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 Comparative study on the evaluation of impulse voltage parameter by the 

Kalman filter method and the Levenberg-Marquadt method has been studied in this 

thesis.All the impulse voltage waveforms, i.e. 14 cases,described as TDG program in 

IEC standard 61083-2, were used as references.All cases of impulse fullwave voltage 

are divided into two parts, e.g. front and tail, and evaluated for the mean curve.In spite 

of the chopped wave voltage, the tail mean curve are fixed with the  of 1/(68.5 s).

The initial parameters, used to find out the mean curve and differed from any previous 

works, are present.

 The studies with reference voltages are found that using these initial 

parameters can get the parameter evaluation results taken from both Kalman filter and 

Levenberg-Marquadt method for all the reference impulse voltage waveforms.The 

Kalman filter method can provide less deviation from the mean value of each 

tolerance.However, the Kalman filter method spent larger evaluation time for chopped 

voltage.The selection method should be considered on the number of data,because 

the Kalman filter method is appropriate with the large data whereas the Levenberg-

Marquadt method is vice versa. 
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1

IEC 60060-1 [1], IEC 60060-2 [2] 

1. (Lightning Impulse Voltage) 

2. (Switching Impulse Voltage) 

(Peak

Value), (Front Time) , (Time to Half) 

(Chopping Time) ,

1.1

(Perturbation) (Oscillation), (Overshoot)

(Noise)

-



2
2

1.2

IEC 60060-1, IEC 60060-2

IEC 61083-2 [3] TDG (Test 

Data Generator) 14

1.3

IEC 60060-1, IEC 60060-2

IEC 61083-2

IEC 60060-1 IEC 61083-2

1.3.1 Polynomial Curve Fitting [4] 

Polynomial Curve Fitting

)1n(n
)1n(

2
n

1 pxp...xpxp)x(p (1.1)

1.1  Polynomial Curve Fitting

TDG 9 9
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1.1  Polynomial Curve Fitting 9 TDG9

1.2  Cubic Spline TDG9 (100 )
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1.3.2 Cubic Spline Interpolation [5] 

Cubic Spline Interpolation

(1.1)

1.2 100  (
10,000 ) 100

3 (cubic)

 1.015 MV

(0.96-0.99 MV)

1.3.3 Radial Basis Neural Network Function Approximation [4] 

Radial Basis Neural Network Function Approximation

(Series of Guassian) (Basis)

))
b

at
((

n

))
b

at
((

2

))
b

at
((

1

2

n

n2

2

22

1

1

eA...eAeA)t(M      (1.2) 

1.3 (n=8) _TDG9
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1.3

8 9 (TDG9)

 1.015 MV (0.96-0.99 MV)

1.3.4 Prony [4] 

Prony  IIR (Infinite Impulse Response)

 (Z-Transform)  (V(t))

m1

n1

z)1m(a...z)2(a)1(a
z)1n(b...z)2(b)1(b

)z(A
)z(B)z(V (1.3)

V(z)  (Z-Plane)

 (Time-Domain) V(t)

1.4 Prony’s Method TDG9
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W. C. Boaventura [6] Prony

(TDG) 14

N2,...,2,1,0n,eAV
N

1m

nts
mn

m    (1.4)

Am , sm =

Prony n

 (V(n+1) – V(n))

(V(n+1) – V(n))  ( 1% )
1.4 Prony

9 0.98 MV 1.25 s

49 s (1.0-1.1 s)

1.3.5 Genetic Algorithm 

Genetic Algorithm

)t()tcos()e1(A)eAeA()t(u d
t

3
t

2
t

1
321     (1.5)

(Random)

 (
)  ( )

(Least Square Error) 

2)]t(O)t(f[

FFitness     (1.6) 

    f(t)
O(t)

   F 
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K.C.P.Wong [7] 

)eAeA()t(u t
2

t
1

21     (1.7) 

1.3.6  K – Factor 

K – Factor

 (
)

K – Factor

K

K

12

2
flogflog
flogflogK     (1.8) 

1f   = 300 kHz,  

2f   = 1600 kHz 

    f =

K

)meancurve(peakpeaktest U)K1(UKU (1.9)

 K. Hackemack [8] [9]

TDG 8, 9, 11, 13, 14

8 11 9, 13 14
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1.3.7 - (Levenberg-Marquadt Method) [10] 

-
- (Guass-

Newton Method) 

),x(f)x(y      (1.10) 

y (n 1)

  f x

  x (n m)

(m 1)

(n 1)

(1.10)
n

1i

2
iii )),x(fy(]S[imizemin    (1.11) 

Arne P. Brede [11] -

4

)ee(A)t(u btat       (1.12) 

tbtat e))tcos(1(B)ee(A)t(u    (1.13) 
tbtat e)tsin(C)ee(A)t(u        (1.14) 

ttbtat e)tsin(Ce))tcos(1(B)ee(A)t(u  (1.15) 

TDG

13 14 (1.15)

(1.14),  (1.13)  (1.12) 

1.5 -
(1.15) 9

2

575 kHz ( 500 kHz 

IEC 60060-1)



9

1.5 - (9 ) TDG9

1.6 - (9 ) TDG9
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 ( )

1.6

(Vpeak) = 0.97 MV,  (T1)  = 1.22 s  (T2)  = 50 s

(1.0-1.1 s)

1.3.8 (Kalman Filter Method) 

(State Vector) (Continuous Time)

 (Discrete Time) 

)n(Du)n(Cx)n(y
)n(Bu)n(Ax)1n(x

(1.16)

   y(n)

x(n+1), x(n)

u(n) n

  A, B, C, D 

)n(yG)n(x̂G)n(ŷ 21      (1.17) 

)n(ŷ n

)n(x̂ n

          G1, G2

J. Perez, J. Matinez [12] [13] 

)eB1)(Bee(A)t(M
d)tt(c

1
)tt(b)tt(a

0 000  (1.18) 
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)e(A)t(M )tt(a
0 0     (1.19) 

(1.19)  (1.18)

2 MCO (Mean Curve With Overshoot)  

B (1.18) MCWO (Mean Curve 

Without Overshoot) B (1.18)

MCO MCWO 

TDG

14

1.7

9 (1.18)

(Vpeak) = 0.987 MV,  (T1)  = 1.05 s

 (T2)  = 49 s

1.7 TDG9
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1.4

“ - ” (1.15)

TDG  “

”

TDG

1.5

1)

IEC 60060-1

IEC 61083-2 

2)

3)

-

1.6

1)

2) -

3) TDG 14

IEC 61083-2
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1.7

IEC 60060-1 IEC 61083-2 
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2

IEC 60060-1

-  (Peak Value) 

-  (Front Time:T1, )

   (Time to Peak:TP, )

- (Time to Half-value:T2)

-  (Time to Chopping:TC, )

-

2.1  [14] 

RC

RC  (Time Constant)

2.1

2.1

CsU0Cs

RL RdS

Ug Re u(t) 



15

  Ug  =  

  U0  =  

  CS  =  

  Cb  =  

  RL =  

  Rd =  

  Re =  

  U(t)  =  

  S  =  

Ug

RL U0 U0

S CS

Rd Cb Cb Re

Rd Re

2.2  U(t) 
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U(t)

)ee(A)t(U btat      (2.1) 

A, a  b

2.2

IEC 60060–1 , IEC 60060-2

IEC 61083-2

)

)

,

IEC 60060–1 , IEC 60060-2 IEC 61083-2

)
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2.2.1

2.2.1.1 IEC 60060-1

2.3 IEC 60060-1

 2.3

) (Peak Value) 

)  (Front Time) = 1.67*T T

30% 90%

(Virtual Origin, 0’ ) 

)  (Time to Half Value)

50%
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2.2.1.2 IEC 60060-1 

2

( )

2.4

2.4

) (Peak Value) 

)  (Front Time) 

)  (Time to Chopping)

( )
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( )

2.5

2.5

) (Peak Value) 

)  (Front Time) 

)  (Time to Chopping)

( )
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2.2.1.3 IEC 60060-1

2.6

2.6

) (Peak Value) 

)  (Time to Peak) 

)  (Time to Half Value)

50%

2.2.2

IEC 61083-2 TDG

2.2.3

) (Noise) 1%

) 500 kHz 

) 5%

) 1 s
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2.7

( (a) , (b)) 

( (c) , (d)) 

2.2.3 TDG (Test Data Generator) 

TDG IEC 61083-2

TDG

(DOS) 15

, ,

14

TDG
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1 TDG

 /

(MV)

 / 

( s)

 / 

( s)

 / 
/

(% ) / kHz / ( s)

LI / 1, 6 1.04 – 1.06 0.81 – 0.87 57.5 – 62.5 -
LIC / 2, 7 0.86 – 0.88 0.49 – 0.53 0.55 – 0.59 -
LIFO / 11 0.94 – 0.96 1.07 – 1.19 82 – 91 -
LICFO / 12 0.84 – 0.87 0.48 – 0.54 0.51 – 0.56 -
LILO / 13 -1.08 – -1.06 3.40 – 3.76 56 – 62  > 1 s

 > 5% 

LISO / 14 -0.97 – -0.95 1.85 – 2.05 43 – 47  < 1 s

> 5% 

LISL / 3, 8 1.04 – 1.06 1.6 – 1.7 45 – 49 f < 500 kHz 

A  5% 

LIFA / 4, 9 0.96 – 0.99 1.0 – 1.1 48 – 52 f > 500 kHz 

A > 5% 

SI / 5, 10 0.94 – 0.96 240 – 260 2400 – 2600 -

1, 2, 3, 4, 5

6, 7, 8, 9, 10, 11, 12, 13, 14

LI  Lightning Impulse

LIC  Lightning Impulse, Chopped 

LIFO  Lightning Impulse with Front Oscillations 

LIFCO  Lightning Impulse with Front Oscillations, Chopped 

LILO  Lightning Impulse with Long Duration Overshoot 

LISO  Lightning Impulse with Short Duration Overshoot 

LISL  Lightning Impulse with Slow Oscillation 
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LIFA  Lightning Impulse with Fast Oscillation 

SI  Switching Impulse 

f = 

A = 

  = 

 = 

4, 9, 13, 14 5%

 IEC 

61083-2

TDG  (DC Component)

10% 1,000

2.8

TDG 1

2.8  TDG 1
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TDG IEC 61083-2

*.DAT

TDG 14

2.9 TDG 1 (LI)

2.10 TDG 2 (LIC)
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2.11 TDG 3 (LISL)

2.12 TDG 4 (LIFA)
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2.13 TDG 5 (SI)

2.14 TDG 6 (LI)
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2.15 TDG 7 (LIC)

2.16 TDG  8 (LISL)
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2.17 TDG 9 (LIFA)

2.18 TDG 10 (SI)
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2.19 TDG 11 (LIFO)

2.20 TDG 12 (LICFO)
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2.21 TDG 13 (LILO)

2.22 TDG 14 (LISO)
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TDG

(Residual Curve) (

)

(Root Mean Square) 

2.3

2

-

1 -

2.3.1

(Discrete Data) (Linear

Algorithm)

)t(u)t,u,x(f)1t(x d     (2.2) 

)t(v)t,x(h)t(z      (2.3) 

   x(t)  = t

    z(t)  = t

 f(x, t), h(x, t) = 

   ud(t)  = t

              u(t), v(t)  = 
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x

(Extended 

Kalman Filter) 

)t(x)t(x)t(x *        (2.4) 

 x(t)  = 

   x*(t)  = t

   x(t)  = t

)ẑz(Kx̂x̂ kkkkk     (2.5) 

     kkkk P)HKI(P      (2.6) 

*
kk xx

k x
hH       (2.7) 

kx̂   = tk

   kz    = tk

   kẑ   = tk

   kK   = (Kalman Gain)

Pk  = (Estimation Error Covariance Matrix  ) 

kẑ

     kkk
*
kk x̂H)t,x(hẑ     (2.8) 

*
kkk xx̂x̂       (2.9) 
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Kk

      1
k

T
kkk

T
kkk )RHPH(HPK    (2.10) 

T
kH   = Hk

   kR  = Covariance Matrix (v(t))

)t,u,x̂(fx̂ dk1k       t = t(k+1)  (2.11) 

k
T
kkk1k QPP      (2.12) 

 Qk  = Covariance Matrix u(t)

k

*
kk xx

k x
f

     (2.13) 

xk Pk

( P) 2

(10-8, 10-6)  [11] 

)eB1)(Bee(A)t(M
d)tt(c

1
)tt(b)tt(a

0
000  (2.14) 
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k1k xx       (2.15) 

)t(G)t,x(M)t(Z N      (2.16) 

 = (I) Qk = 0 

  Z(t)  = t

M(x, t) = 

GN(t) = ( , ,

)

x*

)]t,x̂(M[)t,x(hẐ kk
*
kk     (2.17) 

IEC 60060-1 1.2/50 s

±30% ±20%

(Random Process) 

)xx(
2
1x̂ 2i1ii      (2.18) 

2
2i1i

2
i )xx(

12
1

    (2.19) 
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P

Rk 1×1 GN(t)

5%

2
p

2
k ÛK

3
1R       (2.20) 

 K2 [9×10-5, 3×10-3] [11] 

x*, Rk P

(2.4)   (2.13) 

IEC 60060 -1

1 s 5%

“Mean Curve Without Overshoot (MCWO)” 

(

) (MCWO)

“Mean Curve With Overshoot (MCO)” 

MCWO MCO
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1. MCO 5 5% MCO

2. MCO

MCO

3. MCWO  5% 

( MCO MCWO ?) 

5%

4. 1 s MCO

MCWO

MCO MCWO

B (2.14)

MCWO MCO

MCO MCWO
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2.23

> 5%

MCO (B < 0)

)eB1)(Bee(A)t(M
d

000 )tt(c
1

)tt(b)tt(a
0

> 1 s

MCWO

MCO

MCWO (B > 0)

)eB1)(Bee(A)t(M
d

000 )tt(c
1

)tt(b)tt(a
0

> 5%
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2.3.2 -

-
(Non-Linear Algorithm) 

(F(w) )

T)w(F      (2.21) 

T1T JIJJw     (2.22) 

 F(w) = 

w  = [w1, w2,…, wN]T

 = 

 = (Decay Rate)  = 0.1 

J = 

N

N
w

J      (2.23) 

-
w,  (  = 0.01) 

1. F(w)

2. J (2.23)

3. (2.22) w

4. w( ) = w + w F(w)( ) F(w)( )

5. F(w)( ) < F(w)( )

  w = w ( )

 = ×  ( =0.1)

2

6. F(w)( )  F(w)( )

 = /  ( =0.1)

4
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-

2.24 -

w, (  = 0.01)

 = /
( = 0.1)

F(w)

T)w(F
( F(w) = )

F(w)

J

N

N
w

J

J

T1T JIJJw
w

F(w+ w)  F(w) 

w = w+ w

 = × (  = 0.1)
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-

(Square Error) 

n

1i

2
cm !Min)i(u)i(uF     (2.24) 

 um(i)  = 

  uc(i)  = 

uc(i)

)ee(A)t(u btat      (2.25) 

tbtat e))tcos(1(B)ee(A)t(u   (2.26) 

tbtat e)tsin(C)ee(A)t(u   (2.27) 

ttbtat e)tsin(Ce))tcos(1(B)ee(A)t(u  (2.28) 

(2.24)

- 2.24
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3

-

IEC 61083-2

TDG 2

IEC 61083-2

3.1

-
2

3.1.1  TDG 

3.1.2

3.1.3

3.1.4 3.1

-
3.1.5 6.5

3.2

TDG

(2541) [15] 

3.2.1 10,000

3.2.2 10%

3.2.3 1%

3.2.4 IEC 61083-1 [16]

30/Tx  Hz 
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Tx 30% 90%

Tx  500 ns

Tx 300 ns 

100 MHz 2 MHz 

3.1

f 500 kHz 

1 us
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3.3

3

3.3.1

3.3.2

3.3.3

60%

IEC 60060-1 40-60 s

200-400 s

60%

- 10 s ( 3.2)

- 100 s   ( 3.3)

- 100 s ( 3.4)

3.2  60% ( 2)
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3.3 60% ( 1)

3.4 60% ( 5)
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3.4

)ee(A)t(M )tt()tt( 00      (3.1) 

( 0 0 )
0)Ae( )tt( 0

)tt( 0Ae)t(M       (3.2) 

 n

3.5 n

1 A1 A0

)tt(
1 11eA)t(M      (3.3)
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3 t = T0 M(t) = A0

0
)tT(

1 AeA 101                                    (3.4) 

4

)
A
Aln(

)tT(
1

1

0

10
1                        (3.5) 

A2 …An

)
A
A

ln(
)tT(

1

2

0

20
2                        (3.6) 

)
A
Aln(

)tT(
1

n

0

n0
n              (3.7)   

n

1i
iinitial )(abs

n
1

                 (3.8) 

Ainitial A0 t = t0 ( t0 )
)Tt(

0initial
00initialeAA               (3.9) 

Ainitial initial initial

t0

(3.1) n

3.6 n
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(3.1) B1

)ee(AB )tt()tt(
initial1

01B101Binitial    (3.10) 

)
A

Beln(
)tt(

1

initial

1)tt(

01B
1

01Binitial     (3.11) 

B2…Bn

)
A

Beln(
)tt(

1

initial

2)tt(

02B
2

02Binitial    (3.12) 

)
A

Beln(
)tt(

1

initial

n)tt(

0Bn
n

0Bninitial     (3.13) 

n

1i
iinitial )(abs

n
1

      (3.14) 

initialinitialinitial ,,A t0

-

3.5

3.5.1

)ee(A)t(M )tt()tt( 00    (3.15) 

)tt()tt( 0201 BeAe)t(M    (3.16) 

(3.16)

- 2

( 3.7)
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( 3.8)

( 3.16) 3.9

3.7 ( 8)

3.8 ( 8)
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3.9 ( 8)

3.5.2

TDG

3.16 a

1/(68.5 s) 3.4

70-90% 3.10

3.6

TDG 2

5 10 5

10

3.4 3.16
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3.10  (  7)

3.7

3.11

)

)

)

IEC 60060-1 2

- 1%

- 5%

- 5% ( 3.12)
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3.11 ( 8)

3.12 ( 8)
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IEC 60060-1 

- 500 kHz 

- 1 s

3.13 ( 8)

3.13

512 3.14

FFT (Fast Furier Transform) 

3.15 390 kHz
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3.14 ( 8)

3.15 ( 8)
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F.Garnacho

[17]

(3.16) 3.16

3.16 ( 8 )
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4

- TDG

4.1

“IMPULSE EVALUATION PARAMETER” 

(Matlab) “IMPULSE_EVALUATION_PARAMETER.fig” 4.1  

4.2 

“LOAD FILE” 

“.dat” 4.3

 TDG 2

4.1 “IMPULSE_EVALUATION_PARAMETER.fig”
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4.2

4.3
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(Work Space) ( 4.4)

4.4 2

- “Calculate with KALMAN”  

“Calculate with Levenberg-Marquadt”  

( , , , ,
)

4.5

4.4



58

4.5

4.2 TDG

TDG 1

x y (0, 0) (3, 3)

16 ( )

32 (

1% 0.5% )

T N N –X Y  – 5 . dat 
0.5%

        
1%

(x, y) 
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T06-00-5.dat  6 (0, 0)

TDG 0.5% T06-00.dat

1%

6, 7, 8, 9 10 32 9

16

TDG (32 5)+(16 9) = 304 16

224

-
4.1 4.14

Peak

T1

T2

FO (Frequency of Oscillation) 

TO (Duration Time of Overshoot) 

ME (Mean of Error) 

RMSE (RMS of  Error)
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4.1 1 ( , )

Peak (MV) T1 ( s) T2 ( s) FO (kHz) TO ( s)

1.04 – 1.06 0.81 – 0.87 57.5 – 62.5 – – 

-
 Peak 

(MV)
T1

( s)
T2

( s)
FO

(kHz) 
TO
( s)

ME
(V)

RMSE
(V)

Peak
(MV)

T1
( s)

T2
( s)

FO
(kHz) 

TO
( s)

ME
(V)

RMSE
(V)

T01–00 1.049 0.840 60.1 – – -4.3 6.3 1.049 0.839 60.2 – – 119.4 6.9 
T01–01 1.049 0.840 60.1 – – -0.8 6.3 1.050 0.845 60.2 – – 246.0 7.8 
T01–02 1.049 0.840 60.1 – – -4.3 6.3 1.049 0.840 60.2 – – 73.7 6.4 
T01–03 1.049 0.840 60.1 – – -3.2 6.3 1.050 0.841 60.2 – – 221.9 7.6 
T01–10 1.051 0.840 60.2 – – 12.4 6.3 1.051 0.846 60.3 – – 199.9 7.1 
T01–11 1.051 0.839 60.2 – – 11.6 6.3 1.051 0.843 60.3 – – 180.9 6.9 
T01–12 1.051 0.840 60.2 – – 9.6 6.2 1.051 0.842 60.3 – – 215.4 7.2 
T01–13 1.051 0.840 60.2 – – 4.3 6.3 1.051 0.838 60.3 – – 201.1 6.7 
T01–20 1.050 0.840 60.2 – – 2.0 6.3 1.050 0.838 60.2 – – 34.8 6.5 
T01–21 1.050 0.840 60.2 – – -4.3 6.3 1.050 0.838 60.2 – – 16.1 6.5 
T01–22 1.050 0.840 60.2 – – -5.1 6.3 1.050 0.837 60.2 – – 0.0 6.5 
T01–23 1.050 0.840 60.2 – – 3.3 6.2 1.050 0.837 60.2 – – 29.1 6.5 
T01–30 1.050 0.840 60.1 – – 5.4 6.2 1.050 0.850 60.1 – – 154.5 7.3 
T01–31 1.050 0.841 60.1 – – 0.2 6.2 1.050 0.850 60.1 – – 215.4 8.2 
T01–32 1.050 0.840 60.1 – – 0.2 6.3 1.051 0.848 60.1 – – 229.7 8.7 
T01–33 1.050 0.840 60.1 – – -0.1 6.3 1.051 0.844 60.1 – – 258.9 8.7 
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4.2 2 ( , )

Peak (MV) T1 ( s) T2 ( s) FO (kHz) TO ( s)

0.86 – 0.88 0.49 – 0.53 0.55 – 0.59 – – 

-
 Peak 

(MV)
T1

( s)
T2

( s)
FO

(kHz) 
TO
( s)

ME
(V)

RMSE
(V)

Peak
(MV)

T1
( s)

T2
( s)

FO
(kHz) 

TO
( s)

ME
(V)

RMSE
(V)

T02–00 0.865 0.498 0.577 – – -0.1 24.4 0.865 0.502 0.580 – – -57.3 37.8 
T02–01 0.867 0.503 0.582 – – -0.1 4.4 0.867 0.508 0.576 – – -86.2 63.3 
T02–02 0.869 0.508 0.586 – – 0.0 25.3 0.869 0.511 0.579 – – -60.3 58.3 
T02–03 0.869 0.511 0.589 – – 0.1 52.1 0.869 0.511 0.581 – – -25.4 52.0 
T02–10 0.867 0.499 0.578 – – -0.1 24.4 0.867 0.507 0.574 – – -111.9 69.9 
T02–11 0.869 0.504 0.582 – – -0.1 4.8 0.869 0.509 0.577 – – -82.9 62.3 
T02–12 0.869 0.507 0.586 – – 0.1 30.9 0.869 0.509 0.579 – – -55.6 57.2 
T02–13 0.871 0.513 0.590 – – 0.2 56.4 0.871 0.512 0.581 – – -24.2 52.5 
T02–20 0.867 0.500 0.578 – – -0.1 24.2 0.867 0.508 0.574 – – -112.9 70.1 
T02–21 0.867 0.502 0.582 – – -0.1 5.7 0.867 0.503 0.583 – – -24.4 31.1 
T02–22 0.869 0.507 0.586 – – 0.1 28.9 0.869 0.510 0.579 – – -57.1 57.8 
T02–23 0.871 0.513 0.590 – – 0.2 55.4 0.871 0.512 0.581 – – -23.4 52.8 
T02–30 0.865 0.498 0.578 – – -0.1 24.9 0.865 0.506 0.573 – – -114.8 69.9 
T02–31 0.867 0.503 0.582 – – -0.1 5.4 0.867 0.504 0.583 – – -27.6 32.1 
T02–32 0.869 0.508 0.586 – – 0.1 30.3 0.869 0.510 0.578 – – -54.2 56.1 
T02–33 0.871 0.514 0.590 – – 0.2 54.7 0.871 0.513 0.590 – – -25.9 53.2 
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4.3 3 ( , , )

Peak (MV) T1 ( s) T2 ( s) FO (kHz) TO ( s)
1.04 – 1.06 1.6 – 1.7 45 – 49 < 500 – 

-
Peak
(MV)

T1
( s)

T2
( s)

FO
(kHz) 

TO
( s)

ME
(V)

RMSE
(V)

Peak
(MV)

T1
( s)

T2
( s)

FO
(kHz) 

TO
( s)

ME
(V)

RMSE
(V)

T03–00 1.048 1.662 47.5 390.6 – – – 1.048 1.662 46.8 390.6 – – –
T03–01 1.048 1.650 47.5 390.6 – – – 1.048 1.659 46.8 390.6 – – –
T03–02 1.048 1.654 47.5 390.6 – – – 1.048 1.659 46.8 390.6 – – –
T03–03 1.048 1.658 47.5 390.6 – – – 1.048 1.660 46.8 390.6 – – –
T03–10 1.050 1.650 47.6 390.6 – – – 1.050 1.665 46.9 390.6 – – –
T03–11 1.050 1.652 47.6 390.6 – – – 1.050 1.663 46.9 390.6 – – –
T03–12 1.050 1.654 47.6 390.6 – – – 1.050 1.663 46.9 390.6 – – –
T03–13 1.050 1.660 47.6 390.6 – – – 1.050 1.663 46.9 390.6 – – –
T03–20 1.050 1.652 47.5 390.6 – – – 1.050 1.668 46.8 390.6 – – –
T03–21 1.050 1.654 47.5 390.6 – – – 1.050 1.665 46.8 390.6 – – –
T03–22 1.050 1.660 47.4 390.6 – – – 1.050 1.667 46.8 390.6 – – –
T03–23 1.050 1.662 47.5 390.6 – – – 1.050 1.667 46.8 390.6 – – –
T03–30 1.050 1.663 47.3 390.6 – – – 1.050 1.672 46.8 390.6 – – –
T03–31 1.050 1.654 47.3 390.6 – – – 1.050 1.672 46.8 390.6 – – –
T03–32 1.050 1.656 47.3 390.6 – – – 1.050 1.671 46.8 390.6 – – –
T03–33 1.050 1.661 47.3 390.6 – – – 1.050 1.671 46.8 390.6 – – –

*** 3 ME RMSE***
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4.4 4 ( , , )

Peak (MV) T1 ( s) T2 ( s) FO (kHz) TO ( s)

0.96 – 0.99 1.0 – 1.1 48 – 52 > 500 – 

-
 Peak 

(MV)
T1

( s)
T2

( s)
FO

(kHz) 
TO
( s)

ME
(V)

RMSE
(V)

Peak
(MV)

T1
( s)

T2
( s)

FO
(kHz) 

TO
( s)

ME
(V)

RMSE
(V)

T04–00 0.976 1.059 49.6 585.9 0.64 456.7 93.8 0.978 1.065 49.5 585.9 0.63 813.5 94.0 
T04–01 0.976 1.055 49.6 585.9 0.64 464.7 94.3 0.978 1.062 49.5 585.9 0.63 801.1 94.4 
T04–02 0.976 1.051 49.6 585.9 0.64 463.6 94.7 0.978 1.058 49.5 585.9 0.62 781.6 94.7 
T04–03 0.976 1.047 49.6 585.9 0.64 464.9 95.0 0.978 1.054 49.5 585.9 0.62 793.7 95.1 
T04–10 0.977 1.055 49.8 585.9 0.65 465.2 94.3 0.978 1.059 49.6 585.9 0.64 598.4 94.1 
T04–11 0.977 1.052 49.8 585.9 0.65 466.3 94.8 0.978 1.056 49.6 585.9 0.64 582.8 94.6 
T04–12 0.977 1.048 49.8 585.9 0.64 471.7 95.3 0.979 1.052 49.6 585.9 0.63 568.0 95.1 
T04–13 0.977 1.046 49.7 585.9 0.64 474.8 95.6 0.979 1.050 49.6 585.9 0.64 561.2 95.4 
T04–20 0.977 1.053 49.7 585.9 0.65 460.3 94.4 0.977 1.054 49.5 585.9 0.65 464.3 94.3 
T04–21 0.977 1.049 49.7 585.9 0.65 462.2 94.8 0.977 1.050 49.5 585.9 0.65 447.2 94.7 
T04–22 0.977 1.046 49.7 585.9 0.64 464.2 95.2 0.977 1.046 49.5 585.9 0.64 491.7 95.1 
T04–23 0.977 1.044 49.7 585.9 0.64 464.1 95.7 0.977 1.044 49.5 585.9 0.64 459.3 95.6 
T04–30 0.976 1.051 49.7 585.9 0.65 453.4 94.3 0.975 1.047 49.6 585.9 0.66 252.2 94.7 
T04–31 0.977 1.047 49.7 585.9 0.64 456.5 94.8 0.975 1.044 49.6 585.9 0.65 208.3 95.2 
T04–32 0.977 1.044 49.6 585.9 0.64 459.9 95.2 0.975 1.040 49.6 585.9 0.65 193.9 95.6 
T04–33 0.977 1.040 49.6 585.9 0.64 462.6 95.7 0.975 1.037 49.6 585.9 0.65 190.2 96.1 
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4.5 5 ( , )

Peak (MV) T1 ( s) T2 ( s) FO (kHz) TO ( s)

0.94 – 0.96 240 – 260 2400 – 2600 – – 

-
 Peak 

(MV)
T1

( s)
T2

( s)
FO

(kHz) 
TO
( s)

ME
(V)

RMSE
(V)

Peak
(MV)

T1
( s)

T2
( s)

FO
(kHz) 

TO
( s)

ME
(V)

RMSE
(V)

T05–00 0.950 251.5 2494 – – -289.7 8.2 0.946 252.0 2509 – – 432.3 14.5 
T05–01 0.950 251.5 2494 – – -283.9 8.2 0.946 251.0 2507 – – 398.9 13.1 
T05–02 0.950 251.5 2494 – – -282.9 8.2 0.946 250.5 2506 – – 368.8 12.3 
T05–03 0.950 251.5 2494 – – -282.3 8.2 0.947 250.0 2505 – – 353.3 11.9 
T05–10 0.951 251.5 2501 – – -247.5 7.9 0.948 250.0 2511 – – 338.6 11.3 
T05–11 0.951 251.0 2501 – – -217.1 7.3 0.949 249.0 2510 – – 302.2 11.0 
T05–12 0.951 251.0 2501 – – -215.9 7.3 0.949 248.5 2510 – – 299.4 11.0 
T05–13 0.951 251.5 2501 – – -215.4 7.3 0.948 249.0 2510 – – 316.2 10.9 
T05–20 0.951 251.0 2499 – – -192.5 7.0 0.948 248.5 2507 – – 270.7 10.5 
T05–21 0.951 251.0 2499 – – -191.4 7.0 0.948 249.0 2507 – – 265.0 10.5 
T05–22 0.951 251.0 2499 – – -190.9 7.0 0.948 249.0 2507 – – 269.1 10.4 
T05–23 0.951 251.0 2499 – – -191.1 7.0 0.948 248.5 2507 – – 274.0 10.4 
T05–30 0.950 251.5 2497 – – -210.5 7.2 0.948 249.0 2505 – – 275.4 10.0 
T05–31 0.950 251.0 2497 – – -214.0 7.2 0.947 251.5 2507 – – 340.3 11.5 
T05–32 0.950 251.0 2496 – – -212.8 7.2 0.947 251.5 2507 – – 315.5 11.0 
T05–33 0.951 251.0 2496 – – -212.6 7.2 0.947 251.5 2507 – – 329.1 11.1 
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4.6 6 ( , , )

Peak (MV) T1 ( s) T2 ( s) FO (kHz) TO ( s)

1.04 – 1.06 0.81 – 0.87 57.5 – 62.5 – – 

-
 Peak 

(MV)
T1

( s)
T2

( s)
FO

(kHz) 
TO
( s)

ME
(V)

RMSE
(V)

Peak
(MV)

T1
( s)

T2
( s)

FO
(kHz) 

TO
( s)

ME
(V)

RMSE
(V)

T06-00 1.049 0.840 60.0 – – 92.0 117.9 1.048 0.836 60.2 – – -328.6 118.0 
T06-01-5 1.049 0.844 60.1 – – -151.5 58.4 1.049 0.845 59.3 – – 212.1 58.4 
T06-02 1.050 0.837 60.3 – – 32.5 116.6 1.050 0.835 58.7 – – -640.8 116.9 
T06-03-5 1.050 0.853 60.2 – – -184.2 59.5 1.049 0.856 59.6 – – -202.1 59.6 
T06-10 1.049 0.835 60.1 – – -137.6 117.9 1.049 0.838 60.0 – – 46.7 117.8 
T06-11-5 1.049 0.844 60.1 – – -144.6 58.5 1.050 0.847 59.2 – – 142.4 58.6 
T06-12 1.050 0.837 60.3 – – 42.5 116.5 1.051 0.839 58.6 – – -420.3 116.5 
T06-13-5 1.050 0.853 60.2 – – -203.5 59.7 1.048 0.852 59.8 – – -227.2 60.3 
T06-20 1.049 0.835 60.1 – – -143.1 117.9 1.049 0.838 60.0 – – 47.5 117.9 
T06-21-5 1.049 0.844 60.1 – – -118.1 58.4 1.051 0.850 59.3 – – 17.9 58.8 
T06-22 1.050 0.837 60.3 – – 48.6 116.5 1.051 0.839 58.5 – – -457.8 116.6 
T06-23-5 1.050 0.853 60.2 – – -218.8 59.8 1.049 0.853 59.8 – – -741.4 60.6 
T06-30 1.049 0.835 60.1 – – -158.2 118.0 1.050 0.838 60.0 – – 66.8 117.9 
T06-31-5 1.049 0.844 60.1 – – -132.4 58.5 1.051 0.850 59.3 – – -8.7 58.8 
T06-32 1.050 0.837 60.3 – – 35.6 116.6 1.050 0.837 58.7 – – -716.4 116.9 
T06-33-5 1.050 0.853 60.2 – – -177.2 59.8 1.048 0.851 59.8 – – -707.5 60.5 
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4.7 7 ( , )

Peak (MV) T1 ( s) T2 ( s) FO (kHz) TO ( s)

0.86 – 0.88 0.49 – 0.53 0.55 – 0.59 – – 

-
 Peak 

(MV)
T1

( s)
T2

( s)
FO

(kHz) 
TO
( s)

ME
(V)

RMSE
(V)

Peak
(MV)

T1
( s)

T2
( s)

FO
(kHz) 

TO
( s)

ME
(V)

RMSE
(V)

T07-00 0.865 0.508 0.581 – – 401.7 339.8 0.865 0.498 0.568 – – 385.8 324.2 
T07-01-5 0.866 0.499 0.580 – – -216.3 153.5 0.866 0.504 0.575 – – -362.4 174.3 
T07-02 0.873 0.514 0.589 – – 780.6 306.9 0.873 0.511 0.580 – – 725.6 302.9 
T07-03-5 0.870 0.508 0.588 – – -177.0 179.6 0.870 0.529 0.586 – – -550.8 237.6 
T07-10 0.866 0.508 0.581 – – 387.8 339.2 0.866 0.499 0.568 – – 373.8 323.1 
T07-11-5 0.866 0.499 0.580 – – -261.6 154.5 0.866 0.504 0.575 – – -405.4 175.1 
T07-12 0.872 0.513 0.589 – – 832.7 308.5 0.872 0.509 0.579 – – 776.4 303.3 
T07-13-5 0.871 0.509 0.588 – – -176.8 179.4 0.871 0.521 0.580 – – -408.0 200.4 
T07-20 0.866 0.510 0.582 – – 444.7 338.8 0.866 0.500 0.569 – – 433.8 322.7 
T07-21-5 0.865 0.498 0.580 – – -225.6 155.1 0.865 0.503 0.575 – – -362.0 174.1 
T07-22 0.872 0.513 0.589 – – 845.3 308.3 0.872 0.510 0.580 – – 789.5 304.0 
T07-23-5 0.871 0.509 0.588 – – -133.8 181.4 0.871 0.529 0.586 – – -498.9 237.8 
T07-30 0.865 0.507 0.581 – – 470.9 339.4 0.865 0.498 0.568 – – 456.1 323.4 
T07-31-5 0.865 0.498 0.580 – – -212.4 154.0 0.865 0.503 0.575 – – -349.1 173.5 
T07-32 0.873 0.514 0.589 – – 752.9 306.7 0.873 0.510 0.580 – – 696.0 302.8 
T07-33-5 0.872 0.509 0.588 – – -177.5 181.9 0.872 0.529 0.586 – – -547.1 237.6 
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4.8 8 ( , , )

Peak (MV) T1 ( s) T2 ( s) FO (kHz) TO ( s)
1.04 – 1.06 1.6 – 1.7 45 – 49 < 500 – 

-
Peak
(MV)

T1
( s)

T2
( s)

FO
(kHz) 

TO
( s)

ME
(V)

RMSE
(V)

Peak
(MV)

T1
( s)

T2
( s)

FO
(kHz) 

TO
( s)

ME
(V)

RMSE
(V)

T08-00 1.051 1.666 46.8 390.6 – – – 1.052 1.689 47.0 390.6 – – –
T08-01-5 1.049 1.642 46.9 390.6 – – – 1.049 1.678 46.8 390.6 – – –
T08-02 1.046 1.670 47.3 390.6 – – – 1.055 1.679 46.4 390.6 – – –
T08-03-5 1.052 1.656 46.6 390.6 – – – 1.052 1.688 46.6 390.6 – – –
T08-10 1.051 1.668 46.8 390.6 – – – 1.052 1.690 46.8 390.6 – – –
T08-11-5 1.048 1.641 47.0 390.6 – – – 1.049 1.677 46.8 390.6 – – –
T08-12 1.056 1.670 46.2 390.6 – – – 1.055 1.679 46.4 390.6 – – –
T08-13-5 1.052 1.655 46.9 390.6 – – – 1.052 1.686 46.6 390.6 – – –
T08-20 1.052 1.664 46.9 390.6 – – – 1.053 1.692 46.8 390.6 – – –
T08-21-5 1.048 1.639 46.7 390.6 – – – 1.049 1.675 46.8 390.6 – – –
T08-22 1.056 1.675 46.5 390.6 – – – 1.055 1.678 46.4 390.6 – – –
T08-23-5 1.052 1.656 46.6 390.6 – – – 1.052 1.689 46.6 390.6 – – –
T08-30 1.052 1.665 46.8 390.6 – – – 1.053 1.692 46.9 390.6 – – –
T08-31-5 1.049 1.642 46.9 390.6 – – – 1.050 1.678 46.7 390.6 – – –
T08-32 1.056 1.670 46.5 390.6 – – – 1.055 1.678 46.4 390.6 – – –
T08-33-5 1.052 1.655 46.6 390.6 – – – 1.052 1.688 46.6 390.6 – – –
*** 8 ME RMSE***
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4.9 9 ( , , )

Peak (MV) T1 ( s) T2 ( s) FO (kHz) TO ( s)

0.96 – 0.99 1.0 – 1.1 48 – 52 > 500 – 

-
 Peak 

(MV)
T1

( s)
T2

( s)
FO

(kHz) 
TO
( s)

ME
(V)

RMSE
(V)

Peak
(MV)

T1
( s)

T2
( s)

FO
(kHz) 

TO
( s)

ME
(V)

RMS
E (V) 

T09-00 0.977 1.043 49.6 585.9 0.57 746.4 148.4 0.977 1.044 49.5 585.9 0.57 1626.0 148.8 
T09-01-5 0.976 1.068 49.7 585.9 0.62 409.2 109.4 0.976 1.067 49.6 585.9 0.62 1224.0 109.8 
T09-02 0.978 1.027 49.8 585.9 0.57 497.8 149.3 0.980 1.033 49.7 585.9 0.57 -179.7 149.2 
T09-03-5 0.977 1.027 49.6 585.9 0.65 445.6 111.6 0.978 1.031 49.6 585.9 0.64 318.7 110.3 
T09-10 0.977 1.043 49.6 585.9 0.57 715.0 148.5 0.977 1.044 49.4 585.9 0.57 1683.0 149.0 
T09-11-5 0.976 1.068 49.7 585.9 0.62 373.3 109.6 0.975 1.065 49.6 585.9 0.64 1332.0 110.1 
T09-12 0.978 1.027 49.8 585.9 0.58 487.1 149.3 0.980 1.034 49.7 585.9 0.57 -203.9 149.3 
T09-13-5 0.977 1.050 49.7 585.9 0.64 406.6 110.5 0.978 1.053 49.7 585.9 0.64 -140.2 110.5 
T09-20 0.977 1.043 49.6 585.9 0.57 746.2 148.5 0.977 1.043 49.5 585.9 0.58 1508.0 148.8 
T09-21-5 0.976 1.068 49.7 585.9 0.64 376.0 109.5 0.976 1.066 49.6 585.9 0.64 1224.0 109.9 
T09-22 0.978 1.027 49.8 585.9 0.57 492.3 149.4 0.979 1.032 49.8 585.9 0.57 -158.6 149.4 
T09-23-5 0.977 1.050 49.7 585.9 0.65 386.8 110.6 0.978 1.053 49.7 585.9 0.64 -86.5 110.6 
T09-30 0.977 1.043 49.6 585.9 0.58 728.2 148.4 0.977 1.043 49.5 585.9 0.58 1649.0 148.8 
T09-31-5 0.976 1.068 49.7 585.9 0.62 400.2 109.6 0.976 1.067 49.6 585.9 0.62 1172.0 109.9 
T09-32 0.978 1.027 49.8 585.9 0.57 493.0 149.4 0.979 1.032 49.8 585.9 0.57 -161.4 149.3 
T09-33-5 0.977 1.051 49.7 585.9 0.64 388.2 110.6 0.978 1.053 49.7 585.9 0.64 -136.0 110.6 
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4.10 10  ( , )

Peak (MV) T1 ( s) T2 ( s) FO (kHz) TO ( s)

0.94 – 0.96 240 – 260 2400 – 2600 – – 

-
 Peak 

(MV)
T1

( s)
T2

( s)
FO

(kHz) 
TO
( s)

ME
(V)

RMSE
(V)

Peak
(MV)

T1
( s)

T2
( s)

FO
(kHz) 

TO
( s)

ME
(V)

RMSE
(V)

T10-00 0.949 247.0 2503 – – 292.5 106.7 0.949 248.5 2499 – – 341.3 106.4 
T10-01-5 0.949 249.5 2505 – – 206.8 53.2 0.949 250.0 2503 – – 162.1 53.0 
T10-02 0.948 248.0 2506 – – 247.4 106.0 0.948 248.0 2506 – – 437.4 106.1 
T10-03-5 0.951 250.5 2503 – – 16.7 53.5 0.949 250.0 2509 – – 125.2 53.9 
T10-10 0.949 247.0 2503 – – 299.2 106.7 0.949 248.5 2500 – – 339.4 106.4 
T10-11-5 0.949 249.5 2506 – – 213.5 53.1 0.950 250.0 2504 – – 169.6 52.9 
T10-12 0.948 248.5 2506 – – 246.4 106.0 0.948 248.0 2506 – – 433.5 106.1 
T10-13-5 0.950 251.0 2502 – – -9.1 53.6 0.949 250.5 2509 – – 144.4 54.0 
T10-20 0.949 247.0 2503 – – 300.4 106.7 0.949 248.5 2500 – – 329.5 106.4 
T10-21-5 0.949 249.5 2505 – – 200.0 53.0 0.949 250.0 2504 – – 148.3 52.9 
T10-22 0.948 248.0 2506 – – 230.6 105.8 0.948 248.0 2506 – – 420.6 106.0 
T10-23-5 0.951 250.5 2502 – – 4.9 53.5 0.949 249.5 2508 – – 131.9 53.9 
T10-30 0.949 247.0 2503 – – 303.4 106.8 0.949 249.0 2500 – – 317.7 106.5 
T10-31-5 0.949 249.5 2506 – – 214.4 53.3 0.949 250.0 2504 – – 151.5 53.1 
T10-32 0.949 247.0 2504 – – 240.4 106.1 0.948 248.0 2506 – – 418.4 106.1 
T10-33-5 0.951 250.5 2502 – – 6.8 53.7 0.949 250.0 2508 – – 128.7 54.0 
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4.11 11 ( )

Peak (MV) T1 ( s) T2 ( s) FO (kHz) TO ( s)
0.94  –  0.96 1.07 – 1.19 82 –  91 – – 

-
Peak
(MV)

T1
( s)

T2
( s)

FO
(kHz) 

TO
( s)

ME
(V)

RMSE
(V)

Peak
(MV)

T1
( s)

T2
( s)

FO
(kHz) 

TO
( s)

ME
(V)

RMSE
(V)

T11–00 0.957 1.146 86.7 – 1.35 – – 0.957 1.145 86.7 – 1.05 – –
T11–01 0.959 1.151 86.4 – 1.35 – – 0.959 1.149 86.4 – 1.05 – –
T11–02 0.959 1.152 86.4 – 1.35 – – 0.959 1.151 86.4 – 1.23 – –
T11–03 0.958 1.147 86.6 – 1.34 – – 0.958 1.146 86.6 – 1.05 – –
T11–10 0.960 1.151 86.8 – 1.35 – – 0.960 1.150 86.7 – 1.34 – –
T11–11 0.959 1.145 86.8 – 1.35 – – 0.959 1.143 86.8 – 1.35 – –
T11–12 0.959 1.146 86.8 – 1.34 – – 0.959 1.145 86.8 – 1.34 – –
T11–13 0.960 1.149 86.8 – 1.35 – – 0.960 1.148 86.7 – 1.34 – –
T11–20 0.959 1.152 86.7 – 1.23 – – 0.959 1.151 86.6 – 1.23 – –
T11–21 0.959 1.146 86.7 – 1.23 – – 0.959 1.145 86.6 – 1.23 – –
T11–22 0.960 1.150 86.6 – 1.23 – – 0.960 1.148 86.6 – 1.23 – –
T11–23 0.959 1.149 86.7 – 1.23 – – 0.959 1.148 86.7 – 1.23 – –
T11–30 0.960 1.156 86.5 – 1.23 – – 0.960 1.155 86.5 – 1.23 – –
T11–31 0.959 1.150 86.6 – 1.23 – – 0.959 1.148 86.5 – 1.23 – –
T11–32 0.959 1.150 86.6 – 1.23 – – 0.959 1.149 86.5 – 1.22 – –
T11–33 0.959 1.153 86.5 – 1.23 – – 0.959 1.152 86.5 – 1.22 – –

*** 11 ME RMSE***
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4.12 12  ( )

Peak (MV) T1 ( s) T2 ( s) FO (kHz) TO ( s)

0.84  – 0.87 0.48 – 0.54 0.51 – 0.56 – – 

-
 Peak 

(MV)
T1

( s)
T2

( s)
FO

(kHz) 
TO
( s)

ME
(V)

RMSE
(V)

Peak
(MV)

T1
( s)

T2
( s)

FO
(kHz) 

TO
( s)

ME
(V)

RMSE
(V)

T12–00 0.854 0.513 0.538 – – 310.3 193.6 0.854 0.496 0.526 – – 576.9 212.0 
T12–01 0.852 0.513 0.542 – – 283.4 187.7 0.852 0.499 0.532 – – 501.3 201.6 
T12–02 0.852 0.513 0.534 – – 297.8 187.4 0.852 0.498 0.523 – – 580.8 214.1 
T12–03 0.854 0.513 0.536 – – 295.6 190.7 0.854 0.498 0.525 – – 539.8 206.4 
T12–10 0.856 0.512 0.538 – – 317.4 189.6 0.856 0.497 0.527 – – 573.7 209.3 
T12–11 0.852 0.512 0.532 – – 304.3 190.2 0.852 0.498 0.522 – – 525.2 203.9 
T12–12 0.854 0.514 0.535 – – 304.8 188.5 0.854 0.499 0.524 – – 542.5 204.3 
T12–13 0.856 0.514 0.537 – – 321.0 192.8 0.856 0.499 0.525 – – 574.5 209.9 
T12–20 0.856 0.514 0.539 – – 321.6 195.3 0.856 0.498 0.527 – – 589.2 213.8 
T12–21 0.852 0.513 0.543 – – 294.3 189.2 0.852 0.500 0.533 – – 510.3 203.1 
T12–22 0.852 0.513 0.535 – – 305.6 189.3 0.852 0.498 0.524 – – 539.8 204.7 
T12–23 0.856 0.515 0.537 – – 314.0 192.7 0.856 0.499 0.526 – – 563.6 209.6 
T12–30 0.856 0.514 0.539 – – 323.0 194.5 0.856 0.856 0.526 – – 592.4 213.4 
T12–31 0.852 0.513 0.542 – – 293.5 187.8 0.852 0.500 0.532 – – 506.5 201.5 
T12–32 0.852 0.513 0.535 – – 306.4 189.2 0.852 0.498 0.524 – – 538.9 204.5 
T12–33 0.854 0.513 0.537 – – 312.8 191.6 0.854 0.498 0.525 – – 563.2 208.6 
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4.13 13 ( )

Peak (MV) T1 ( s) T2 ( s) FO (kHz) TO ( s)
-1.08 – -1.06 3.40 – 3.76 56 – 62 – > 1 us 

-
Peak
(MV)

T1
( s)

T2
( s)

FO
(kHz) 

TO
( s)

ME
(V)

RMSE
(V)

Peak
(MV)

T1
( s)

T2
( s)

FO
(kHz) 

TO
( s)

ME
(V)

RMSE
(V)

T13–00 -1.071 3.598 58.9 390.6 – – – -1.071 3.497 58.8 390.6 – – –
T13–01 -1.071 3.603 58.9 390.6 – – – -1.071 3.498 58.8 390.6 – – –
T13–02 -1.071 3.585 58.9 390.6 – – – -1.071 3.492 58.8 390.6 – – –
T13–03 -1.071 3.590 58.9 390.6 – – – -1.071 3.491 58.8 390.6 – – –
T13–10 -1.071 3.651 58.6 390.6 – – – -1.071 3.501 58.5 390.6 – – –
T13–11 -1.071 3.603 58.6 390.6 – – – -1.071 3.501 58.5 390.6 – – –
T13–12 -1.071 3.611 58.6 390.6 – – – -1.071 3.500 58.5 390.6 – – –
T13–13 -1.071 3.615 58.6 390.6 – – – -1.071 3.501 58.5 390.6 – – –
T13–20 -1.071 3.602 58.7 390.6 – – – -1.071 3.501 58.6 390.6 – – –
T13–21 -1.071 3.604 58.7 390.6 – – – -1.071 3.502 58.6 390.6 – – –
T13–22 -1.071 3.608 58.7 390.6 – – – -1.071 3.497 58.6 390.6 – – –
T13–23 -1.071 3.643 58.7 390.6 – – – -1.071 3.498 58.6 390.6 – – –
T13–30 -1.071 3.599 58.9 390.6 – – – -1.071 3.498 58.7 390.6 – – –
T13–31 -1.071 3.601 58.9 390.6 – – – -1.071 3.499 58.7 390.6 – – –
T13–32 -1.071 3.646 58.9 390.6 – – – -1.071 3.497 58.7 390.6 – – –
T13–33 -1.071 3.593 58.9 390.6 – – – -1.071 3.497 58.7 390.6 – – –

*** 13 ME RMSE***
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4.14 14 ( )

Peak (MV) T1 ( s) T2 ( s) FO (kHz) TO ( s)

-0.97 – -0.95 1.85 – 2.05 43 – 47 – < 1 us  

-
Peak
(MV)

T1
( s)

T2
( s)

FO
(kHz) 

TO
( s)

ME
(V)

RMSE
(V)

Peak
(MV)

T1
( s)

T2
( s)

FO
(kHz) 

TO
( s)

ME
(V)

RMSE
(V)

T14–00 -0.966 1.890 45.3 585.9 0.90 -704.3 96.8 -0.967 1.889 45.2 585.9 0.90 -569.7 95.9 
T14–01 -0.966 1.884 45.2 585.9 0.90 -705.4 96.7 -0.967 1.884 45.2 585.9 0.90 -557.1 95.9 
T14–02 -0.966 1.889 45.2 585.9 0.89 -707.5 96.8 -0.967 1.887 45.2 585.9 0.89 -552.3 95.9 
T14–03 -0.966 1.886 45.2 585.9 0.90 -701.0 96.8 -0.967 1.885 45.2 585.9 0.89 -550.4 95.9 
T14–10 -0.964 1.887 45.1 585.9 0.90 -632.8 96.4 -0.966 1.886 45.0 585.9 0.89 -492.6 95.5 
T14–11 -0.964 1.886 45.1 585.9 0.91 -632.0 96.4 -0.966 1.885 45.0 585.9 0.90 -492.5 95.6 
T14–12 -0.965 1.883 45.1 585.9 0.91 -629.3 96.2 -0.966 1.882 45.0 585.9 0.88 -489.9 95.4 
T14–13 -0.964 1.887 45.1 585.9 0.90 -633.1 96.4 -0.966 1.886 45.0 585.9 0.90 -495.6 95.6 
T14–20 -0.965 1.888 45.2 585.9 0.91 -666.5 96.3 -0.966 1.886 45.1 585.9 0.89 -542.9 95.5 
T14–21 -0.965 1.885 45.1 585.9 0.91 -670.4 96.3 -0.966 1.884 45.1 585.9 0.89 -538.9 95.5 
T14–22 -0.965 1.884 45.1 585.9 0.91 -671.6 96.3 -0.966 1.883 45.1 585.9 0.89 -534.3 95.5 
T14–23 -0.965 1.890 45.2 585.9 0.91 -670.3 96.5 -0.966 1.888 45.1 585.9 0.90 -542.4 95.7 
T14–30 -0.965 1.888 45.2 585.9 0.93 -687.3 96.5 -0.967 1.887 45.1 585.9 0.89 -537.2 95.6 
T14–31 -0.965 1.889 45.2 585.9 0.91 -684.1 96.5 -0.967 1.888 45.1 585.9 0.89 -548.8 95.6 
T14–32 -0.965 1.893 45.2 585.9 0.91 -689.0 96.6 -0.967 1.892 45.1 585.9 0.89 -539.4 95.6 
T14–33 -0.965 1.890 45.2 585.9 0.93 -687.7 96.4 -0.967 1.889 45.1 585.9 0.89 -537.0 95.5 
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4.15

TDG

-
CPU Pentium Celeron 1 GHz,  RAM 119 Mbytes

4.15

 ( )

-

1 8 9 

2 2 1 

3 6 9 

4 8 6 

5 12 11 

6 8 9 

7 2 1 

8 6 10 

9 8 8 

10 12 14 

11 16 12 

12 5 1 

13 6 11 

14 8 6 
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5

-
TDG 14

- 11 2

5.1

-

5.1 11
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5.1

1. (Iteraton)

1.1 ( 10,000

) 1 1

P 10-6*Rk)

5.2

5.2

= ( )

( )
(Pn+1 – Pn) < 10-6*Rk

 ( 10,000 )
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1.2 -

[1020, 10-20] 5.3

5.3 -

“ - ”

2.

 ( RAM )

2.1 n 1 ( 10,000

= 80 kbyte) 

( )
(10-20 ) ( 1020)

( (decay rate : ) )
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2.2 -

( J) n m m ( 10,000

 = (m*80) kbyte) 

-
(< 2,000 )

( )

2, 7  12 1

(> 2,000 )

2,000

“ - ”

5.2

4

(ME), (RMSE),

(Average Deviation : AVD) 

n

1i
i xx

n
1AVD     (5.1) 

 n (16 )

x

)
x

%100)(xx
n
1(error%

TDG

n

1i
TDGi    (5.2) 

TDGx

5.1, 5.2 5.3
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5.1 ME RMSE

-

ME (V) RMSE (V) ME (V) RMSE (V)

1 4.44 6.28 149.80 7.22 

2 0.09 28.26 59.01 54.78 

4 463.19 94.87 512.96 94.92 

5 228.16 7.46 321.80 11.34 

6 126.28 88.16 311.51 88.38 

7 406.10 245.44 507.54 257.30 

9 505.74 129.54 800.19 129.64 

10 189.53 79.86 262.47 79.86 

12 306.61 190.63 551.16 207.54 

14 673.27 96.49 532.56 95.64 

290.34 96.70 400.90 102.66 

5.1 ME RMSE

-
( ) [1020, 10-20]

RMSE

RMSE
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5.2

-
Peak AVD 

(10-2)

T1 AVD

(10-2)

T2 AVD

(10-2)

Peak AVD

(10-2)

T1 AVD

(10-2)

T2 AVD

(10-2)

1 0.05 0.01 5.00 0.06 0.38 5.00 

2 0.16 0.46 0.40 0.16 0.26 0. 31 

3 0.08 0.39 9.30 0.08 0.37 3.75 

4 0.04 0.40 6.09 0.11 0.64 5.00 

5 0.05 24.61 237.50 0.08 109.38 148.44 

6 0.05 0.59 8.13 0.09 0.65 47.50 

7 0.31 0.44 0.39 0.31 0.88 0.53 

8 0.22 1.01 19.38 0.16 0.58 16.25 

9 0.05 1.30 5.86 0.12 1.14 9.06 

10 0.08 131.25 144.53 0.04 84.38 275.00 

11 0.05 0.24 11.25 0.05 0.24 10.00 

12 0.15 0.06 2.37 0.15 4.19 0.24 

13 0.00 1.48 12.50 0.00 0.23 10.00 

14 0.05 0.22 5.16 0.05 0.20 5.00 

0.10 11.60 33.27 0.10 14.54 38.29 

5.2

-

-
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5.3

-
%error Peak 

(%)

%error T1

(%)

%error T2

(%)

%error Peak 

(%)

%error T1

(%)

%error T2

(%)

1 0.05 0.01 0.25 0.05 0.46 0.33 

2 0.24 1.15 2.43 0.24 0.53 1.63 

3 0.05 0.39 1.00 0.05 0.94 0.37 

4 0.17 0.39 0.64 0.22 0.61 0.90 

5 0.06 0.49 0.12 0.26 0.44 0.31 

6 0.05 0.71 0.28 0.09 0.77 1.00 

7 0.36 0.88 2.55 0.36 1.73 1.36 

8 0.25 0.78 0.61 0.24 2.03 0.72 

9 0.21 1.29 0.61 0.26 1.12 0.75 

10 0.12 0.63 0.16 0.13 0.36 0.19 

11 0.95 1.73 0.19 0.95 1.62 0.14 

12 0.22 0.64 0.55 0.22 6.38 1.62 

13 0.09 0.82 0.38 0.09 2.29 0.59 

14 0.53 3.21 0.38 0.68 3.26 0.22 

0.24 0.91 0.73 0.28 1.65 0.72 

5.3

-
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5.3

1.2/50 s

(A=1.03*Upeak,  = 1/(68.5 s), = 1/(0.405 s))

TDG

TDG

2

3

-
TDG 2

500 kHz

2 30%

30%

1.8 s
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-

-
-

-

(<2,000 ) -
(>2,000)
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