falsely represented, resulting in a large difference between 

Vsm
3 
'(k) with SV(k) around that position. The internal space charge distribution is still 

acceptable, but surface charges and space charge near the interfaces are far from being 

represented well. Therefore, as compared with the OM at the conditions of noise­

corrupted signals, short duration IR,. and slow changes of space charge distribution, the 

DCON has no advantages over the DM; instead, the OM seems better than the OCON 

because of the simple way in which it obtains the space charge disnibution. 
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Figure 4.79 Filtered output signal vn/ Yk} 
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Figure 4.81 Amplitude of Fourier transform of filtered output signal vsr/ '(k) 
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Figure 4.83 Comparison between v./ '(k) and SV(k)(Figure 4.82 charge distribution) 

Figure 4.84 Difference between v11/(k) and SV(k) of Figure 4.83 
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Figure 4.86 Comparison between vv/(k) and SV(k)(Figure 4.8S charge distribution) 
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3) The point matching simulation model (PMSM) approach 

Figures 4.88 and 4.89 show the u sequence obtained by the PMSM using Figures 4. 78 and 

4. 79 filtered output when mo is set at point 47, -'1=2 and Li' =4, respectively. Figure 4.90 

and Figure 4.98 show the charge distnbution obtained using Figure 4.88 and Figure 4.89 

sequences. The constructing procedures are the same as described in Section 4.2.4, 3) for 

the 2nd set of signals. The 10 point zero-phase filter is used to obtain Figure 4.90 charge 

distribution while the zero-order-hold is used to obtain Figure 4.98 charge distnlmtion. 

Figures 4.91, 4.92, 4.99 and 4.100 compare v,,,/'(k) and SV(k) using Figures 4.90 and 4.98 

charge distnoution respectively. It is clear from the difference plot(Figures 4.92 and 

4.100) that the difference near the interfaces is a bit larger than that inside the sample. As 

the total sum of the charge is zero for SPD2, one can adjust CJ(N+2) to equal the sum of 

the obtained charge distn'bution from i=I to N+l. Figures 4.93 and 4.101 show the 

charge distnoutions after adjusting the value at N+2. Figures 4.94, 4.95, 4.102, and 4.103 

compare vn/' (k) and SV(k) using Figure 4.93 and Figure 4.101 charge distnlmtion 

correspondingly. One can see that the difference (Figure 4.95 and Figure 4.103) gets a bit 

smaller around the adjusted place. Figures 4.96, 4.97 and 4.104, 4.105 compare between 

v,m3(k) and SV(k) using Figures 4.93 and 4.101 charge distnoutions respectively. 
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Figure 4.88 cr sequence obtained by the PMSM when L\=2, mo=47 
a.•--------•._;:;;. ........ -..... •;...;;-.,;;;; ... ,...-..... "•....,•....,o_..-.... ••" .... -----..:._.--o.....,•.-.... - ___ .... _____ , __ ..._......__r...,•-------. 

--

Figure 4.89 a sequence obtained by the PMSM when Li' =4, mo=47 
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Figure 4.90 Charge distribution obtained by the PMSM(Ftltered) 
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Figure 4.91 Comparison between v11/ '(k) and SV(k) (Figure 4.90 charge distribution) 
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Figure 4.92 Difference between vn/'(k) and SV(k) of Figure 4.91 
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Figure 4.93 Adjusted charge distribution by the PMSM 
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Figure 4.94 .Comparison between v,,/'(k) and SV(k) (Figure 4.93 charge distribution) 
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Figure 4.95 Difference between vsr/ ,(k) and SV(k) of Figure 4.94 
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Figure 4.97 Difference between vsn/(k) and SV(k) of Figure 4.96 
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Figure 4.98 Charge distribution by PMSM(zero order hold) 
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Figure 4.99 Comparison between vsr/ '(k) and SV(k) (Figure 4.98 charge distribution) 
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Figure 4.100 Difference between v»/ '(le) and SV(k) of Figure 4.99 
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Figure 4.101 Adjusted distribution by PMSM(2:ero-order-hold) 
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Figure 4.102 Comparison between v,,,/'(k) and SV(k) (Figure 4.101 charge distribution) 
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Figure 4.104 Comparison between vm/(k) and SV(k) (Figure 4.101 charge distribution) 
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Figure 4.105 Difference between vn.1(k) and SV(k) of Figure 4.104 
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Figure 4.106 Compare Figure 4.93 and Figure 4.101 charge distributions with SPD2 
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It is obvious that the resolution and accuracy of the charge distnoution obtained by the 

PMSM are also better than those obtained by the OM and the OCON methods for a slow 

change in charge distnoution. Figure 4.106 further compares Figure 4.93 and Figure 

4.10 l charge distributions with the assumed SPD2. It is shown that the obtained charge 

distnoutions by the PMSM are nearly the same as SPD2. The difference only happens a 

bit more near the interfaces because mo is set at a slightly later point to obtain a more 

stable result. As discussed in Chapter 3, ma is defined as the beginning of the system IR 

signal at the point where the IR value g(mo)=O. When the signal is contaminated with 

noise, mo may not be well chosen if one chooses the point that the signal is zero to 

determine the mo point. If mo is chosen earlier, g(mo+ I), which should be nonzero, may 

actually be zero and if the noise contn"butes a large percentage of the value of g(mo+ I), 

then the obtained results will be quite unstable. Section 4.3.3 will show the effect of delay 

on the resulting charge distribution with experimental. signals. When mo is chosen at a 

later point, the obtained a( 1) actually accounts for several points inside the sample. This 

is why the resulting <J( 1) is larger than what is actually at that point. On the other band, 

the matching of the signal due to a(N+2) will start a bit earlier. As a result, a(N+2) is less 
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than what is actually at that point. In addition, a noise reduction process applied to the 

noise-corrupted signals before point matching process can also cause some smearing in the 

results. 

The fact that the PMSM results are considered better than those of the OM and the 

OCON methods is also due to the fact that the difference between Vsm1 '(k) and SV(k) using 

charge distnoution obtained by the PMSM is less than that using the charge distnoutions 

obtained by the OM and the OCON. The difference proves to be a little bit smaller for the 

charge distribution constructed using the z.ero-order-hold than for that obtained using the 

zero-phase filter. This small effect can also be observed from the corresponding figures 

for the 2nd set of signals. The reason is that the filter leads to slightly more smeared 

results than the z.ero-order-hold. More improvement can be achieved to obtain better 

results through the nonlinear detection and optimization process(NDOP) using Figure 

4.93 or Figure 4.101 as the initial input. However, the PMSM results are considered good 

enough in the sense that, if the SPD2 is used to generate SV(k), the difference between 

vn/ '(k) and SV(k) or between Vs,/(k) and SV(k) is at the same level as that difference using 

the PMSM results. Figures 4.107 and 4.108 compare the difference between vmi
3 '(k) and 

SV(k) using SPD2. Figures 4.100 and 4.110 compare vsn/(k) and SV(k) using SPD2. 
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Figure 4.107 Comparison between vv,/'(k) and SV(k) (SPD2) 
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Figure 4.108 Difference between vn/'(k) and SV(k) of Figure 4.107 
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Figure 4.110 Difference between vsi/(k) and SV(k) of Figure 4.109 
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The attempt to apply NDOP to the PMSM results obtained for the 3rd set of signals is 

described in Appendix D-3. The representation of surface charge at point 261 can be 

recovered. 

4.2.5 The 4th Set Signals 

The 4th set of signals are gm
4(k) and Vsnr

4
(k) as shown in Figure 4.10 and figure 4.9, 

respectively. The charge distn"butions obtained by the DM, the OCON, and the PMSM 

methods for this set signals are presented in this section. 

1) The direct method(DM) 

The DM method cannot apply to this set of signaJs because the system IR has not only a 

wide duration but also significant rings in the signal. 
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2) The deconvolution procedure(DCON) 

Figures 4.111 and 4.112 show the amplitude of the Fourier transform. of g,,:' (k) and v:r/ (k) 

respectively. Figure 4.113 gives the charge distnlmtion obtained by the OCON procedure. 

Figures 4.114 and 4.115 compare vm:'(k) with SV(k) using Figure 4.113 charge 

distnbution. Due to the bad distribution obtained, a 10 point zero-phase average filter is 

applied to Figure 4.113 to filter the charge distribution; however, the filtered charge 

distribution this time is not good either, as shown in Figure 4.116. Figures 4.117 and 

4.118 compare vn.4(k) with SV(k) using Figure 4.114 charge distnlmtion. Although the 

difference between Vsm
4(k) and SV(k) using the filter charge distnoution, is not large 

compared with the noise level, the charge distribution result is obviously far from SPD2 . 
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Figure 4.111 Amplitude of Fourier transfoan of system IR (g,/ (k)) 
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Figure 4.112 Amplitude of Fourier transform of the output vv.4 (k) 

, 

F o.• 
4. 
:( a .. 
a-a.a 

. 

-,.•o~---•"""'0---.,-0 .... 0 ---,,,...,•"""'o ___ ao_o ____ -a=---~:1100 

a-•-•-

Figure 4.113 Charge distribution obtained by the OCON procedure for the 4th set 
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When the system IR has a wide duration and, more imponantly, the rise time of the IR is 

slow, the bandwidth of the system is narrow. When the bandwidth of the system is narrow 

for the 4th set of signa]s as compared with the other sets, even the filtered charge 

distribution results cannot provide a good profile of the charge distribution. This 

demonstrates that the OCON is also sensitive to the bandwidth effects. 

3) The proposed PMSM approach 

Figures 4.119 and 4.120 show the signal output gm4 ,(k) and vmt(k) when a 10 point zero­

phase average filter applied to g,,;'(k) and v11n
4(k) as shown in Figure 4.10 and Figure 4.9. 

Figures 4.121 and 4.122 give the obtained CJ sequences using the point matching approach 

when mo is set at point 162, Li=2 and Li, =4 respectively. 
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Figure 4.119 Filtered system IR (gm4 '(k)) 
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Figure 4.120 Filtered output signal (vsn:''(k)) 
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Figure 4.124 Comparison between vn,;''(k) with SV(k) (Figure 4.122 charge distribution) 
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Figure 4.126 Charge distribution by the PMSM after adjustment 
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Figure 4.123 shows the filtered charge distribution obtained using the direct matching 

simulation model A 20 point zero-phase average filter is applied at this time. Figures 

4.124 and 4.125 compare va."'(k) with SV(k) using Figure 4.123 charge distribution. 

Based on the total charge being 7.ero, Figure 4.126, the adjusted charge distribution is 

obtained. Figures 4.127 and 4.128 compare vsi,;'"(k) with SV(k) generated using Figure 

4.126 charge distribution, and Figures 4.129 and 4.130 compare va.4(k) with the SV(k). 
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Figure 4.127 Comparison between vn,;''(k) with SV(k) (Figure 4.126 charge distribution) 
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Figure 4.128 Difference between Vmr
4 '(k) with SV(k) of Figure 4.127 
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Figure 4.129 Comparison between vJl,;'(k) with SV(k) (Figure 4.126 charge distribution) 
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It is clear that the difference for the adjusted charge distn"bution in Figure 4.128 is less in 

magnitude than that for unadjusted charge distribution in Figure 4.125. 

As the system bandwidth is decreased, the obtained charge distnbution cannot be better 

than that obtained for the 3rd set of signals, which means that bandwidth effects exist in 

the PMSM approach. However, the PMSM is less sensitive to the bandwidth effects than 

the OCON. As compared to Figure 4.126, charge distribution with SPD2, the charge 

distnbution profile is correct; therefore, it is still true that the resolution and accuracy of 

the PMSM is much better than those of the DM and the OCON. 

In regards to what has been done to the 2nd and the 3rd sets of signals, Figures 4.131 and 

4.132 compare Vma4'(k) with SV(k); while Figures 4.133 and 4.134 compare noise­

corrupted vnn"(k) with SV(k) using SPD2 charge distribution. Comparing the difference in 

Figure 4.128 and Figure 4.130 (using Figure 4.126 charge distnl>ution) with that in Figure 

4.132 and Figure 4.134 (using SPD2), one can observe that, although the difference using 

Figure 4.126 charge clistnbution is larger in amplitude than using SPD2, some information 

about the charge distribution does not seem to be represented well. This information can 

be recovered through the nonlinear detection and optimization process(NDOP). Because 

it is known that the nonlinear stochastic process can provide high resolution, Figure 4.126 

charge distnoution is used as an initial value for the NDOP. The results of the application 

of the NDOP for the 4th set of signals is shown in Appendix D-4, which proves that the 

nonlinear stochastic process can handle the noise effects and the bandwidth effects better 

than a linear stochastic process, but with much more computation time. 
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Figure 4.131 Comparison between vn,;''(k) and SV(k) (SPD2) 
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The charge distribution results using the three methods to process the four sets of 

synthetic signals are discussed and summariz.ed in Section 4 .. 4. The overall conclusion is 

that the PMSM method seems to be the best approach among the three methods. In the 

next section, Section 4.3, the PMSM method is verified from an experimental point of 

view with two sets of experimental signals: one contains only surface charges; the other 

contains both surface charges and the space charge distribution. 
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4.3 PMSM CRITIQUE FROM AN EXPERIMENTAL POINT OF VIEW 

4.3.1 Introduction 

Synthetic signals can be used to verify whether a signal processing method is working or, more 

specifically, to illustrate the capability, the resolution and accuracy, and the advantages and 

disadvantages of the signal procesmDg method. However, ~ce the signal processing method 

is intended to be applied to the experimental signals(ie. the real signals), it is necessary to 

further verify whether the signal processing method is working well with the experimental 

signals and to discover how to obtain good results from the experimental signals using the 

signal processing method. 

In addition to the noise described in the noise model for synthetic signals (assumed to be a 

white Gaussian sequence with zero mean), many other disturbances can exist in the detected 

experimental signals, such as a de trend (resulting in non-zero mean noises)[92] or even a low 

frequency trend (resulting in colored noise)[82]. Thus, the experimental signals may not 

approach the models that have been set up in order for the signal processing method to apply. 

Although one cannot get rid of these trends, it is necessary and possible to minimize the trends 

through some data pre-processing procedures. It is important not only to pre-process the 

measured output signals before applying signal processing methods to them, but aJso to test the 

obtained results from the signal procesmDg method before regarding them as the correct 

results. Unlike synthetic signal processing, where one knows exactly the charge distribution 

used to build up the synthetic signals, there is no "standard" charge distribution available for 

one to test whether the obtained charge distribution coaectly and accurately reflects the actual 

charge distribution. However, the experimental conditions are known, and therefore, it is 

important to test whether the obtained charge distribution satisfies the experimental conditions. 

Table 4.1(94] shows the PMSM procedures that are set up for processing experimental signals. 

Section 4.3.2 discusses the procedures in detail To demonstrate the procedures and verify the 
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results obtained by the PMSM, two experimental signals are used: one is used to generate the 

system transfer function(IR), which is considered to contain only surface charges in the charge 

distnbution; the other is the arbitrary selected measured signal at -60kV de voltage application. 

Section 4.3.3 shows how the two signals are processed and what results are obtained. 

TABLE4.1 
BLOCK DIAGRAM OF EXPERIMENTAL SIGNAL PROC~ING PROCEDURF.S 

Copy waveforms from hard disk into computer 

Transform waveform files(*. wfm) into data files (* .dat) 

Load in all the group data files in Matlab 

Obtain g( t) syste 
transfer function 

Get corresponding 
v/(t) output signals 

Apply simulation model: 
1) step A results 
2) step A' results 
3) solve for C11,p(O),~&p(d) 
4) space charge distnl>ution 

Apply self result testing 
l) a1 adjusting if necessary 
2) electric field distribution 
3) electric potential 

no 

ts 
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4.3.2 Experimental Signal Processing Procedures 

The principal set-up of the PEA method has been shown in Figure 2.l(Chapter 2). The 

experimental set-up of our PEA system can be found in Figure S.l(Chapter S). The 

procedures as shown in Table 4 .. 1 are used to process each group of data obtained for each 

specimen.. The TDS644A 500MHz digital oscilloscope is used in the experiments. It has a 

feature that allows one to save wavefonns into a 3.5" disk with *.wfin files. Converting 

software is available which cm transfonn *.wfm files into *.dat files. The *.dat file can be 

loaded in Matlab easily~ and the data can be processed using Matlab code. 

TABLE4.2 
A ROUTINE USED FOR DATA PRE•PROC~ING 

Load in all the group data files in Matlab 
······· .. ······ .. · .. · ... ·.-·-- .............................. __ ................ -........ .. 
. Data selection and 

organization :::== • 
Minimizing de or 

low frequency trend 
mnon data 

Data Pre-~==.·:i, Anti-causal zero-phase average filter . 
Minimizing de 

trend amon data 
• • . . 

• • 
: . •·. : ............................ :. .......................................................................................... . 

• • .. . __ ____.______ _ __ ,_.__ __ _ 
Obtain g. '(k) syste 

transfer function 
Get corresponding 

v.,,,t'(k) output sign 

When all the group data files are loaded in Matlab as shown in Table 4.1, a data pre-processing 

programs will be applied to them. The data pre-processing is a prerequisite for all 
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experimental signals. The same processing routine must be applied to all the group signals. It 

was found the routine shown in Table 4.2 works wen. 

When all the group data are loaded in, the data selection and organization procedure will 

select signals that can be used as the system IR(transfer function); decide how to minimize the 

influence of the second term in equations (3·2) and (3-4) using either of the three approaches 

as descn"bed in Chapter 3; and process all signals accordingly. For our experimental situation, 

the sample has no or little previous space charge, the signal obtained when only the electric 

pulse voltage is applied to the specimen (de voltage application is 0 kV) is selected as VsmfJ(k). 

After all the other signals detract this vzmO(k) signal, the influence of the second term is taken 

out, and their corresponding v:m(k) are obtained. The selected signal that is used to generate 

the system IR will be processed the same way as all the other signals. The selection of the 

system JR signal is made to one signal or the sum of several signals at a low de voltage 

application (less than the charge injection voltage). Then, this selected signal subtracts vs0(k), 

and the output of the subtraction is denoted as vgm(k). 

When vgm(k) and vsm(k) are obtained, the next step is to minimize the small different de biases 

or low frequency trends among the group signals. This is the most significant function of data 

pre-procesmng. Several methods can be applied to get the trends, such as calculating the 

average value of the first 100 points of data of the signal; ca1culating the average value of all 

the data of the signal; and applying a very low frequency pass filter(for example, a 200 point 

zero-phase average filter for a total 500 point signal) to the signal many times until the 

difference between the filtered signal at this time and the filtered signal at the last time is within 

a small tolerance. When the trend is obtained, the trend is subtracted from the signal; the trend 

in the subtracted signal is then minimized. 

When the measured output signals are noisy (ie. corrupted with high frequency random noise), 

a noise reduction pro~ is necessary. Then a 10 or 20 point(depending on the total points of 

the signal) anti-causal zero-phase average filter is used to minimize the high frequency noises. 

After that, the de trend is minimized again; then the obtained signal can be denoted as v,m'(k) 

or Vsm'(k). 
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The system transfer function g,,i'(k) is essential to the accuracy and resolution of the obtained 

space charge distribution. It is defined as the system response to 1 C/m2 surface charge 

density[2]. When Vgn/(k) is available, two more processing steps are used to get gm.'(k). One is 

to divide v,m'(k) by the de voltage difference between the two signals used to generate vgm(k) 

times EoE,/d, where d is the thickness of the specimen. The other is to choose three cutting 

points from the obtained signal: the starting point of the first interface signal pl, the starting 

point of the second interface signal p2 and the first peak point of the second interface signal 

p3. When pl, p2, and p3 are available, we retain signal voltage values within pl and p2, and 

set values to zero for data points less than pl and more than p2, the system IR (gm '(k)) is thus 

obtained. The point p3 is chosen as the termination point for the PMSM. The simulation will 

stop when the p3 point is reached. 

This method to obtain the system IR (g"' '(k)) is correct under the assumption that there is no or 

a negligiole amount of space charge inside the specimen; and if the specimen already has space 

charges, the sudden increased voltage will not change the inside space charge profile 

significantly. 

With g"' '(k) and vsm'(k), one can apply PMSM as already discussed in Section 4.2 to obtain the 

surface charges CTz, CT2, and space charge distribution. For experimental signal processing, it is 

better to apply se1f-testing[94] to see whether the obtained charge distribution results are 

acceptable. For the experimental conditions, it is known that, when the potential of the ground 

electrode is zero, the potential of the HV electrode equals the de voltage applied. It is known, 
z 

V(.r) = V(O) + J E(x)dx 
0 

where, V denotes potential, E denotes the electric field, 

d 
V(d) = V(O) + J E(z)dx 

0 

The electric field at the first interface is: 

E1 = - cr(O) = a1 +ere (O) . 
EoE,- EoEr 

(4-5) 

(4-6) 

(4-7) 



According to Poisson's law, 

VE= p , 
EoEr 

the internal electric field can be calculated as: 

1 z 1 l 
E(x) = --f p(x)dz = Ei +--l: a(i) • 

EoEr O £0£,. i=l 
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(4-8) 

(4-9) 

where k is from 1 to N+ 1 corresponding to x from L1x to d. Therefore, the potential V( d) can 

be calculated using the obtained charge distribution. The calculated V(d) can then be 

compared with the applied voltage. If the two are close with an acceptable difference, self­

testing is passed and the resolts are considered acceptable. If the two are far from each other 

for all the group data, one has to check the reason and go back to the pre-processing. By 

suitable adjustment of data pre-processing, one can usually obtain the charge distnoutions that 

can pass self-testing. 

In addition, the experimental condition requires that the electric field at the second interface 

satisfies: 

(4-10) 

Therefore, CTz can be adjusted. 

Two experimental signals measured for the Thick HOPE specimen are used to demonstrate the 

presented procedures in the next section. Detailed information about the Thick HDPE 

specimen and the experimental set-up is presented in Chapter 5. 

4.3.3 Experimental Signals and Processing Results 

Figure 4.135 shows three measured signals for a Thick HDPE specimen using the Figure 5.1 

experimental set-up. One signal is obtained when only the electric pulse voltage(-2.3kV) is 

applied (no de voltage application, i.e. de voltage at 0 kV) to the specimen, which has not been 

subjected to any electric stre~ before and has virtually no space charge inside. Another is the 



120 

sum of the signals when -lSkV and -20kV are applied to the specimen denoted as -35kV 

signal The thickness of the Thick HOPE sample is 2.35mm. It is assumed that no space 

charge is injected when -15kV and -20kV are applied. This signal is seJected to generate the 

system transfer function. The third is the signal measured when the sample is subjected to Step 

Increased Voltage and when the voltage reaches -60kV. This signal is denoted as the -60kV 

signal in this section. Detailed voltage applications for the Thick HOPE specimen can be 

found in Figure 5.2 in Chapter 5. 

Figure 4. 136 shows two signals: one is the subtraction of the total -35kV signal by the OkV 

signal; the other is the subtraction of the -60kV signal by the OkV signal After the subtraction. 

the two signals can be denoted as vsm(k). Since the first signal is also used to generate the 

system transfer function, it can also be denoted as v8,n(k). The data selection and organization 

process is complete for the two signals. 
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One purpose in choosing the transfer function signal is to show how to obtain the system IR 

from the measurements. Besides9 since it is known that the transfer function signal is regarded 

as containing only surface charges ar and c:12, and C1r=a2, if the charge distnbution obtained by 

the PMSM for the transfer function signal cannot reflect this fac~ the PMSM method cannot 

be considered to be working well. Therefore, the transfer function signal is used as a 

verification of the PMSM method for experimental signals.· The reason for choosing the -60kV 

signal is to demonstrate how to apply the PMSM signal processing procedures to an 

experimental signal, and to determine whether the PMSM signal processing procedures are 

working fine for an experimental signal 

Figure 4.137 shows the two signals after a de trend minimization process. The trend was 

obtained by calculating the total average of the signal. Figure 4.138 shows the two signals 

after being filtered by a 20 point zero-phase average filter and a de trend minimized by the total 

signal average again. Both signals can be denoted as Vsm'(k). The -35kV signal can also be 

denoted as v8m'(k). Figure 4.139 shows the system transfer function gm'(k) obtained after 

processing v1m '(k) as described earlier in this section . 
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There are two important points to consider in the experimental signal processing. One is the 

fact that the experimental signals are usually contaminated with noise. Therefore, mo needs to 

be chosen properly for stable results as already discussed in Section 3.3 and Section 4.2. For 

our particular PEA system, it is found that g( mo+ 1) should be around 10% of the first peak 

voltage. For a sampling rate at 500MS/s, a sampling time interval L1t=2ns, this means roughly 

about 10-15 data points' delay. One way is to choose mo=pl with the simulation step above 

10. Alternatively, it is found that the simulation step can reach 1 (i.e. the sampling rate) if 

gm'(k) and vsm'(k) are both delayed for 10-15 points. This means that the first 10 to 15 points 

of g,,,'(k) after pl are set to zero, mo~pl+delay. This may influence the accuracy to some 

extent, but the resolution can be improved. Figure 4.140 shows the results of applying the 

PMSM to the signal used to generate Figure 4.139 transfer function. Figure 4.141 shows the 

results of applying the PMSM to the -60kV signal The simulation steps are set to 1 and 2 

while three delays are used, 5, 10 and 15 points after p 1 point. The first peak of gm '(k) is at 

gm'(p1+37)=-1.1767V, while g • .'(p1+5)=-0.0337V, 8m'(p1+10)=-0.0912V, and gm'(pl+ 15) 

=-0.2028¥. 

It can be seen that when the delay is 5 because the percentage of the noise contaminated in the 

gm'(pl +5) is high, the signal-noise-ratio at that point is low, and unstable results are obtained 

for the -60kV signal This is not obviously observed from the -35kV signal used to generate 

the transfer function due to the fact that the values of the signal from p 1 to p2 are exactly 

proportional to the transfer function from p 1 to p2. After the p2 point, when the simulation 

continues from p2 to p3, one can observe that the results obtained with delay 5 are noisier than 

those with delay 10 and 15. 
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Figure 4.141 Impulse results for the -60kV signal 
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The addition of extra delay can mean that the surface charge O°l is not represented as sharply as 

Uz. This is the other imponant point that needs to be disc~d for experimental signals. It is 

found that the second interface a2 (RV electrode) can sometimes be as sharp as the first 

interface (ground electrode) Uz, if p2 is picked considering the effect of delay. However, if p2 

is not chosen that well, the second interface will tend to be a distribution as shown in Figures 

4.140 and 4.141. Fortunately. the experimental condition provides a way to adjust CT2 as 

discussed in Section 4.3.2. Comparing the impulse results at different steps can suggest 

whether the simulation itself is correct or not. Satisfying the experimental condition can verify 

whether the simulation results are conectly reflecting the experiments. 

Figures 4.142 and 4.143 show the charge distribution after adjustment for the -3SkV(transfer 

function) signal and the -60 kV signal respectively. An extra delay of 10 after p 1 is used. 

Figure 4.144 shows the electric field distributions inside the sample calculated using the 

adjusted and unadjusted charge distributions for the two signa]s. Figure 4.145 gives the 

potential distribution based on the adjusted electric field distribution as a self testing to the 
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distribution results. And finallyy Figure 4.146 shows the space charge distributions after talcing 

out the surface charges for the -35kV and the -60kV signals. 
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It is obvious that the adjustments of CJi in Figure 4.142 and Figure 4.143 recover the smeared 

results in Figure 4.140 and Figure 4.141. From Figure 4.144 the electric field distribution, it 

can be observed that the a-2 adjustment is actually forcing the field to reduce to zero 

immediately at the point corresponding to the HV electrode sample interface instead of 

gradually. Therefore, it is like using a-2 at the point of HV electrode sample interface to 

account for all the gradually changed charge clistnbution after the point of 0-2. This adjustment 

procedure appears to work quite well for the -35kV transfer function signal As the results 

show in Figure 4.142 and Figure 4.146, surface charges are distributed only at the two 

interfaces, and no space charges are distributed inside the specimen. Furthermore, the 

potential distnoution as shown in Figure 4.145 ends at -35kV; the electric field distnoution in 

Figure 4.143 indicates a unifonn field distribution. Besides, the results of the -60kV signal 

indicates that there are small amounts of homocbarges distributed near the interfaces; the 

electric field distribution is almost uniform; and the potential distribution ends at around -

60kV. All these results verify that the PMSM is working fine and the results obtained from the 

PMSM match the experimental conditions that are set for them. 

The developed signal processing procedures descn"bed above have been applied to all obtained 

experimental signals to obtain their space charge distributions. The results of the experimental 

space charge distribution investigation are presented in Chapter 5. 
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4.4 DISCUSSION 

Table 4.3 summarizes the characteristics of the DM, the OCON, and the PMSM methods from 

the charge distribution results for the four sets of signals obtained by the three methods 

individually. The effect of noise, the effect of charge distributio~ and the effect of the 

bandwidth of the system IR on the three signal processing methods are discussed as advantages 

and disadvantages inside the Table. The procedures used for each method for each set of 

signals are summarized in the Table as well. 

As one can see from Table 4.3, the OM method has the lowest capacity to present surface 

charges and the rapid change of charges, and the OCON has the lowest stability and highest 

sensitivity to noise. Both OM and OCON seem to be more sensitive to the bandwidth effects 

than the PMSM. When the bandwidth of system IR is naaow or the system IR has some 

ringing effects, the OM cannot be applied. Therefore, in this sense, the sensitivity of OM to 

the system bandwidth effects is even higher than the OCON. Figure 4.147 further shows the 

above comments on the three signal processing methods. 

DM PMSM OCON 

low high 
sensitivity to noises 

PMSM DCON DM 

low bigfi 
effects of the system bandwidth on 

the obtained charge distribution results 

PMSM OCON 

good 
representation of surface charges 

and rapid changes in charge distribution 

Figure 4.147 Comparison among three methods 
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COMPARISON OF THE DM, THE DCON AND THE PMSM METHODS 
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The resolution and the accuracy of the OCON depend on the resolution function IR *IR-1
, and 

therefore, depend on the bandwidth of the JR operation and signal-to-noise ratio. When there 

is no noise presented in the signals (1st set of signals) and the IR is invertiable, the resolution 

and accuracy of the OCON are very good. However, if noise exists (the 2nd, 3rd and 4th 

sets), the resolution and the accuracy decrease greatly, especially when the bandwidth of the 

system IR is reduced (the 4th set). The resolution and the accuracy of the DM depend on the 

duration and the waveshape of the system IR. It bas the strictest requirements for the system 

IR, in one sense: the sensitivity of DM to the system bandwidth effects is considered even 

higher than that of the OCON. However, the OM is not as sensitive to noise as the OCON. 

Overall,. the PMSM is better than the DM and OCON concerning the resolution and accuracy. 

The resolution and the accuracy of the PMSM depend upon the simulation step and the delay. 

Generally, the smaller the step used, the higher the resolution and the accuracy and, of course, 

the longer the computation time. Usually in the simulation, a larger step is used first, then the 

step is decreased, halved, for example. If the two results are about the same, this means the 

larger step can be used in the simulation and the simulation results are correct. Moreover, 

changing the simulation steps enables surface charges to be distinguished from space charge 

distnoutions. This can improve the accuracy of the obtamed charge distribution, especially the 

space charge distribution near the ground electrode-sample interface. 

The highest resolution for the PMSM can be up to the sampling interval, when the step .d=l, 

ie., .di=L1t. To obtain a stable a sequence, the delay is adjusted to make g(mo+l) significant 

compared the noise level & presented in Section 4.3 from experimental signals, g(mo+ 1) is 

better at around 10% of the first peak of the system JR. For no matter how sharply the system 

JR( wide bandwidth) is increased or how slowly system /R(nan:ow bandwidth) is increased, 

g(m<,+ 1) will be less than the first peak, which indicates that the delay will never be more than 

the rise time of the system IR. The resolution of the PMSM method can then be guaranteed to 

at least correspond to the rise time of the system IR and can be up to the sampling interval, 

especially when a nonlinear detection and optirnfaation process (NDOP) is applied. 



129 

For our typical PEA system, signals are sampled at 500MS/s (i.e. the sampling interval is 2ns) 

and the sound velocity of the specimen is around 2000m/s, the resolution of the obtained space 

charge distribution can be up to 4µm. 

The PMSM is better than the two previous methods in the sense that it is capable of providing 

more useful and more trustworthy information of unknown charge distnoutions from the 

measured or synthetic signals. With a nonlinear approach to identify the presence of surface 

charges or, furthermore, with a nonlinear detection and optimization process (NDOP), the 

resolution and the accuracy can be much better than the two previous methods. 

The PMSM approach is just one way to apply the simulation model idea. Some other 

approaches can also be used, for example, the recursive minimum variance deconvolution 

approach and maximum likelihood deconvolution approach, as presented in Appendix C. With 

the maximum likelihood deconvolution approach, for example, one can apply the simulation 

model idea. update the system IR parameters and statistical parameters, until the maximum 

likelihood results are obtained. The resolution and accuracy can be expected to improve. 

However, the maximum likelihood deconvolution(MLD) requires the actual sequence being 

spike-lik:e[87]. As for the charge distnl>ution, the a sequences are mainly pseudo a sequences; 

therefore, the application of the MLD is still under investigation to determine whether it can be 

applied to obtain the space charge distribution. 



CHAPTERS 

CHARGE DYNAMICS 

• 5_ 1 INTRODUCTION 

Chapter 4 demonstrated that the space charge distribution obtained by the PMSM method 

represents, with high resolution, the actual charge distribution inside the test specimens more 

closely than the OM and OCON methods. Chapter 5 extends the application of the improved 

PEA measuring technique presented in Chapter 4. The PMSM method is applied to some 

polymeric materials in order to investigate the charge dynamics inside these materials. In other 

words, the purpose of this chapter is to obtain useful information about the behavior of space 

charges under different testing conditions to establish a meaningful relationship between the 

space charge dism.oution inside the insulating material and the breakdown mechanisms. 

As reviewed in Chapter 2 Section 2.3, the distortion to the electric field due to the space 

charge effect is considered one of the most important secondary effects on electric treeing, 

aging and breakdown phenomena in polymers. It is believed that space charges are injected 

into the insulating material under high voltage application. It is found experimentally(Section 

2.3.1) that the polarity reversal or short circuit can cause an electric tree to occur at a voltage 

lower than ·the de tree initiation voltage[6]. A sudden release of space charges in a PMMA 

block can damage the insulating material and lead to the electric treeing, and no voltage 

application is necessary. As discussed in Section 2.3, the dynamic changes of space charge 

distribution inside the insulating material play an imponant role in the initiation of electric 

treeing and breakdown, therefore, suggesting the great need to develop the space charge 

distribution techniques in order to clarify charge dynamics (i.e. charge injection, accumulation 

and transportation characteristics). With the improved PEA measuring technique using the 

proposed PMSM method, we plan to investigate the following phenomena in this research: 

130 
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L space charge injection under HVDC voltage application, 

2. space charge accumulation and transportation under constant HVDC voltage application., 

3. the effect of polarity reversal on the dynamic changes of space charge distribution., 

4. the effect of short circuit on the dynamic changes of space charge distribution, 

5. the decay of space charges under short cireuit condition, and, 

6. the dynamic behaviors of space charge distribution in different insulating materials. 

To investigate the above aspects, experiments are designed and performed for the sheets of 

LOPE, Thin/Ibick HOPE, UHMWPE, PP and PMMA, under these conditions: 

1. step increased HVDC voltage applications-investigating the space charge injection., and 

space charge dynamics as HVDC voltage increases. 

2. constant HVDC vohage application(including voltage reversal)--investigating the charge 

accumulation and transponation under constant HVDC voltage application and the effect 

of polarity reversal on the dynamic changes of space charge distribution. 

3. short circuit condition--investigating the effect of short circuit on the dynamic changes of 

space charge distribution, and the decay of the space charges. 

The dynamic behaviors of space charge distribution in different polymeric materials can be 

compared from the results of the above three types of experiments for the different specimens. 

The Step Increased Voltage experiments: In this experiment., the PEA measurements are 

conducted at each step voltage as the de voltages are first increased from O kV to positive or 

negative 10 kV. Then the voltage is increased with a step of positive or negative SkV until the 

de voltages get to positive or negative 85kV or 90kV. 

The Constant Voltage Application experiments: This experiment is conducted at a constant 

positive or negative voltage not less than 60kV while the application time is increased. When 

the space charge distribution under the positive HVDC constant voltage application is 

compared with that under the negative HVDC, the effect of polarity reversal on dynamic 

changes of space charge distribution can be observed. 
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The Shon Circuit experiments: There are two types of short circuit experiments. 

• Type#]: Whenever a Step Increase Voltage experiment or a Constant Voltage Application 

experiment is finished, the HVDC voltage is reduced to zero. The specimen is shon­

circuited(both sides of the specimen are connected to ground). This is the connection for 

the short circuit experiment. Next we apply an electric pulse and measure the signal 

coming out of the transducer. After that, we allow the voltage to increase to a positive or 

negative polarity, depending on the test requirements. 

• Type#2: The Short Circuit experiments can be conducted with the specimen continuously 

shon-circuited for a long period without any further application of HVDC. The purpose of 

this procedure is to investigate the decay of the space charges inside the specimens as time 

increases. 

The experimental setup and the voltage application to each specimen are detailed in Section 

5.2. The three types of experimental results for all the investigated specimens are summarized 

in Section 5.3, Section 5.4, and Section 5.5 respectively. Fmally, the space charge dynamic 

behavior inside LDPE, HOPE, UHMWPE, PP and PMMA are discussed overall in Section 5.6 

based on the experimental results shown in Section S.3-5.S. 

5.2 EXPERIMENTAL ARRANGEMENT 

5.2.1 Experimental Set-up 

The experimental setup used in the experiment~ shown in Figure 5.1, contains the insulating 

supponer, electrode holder, oil container, o~ specimen, electrodes, transducer, cable 

connection, preamplifier, oscilloscope, electric pulse generator, capacitor, and HVDC supply, 

etc .. The main components inside the set-up are discussed individually below. 



1) Specimen and Electrodes 
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Figure 5.1 Experimental setup 

Totally, seven kinds of specimens were used in the experiments. Specimens were cut into 

4¼'~x4¼0 pieces from commercial sheets which had not been subjected to any electric stresses 

before. Each was cleansed using wash acetone (CH3CQCH3) before preconditioning. 

According to ASTM 618, Procedure A, preconditioning at 40/23/50 was chosen because all 

the specimen thicknesses are less than 7mm. Condition 40/23/50 refers to the condition of the 

test specimen in the standard laboratory annosphere (temperature at 23±2°C~ relative humidity 

at 50%±5%) for 40 hours immediately prior to testing. 

A three electrode system was adopted to guarantee that the electric field application was 

uniform in the center where the transducer picks up signals.. To ensure electric connection 

between electrodes and the specimen, evaporated Al, conductive aluminum tape and 

conductive copper tape were used. The thickness of the evaporated Al was around lµm. the 

thickness of the AI tape was about 0.1mm, and the thickness of the copper tape was about 

0.04mm. The overall results of 12 specimens are shown and discussed in this chapter. Each 
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specimen is given a name. Table 5.1 gives the name of each specimen along with its average 

thickness, its dielectric constant, and the connection electrode used. The dimensions of the 

three electrodes is shown in Figure 5.2. The Al and the Cu tape were cut into diameters 

~25mm and q,50rnm and cp38/cp50mm ring, and pasted on the specimen. A roller was used to 

press the tape, eliminate gas bubbles, and ensure the connection. 

soecimen 
d(mm) 

Er 

electrodes 
soecimen 
d(mm) 

Er 

electrodes 

LOPE 
3.20 

HOPE 
3.20 

Al taoe 

TABLES.I 
INFORMATION OF EACH SPEC™EN 

ThinHDPE ThickHDPE UHMWPE pp 
1.46 2.35 3.04 3.15 

2.2 
Al tape 

HOPE-Cu HDPE-E LDPE-E UHMWPE-E 
3.28 3.28 3.25 3.06 

2.2 
Cutaoe Evaoorated Al 

ground electrode 
40mm 

hielding electrodes 

specimen 

PMMA 
3.00 
3.7 

PMlvIA-E 
3.00 
3.7 

HV electrode 

Figure 5.2 Dimension of the three electrode system 
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The ground electrode is a cylinder made of AL The diameter of the cylinder is 15mm, and the 

total height is 30 mm. The shielding electrode is a Cu tube with an inner-diameter of 38mm 

and an outer diameter of 42mm. The HV electrode is made of stainless steeL The shape and 

dimension of the specimen, the HV electrode, the ground electrode, and the shielding electrode 

are shown in Figure 5.2. 

2) Oil 

The transformer oil Voltesso35 was chosen as the medium. Its physical properties and oil 

content{has inhibitor content 0.07 wt%) indicate that it is type I oil [ASTM 3487]. The 

viscosity of the oil at 40°C is 8.3 est; therefore, conditions of 60°C and 40Pa (0.3 Torr) 

[ASTM 2413] are considered to apply for drying and degassing the liquid. The oil was 

preheated to 60°C and degassed for 45 minutes in a vessel connected to a ES250 pump which 

guarantees a vacuum much better than 0.5 Torr. 

3) Transducer 

The diameter of the active area of the transducer is % inch. The bandwidth of the transducer 

was specially designed from 0.25-6MHz. The transducer was calibrated by the company 

(Etalon Inc.) in water using three transducers (1MHz, 2MHz, and 5MHz) as transmitters. The 

sound pressure was first calibrated by a calibrated hydrophone. The calibration chart is shown 

in Figure 5.3. 

Receiving Sensitivity 
(Measured In water} 

0 1 2 3 4 5 6 
f(MHz) 

Figure S.3 Calibration chart of the transducer 
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4) Preamplifier 

The Tektronics type IAl dual trace plug-in unit was used as a preamplifier before the output 

of the transducer was connected to the oscilloscope. The bandwidth of the preamplifier is 

30MHz with a gain up to 10. 

5) Oscilloscope 

TDS 644A 500 MHz digitizing oscilloscope was used to record the measured signals. The 

oscilloscope has a feature to let one record measured signals on a 3.5'' floppy disk. Therefore, 

off-line signal processing can be easily perfonned. Another feature is that the oscilloscope can 

measure, for example, 100 signals, and output the average of these signals. In this way, the 

random noise can be decreased. In addition, the oscilloscope has two built-in low pass filters. 

The cut-off frequency of one is at 100MHz; that of the other is at 20MHz. Since the main 

frequency range of the useful signals is below 20MHz, the 20MHz filter was implemented to 

the signals. • 

6) Electric Pulse Generator 

Figure 5.4 shows the circuit used to generate the electric pulse. The Fluke High Voltage 

Power Supply Model 408B was used since it can provide up to ±6k V de voltage. The electric 

pulse voltage, therefore, can be up to ±3kV. The electric pulse voltage of-2.3kV was used for 

all the measurements. 

up to 
±6kV gap 

coaxial 
cable 

Figure 5.4 Circuit diagram of the electric pulse generator 
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Figure 5.5 shows two waveshapes of the measured electric pulse. The Channel 1 signal was 

obtained by using a resistive voltage divider, and the Channel 2 signal was obtained using a 

capacitive voltage divider. As measured from the osciiloscope,. the Channel 1 electric pulse has 

a width of 69.Sns and a rise time of 38.8 ns, while the Channel 2 has a width of 54.8ns and a 

rise time of 19 .2ns. 

7) HVDC Supply 

Brandenberg Multiplier lOOkV model 908R, along with Brandenberg Power Supply & Control 

Unit model 108, was used to provide HVDC up to ±lOOkV. The polarity was easily changed. 
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8) Others 

The other parts are shown clearly in Figure 5.1. Double shielding cables were used to 

eliminate the interference. Springs were used in the el~ode holder to ensure the electrodes 

were tightly attached to the specimen. Insulators and insulating supporters enable the HVDC 

to be safely supplied from the bottom of the specimen. 

5.2.2 General Test Procedure 

When each specimen was tested in the experimental setup> a -2.3kV electric pulse was applied 

to the specimen with no de voltage applied (zero HVDC voltage). Measurements from the 

transducer were obtained and denoted as vsm0(t) for each specimen. The recorded vsm0(t) was 

used as mentioned in Section 4.3 to get rid of the influence of the second term in the pressure 

wave signals[equations (3-2) and (3-4)]. 

Then., a Step Increased Voltage was applied to each specimen. This is called the first step 

increased voltage experiment. Some of the specimens were subjected to a positive step 

increased de voltage; others were subjected to a negative step increased de voltage. When the 

absolute value of the de voltage reached a certain level(such as 85kV or 90kV), the 

measurement was stopped. This voltage level was determined in this experiment by the 

maximum stable output voltage from the de generator~ which was 90kV in this case. After 

that, the applied voltage was set to zero quickly> and the specimen short-circuited; this is the 

I st short circuit of all specimens. Then, four specimens (Thin HDPE> Thick HOPE, HOPE, 

and PP) were subjected to another Step Increased Voltage application, which is called the 

second step increased voltage experiment. After the second step increased voltage 

experiment, the specimens were again short-circuited. This is the 2nd short circuit for the four 

selected specimens. 

After all the Step Increased Voltage applications were finished, a Constant Voltage 

Application of the same polarity as the step voltage was applied to the specimen for more than 

l 000 minutes. This is called the first constant voltage application. 
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After the first constant voltage application. the voltage was again turned to zero and the 

measurements taken during this period are called the 3rd short circuit for the four specimens, 

and the 2nd short circuit for the other 8 specimens. Then, a reversed polarity HVDC was 

applied to the specimens, except UH:MWPE-E. HDPE-E and PMMA-E. For UHMWPE-E, a 

higher same polarity HVDC was applied. For HDPE-E and PMMA-E, no more experiments 

were carried out. The reversed polarity HVDC is another Constant Voltage Application. It is 

denoted as the second constant voltage application and/or the first reversal for the rest of the 

specimens. After that. the specimen was short circuited again, these measurements are the 4th 

short circuit for the four specimens (Thin HOPE., Thick HDPE, HOPE, and PP), and the 3rd 

short circuit for the others. 

Figure 5.6[94], Figure 5. 7, and Figure 5.8 show in detail the voltage application procedures for 

each of the 12 specimens. Figure 5 .. 9 shows in block diagram the voltage application 

procedures and the denotation for each experiments. Additional experiments for some 

specimens are as follows: 

I. two specimens, LOPE and UH:MWPE, were chosen for other 4 polarity reversals after the 

first reversal to investigate the effect of polarity reversal. 

2. four specimens (Thick HDPE, PP, UHMWPE-E ,and LOPE) were used to investigate the 

charge decay at the continuous short circuit condition. 
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Figure 5.6 De voltage applications for LOPE, Thin&Thick HDPE, and UHMWPE specimen 
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The de voltage application falls into three categories: the Step Increased Voltage application, 

the Constant Voltage application, and the Short Circuit application, the experimental results of 

the 12 specimens are presented in the next 3 sections according to these three categories 

respectively. 



Step Increased Voltage Experiment 

• Increase the voltage initially by+!- IOkV 
• Increase the voltage in steps by+/- SkV 
• At each step perform the PEA measurements 
• Stop the experiment when a certain level of voltage is reached 

l=I+l This is the Ith step increased voltage 

Shon Circuit Experiment (Type#]) 

• Quickly set the applied voltage to zero 
• Shon-circuit the specimen(both sides are grounded) 
• Perform the PEA measurements 

This is the Ith short circuit 

Thin/Thick l:IDPE 

HDPEPP 

(a) 

~ PEA measurements: apply an electric pulse to the specimen and pick up the signals from 
transducer 
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Constant Voltage Experiment 

- Apply a constant HVDC to the specimen 
- At certain time interval, perform the PEA measurements 
• Stop the experiment after certain period (usually> IOOOmin) 

Short Circuit Experiment (Type#l) 

• Quickly set the applied voltage to zero 
• Short-circuit the specimen(both sides are grounded) 
• Perform the PEA measurements 

This is the Ith short circuit 

other 
specimens 

Reverse the polarity of 
the constant voltage 

This is the Kth reversal 

Short Circuit Experiment (Type#2) 

I=I+l 
K=K+l+--__ _. 

Stop 

(b) 

Figure 5.9 Block diagram of the voltage application procedures 
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5.3 STEP INCREASED VOLTAGE EXPERIMENTS 

5.3.1 Procedures 

As discussed in Section 5.2 and shown in Figure 5.6-5.8, the first step increased voltage 

experiments were conducted for all the 12 specimens. For six specimens, a positive polarity 

test was conducted. In this experimen~ the de voltage was first increased from zero to 

positive 10 kV. Then it was increased with a step of positive 5kV until de voltage reached 

positive 85kV for Thin HOPE and HOPE-Cu, and positive 90kV for LOPE, PMMA, PMMA­

E. and UHMWPE-E. 

For the other six specimens, a negative polarity test was conducted. In this experimen~ the de 

voltage was first increased from zero to negative 10 kV. Then, it was increased with a step of 

negative SkV until the de voltages reached negative 75kV for HOPE, negative 85kV for Thick 

HDPE~ and negative 90kV for UHMWPE, PP, HDPE-E, and LDPE-E. 

The second step increased voltage was conducted (as shown in Figures 5.6, 5.7 and 5.9) for 

the Thin HDPE with voltage increased up to +85 kV; the Thick HOPE with voltage increased 

up to -70kV; HDPE and PP with voltage increased up to -90kV. 

These experiments were intended to investigate the charge injection and space charge 

dynamics as HVDC voltage increases for different specimen materials. 

5.3.2 Results 

Figure 5.10 plots the surface charges a1 and cr
2 

obtained using the PMSM as explained in 

Chapter 4 for the LOPE, Thick/Thin HDPE, and UHMWPE specimens when they were 

subjected to the first step increased voltages. The theoretical values of the surface charges for 

these specimens under uniform field assumption are calculated using equation a,=u~=EoErV!d 

and plotted as dash dots in Figure 5.10 for all specimens. Figure 5.11 shows the dynamic 

changes of space charge distributions inside these specimens when the de voltages were 

increased step by step. Figure 5.11 are in consistent with Figure 5.10 in the sense that the 
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amplitude of surface charge density is less than that of the uniform field surface charge density 

when homocharge injection is dominant while larger than that of the uniform field surface 

charge density when heterocharge collection is dominant. 
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Figure 5 .10 The changes of surface charges vs the applied voltage 
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Figure 5.19 Space charge distribution vs applied voltage for specimens with Al-evaporated 

electrode under the I st step increased voltages 

Figure 5.12 shows the surface charge changes in Thin/Thick HOPE under the second step 

increased voltage. And Figure 5.13 gives the changes of space charge distribution in the two 

specimens. Figure 5.14 shows the changes of surface charges for Pl\,fMA, HOPE-Cu, HOPE 

and PP specimens under the first step increased voltage applications. Figure 5.15 shows the 

dynamic changes of their internal space charge distributions. The dash dot in Figure 5.14 

indicates the calculated surface charge density (under uniform field assumption) verse the 
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applied voltage for each specimen. Figures 5.16 and 5.17 show the changes of surface charges 

and space charge distn"butions respectively? for the HDPE and PP specimens under the 2nd 

step increased voltages. Figures 5.18 and 5.19 show the changes of surface charges and space 

charge distnoutions respectively? for the HDPE-E7 LDPE-E, P?YIMA-ET and UHMWPE-E 

specimens under the 1st step increased voltage application. The dash dot in Figure 5.18 also 

indicates the calculated surface charge density ( under uniform field assumption) verse the 

applied voltage for each specimen. 

5.3.3 Discussion 

The results of the above experimental results suggest that each specimen has a balance between 

charge injection and charge collection when it is subjected to a de voltage. For specimens that 

have not been subjected to any electric stress before, at the start of the voltage applicationT a 

slight amount of the homocharge seems to form, perhaps due to homocharges being repelled 

from electrodes. As the application time and the voltage are increased, these charges seem to 

move to the other side of the electrode. This process is denoted as the heterocharge 

collection. At low de voltage (less than the charge injection voltage), heterocharge 

distributions seem to form. As the HVDC voltage is funher increased, the homocharge 

injection starts at both electrodes or mainly from the HV electrode depending on the interfacial 

properties of the specimen. If the charge injections from the HV electrode and ground 

electrode are almost at the same level (for example, Thick HOPE), the homocharge 

distribution tends to fonn. If the charge injection from the RV electrode is dominant (for 

example~ Thin HOPE, UHMWPE and PM:MA), a slight amount of charge with the same 

po la.rity of the HY electrode is distributed near the HV electrode sample interface; while a 

large amount of that polarity charge seems to be distributed near the ground electrode sample 

interface. The ground electrode acts like a heterocharge collector. 

Comparing theoretical values (under uniform field assumption) with experimental results in 

Figure 5.10, it shows that ·for LOPE, injections happen at both electrodes when the voltage is 

larger than 20kV. For Thin HDPE, charge injection is mainly from HV electrode, and it 



occurs around 25kV. For Thick HOPE,. only a slight charge injection happens around -50kV. 

Furthermore, UHMWPE is like HOPE, but the heterocharge collection near the ground sample 

interface seems to be more dominant. The charge injection voltage is around -65kV for 

l.JIDv1WPE. 

When we compare the results under the 2nd step increased voltage with those under the first 

step increased voltage application, we note that the charge distnbutions versus the applied 

voltages for Thin HOPE, HOPE, and PP do not change much, except for some negative 

charges at ground electrode sample interface, and a small amount of positive charges at the HV 

electrode sample interface under zero and low voltage application. However, for Thick 

HOPE, a large number of negative charges accumulate near the ground electrode sample 

interfaces and increase as the voltage increases. 

The space charges of HOPE and HOPE-Cu are much less than those ofThin and Thick HDPE .. 

perhaps because electric fields are less when the specimen thickness is increased. Therefore, 

there is only a small amount of charge injection and collection; the charge dynamic activity is 

obviously less. For PP, negative HVDC is applied. As voltage increases, negative charges are 

gradually increased near the ground electrode sample interface. Also, as the voltage increases, 

the positive charges gradually accumulate near the HV electrode sample interface, and in the 

meantime, the internal pan of the specimen gradually has a concave shape negative charge 

distribution. This internal concave shape phenomenon can also be observed from the second 

step increased voltage application. 

Comparing the experimental results of PMMA-E with P~ we see that the changes of 

charge distribution versus the ·applied voltage seem to be the same. Also, it seems that a small 

number of negative charges already exist before the voltage application for P.MMA-E, 

possibly because of the evaporation process using an electron beam to evaporate AL The small 

amount of electron injection during the evaporation process seems possibly to explain the 

different charge distribution behavior vs applied voltage between HDPE-E and HOPE or 

HDPE-Cu. As seen from the second step increased voltage application for Thick HOPE .. the 
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space charges accumulate more substantially than for the first step increased voltage 

application; the possible explanation for the phenomenon is that the charge injection during the 

first step increased voltage application and the 1st shon circuit may cause some degradation 

of the specimen near the interfaces and create more ttaps for the space charges to accumulate. 

For HOPE, there is not much charge accumulation even during the second step increased 

voltage application, perhaps because the smalier charge activity happens before the second step 

increased voltage application. For HDPE-E, probably the evaporation process introduces 

charge injections and causes some degradation of the specimen material near the interfaces, 

and therefore, the charge accumulation near interfaces becomes much more than the almost 

same thickness HOPE and HOPE-Cu specimens. 

Comparing the results of the positive HVDC voltage application with negative HVDC voltage 

application [LOPE(+) with LDPE-E(-); UHMWPE-E(+) with ill™WPE(-);Thin HDPE(+) 

with Thick HOPE(-)], we see that negative HVDC has more tendency to lead to larger amount 

of (negative) charge accumulation than (positive) charge accumulation under positive HVDC. 

More infonnation about the dynamic changes of space charge clistnoution can be obtained 

from the Constant Voltage application experimental results, which will be discussed in the next 

sec.:tion. 
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5.4 CONSTANT VOLTAGE APPLICATION EXPERIMENTS 

5.4.1 Procednres 

After the Step Increased Voltage applications, as described in Section 5.2 and shown in 

Figure 5.6-5.9, specimens were short circuited and constant voltages of the same polarity 

as the step increased voltages were applied to all the 12 specimens for more than 1000 

minutes. After the first constant voltage application., polarity was reversed for most of 

the specimen except HDPE-E and PMMA-E, for which the voltage application was 

stopped; and UH:MWPE-E., for which a higher magnitude of the same polarity voltage was 

applied. After the first reversal, the most significant Constant Voltage Application 

experiments were the 2nd, 3rd, 4th, and 5th reversals for LOPE and UKMWPE 

specimens. All these experiments were designed to study the charge dynamics under a 

constant voltage application and the effect of polarity reversal on the space charge 

distribution. The results are shown in Section 5.4.2 below. 

5.4.2 Results 

Figure 5.20 shows the dynamic changes of space charge distributions for LOPE and Thin 

HDPE under +65kV, and for Thick HDPE and UHMWPE under -65kV. Figure 5.21 

shows the dynamic changes of space charge distnoutions for P:MMA under +70kV, 

HOPE-Cu under +60kV, HOPE under -60kV, and PP under -65kV. And Figure 5.22 

shows those for PMMA-E and UHMWPE-E under +65kV, and HDPE-E and LDPE-E 

under -65k V. After the first constant voltage application, the voltage is decreased to 

zero and the specimens are shon circuited. HVDC polarity is changed and reverse 

polarity is applied except for UHMWPE-E. Figure 5.23 shows the space charge dynamics 

when this first reversal happens to LOPE, Thin HDPE, Thick HOPE and UHMWPE. 

Figure 5.24 shows those for P:MMA, HDPE-Cu., and LDPE-E, and higher unreversed 

voltage for UHMWPE-E. To further investigate the charge dynamic behaviors when 

HVDC voltages are reversed~ LOPE and UHMWPE have been chosen for more reversals. 
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Figure 5.25 shows the dynamic changes of charges in LDPE and UHMWPE when the 

second and the third reverses are applied. And Figure 5 .. 26 shows those when the forth 

and fifth reverses are applied. 
Thin MOPE 

t ~ ... 4 
2 , 

log(t) 0 0 rog{I) 0 0 x(mm) 

Thlc::tcMOPE UHMWPE 

I 0 

~ f -10 

-ao 
4 

4 

fog(t) 0 0 x(mm) 

Figure 5.20 Space charge dynamics (same polarity as step increased voltage tests) 
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Figure 5.22 Space charge dynamics (same polarity as step increased voltage tests) 
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Figure 5.24 Space charge dynamics under reversed de voltage for PMMA, HOPE-Cu, 

LDPE-E, and higher voltage for UHMWPE-E 
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Figure 5.25 Space charge dynamics for LDPE&Ul™WPE under the 2nd & 3rd reversals 
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Figure 5.26 Space charge dynamics for LDPE&UHMWPE under the 4th and 5th reversals 

5.4.3 Discussion 

The results for the first constant voltage application(Figure 5.20-5.22) are summarized 

below: 

1. When positive polarity is applied at HV electrodes. positive charges are distributed 

near the ground electrodes for Thin HOPE and PMMA-E, and for LOPE most of the 

time, however, small number of negative charges tend to distnbute near ground 

electrodes for HOPE-Cu and UHMWPE-E, and for PMMA most of the time. 

Whatever positive or negative charges are distnbuted near the ground electrode. 

negative charges are present near the HV electrodes for all the specimens. For LOPE, 

there is obviously positive charge injection from the HV electrode side and negative 

charge injection from the ground electrode side. The negative charges injected from 

the ground electrodes and the positive charges from the HV electrodes seem to 

penetrate inside the specimen, away from the injected electrodes. As voltage 

application time increases, more charges are accumu1ated and the accumulation 

regions gradually tend to extend to the inner part of the specimen. These dynamic 

behaviors of space charge distribution are regarded as a space charge distribution 



155 

pattern and denoted as the WPP: pattern. For all the other specimens, this kind of 

tendency or pattern also exists,. but to a much small degree. This finding indicates that 

space charges are much easier to be injected into LOPE materials than the other 

testing materials used(HDPE,. UHMWPE, PP and PMMA). 

2. When negative HVDC is applied at the HY electrode, negative charges are present at 

the ground electrode for all the testing specimens. A careful examination of the 

experimental results near the HV electrode side shows that negative charges are 

present there (Thick HDPE, UHMWPE, HDPE and LDPE-E), except PP and HDPE­

E, for which positive charges are distributed near the HV electrode. As voltage 

application time increases, LDPE-E shows the increases of negative charges near the 

I-IV electrode. As the time increases, positive charges start to grow and penetrate 

deeper in the specimen near ground electrodes. This pattern is denoted as WPE-E 

pattern. 

It can be seen that there are remarkable changes in space charge distributions when the 

polarity is changed; however, the changes are quite small when the polarity is the same but 

the voltage is applied at a higher level For UHMWPE-E, when higher voltage is applied, 

the charge pattern remains the same, and the amount of charges is slightly increased. For 

others, when reversed voltages are applied, the whole patterns seem to change. When 

polarity changes from positive to negative, for LOPE, large number of negative charges 

are distributed at both electrode sides, a pattern is denoted as WPE pattern. For Thin 

HDPE, mainly positive charge distribution(Thin HDPF:' pattern) changes into all negative 

charges ( Thin HDPE pattern). For PMMA, the pattern with a small amount of negative 

charge distributed near ground and HY electrode interfaces(PMMA... pattern) changes 

into the pattern that a large amount of negative charge is distributed near ground 

electrode, while a small amount of positive charge is distributed near the HV 

electrode(PMMA- pattern or heterocharge distnoution). For HOPE-Cu, the pattern 

becomes a typical heterocharge distribution. The heterocharge distribution pattern is also 

held for PP and HDPE-E under negative voltage application. 
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When the HVDC voltage is changed from negative to positive, for Thick HOPE, negative 

charges decrease as the voltage application time increases. For UHMWPE, negative 

charges distnbuted near ground electrode sample interface (UHMWPF pattern) change to 

positive charges (UHMWPF!' pattern), and the number of charges increase to higher 

positive values as the application time increases. For LDPE-E, the pattern looks like the 

LD P ~ pattern but with less negative charge injection near the ground electrode. 

The further reversal experiments for LDPE and UHMWPE(Figure 5.25 and Figure 5.26) 

show more clearly that a cenain charge distribution pattern exists based on the charge 

injection voltage of the material and the polarity of HVDC voltage applied at the HV 

electrode. When negative voltages are applied, space charge distributions will tend to 

form the negative voltage application patternt and vice verse. When the voltage is 

reversed, space charge distribution can change very fast towards the other pattern 

corresponding to the reversed voltage. Moreover, whenever the voltage is reversed back 

to the negative or positive, the number of charges inside the specimen are obviously 

increased compared to the previous negative or positive charge distribution pattern. In 

more simple words9 frequent reverses of polarity seem to lead to more charge 

accumulation. It can be predicted that the breakdown of the specimen will happen earlier 

if the specimen is subject to more reversals. 

Moreover, from the above experimental results, it is clear that negative polarity HVDC 

can lead to greater negative charge accumulation than positive polarity. This seems to 

prove that charge injection is easier for electrons than for holes, and may suggest that the 

density of the trap to catch electrons is higher than that of the trap to catch holes in the 

testing material. 
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5.5 SHORT CIRCUIT EXPERIMENTAL RESULTS 

S.5.1 Procedures 

After each cycle of step increased voltage application and each cycle of constant voltage 

application, the specimens were short-circuited as shown in Figures 5.6-5.9. It has been a 

well-known experimental phenomenon that a short-circuit can lead to earlier damage of 

the insulation materials[6]. Treeing and breakdown are found to happen when specimens 

are short-circuited (Section 3.3)(6-7].· Therefore, it has been an important part of this 

research to measure space charge distributions when specimens are shon-circuited and to 

compare the space charge distributions before and after the short-circuits. In addition, for 

some specimens, for example, LOPE, continuous short-circuit experiments were 

conducted after space charges exist in the specimen to investigate the decay of space 

charges. Therefore, we can say that two types of short circuit experiments are conducted 

as mentioned in Section 5.1. The difference between the two types lies in that Type#/ is 

performed immediately after a HVDC voltage application and that Type#2 is performed 

while the specimen has been kept short-circuited for a long period. The results of the 

Type# I show the space charge distribution before and after the shon-circuit. The results 

of the Type#2 shows the decay of the space charges distributed inside the specimen as the 

short circuit time increases. The results of the Type#/ for all specimens and the results of 

the Type#2 for four specimens(Thick HDPE, PP, UHMWPE-E, and LDPE) are 

demonstrated in Section 5.5.2. 

5.5.2 Results 

Figures 5.27 :5.37 show the first type sbon circuit experimental results of all the 12 

specimens. Figure 5.38 shows the charge dynamics in Thick HOPE specimen for 300 

minutes and in PP for 780 minutes after the last shon-circuit. Figure 5.39 shows those 

results in UHMWPE for 1360 minutes and in LOPE for more than 37530 minutes(more 

than 20 days). 



158 

~ 
< 10....-------------------.~--------, I {----- ·=·-- -=--·= :--- -------- -- 1 
i-10'-------------------.,..j_..__ _______ ~_ 
o O 0.5 1 1.5 

The 1st Short-Circuit for Thin HOPE (from +85kV) 

x(mm) [solid:afler SC; clash dotbefora SC] 
- The 2nd Short-Circuit for Thin HOPE (from +85kV) 
S:' 10....--------....,...-------~~--------, I f-- -- : --r--- :- ----- -- j 
c: -10---------------------------------'-c! 0 0.5 1 1.5 

x(mm) [solid:atter SC; clash dotbefore SC] 
- The 3rd Short-Circuit for Thin HOPE (from +65kV) 
~ ,o-----------------..---------1 ¥------- : · -·----- =· - -· ·-· 1 
!-100 0.5 1 1.5 

x(mm) [solfd:afler SC; dash dotbefore SC] 
The 4th Short-Circuit for Thin HOPE (from -65kV) ;; e ,0.----------------------------

i 0t-----·-· = •• • • 1 
c: -10'---------------------------------'-
~ 0 0.5 1 1.5 

x(mm} [solid:afler SC; dash dotbefore SC) 

Figure 5.27 Short-circuit experiments for Thin HOPE 

I 0r- The 1st Short-Circuit for LOPE {from +90kV) 

> 1 J-10 
r:: -20 
~ 0 0.5 1 1.5 2 2.5 3 3.5 

x(mm) [solid:after SC; dash dot:before SC] 

f The 2nd Short-Circuit for LOPE (from +65kV) :, 1 i-,~r-
i-20 
C 0 0.5 1 1.5 2 2.5 3 3.5 

x{mm) [solid:after SC; dash dotbefore SC] 

I or 

The 3rd Short-Circuit for LOPE (from -6SkV) 

> 1 J-10~ 
i-20 
C 0 0.5 1 1.5 2 2.5 3 3.5 

x(mm) [solid:aftar SC; dash dotbefore SC) 

f The 41h Short-Circuit for LOPE (from +6SkV) 

~ 1 i-,~v 
c:-20 
~ 0 0.5 1 1.5 2 2.5 3 3.5 

x(mm) [solid:afler SC; dash dot:betore SC] 



159 

The 5th Short-Cin::uit for LOPE (from -65kV) 

t:....____._V: _: _'. ____ :----_--:--·----__.__.___.~ l 
0 0.5 1 1.5 2 2.5 3 3.5 

x(mm) [solid:after SC; dash dot:before SC] 
The 6th Short-Circuit for LOPE {from +65kV) 

l:::_E: _: _'. ________ '. _: :'. _____ \ l 
0 0.5 1 1.5 2 2.5 3 3.5 

x(mm) [solid:after SC; dash dot:before SC] 
The 7rd Short-Circuit for LOPE (from -65kV) 

t::_r: __ : _: ____ '. __ : ___ '.\ l 
0 0.5 1 1.5 2 2.5 3 3.5 

x(mm) [solid:after SC; dash dot:before SC] 
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Figure 5.29 Short circuit experimental results for Thick HDPE 
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Figure 5 .. 30 Short circuit experimental results for UHMWPE 
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Figure 5.31 Short circuit results for PMMA 
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Figure 5.32 Short circuit results for HD PE-Cu 
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Figure 5.34 Short circuit results for PP 
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Figure 5.35 Short-circuit results for UHMWPE-E 
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Figure 5.36 Short-circuit results for PMMA-E and HDPE-E 
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Figure 5.38 Charge dynamics after short circuit in Thick HDPE and PP 
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Figure 5.39 Charge decay dynamics in UHMWPE·E and LOPE 

5.4.3. Discussion 

We can observe two tendencies from the Type# 1 short circuit figures: 
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5 

1. when the space charges accumulated near interfaces are positive and the shon circuit 

takes place, the space charges accumulated have a greater tendency to change to 

negative polarity. 

2. when space charges accumulated near the interfaces are negative and the applied 

voltage reduced to uro and the specimen is short•circuited, the space charges 

accumulated there have a greater tendency to remain negative. 

These results seem to indicate that the main charge carriers are eJectrons and the 

movement of electrons are the main cause of the changes in the space charge distributions. 

From the dynamic changes of charge distributio~ it can be seen that short circuit cannot 

make the charge inside polymers decay immediately and completely. The amount of 
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charge in Thick HOPE after being shon-circuited for 300 minutes, in PP after 780 

minutes, or in UHMWPE after 1360 minutes does not seem to decrease. The significant 

decay of total space charges in LOPE seems to happen after 40 minutes as shown in 

Figure 5.40. However, even after more than 20 days, space charges still exist in LOPE. 

The internal charge will move to the interfaces, and the total number of charges will 

decrease, but there will still be some residue of charges inside the specimen distributed, 

mainly near the interfaces. 
Th• 0-.oay of Total Spaa• Chana• Amount In LOPE 

~0.--------..----------------------

200 

..... • .............. .. 

solid: n1t•r.ct reoult.. 

dot: •:ic~rfmentllll valu-

10"' ,o• 

Figure 5.40 The decay of total amount of space charges in LOPE 

5. 6 SUMMARIES AND DISCUSSIONS 

Although every specimen is not the same even if they are cut from the same sheet, the 

space charge dynamic characteristics of different materlals can still be illustrated from the 

results of the three categories of the discussed experiments. 

I. The charge injection field for LDPE is obviously lower than the other specimen 

materials. From the step increased voltage experiments, the charge injection voltage is 

around 25-35kV, corresponding to a electrical field stress around lOkV/mm. The 

LOPE material demonstrates less ability to sustain space charge injection since space 

charges can grow into the material and preserve a certain depth, depending on the 

applied voltages and application time. 

2. The charge injection electrical field stress of HOPE is more than two times that of 

LOPE as known from step increased voltage experiments of Thin HOPE, Thick 

HOPE, HOPE-Cu, and HOPE specimens. The results of the first step increased 
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voltage application shows more charge accumulation for HDPE-E than the other 

HOPE specimens. However, it seems that the behavior can be .explained: the Al 

evaporation process has resulted in some charge being injected. As one can see from 

the second negative step increased voltage experiment of Thick HOPE, the tendency 

of negative charge increases with voltage, near the ground electrode. This result, the 

same as for the HOPE-Cu, suggests that the charge injection might introduce some 

degradation of the specimen material near both the ground electrode-sample interface 

and the HV electrode-sample interface; therefore, it creates more traps for space 

charge accwnulation. 

3. Comparing all the specimens under positive HVDC and negative HVDC voltage 

applications suggest that negative HVDC has more potential to lead to more charge 

injection and more negative charge accumulation than the positive HVDC. The 

UHMWPE-E specimen, for example, is subjected only to positive HVDC voltage 

applications; the amount of charges are very low even when +80 kV is applied to it. 

Another example is the Thin HOPE. Although there is obvious charge injection for 

the Thin HDPE specimen at the HV electrode side, the amount of charge accumulated 

is not as much as the Thick HDPE(when negative HVDC is applied). This can also be 

seen from P:MMA, PMMA-E, HOPE-Cu specimens. 

4. The results of Pl\OIIA and P~-E are consistent. For the step increased voltage 

experiments, after the application voltage reaches 65kV, the amount of charge seems 

to increase rapidly to a higher level A hypothesis is that some changes happen to 

some polar molecules at this voltage level 

5. Comparing the space charge distributions inside PP with HOPE and UHMWPE and 

P~, it seems that charge distribution of PP is not due to charge carriers such as 

electrons and holes but rather to polarization. For HOPE etc., the space charge 

distributions in the inner part of the specimen are about zero and remain zero when the 

applied voltage is increased. For PP, on the contrary, as one can see from Figure 5.15 

and 5.17, the inner becomes concave and, as the voltage increases, this co-1cave shape 

become more obvious. It is supposed that a kind of orientation of PP molecules may 

take place when the electric stress is increased. 
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6. The amount of space charge distnbuted inside both UHMWPE and UHMWPE-E is 

little. This result suggests that the bulk materials of the • two specimens and their 

material characteristics are the same. However, the amount of charge distributed near 

the ground electrode for UHMWPE is much greater than for UHMWPE-E, suggests 

that the Al-tape connection between ground electrode and the specimen for 

UHMWPE may introduce some interfacial polarization activities, or provides some 

defects which encourage space charge injection, accumulation, and transportation. 

The different charge dynamic behaviors for different materials., as summarized above, 

indicate that the ability of a material to sustain the relation of charge injection to the 

material density is only true for the same material base. The density of PP is the smallest 

among the five investigated materials; however., PP is much better than LOPE, considering 

the ability to sustain charge injection. For the three PE type materials., LOPE has the 

lowest density and is obviously not as good as HOPE and T1I™WPE. However, as PE 

density reaches high density as HDPE, the density effect is saturated. Even if the 

molecular weight is very high, the ability to sustain charge injection will not improve 

much. This is not only true for UHMWPE but also true for XLPE. However, the 

increase of the molecular weight can increase other properties of the materiaL such as the 

mechanical strength, the working temperature., which are in that sense useful. 

From these experiments., the following charge dynamic behaviors for all the specimens are 

found to be the same. 

1. Negative HVDC application can lead to a larger amount of charge accumulation than 

the positive HVDC application; 

2. Although the charge distribution for different specimens of the same material may not 

be the same, the charge distribution patterns of these specimens under constant voltage 

applications may fall into just two patterns, one for positive HVDC application, the 

other for negative HVDC application, such as LDPe+' pattern and WPF: pattern, 

UHMWPE: pattern and UHMWPF pattern etc .. 
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3. Frequent reverse of polarity will lead to frequent pattern changes and result in frequent 

charge injection, which can cause damage to the material near the interface and 

provide more traps near the interface, and, as a result, more charge accumulation. 

4. Short circuit has more potential to cause electron injection than hole injection(or in 

other words, electron extraction). 

From the measurements, despite the two typical charge distn'butions (ie. the so-called 

homocharge distnbution and the heterocharge distribution) two special patterns are found 

for LOPE. One is for negative HVDC application, the WPE pattern, with negative 

charges near both electrodes and some positive charges distributed beside the negative 

charges near the ground electrode. The other is for positive HVDC application, the 

LDPE:" pattern with negative charges near the HVDC side and a small amount of inner 

positive charge beside them A slight number of positive charges sometimes appear and 

sometimes disappear near the ground electrode, and a large amount of negative charges 

distributed with some depth inside the specimen near the ground electrode. From the two 

charge distribution patterns, one can observe that two processes exist and compete with 

each other: the homo-charge injection and the heterocharge collection. It seems that all 

the space charge distributions come from the balance of the two processes. The injection 

is not continuous; once an injection happens, the field stress decreases near the interfaces. 

Then the injection stops, and the collection process starts. When more heterocharges are 

collected, the field stress increases near the interfaces; then, another injection starts. From 

the constant voltage application experiments, we can observe that, though sometimes the 

number of charges may increase as the constant voltage application time increases, the 

overall tendency is for the number of charges near -the interfaces to decrease. One can 

predict that, if there is no sudden changes in the applied voltage, such as a short-circuit, 

voltage reversal, lightning, or other fault situations, the presence of space charges will not 

reduce the lifetime of the insulation. However, if fault situations happen, the lifetime will 

reduce since the rapid movement of space charges can cause the degradation of the 

insulation material and result in more space charges. It can be predicted that after the 

internal space charge reaches a certain amount, a fault situation will lead to the initiation 

of treeing or breakdown processes. 



CHAPTERS 

CONCLUSIONS AND FURTHER WORK 

6. 1 CONCLUSIONS AND CONTRIBUTIONS 

The urgent need to investigate the dynamic behaviors of space charges inside polymers was 

identified by the review of solid breakdown mechanisms and space charge effects in Chapter 

2(Secrion 2.3). Following the review presented in Chapter 2 (Section 2.4)~ it becomes 

apparent that the PEA method is well suited to the space charge dynamic investigation. The 

advantages of the PEA method lie in simple relationships between output signals and space 

charge distributions and the simple experimental setup. However., the resolution of charge 

distribution obtained by the PEA method is low compared to the other techniques. This 

research aimed to overcome this deficiency using the improved PEA method. 

Previous work on the PEA method was reviewed in detail in Chapter 2 (Section 2.5) and 

reanalyzed in Chapter 3 (Section 3.2). The methods used to obtain space charge distributions 

from measured output signals seemed to need improvement. The two previously used signal 

processing methods, the deconvolution procedure(DCON) and the direct method(DM)., each 

have difficulty in providing charge distributions with high resolution and accuracy. A novel 

application of stochastic principles and nonlinear operations is employed in the proposed 

simulation model to handle both the bandwidth and signal--to-noise-ratio effects; therefore., to 

provide high resolution. The point-matching simulation model approach was attempted and 

presented in Chapter 3(Section 3.3). The key contributions of the proposed point matching 

simulation model to the space charge distribution measurements can be identified as: 

1. the ability to identify the presence of surface charges; 
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2. the ease of processing space charge distnbution information separate from surface charge 

information; and the ease of combining space charge clistn"bution with surface charges to 

form the whole charge distribution; 

3. the improvement of system resolution to at least the rise time of the system transfer 

function up to the sampling intervals (depending on the used simulation step and delay) 

which is usually much smaller than the width of the system IR. 

4. the judgment of whether the obtained charge distnbution is correct by examining the 

difference between the simulated output signal generated from the obtained charge 

distribution, and the original measured output signal. 

5. the introduction of a nonlinear detection and optimization for even better results. 

In addition, the principle of the PEA method was further extended to nonuniform fields(needle­

plane electrode configurations) in Chapter 3 (Section 3.4). With the simulation model, the 

charge distribution in nonuniform field can be obtained. The difference from the uniform field 

is designed only to obtain a correction factor sequence, which can be calculated when the 

electric fields of the electrode configuration without space charges can be obtained. 

A comparison of the processed results for four sets of synthetic signals by the DMY the OCON. 

and the point matching simulation model (PMSM) is presented in Chapter 4(Section 4.2). It 

was illustrated from the analytic point of view that: 

1) the DM has the lowest resolution among the three methods but has the most requirements 

for application to the system (transfer function (/R) to be short duration pulse with no 

ringing effect). Much more information of space charge distribution can be gathered if the 

PMSM is applied to the signals obtained for the OM method. A serious shoncoming of 

the DM method is the inability to identify the presence of surface charges. 

2) the DCON is the most sensitive to noise and therefore the least stable method among the 

three. A small disturbance can lead to a messy result. A well-designed filter may help to 

get rid of the high frequency noises and recover the charge distnoution. However, the 

obtained charge distribution may or may not be the correct profile. Even if the charge 
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distribution profile is correct, the surface charges are smeared and mixed with the space 

charge distribution after the filtering process. 

3) the PMSM uses the prior knowledge of the charge distribution (ie. surface charges are 

present at the ground and the HV electrode interfaces). Therefore, surface charges are 

expected to be present at a(O) and cr(N+ l) of the er sequence. When two er sequences 

corresponding to two simulation steps are obtained, the two surface charges can be 

calculated. The surface charges can then be taken out of the space charge distribution. 

One can apply a filter to the space charge distribution instead of the whole charge 

distribution. This is the main advantage of the PMSM over the DM and the OCON 

methods. Moreover, the PMSM allows one to adjust the delay and the noise reduction 

process; therefore, its ability to handle the signal-noise-ratio effects is better than the 

OCON. 

4) the judgment of whether the charge distribution is acceptable can be based on whether the 

obtained charge distribution profile is reasonable and also on whether the difference 

between the simulated output signal (using the obtained charge distribution profile) and the 

original measured output signal is small enough compared to the noise. The point 

matching principle is actually an attempted to obtain a a- sequence, that when convoluted 

with the system IR-model, it generates a simulated output signal SV(k) that matches every 

step point of the original measured output signal v,m(k) or v,,,i' (k). Therefore, the difference 

is guaranteed to be small if the simulation is stable. One can roughly know whether the 

simulation is stable from the two a sequence results. 

Chapter 4 (Section 4.3) used two sets of experimental signals and demonstrated the signal 

processing procedures used by the PMSM to process the real signals. One contribution in this 

part is the proposal of a pre-processing procedure; another contribution is the proposal of a 

self testing algorithm. Although there are many experimental approaches to obtain space 

charge distributions in solids, one cannot check the validity of the results in any of the existing 

methods. The self testing algorithm provides a way to test whether the obtained charge 

distribution satisfies the experimental conditions. 
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Dynamic changes of charge distributions in the sheets of LOPE, HOPE, UI™WPE , PP and 

P tv!MA were investigated through a series of experiments: Step Increased Voltage 

experiments, Constant Voltage experiments, and Short Circuit experiments. The experimental 

results were presented and summarized in Chapter 5. The main contributions and experimental 

findings are as follows: 

1. for the first time the simulation model is used to process experimental signals. Surface 

charges can be calculated and the changes of surface charges can be used as an indication 

of the internal space charge distributions. When the measured surface charges are lower 

than the theoretical charges calculated under uniform field (ie. surface charges are 

decreasing), it indicates either homecharges are injected or homocharges are distributed 

near that interface. When experimental surface charges are higher than the theoretical 

uniform field charges (ie. surface charges are increasing), it indicates either heterocharges 

are collected or heterocharges are distnbuted near that interface. 

2. two different space charge distribution patterns exist for HVDC positive and HVDC 

negative voltage application[94]. 

3. polarity reversal will result in more charge accumulation and that shon-circuits will initiate 

the rapid electron injection process when the positive charges exist before the shon circuit. 

4. due to polarity reversal (because of the shon circuit), there will be more charge 

accumulation~ which will lead to the electric treeing and eventually breakdown of the 

material. 

6.2 FURTHER WORK 

Further work will head mainly in two directions: improving the simulation model method and 

clarifying space charge dynamics in polymers with more designed experiments and experiments 

under needle-plane electrode configurations. 

The nonlinear detection and optimization process(ND.OP) has not been applied to experimental 

signals because the process is quite time consuming. It is therefore hoped that funher work 
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can find a way to reduce the computation time. One possible way is to use the ARMA(auto­

regressive moving average) model in place of the MA(moving average) model for the system 

IR in order to reduce the amount of calculation. Further, it may be wonh to apply recursive 

minimum variance deconvolution and the maximum likelihood deconvolution to the simulation 

model. 

With the application of the simulation model, more information of the charge distributions can 

be obtained. It is therefore hoped that the simulation model can be used to obtain the charge 

dynamics for some more designed experiments, especially experiments under nonuniform field, 

and for some more polymeric materials. Also, it is hoped that the space charge distribution 

measurement can be combined with other relevant measurements such as the measurement of 

energy storage and relaxation, thermally stimulated current, and high field conductivity, etc .. 

The application of the simulation model to simulated signals and experimental signals 

demonstrates that the simulation model principle can separate surface charges from space 

charges and provide more accurate space charge distribution results and higher resolution. It 

seems that the simulation model can also be applied to the PWP (Pressure Wave Propagation) 

signal processing. With the separation of surface charges, the accuracy and the system 

resolution can also be improved. 
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APPENDIX-A 

RELEVANT CONCEPTS 

A-1 Electric Pulse Fields 

As it is known, for a uniform field electrode setup (i.e. plane-plane electrode configuration), when there 

is no space charge distnbuted imide a specimen. the electric field at any point, x, in the specimen, when 

a voltage V is appli~ can be written as: 

V 
E(x) =d, 

where d is the thickness of the specimen. 

(A-1-1) 

When space charges are distnbuted inside the specimen. the uniform field will become nonuniform. 

Suppose the electric field generated by the distnbuted space charges is E/x), using the superposition 

principle, the total electric field then is, 

(A-1-2) 

If the applied voltage increases a ii V, under the condition that this change will not change the space 

charge dismoution (i.e. E/x) remains the same) the total electric field then is: 

, V+AV 
E, (x) = Ep(x)+ E (x) = Ep(x)+ d • 

1berefore, the additional field due to the increase in voltage is: 

l1V 
M(x) = E1' (x)-E,(x) =d· 

(A-1-3) 

(A-1-4) 

Obviously, Li.E(x) is related to the voltage difference and the electrode configuration. and it bas nothing 

to do with the space charge distribution. Therefor~ one can say that tile electric pulse field is related 

only to the electric pulse voltage and the electrode configuration under the condition that the short 

duration small pulse voltage application will not change the existing space charge distribution. 
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A-2 Convolutlon[88] 

When two Laurent series 

are multiplied together formally, a new series of the same type results 

A(z)B(z)= Ictz:1 

t=-

where the new coefficients Ct are related to the old ones as follows: 

n=O, ±1, ±2, ±3, ... 
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(A-2-1) 

(A-2-2) 

(A-2-3) 

Toe sequence {en}:. is called the convolution of the sequences {an}:. and {bn}:,.. When two 

bilateral Laplace integrals are multiplied together, the continuous analogue of this operation is obtained, 

IIO -A(s) = J e-n a(t)dt, B(s) = J e-st b(t}dt . (A-2-4) -
The result is an integral of the same form, 

-A(s )B(s) = f e-st c(t)dt, (A-2-5) 

--
where 

-
c(x) = f a(x - t)b(_t)dt. 

This combination of functions occurs so frequently that it may be regarded as one of the fundamental 

operations of analysis. The function c(x) is called the convolution of a(x) and b(x). and the integral in 

(A-2-6) is commonly abbreviated as a(x)*b(x) or as a*b. 

Alternatively, the equation may be thought of• an integral transform. The usual notation wm be 

-I (x) = f G(x - t),p(J)dt , 

and this will be called the convolution transform with kemel G(x) of the function (/(x) intof(x). 
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Convolution is by far the most important operation that descnoes the behavior of a linear time•invariant 

(L m dynamic system. It is the operation of convolution that tells us how to compute the output of a 

L TI system from its input and impulse respo11Se( IR), i.e.. 

output=input•IR 

Convolution is associated with the "forward problem" of generating the response of a L TI system from 

the known values of its input and IR[82]. Deconvolution is the unraveling of convolution. It is 

associated with the 'inverse problem• of generating the input to the L TI system from the known values 

ofits output and IR. 

A·3 Transfer Function 

Consider a continuous-time, linear, time-invariant (CTLTI) system with a single input x(t) and a single 

output(response} y( t) as illustrated in block focm in Figure A-3-1. The output-input relationship of such 

a system can always be described by a differential equation of the form. 

(A-3-1) 

x(t) 

-----~ Cl'LTI System[g(t)J 

y(l) 

I 

Figure A-3-1 Input-output form for en. Tl system 

In most cases, ~. and the integer k specifies the order of the system. 

The output may also be expressed in rerms of the convolution integral and the impulse response. The 

impulse response g(t) is the response of the system when the input is a unit impulse function ~t). 

Assuming that the impulse response is known. the response due to any input x( tJ can be expressed as 

.. -
y(.t) = x(t) * g(t) = f x(1-1:)g(1:)d-r = J x(r)g(t -1:)d-r (A-3-2) - -
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Assume that the system is initially relaxed (i.e. no energy is stored in the system). Apply the Laplace 

transform to (A-3-1). lt can be shown that all initial condition terms resulting from application of the 

Laplace transform are canceled on both sides of the equation. The transformed equation is 

(A-3-3) 

Tberefo~ 

(A-3-4) 

A transfer function ( or system function) G( s) is defined as: 

N( l l-1 

G( ) -~- a1s +a1_1s +··•+a0 
S - - k kl 

D(_s) bts + b1_1s - + • · • + b0 

(A-3-5) 

where N(s) is the numerator polynomial and D(s) is the denominator polynomial. Using the transfer 

function, the input-output relationship simply becomes 

. Y(s) =G(s)X(s) (A-3-6) 

The time-domain response y( t) can then be determined by inversion of Y( s). 

The impulse response can now be readily determined by letting x(t)=/Kt) or X(s)=I. In this case the 

output transform is identical with the transfer function. so we have for the impulse response 

g(t) = ~-1[G(s)] (A-3-7) 

Now consider a discrete-time, linear, time-invariant(DTLTI) system comisting of a single input x(n) 

and a single output y(n). Such a system can be described by a linear difference equation with constant 

coefficients of the form 

This equation descnbes an ordinary difference equation of order k with constant coefficients. This 

equation has certain features similar to the differential equation input-output relationship of a 

continuous-time system. If (A-3-8) is solved for y(n), the result is 
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k k 
y(n)= I,a;x(n-i)-I',biy(n-i) (A-3-9) 

i=O i=l 

A very interesting feature of (A-3-9) is that it can be completely solved by the basic arithmetic 

operations of multiplicati~ addition, and subtraction. All that is required to start a solution is to 

specify the input functionx(n) and the first k values oftbe output y(n). The algorithm of (A-3-9) is then 

applied step by step. The solution of a difference equation is seen to be considerably simpler in concept 

than that of the corresponding differential equation. 

Consider a relaxed system (i.e. one with no initial values stored in the system). If we take the z­

transforms of both sides of (A-3-8), we obtain after factoring 

(1 +l\z-1 +~ -2 +··+4z~z)=(~ +OtJZ-1 +4t--2 +· ·+(iZ-t~v 

Solving for Y(z) we obtain 

The transfer function H( z) of tbe·discrete-time system is defined as 

ll.v-M.v _:~+4'%-1+aiz-2+·•+£iZ-t 
l1..t) l +qz-t +f¼z-2 +· ·+4z-t 

where N( zJ is the numerator polyoomial and D( z) is the denominator polynomial. 

(A-3-10) 

(A-3-11) 

(A-3-12) 

The expression of (A-3-12) is arranged in negative powers if z, which is usually the most natural form 

in which the function occurs. On the other band it is frequently desirable to express H(z) in positive 

powers of z, particularly when we wish to factor the polynomials or to perlorm a partial fraction 

expansion. This is done by multiplying numerator and denominator by t, and the result is 

(A-3-13) 

Using the transfer function concept, the input-output relationship becomes 

Y(z) = H(z)X(z) 
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Thus. a discrete-time system can be repr~ by the same type of transfer function relationship as for 

a continuous-time system. As in the case of a continuous-time system, we may define the impulse 

response by assuming that the input is simply x(n)={(n). In the case of a continuous-time system, the 

impulse response is often somewhat difficult to implement physically. However, for a discrete-time 

syste~ the "impulse function" is simply a number(usually unity) applied at a single sampling instant. 

which is readily implemented in an actual system. Since Z[ {(n)J=l, the impulse response h(n) is seen 

to be 

h(n) = z-1 [H(z)] (A-3-15) 

A-4 Discrete-Time Signals 

A discrete-time signal may represent either a purely digital signal as would be employed in a computer 

or a sampled-data signal which occurs in certain hybrid systems. A sampled-data signal can be 

considered as arising from sampling a continuous-time signal at pericxlic intervals of time T. The 

sampling rate or sampling frequency is[s =lff. In order to avoid aliasing, it is necessary that/s-t,. 2/h, 

where /1,, is the highest possible frequency. This teem to the important inequality: 

(A-4-1) 

Equation(A-4-1) is a statement of Shannon's Sampling Theorem, which states that a signal must be 

sampled at a rate at least as high as twice the highest frequency in the spectrum. In practice. the 

sampling rate must be chosen to be somewhat greater than 2/" to ensure recovery with practical 

hardware limitations. 

A convenient definition that is useful in sampling analysis is the folding frequency fo. It is given by 

fo=f/2 =112T. The folding frequency is simply the highest frequency that can be processed by a given 

discrete-time system with sampling ratefs. Any frequency greater than[o will be "folded.t' and cannot be 

recovered. In addition, it will obscure data within the correct frequency range; therefore, it is important 

to clearly limit the frequency content of a signal before sampling. The highest frequency t,. in the signal 

is called the Nyquist frequency, and the minimum sampling rate 2t,, , at which the signal could 

theoretically be recovere<l is called the Nyquist rate. 
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t 

t 

r~I) 

:.+tllt ... 
t 

Figure A-4-1 Development of sampled-data signal using ideal impulse sampling 

Consider the ideal impulse sampling as shown in Figure A-4-1. The pulse function is designated as 

p It)~ and it is a.wuned to be a train of impulse functions of the form 

(A-4-2) -
The sampled-data signal x*(t) can be expressed as .. 

x * (t) = x(t) Pa (t) = x(t) I 6(t - nn (A-4-3) 

The only values of x(t) having significance in (A-4-3) are those at t=nT. Hence. an alternate form for 

the sampled-data signal is 

-~*(I)= !,x(nn8(t -nn (A4-4) 

It turns out that a sequence of numbers which appears in a computer can be conveniently represented as 

weights of an impulse train for l)W'l')QleS of mathematical analysis. Tbe main point to remember is that 

the weight of a given impulse represents the value(or digital number) at the instant that the impulse 

occurs. 

A continuous-time signal could be recovered from its sampled-data form by passing the sampled-data 

signal through a low-pass filter having a cutoff somewhere between In and /s-/,.. This process of 

reconstruction can be aided by the use of a holding device, which actually performs a portion of the 
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filtering required. thus permitting the use of a less complex filter for the final smoothing. There are a 

number of holding devices. the zer~der hold is the simplest one. which simply accepts the value of the 

pulse at the beginning of a sampling interval and holds it to the beginning of the next interval. at which 

time it changes to the new value. 1be resulting function is, of course, not normally the same as the 

original signal before sampling, but it is in the form of a continuous-time functio~ and it will be easier 

to perform subsequent processing on it in this form. 

Consider now the case of a general disaete-time signal which is defined only at integer multiples of a 

basic inte.rval T. This signal differs from the sampled-data signal x~t) only in the sense that it may not 

necessarily have arisen from sampling a continuous-time signal. Instead it may have arisen from some 

purely discrete or digital process. Nevertheless, we can still interpret the signal in the form of (A-4-4) 

whenever desirable. Except where it is desirable to use the sampled-data interpretation. the most 

straightforward notation for a discrete-time signal is simply x(n), where n is an integer defined over 

some range n1S nSn2. The integer n defines the particular location in the sequence corresponding to a 

given sample. If the discrete-time signal is derived from sampling a continuous-time signal xi(t), the 

signals are related by 

x(n) = xi(nT)for nan integer 

= 0 otherwise (A-4-5) 

In effect, (A-4-5) states that the discrete-time signal is equal to the continuous-time signal at sample 

points and is zero elsewhere. 
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APPENDIX-B 

FORMULAS FOR TRANSDUCER AT AN ARBITRARY 
POSITION ON THE PLANE ELECTRODE 

Tilis section shows the formulas that are developed in this research for transducer at an arbitrary 

position on the plane electrode. Figure B-1 shows the case when transducer is put at an arbitrary 

position where the neeclle tip is not within the detectable area of the transducer. Figure B-2 shows the 

case when transducer is put at an arbitrary position where the needle tip is within the detectable area of 

the transducer. For either of the two cases, since the active area of the transducer is chosen to be small. 

as mentioned in Section 3.4, after generation, only the pressure waves transmitted perpendicular to the 

ground electrode sample interface can reach the transducer and be detected; and the space charges can 

be assumed to be uniformly distn011ted within the detectable area at each x layer. Therefore. the three 

dimension space charge distribution p(x,r,8) is simplified to one dimension p(x) within the detectable 

area S for each layer at :c. 

The source strength for a simple acoustic source is equal to the surface integral of the scalar product of 

the vector velocity amplitude and its corresponding surface element[85]. Then. it can be deduced that 

the amplitude of pressure wave p~t) due to p(x) detected by the transducer is proportional to the surface 

integral of the x component of the electric stress due to pulse that space charges are subjected to. 

k 1 J. x l Px(t) =--[-2 J epx(x,r,8,t----)dA]p(x)ta 
l + C2 X 1Va s~ C2 Ct 

(B-1) 

Cl 

where k is a constant. r a is the radius of transducer active area, I is the length of the lower electrode, C1, 

c2 are the sound velocity of the lower electrode and the dielectric respectively, Sr represents the 

detectable area for the x layer, dA represents a small increment in~ and epJx,r,t) is the x component 

of the electric field due to pulse at an arbitrary (x,r,8) point. 

The same as the case mentioned in Section 3.4, the electric field due to pulse ep(x,r,8,t) contains both 

space and time variables. It is more convenient to separate them. This can be done under the 

assumption that the application of an electric pulse would not cause any change of the space charge 

distribution[Appendix A~l]. Jf Ce(x,r,6) stands for the electric field at a g~ral point (x,r,8) due to the 
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application of a unit voltage(Vc = I Volt) in the needle-plane configuration. ep(x,r,8,t) can then be 

written as: 

(B-2) 

or 

vp(t)Cex(x.,r.,8) 
epx(x.,r,6,t) =-----= vp(t)Cex(x.,r,6) 

Yc 
(B-3) 

where ep£~r,t) and CeJx,r) stand fortbexcomponentof ep(~~t) and Ce(x,r). 

n••dl• 

di•l•ctric 
a 

CJ 
v .. 

......... 

-l ++-----t 

•• plif■ r o•c illascapa 

Figure B-1 Principle set-up Case l for transducer at an arbitrary position 

ll 

••.r41• 

dielecuic 
.. 

CJ 
v .. 

ec,11d•cti"• l ■ r•r 

■■ plll■ r o ■c illosea P• 

Figure B-2 Principle set-up Case 2 for transducer at an arbitrary position 

Equation (B-1) can then be written as: 
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k l x l 
Px(t) =--[--2 JJCex(x,r,6)dA]vp(t----)p(x)dx (B-4) 

l + Cz X 1Va s% C2 C1 

Ct 

Now just let µ(x) stanm for the double integral and leave how to calculate µ(x) for the two transducer at 

arbitrary cases later, 

(B-5) 

Then. equation (B-4) becomes 

k X l 
Px(t) =--µ(x)vp(t----)p(x)dx. (B-6) 

l+ Cz X Cz C1 

C1 

For surface charges ald), its pressure wavepd(t) is: 

Kk ,f d I l d I 2 
Pd(!) --[-eF(d,t----)<12(d)+-EoEr[epx(d,t----)]] 

l + Cz d r; Cz ci 2 Cz c1 

~ CB-n 
!ck rf d l l d l 2 

=--1[ Cex(d)vp(t----)<12(d)+-e0e,[Cex(d)vpCt----)l l 
l + Ci d r; Cz Ci 2 Cz Ci 

Ci 

where rr is the radius of the neeclle tip, It is a constant 

For surface charges a,(OJ, its pressure wave po(t) is: 

k I L l 1 / 2 
Po(t) =-f _ 2 JJ epx(O,r,6,t-)&4a1 (0)-EoErf _ 2 JJ epx(O,r,6,t-)d4] } 

l~~ ~ 2 ~~ ~ 

k l l l 2 
=1[µ(0)v p (t7i )cr1 (0)2 e0eru,(O)v P (t7i )] 

(B-8) 

Applying the superposition principle, the total pressure wave p(t) detected by the t:ramducer is: 

d k X l 
pp (t) = f--µ(x)v P (t -- --)f](.x)dx 

O/+ C2 X Cz Ct 
Ct 

for Case 1 

for Case 2 

(B-9) 

(B-10) 

(B-11) 
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When the total pressure wave p(t) rea~ the transducer, the same as the uniform field case. the 

pressure wave will be changed by the transducer into a voltage signal. The voltage signal will be 

amplified and recorded as v.,(t). Suppose the system that transfers p(t) to vJt) is linear time-invariani in 

the time domain; then there is the convolution relatiomhip: 

Vs(t) = p(t)*h(t) (B-12) 

where h(t) is the system tramfer function. 

It can also be processed using three approaches for the uniform field case to get rid of the second term 

in equations {B-7) and (B-8). 

1) Omit the ~ when they are negligible compared to the surface charges response and denote them 

as vP1(t); 

2) subtract signals v~t) by the signal vJt) which is obtained when oo de voltage is applied and no 

space charge is distributed inside the sample, and denote the subtraction as vP'(t); and 

3) for general cases, apply a positive electric pulse first and get an output Vs+(t); then change pulse 

polarity to negative and get-an output Vs-(t), let v.P'W=ll2[vs+( t)-vs-(t)], 

It can be deduced that: 

where, 

v.,.,(t) = 

v/1>(t) = V,r(t) 

or 
vf> = v1 (t)- v,0 (t) 

or 

vP> = ~ [v.r+Ct) - V.r_(t)] 

p' (t) = Po' (t)+ pp' (t)+ itPd 1 (t) 

Po' (t) = k [µ(O)a 1 (O)v p (t _J_)] 
l Ci 

= p· (t)* h(t) 

d k X l 
pp' (t) = f--µ(x)v p(t-- --~x)dx 

o1+ c2 x cz c1 

Cl 

(B-13) 

(B-14) 

(B-15) 

(B-16) 
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If we Compare equatiom (B-lS)-(B-17) with equatio~ (3-66)-(3-68) in Chapter 3t the only difference 

is to change Cr into µ. Therefore, the similar nonuniform simulation model can be set up and we can 

obtain the nonuniform field space charge distn"bution when the transducer is put at an arbitrary position 

on the plane electrode. The only important thing is to obtain µ(x) for the two cases. 

As it is known from calculus[90], the use of polar co-ordinates in evaluating the double integral is, 

/3 R; b 8:i 

Jf F(r.,6)dA = J dB J F(r,6)rdr = J dr f F(r,9)rd6. (B-18) 
R a Bi a 8 1 

where a /j are the extreme values of 8, and a, b are the extreme values of r, in the region R. The inner 

limits R1. R2, 01, Bi are read off from the appropriate one of the two figures, as shown in Figure B-3 

[(a) or (b)]. 

X 

Figure B-3 The inner limits R,, R2> 81, Bi 

Due to the axial symmetry of the electric pulse field, Ce£:c,r,9) is not a function of 9; therefor~ the 

Figure B-3 (b) case is considered easier to implemeDL Let CeJ:c,r) denote CeJx.r,6), the equation (B-

5) can be written as: 

1 1 b 8; 
µ(x)=-2 Jf Cex(x,r~=-2 f Cex(x,r)rdr Jd6 

1Z'Ta s ff'ra a e 
~ l 

1 b 
=--2 f Cex(x,r)r(82 -81)dr 

m"a a 

(B-19) 
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Case 1: Needle point is not within the detectable area 

Figure B-4 shows an arbitrary detectable area S1 for Case I. 

0 

Figure B-4 Diagram used for setting up µ(x) for Case 1 

Using the symmetrical simation. one can obtain 

(B-20) 

where 81, are chosen as zero, while, 

2 2 2 

e _1(r0 + r0ra +r ) 
2 =cos 

2(r0 +ra)r 
(B-21) 

Therefore, µ(x) can be calculated as long as Cei(x,r) from r=ro to r=r1=ro+2ra is known. 

Case 2: Needle point is within the detectable area 

Figure B-5 shows an arbitrary detectable area Sl'. for Case 2. 

r, 

Figure B-5 Diagram used for setting up µ(x) for Case 2 
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Using the symmetrical situation, one can obtain 

(B-22) 

where eh, are chosen as zero, while, 

(B-23) 

Therefore, µ(x) can be calculated as long as CeJx.r) from r=O to r=r1 . (r1 >ro) is known. 

There have been a few commercial software packages that can do the electric field calculation. 

Microflux. for example .. uses the finite element method to calculate the electric field. Microflux is very 

easy to apply. It allows one to assign any path, line or circle, within the calculated region. It let user 

choose the number of data points on the assigned path and generate data files regarding to the potential. 

the electric field components (x and r components for axis-symmetrical case) along the base coordinate 

at each point. Therefore, using Microflux, CeJx.r) from r=ro to r=r1 , or Ce.,fx,r) from r=O to r=r1 

can be obtained within a cenain error limiL 
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APPENDIX-C 

OTHER SIMULATION MODEL APPROACHES 

Since the basic idea of the simulation model is to simulate the charge distribution in the discrete-time 

domain such that the difference between the simulated output signal(using the simulated charge 

distribution) and the original output signal is at a minimum, many algorithms can be applied to obtain 

the simulated charge distributioIL The mathematical expressions for all the simulation model 

approaches are the same as equation (3-4 I). The only difference among the algorithms are the models 

that are set-up for their algorithms to apply and the methods they use to obtain the a sequence. 

C-1 Minimum Variance Oeconvo/ution(MVD) Simulation Madel 

As already mentioned in Chapter 3, the MVD approach prefers to use the ARMA model for system IR, 

g(k) and equation (3-37) as the input model, assuming the a sequence to have a white and Gaussian 

nature with a variance of Var
11

• The noise model is the same as the PMSM. Many approaches in 

literature can be used to conduct the MVD. Some are based on batch formulas and some are based on 

recursive algorithms. The important feature for an ARMA model is its recursive nature. With this 

nature. the recursive signal processing algorithms can be applied which can expedite the computation. 

This section is attempted to present a recursive MVD algorithm (adopted from literature[82]) to obtain 

the <1' sequence. 

For the AR.MA model in equation as d~cribed in equation (3-40), a state-variable representation can be 

set-up as: 

x1 (k+ 1) 0 l 0 0 x1(k) 0 
X2(k+l) 0 0 l 0 X2(k) 0 

= + a(k) (C-1-1) 

Xn(k + I) -an -an-l -an-2 -ai xrt(k) 1 

and 

V ss(k) = (b11 , bn-l •···•bi)X(k) (C-1-2) 



where xi(kJ, x2(kJ, .... x,.(k) are state variables, 

x1(k) 

X2(k) 

x(k)= 

Xn(k) 

201 

(C-1-3) 

is the state vectoc. Equation (C-1-1) is called a state equatio~ and equation (C-1-2) is called an output 

equation. They can be written in the more compact notation: 

x(k + l) = ctix(k) + ~(k) (C-1-4) 

and 

v sm (k) = v s.v(k) + n(k) = h' x(k) + n(k) (C-1-5) 

where x(k) is always an nxl state vector, ff) is an nxn state traJ].tjtion matrix; y is an nxl input 

distribution vector; and, b is an nxl observation vector. ~. y, and b can be deduced by comparing 

equations (C-1-4) and (C-1-5) with equations (C-1-1) and (C-1-2), respectively. The recursive MVD 

algorithm consists of four component as shown in Figure C-1-1(83). The equations used for the four 

computational subsystems are described below. 

Kabnan Predictor: 

Let 1(k I k) and P(k I k) dencie an nxl mean-squared filtered estimate of state vector x(k), one that is 

based on the measurements v.,.(IJ, v-(2), ... , and vJkJ, and, its associated nxn covariance matrix. 

Matrix P(k I k) describes the estimation error between~ I k) and x(k). 

and 

where 

x(k + ijk) = ~x(kfk) (C-1-6) - -
P(k + ~k) = ff,P(~k)4i +Var a yy' 

x(k + ~k + 1) = [I - K(k + l)h' ~(k + ~k) + K(k + l)v sm (k + 1) - -
K(k + l) = P(k + Ilk)b(h' P(k + ~k)b + Varn r 1 

P(k + ijk + 1) =[I• K(k + l)h' ]P(k + ~k) 

(C-1-7) 

(C-1-8) 

(C-1-9) 

(C-1-10) 



and k=O, 1, ... , N+l .. The Kalman predictor can be initialized by 1(0 I 0)=0 and P(O I 0)=0. 

_._._._ .... Forward•running_~.&9!1..,·r~bro...,s....,_ ....... ~ 
_D_a_ta __ .,_=.. ..., ___ .. Innovations 

~===~ ................. ·--····· .. ~~s • 

Backward 
running 
algorithms 

f Back.ward-nmning filter .. l 
Input 

estimator ............................. . ............ . 

input cr(k) 
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Figure C-1-1 Interconnection of the four computational subsystems that comprise the recursive MVD 

algorltbm[82] 

Innovations Process: 

The innovations and its variance are the outputs of a forward-running Kalman predictor, i.e., 

(C-1-11) 

and 

(C-1-12) 

where le;:(), 1, ... , N+l. l(k+l [k) denotes an rod mean-squared prediction of state vector x(k.+l), 

based on the measurements v,,,/ l ), v.,.(2), ... , and v.lfft(k); and,, P(k+ t I k) is the nxn covariance matrix 

that descn'bes the estimation error between a(k+ 1 I k) and x(k+ 1). 

Baclcwartl-Running Filter: 

The backward-running state and covariance equations are 

ru1N + 2) =[I• IC(j)b' f t/1 r(j + ~N + 2) + hv.-c,1j -1) /Va,{ v,,,.(J1,; -1)) (C·l-13) 

and 
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S(j1N + 2) = [I - K(.i)h' ]' 4>' S(j + ~N + 2)4>[1- KU)h' l + hh'Var( V sm vV-1)] (C-1-14) 

wherej=N+4 N+l. ... ,1. r(N+3 IN+2)=0 and S(N+3 (N+2)=0. In these equations vsmCJV-1) is a. 
. 

scalar process known as the innovations and K(k) is an ro<l gain matrix, known as the Kalman gain 

matrix. 

Inpttt Estimator: 

Let rG I N+2) denote an nxl backward-running(i.e .. j=N+2, N=l, ... ,0) state vector, and SG I N+2) 

denote r(j I N+ 2) 's associated nxn covariance matrix. The~ 

aMV (~N + 2) = Vara 1 r(k + llN + 2) 

Var[aERR(klN + 2)] = Vara - Varar' S(k + I(N + 2)yVara 

(C-1-15) 

(C-1-16) 

where dwv(kl N+2) denotes the recursive minimum variance results of the a sequence~ k=N+2, N+l. __ _ 

. I. With ~ (k I N+ 2) as the obtained a sequence, the simulated charge distribution can be constructed 

as discussed in Chapter 3, Section 3.3.3. 

C-2 Maximum Likelihood Deconvolution(MLD) Simulation Model 

ln the MLD simulation model, the input a sequence is considered as the product of an amplitude 

sequence d( k) and event sequence q( kJ as shown in equation (3-37). The amplitude sequence d( k) is 

assumed to be a Gaussian sequence characterized by variance Vara, while the event sequence q(kJ is 

assumed to be a Bernoulli sequence characterized by the probability parameter l. There are also many 

ways to perform the maximum likelihocxl deconvolution(82]. Only a simple way is presented here as 

shown in Figure C-2-1(87]. 

Let d"'-Ck I N+2) denote the maximum likelihood estimate of a(k) that uses all the measurements Vsm( 1 J. 

Vsrnf 2), ... , and Vmi(k). By means of separation principle[87], 

aML(~N + 2)=dML(~N +2)qML(k(N +2). (C-2-1) 

It was shown in [88] that the overall maximum-likelihood estimate of a(k) could be obtained by first 

computing c(l(k I N+2) and then computing cfiL(k [ N+2). Quantity t/'c.(k I N+2) can be obtained via 
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maximum likelihood detection. When q"'l-(k I N+2) is known. one can estimate d(k) from equations (C-

1--4) and (C-1-5). written here as: 

x(k+ 1) =4h(k)+lflML(kjN +2)d(k) 

Vsm(k) =b' x(k)+n(k) 

(C-2-2) 

(C-2-3) 

When all uncertainties in (C-2-2) and (C-2-3) are jointly Gaussian. the maximum-likelihood estimates 

of d(k) and x(k) equal minimum-variance estimates of these quantities[89], thus, 

dML(k(N + 2) =dMV (kjN + 2) (C-2-4) 

and 

(C-2-5) 

To S1lIIllDarize, the MLD contains performing ML detection to obtain qMLCkl N+2). k=l. 2, ... , N+2; 

performing MVD to obtain J'Lod N+2); and subsequently, u"L(k[ N+2). The recursive MLD 

algorithm is demonstrated in Figure C-2-1. 

Data 
~··--··················--· ·----· Recursive d"'od N+2) 

MVD(l) lfJ,{cr~N+. 
Threshold 

---,~-

Figure C-2-1 A simple maximum likelihood deconvolution algorithm 

Recursive MVD(l): 

This block is the same as in recursive minimum variance deconvolution approach discussed in Section 

C-1. Toe out put from this block is c,"W(k I N+2) and Va{aa(~N+2)]. 

Thresha/4 <ktector: 



The threshold detector decision strategy is: 

lf [crMV (k{N +2)]2 > t(k) decide q(k) = 1 

.lf [crMV (kfN +2))2 < t(k) decide q(k) =0 

where 

(C-2-6) 

(C-2-7) 

t(k) ={Ao(k)A1(k) /[A1(k)-Ao(k)]}{ln[A1 (k)/ Ao(k)]-21n[l/ 0-,t)]} (C-2-8) 

and for q=O and J. 

AqCk)={l-\&CafJR{lfN+2)]/lfra}
2
[q\&;,]+\&{a~N+2)(1-l&{aaa<1fN+2)]/Vtra} (C-2-9) 
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A threshold detectoc is a shot detector. It initializes the q parameters and provides a reference qr to the 

Sl\ilLR detector. 

SMLR tktector: 

A SMLR(single most-likely replacement) dete.ctor is recursive. The SMLR detector decision strategy is 

designed to examine all the values of k for which lnD(v-;k)>O and to find the value of k at which 

lnD(vs,n;k) is a maximum. 1bis time point is then the single time point at which a change is made in the 

reference sequence qr. 

The test q, qr.k, and the reference qr differ at only one time point, the ktb, i.e., 

{ 
q,,k(i)=qr(i) for all i*k 

q,,k(i)=l-qr(i) for all i=k 

The detector rule for choosing between sequences qr.k and qr is given by 

and 

{

If lnD(v.sm;k) >0 choose q,,k over qr 

If lnD(v"";k) <0 choose q,. over q,,k 

ln.Q:v.sm;k) = Varr -1[q,.k(k)-qrCk)f1 +{ Vara(k)-Va,[a m(~N + 2))} / Vari(k) 

+2[q,.,t(k)-q,.(k)]b(l/ (1-l)J 

After the SMLR detector, the q"L(k) is obtained. 

(C-2-10) 

(C-2-11) 

(C-2-12) 
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Recursive MVD(2): 

This block is to obtain tf'L(k) after t,flL(Tc) is available. The four computational subsystems that 

comprise the recursive MVD algorithm can be applied with only a very small correction that is to 

replace y with ~(k). When cl"l.(k) is obtained, d"L(k(N+2) sequence can be obtained right away 

using equation (C-2-1). 

As bas been discussed in Section 4.4, the maximum likelihood deconvolution requires the a sequence to 

have a spike-like nature. In the worm of charge distnbution, this means that the sequence should be the 

surface charge sequence. Since most parts inside our a sequence are psaido surface charges~ which do 

not have the spike-like nature. The question of whether MLD can be applied to provide accurate charge 

distributions neem more investigations. It may be worth applying if it can just clearly indicates the 

presence of surface charges. For with this informatio~ one may use othec methods to obtain the inside 

space charge distribution. However, more studies are necessary before considering the application of 

the MLD simulation model. 
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A nonlinear detection and optimization process (NDOP) is proposed for the PMSM to obtain "More 

Improvements" of the charge distribution results in this research. The proposed procedures are 

discussed in D-L The idea of the threshold detection and the single most-likely replacement detection 

from the maximum likelihood deconvolution (Appendix C-2) are borrowed to construct a proposed 

detection process for the PMSM and to combine the detection process with a nonliear least square 

optimization process to set up the NDOP. The advantage of the NDOP is that it can further improve 

the resolution and accuracy of the obtained charge distnoution and minimize the sum of the squared 

F(k). where F(k) is denoted as the difference between the simulated signal output SV(k) (using the 

obtained simulated charge distribution) and the original measured output signal vSll&(k) or vm/(k). 

However, the disadvantage of the NDOP lies obviously in that the application of this process is quite 

time-consuming. As mentioned in Chapter 4y it takes about 11 hours to obtain the improved charge 

distribution results for the first set of synthetic signals with both <1 and F accuracy set at 0.01 through 

only the nonlinear least squared optimization. When output signals are corrupted with noises. a 

nonlinear detection process must be combined with the nonlinear least squared optimization; the 

computation time is then further increased Due to this disadvantage, the NDOP has been applied to the 

2n~ the 3r4 and the 4th sets of the synthetic signals instead of the experimental signals. As the results 

of one run of the NDOP to the 2nd the 3rcL and the 4th sets of signals show respectively in D-2, D-3. 

and 0-4, the ability of the NDOP to recover the surface charges, improve the resolution and accuracy of 

the obtained charge distn'bution, and minimize the difference F(k) is well demonstmted. 

D-1 Procedures of A Nonlinear Detection and Optimization Process 

The procedures of the developed NDOP comist of three steps: threshold detection, SMLR detection, 

and the nonlinear least squared optimization, as described below. The initial value of d0'(k) comes 

from the PMSM after the reconstructing of the charge dismbution from the point matching 
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deconvolution and discreting the charge distribution by step &=L With d 0>(k). it is possible to calculate 

the initial difference F0'(1cJ and the sum oftbe squared difference li0
'. 

(D-1) 

1) Threshold detection: 

According to the noise level of the original measured output, a simple strategy for a threshold detector is 

set up as: 

where 

{
If f aCO) (k)( > t(k) decide q(k) = 1 

If (aCO) (k~ < t(k) decide q(k) = 0 
(D-2) 

(D-3) 

If there is no noise in the signals, the detection process is not necessary. This is equivalent to set a=O; 

the third step, the nonlinear least-square optimization, can be directly applied as for the 1st set of the 

synthetic signals(Chapter 4). When signals are corrupted with noise, the detection process becomes 

important 1be choice of a can start at as large a value as 0.1, and then decrease by halves, until the 

obtained ifFD> using the q sequence is less than rf0
' or is around a minimum. 

(D-4) 

The threshold detector is used to initialize the q parameters and provides a reference q, to the Sl\ill...R 

detector. If IP°1 is less than Ii0', we let Ii0J= IP1'1• 
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2) SMLR detection: 

A S:MLR (single most-likely replacement) detector is recursive. The purpose of the SMLR detector 

decision strategy is to examine all the values of k for D(v~ .k} < cl0
' and find the value of k at which 

D(v'.;k) is a minimum. This time point, designated k'. is then the single time point at which a change 

is made in the reference sequence q,. The test qlt qr.k, and the reference q, differ at only one time point 

the~ i.e., 

v's,,lk) 
g',,.(k) 

{ 
q,.k(i)=q,.(i) for all it:-k 

q t,lc (i) = 1-q ,.(i) for all i = k 

.,_ .... , 
Compute 
D(v'.sm(k);k) 

k=l,2, ... ,Nm. 
for each qu 

Figure D-1-1 Single most likely replacement detector search algorithm 

(D-5) 

(D-6) 

Figure D-1-1 shows the SMLR search algorithm used in the research. After the SMLR detector, the 

most significant event sequence t/(k) is obtained. 

3) Nonlinear least-square optimimtion: 

The last step is an optimization process to obtain the most significant amplitude sequence d'(kJ. 

Mathematically, it can be stated as: 

N. N N. 
rJ =nininiie ti.Rk)f =mnim7e fi.f.tx_k)l/(k)&,; (k-i)-v.; (k)r {D-7) 

~1 k=l b=l 



Eventually. one can obtain the most significant ef(k)= cf(k)c{{k) that minimizes a nonlinear function 

composed of squared terms. starting at an initial estimate d(k)=d0
'. The obtained ef may not be the 

global minimum. but it is good enough if it is just a local mini.mum. 

Then. one can output this d sequence and reconstruct the simulated charge distribution using equations 

(3-5 l) and (3-53). Or one can discrete the obtained simulated charge distribution again. using d=l. 

denote the obtained sequence as dlJ(k). and apply the second run of the NDOP for even better results. 

One can repeat the NDOP until one is satisfied with the ith results or the difference between D'iJ and D''-
11 is not much. The more often the NDOP is repeated. the more computation time is needed. The 

following section D-2. D-3 and D-4 shows the results of applying only one run of the NDOP to the 2nd. 

the 3rd. and the 4th sets of the synthetic signals. 

D-2 NODP For the 2nd Set of Signals 

Figure 4.49 charge distribution is used as the initial charge distnbution d 0
> for the 2nd set of signals to 

the NDOP. The total initial sum of the squared difference of Figure 4.51 [D(0J] is 0.2668- A threshold 

detector is applied. With a setting at 0.05. after the threshold detector. a q sequence is obtained. and 

sum of the squared difference [D<TDJ] is reduced to 0.2119. [Dr01
] is then set to [DfTD1]=0.2119. A single 

most-likely replacement detector is then applied. Figure D-2-1 shows the sequences q,.t that makes the 

sum of the squared difference D(v'sm:k) is less than [d01
] = 0.2119. Obviously a test sequence exists 

which can minimize the squared difference to 0.1556. The~ we can replace the original qr by the best 

test sequence. and apply the SMLR again. 

c, .. a, 

o., ... 

0 ,,00._ ____ ,s.,,..a-------,--ao-----,,s---a ____ aa_a ___ __.2.t!la 
t••'I' q ,~u•no• C..n•r th•n r..,.,.. • .-.o. Cl ._eqa.,..,nc::1• 

Figure D-2-1 The 1st application of the S~ detector 
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Mer the 9th application of the SMLR detector, the minimum D(v' ,,,.;k) among the test sequences qr.k 

that make D(v'!llblc) less than 0.2119 is 0.1206. After the 10th application of the SMLR detector. the 

minimum D(v',,,.;k) among the test sequences qt.k that make D(v'.,,;k) less than 0.2119 is 0.1204. The 

sequence that provides the minimum D(v' ..;le) after the 10th SMLR detector is then denoted as the most 

significant q sequence, qYTcJ. Figure D-2-2 plots the D(v' .,;k) as less than 0.2119 for the 10th 

application of the SMLR detector. 

o.a, 

0..2 

I o.,e 

.o.,e 

Jo.,-, 
_z 0.1d 
"8 
5 o.,o 

o.,:200..--.... so----,oo----,ao--~--aoo..__ __ .l.aao __ .c,_ ___ __,.....3ao 
t••t Q eeqtJenca t>•ner cr,an r-•,-no• Q •ecau•nce 

Figure D-2-2 The 10th application of the SMLR detector 

Then. the nonlinear least square optiroiz.ation process is applied, with both a and F accuracy being set 

at 0.1. After 20 hours, the optimization process hasn't stopped itself. Therefore, the optimization 

process is forced to stop. The U at the stop time is 0.0229. The obtained most significant a sequeoc~ 

a', is shown in Figure D-2-3. 

2.5 

a 

'1.& 

i '1 

J o.a 

0 

-oJS 

-10 &O 100 3&0 

Figure D-2-3 The cf obtained after one run of NDOP for the 2nd set of signals 

Applying equation (3-53) and equation (3-51) to the <T sequence and applying a zer~phase S point 

average filter to the internal space charge distribution, we obtain Figure D-2-4 charge distribution. 
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Figure D-2-4 Charge distribution obtained after one run of the NDOP for the 2nd set of signals 
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Figure D-2-5 Comparison between vsw,.
2 '(k:) and SV(k:J (using Figure D-2-4 charge distribution) 

-o.ooo!----eo~--,~oo~-~1~ao~-a~ao~-~aao=--,:aoo~--=seo:!:=----oo~~~-~--eoo~ 
0.1a Po.In .. 

Figure D-2-6 Difference between Vs,/'(k) and SV(k) of Figure D·2-5 
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Figures D-2•5 and D-2--6 compare the difference between v • .2'(1c) and SV(k:) (using Figure D-2-4 charge 

distrfbution). The sum of squared difference of Figure D-2-6 is minimiz-ed to 0.0308. One can discrete 

Figure D-2-4 charge distnoution by A=l, and regards the obtained a sequence as d'' . Since d'' 

sequence is better than d0
', another run of the NDOP process will generate further improved charge 

distribution results. 
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D-3 NODP For the 3rd Set of Signals 

Figure 4.93 charge distribution is used as the initial charge distnbution d01 for the 3rd set of signals to 

the NDOP. The total initial sum of the squared difference of Figure 4.95 [d01
] is 0.0156. A threshold 

detector is applied. With a setting at 0.05, after the threshold detector, a q sequence is obtained, and 

sum of the squared difference [D<TD1] is 0.0766. The~ a is halved and set at 0.025, after the threshold 

detector, a qsequence is obtaine,! and sum of the squared difference [DlTD1l is reduced to 0.0134. This 

q sequence is chosen as the initial reference sequence qr. Then [D'01
] is set to [Drm1]=0.0134. A single 

most-likely replacement detector is then applied. Figure D-3-1 shows the sequences Qr.k that make the 

sum of the squared difference D(v~ 11/t;k) less than [D'01] = 0.0134. Obviously a test sequence exists 

which can minimize the squared difference to 0.0121. Then. we can replace the original Qr by the best 

rest sequence, and apply the SMLR again. 

o.a,~a....__ _ _., o-,..--:;c .... o--3-o--..a'-a-___.sa--,sc....._ __ 7._o _ __.o;10--o-a _ _.., ao 
t'-.,.- q -..~..,•.-..:s• -=,.ct•r •~,..-. r•t•r•nr.a• iQ -.equ•no• 

Figure D-3-1 The 1st application of the SMLR detector 

After the 6th application of the SMLR detector, the minimum D(v' sm.■k) among the test sequences qr.A: 

that makes D(v' sm:k) less than 0.0134 is 0.0112. After the 7th application of the SMLR detector, the 

minimum D(v' mc:k) among the test sequences qr.t that make D(v' sm:k) less than 0.0134 is still 0.0112. 

The sequence that provides the minimum D(v' sm:k) after the 7th SMLR detector is then denoted as the 

most significant q sequence. cf(k). Figure D-3-2 plots the D(v' 11/t,-kJ as less than 0.0134 for the 7th 

application of the Slvll..R detector. 

Then. the nonlinear least square optimization process is applied Both a and F accuracy are set at 0.1. 

After about 7 hours, the optimization process has stopped itself. The U at the stop time is 0.0036. The 

most significant a sequence is obtained, ef, is shown in Figure D-3-3. 
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Figure 0-3 .. 2 The 7th application of the Sl'ALR detector 
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Figure D-3-3 The ef obtained after one run of NDOP for the 3rd set of signals 
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By applying equation (3-53) and equation (3-51) to the cl sequence and applying a zero-phase S point 

average filter to the internal space charge distribution. we obtain Figure D-3-4 charge distribution. 

C .... rge ClllalMDUU_, After c::»n• lll"lu" of NOC:,P YOf' 3.-- .. t atgnat• 
o • .:s.-----------------------------------. 
o.a 

-o-• 
-o .• 

-o.7"a!'-----"'lC•:"!:lo!"----~.,~o-:,o-----,,"""•!:-,o.,.._ ___ ..,,a..,o!!'!:o_.---...,a"""&~o----...,lSO"""o 
0 ...... 0t ..... 

Figure D-3-4 Charge distnbution obtained after one run of the NOOP for the 3rd set of signals 
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Figure D-3-5 Comparison between v./ '(k) and SV(k) (using Figure 0...3-4 charge distribution) 
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Figure D-3-6 Difference between vs,,/'(k) and SV(k) of Figure D-3-5 
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Figures D-3-5 and D-3-6 compare the difference between vsn/'(k) and SV(k) (using Figure D-3-4 charge 

distribution). The sum of the squared difference of Figure D-3-6 is minimized to 0.0044. The surface 

charges are better recovered. One can discrete Figure D-3-4 charge distribution by fl= I. and regards 

the obtained a-sequence as d 11 . Due to the fact that dr, sequence is better than d0
', another run of the 

NDOP process will generate further improved charge distribution results. 

D-4 NOOP For the 4th Set of Signals 

Figure 4.126 charge distribution is used as the initial charge distribution d 01 for the 3rd set of signals co 

the NDOP. The total initial sum of the squared difference of Figure 4.128 [D'01J is 16.2910. A 

threshold detector is applied With a setting at 0.01. after the threshold detector, a q sequence is 

obtained, and sum of the squared difference [D(TD'] is 19.9132. Then, a is halved and set at 0.005. after 

the threshold detector. a q sequence is obtained, and sum of the squared difference [DtTDJ] is L7.1658. 

TI1en, a is again halved and set at 0.0025, after the threshold detector, a q sequence is obtained and 

sum of the squared difference [D'ro1] is 16.3625. This q sequence is chosen as the initial reference 

sequence qr because when a is set at 0.OOL25, the sum of the squared difference is even more than 

16.3625. Then? [D'0'] is not changed and [D'01J=l6.2910. A single most-likely replacement detector is 

then applied. Figure D-4-1 shows the sequences q,.t that make the sum of the squared difference 

D(v' Jm:k) less than [D'0,]=16.2910. Obviously, a test sequence exists which can minimize the squared 

difference to l4.0384. Then, we can replace the original q,. by the best test sequence and apply the 

S l\lILR again. 

After the 9th application of the S~ll..R detector, the minimum D(v' sm/k) among the test sequences q,.t 

that makes D(v' mc:k) less than 16.2910 is 8.2539. After the 10th application of the SMLR detector. the 
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minimum D(v,sm:k) among the test sequences qt.k that make D(v•11n;k) less than 16.2910 is 7.9022. 

Since it takes about 4 hours for each SMLR. detection. the sequence that provides the minimum 

D(v•sm:k) after the 10th SMLR detector is denoted as the most significant q sequ~ qs(k). Figure D-

4-2 plot the D(v• ,m;k) that less than 16.2910 for the 10th application of the SMLR detector. 

I ,s.a 

i 
.2 U5 ._ 
I 

,,.a 
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Figure D-4-1 The 1st application of the SMLR detector 
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Figure D-4-2 The 10th application oftbe SMLR detector 

Then. the nonJioPM least square optimization process is applied with both a and F accuracy being set at 

0.1. After nearly 15 hours~ the optimization process bas stopped itself. The If at the stop time is 

2.5896. Toe most significant a sequence obtained, cf, is shown in Figure D-4-3. 

MoeC ll!Slg .... tlaanr .. IP". •-.:au• .... - Afl•r On• Aun Of NDOP(4tt, •• ,, o.•----------...------------------
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Figure D-4-3 The a' obtained after one run of NOOP for the 4th set of signals 
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By applying equation (3-53) and equation (3-5 I) to the ef sequence and applying a zero-phase 5 point 

average filter to the internal space charge disnibution, we obtain Figure D-4-4 charge distribution. 

_,o.__ ____ ,....o ___ _,_,-OQ----,~so.,..._ __ ~~---00 ___ ....,,2~•-o--~~oo 
0•-W-• P,o•~ 

Figure D-4-4 Charge distribution obtained after one run of the NDOP for the 4th set of signals 

:SOIJct: e>rtcrtn.ae c:,...,...p...n: 
CJi••h: s,.....,._,._,~ 0...,-Cp-...t 

~­i o,-.....---

-o~--,o~o-~a=o=o-~~~o=o~-.=o=o-~~~a=o-~~~o-""""7~oo~~-=oo~~.=ao~~,ooo 
C>~t• Potn....._. 

Figure D-4-5 Comparison between Vs,/' (k) and SV(k) (using Figure D-4-4 charge distribution) 

Figure D-4-6 Difference between Vs,,;''(k) andSV(k) of Figure D-4-5 

Figures D-4-5 and D46 compare the difference between Vs,/'(k) andSV(k) (using Figure D-4-4 charge 

distribution). The sum of the squared difference of Figure D-4-6 is minimized to 2.6252. The surface 

charges are better recovered. Comparing results obtained with the application of NDOP to the 3rd and 

the 4th set of signals with those obtained without the application of NDOP for the 3rd and 4th set of 

signals, we can observe that the NDOP is less sensitive to the bandwidth effect than the linear PMSM 

without applying NDOP. Similarly, one can discrete Figure D-4-4 charge distribution by ~=l and 

regards the obtained a sequence as d 1
J. Owing to the fact that d 1

J sequence is better than d 0
J, another 

run of the NDOP process will generate funher improved charge distribution results. 




