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MOTIVATION

Telemetered information in today’s distribution substations

Bus voltage == o B e
magnitudes ——————>00, ~ " |

PN

Feeder head
currents
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MOTIVATION

The consequence is...

Bus voltage
magnitudes

MV & LV
feeder system
is literally a

—_——

Feeder head
currents

BLACK BOX
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MOTIVATION

s it satisfactory?

Planning criteria 7" .. Passive loads

are sufficient
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MOTIVATION

s it satisfactory?

/Need to check (in real-time):\ Active loads
Overvoltages
Undervoltages
Feeder congestions
Islanding, etc.
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MOTIVATION

What can we do to improve dramatically the situation?

Use AMI/AMR data
to “illuminate” the
MV radial system

Smart grid paradigm'
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Distribution-level information

Several (heterogeneous) information sources in
upcoming Smart Grids:

 SCADA & DMS

 Feeder automation devices

* Distributed generators

* Historic load patterns/profiles

 AMI data (Smart Meters concentrators)
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Distribution-level information

* SCADA & DMS

* Very few RTU measurements
captured at HV-MV substations
 Sampled every few seconds

e Distribute®

 Historic loa
 AMI data (9
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Distribution-level information

e SCADA & DMS
* Feeder automation devices

* Distribu\ | . .

e Historic |\ Intermediate switching points
for fault management

« AMI data (¢

 Can be used as additional
telemeasured points (RTUs)
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Example of feeder automation devices

Siemens Feeder Automation controller: SIPROTEC 7SC80

Load switch Recloser Load switch Recloser
= f—E——e—fH 0
Substation B
Normally
open
recloser

Can be used both as fault locator
= and RTU (V, I, P, Q, cos o)

Substation A

B Circuit breaker (CB)
@ Recloser

B Load switch

B Transformer



Distribution-level information

e SCADA & DMS
 Feeder automation devices
* Distributed generators
* Historic\aq
+ AMI data ¥ Depending on specific regulaﬁon:
 Day-ahead hourly forecasting
of energy production

 Real production periodically
submitted to DMS
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Distribution-level information

e SCADA & DMS
 Distribution automation devices
* Distributed generators

* Historic load patterns/profiles
e AMI AN

 Day-ahead hourly load forecasting
 Assumed PF for typical loads

- Hourly values of P&Q
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Distribution-level information

N OB - |nyolves DMS-AMI communications
BINdd] © Depending on bandwidth availability:
e Distri - From 15’ to 24h snapshot latency

o Historicse(erns/profiles
 AMI data (Smart Meters concentrators)
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Two different latencies

* SCADA & DMS

 Feeder automation devices
 Distributed generators

* Historic loaNatterns/profiles

 AMI data (Sm\ Sters concentrators)

Snapshots updated from few
sec. to about a minute

Insufficient to assure network
observability
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Two different latencies

 SCADA

 Feeder automation devices
Distributed generators A
* Historic load patterns/profiles

 AMI data (Smart Meters concentrators)j

 Snapshots updated from 15’ to 24h

* Barely critical information to assure
network observability
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Two different latencies

("« SCADA A

~eeder automation devices
Distributed generators

Historic load patterns/profiles

e AMI data (Smart Meters concentrators
\_ ‘ )

O A GAme7-ExndAc<itao 201

Minimum redundancy levels obtained

only when both information types are
properly combined




State Estimation with two measurement latencies

Two distinct sets of measurements, captured at different rates:

Real-time incomplete information system (fast rate)

Zr,k Zr,k+]

I N Y
s

Zp, Zpj+l

Pseudomeasurements: less accurate, “complete” information
system (slow rate)
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State Estimation with two measurement latencies

Accuracy of Zp,j depends on the rate of change of loads

Load evolution \ .

More accurate ij Less accurate
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State Estimation with two measurement latencies

Accuracy of Zp,j depends on the rate of change of loads

Load evolution \ .

A: Rate of load change \
between two consecutive
slow snapshots .
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State Estimation with two measurement latencies

Mathematical model: WLS estimation with z, and z,

z, ] [h,(0)] [€,]

z,| B e

r

r -
Gauss-Newton methodology (Normal equations):

(W o+ HWH, A =H W (2, ~h (x))+ H'W,(z, - h,(x))
where

cov(e,) = Wp_1 cov(e,) = Wr'1
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State Estimation with two measurement latencies

* First (cold) execution: both z,and z, updated

( \

Base-case
load: P & Q
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State Estimation with two measurement latencies

* n-1“warm” executions: only z, updated

ZPJ Zp,j+1
\
(Base-case \
load: P & Q

Latest estimate used to start iterations
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State Estimation with two measurement latencies

* n-1“warm” executions: only z, updated

D,J pJjt1
\ \
{Base-case \ { Final load: \
load: P & Q AP & Q)

Latest estimate used to start iterations
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Case study

Can a small subset of “real-time” measurements,
when combined with a critical set of (outdated)

pseudomeasurements, provide accurate enough

estimates ? (reconstruction of network state)
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Case study

* Small radial distribution system (20 buses)
* Pseudomeasurements (z,): V; and P & Q at all buses

N.=N, =39

X zp
1
2

A/.
3
4
5

17

23
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Case study

* Small radial distribution system (20 buses)
* Pseudomeasurements (z,): V; and P & Q at all buses

N.=N, =39

X zp

* Real-time measurements (z,): | & V 1 Current flow
2 at branch 1-2

 Very few in practice
* In our tests limited to:

Voltage mag.
at node 5

N, =5

r

Redundancy =1.128
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Case study

* Small radial distribution system (20 buses)
* Pseudomeasurements (z,): V; and P & Q at all buses
* Different scenarios for real-time measurements (z,):
* Measurement type: I & V
_ 1 s Current flow
 Measurement locations 2 at branch 1-2
* Rate of load change: Amax=1.5

* Change in power flow direction Voltage mag.

at node 5

23
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Case study

* Small radial distribution system (20 buses)
* Pseudomeasurements (z,): V; and P & Q at all buses

* Different scenarios for real-time measurements (z,):
* Measurement type: I & V

 Measurement locations

* Rate of load change: Amax=1.5

* Change in power flow direction
 WLS solutions compared with exact state:

* z,values “frozen” with base-case load

* 2z, values updated according to load evolution
[1< A<1.5; AA=0.05]
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Z, = currents

17,

18 1

53 19‘
14
21

Test 1: Comparison of measurement type: I versus V

-A

1

2
3
4

5
=<
h_>71

l—>8|

b—>91

2

227 1
4
78 ﬁi/

12

REERN

Set z,: uniformly distributed sets of measurements

- B - |‘/iwls _ ‘/iexact |
z,=voltages  1,2e-02
1 [ == A) Average errors
A}»"—l 1,0E-02 ——B) Average errors _ > |
17, .:_> 8,0E-03 = A= A) Maximum errors - P
- == B) Maximum errors P
6,0E-03
18 5> G+—>
1 —> 71)—} 4'OE_O3
23%'—»'\»—»
¢ 200 8
21“_> 90_> 2'OE-O3
221; 10
78 '1‘1'H 0,0E+00
12]
v

Current meas. better than voltage meas. (up to 10 times lower voltage error)
Errors increase linearly with load growth (pseudomeasurement obsolescence)

© A. GOmez-Expdsito, 2013




Test 2: Comparison of measurement location

Sets z,: current measurements, different locations

-A- -C- Voltage errors | V" — V&« |
z, uniform z, atthe ends 1,6e-03
1 1 ZI 14E-03 | = A) Average errors - -
2 el ——C) Average errors -’
3 3e 1,2E-03 | _
17 = A= A) Maximum errors _ 7
17" 4 49— LOE-03 | _u ) Maximum errors — ——k
5¢ —> -
{ i 8,0E-04
18 6—> 18 6"—’
. 199> 7> 6,0E-04
3 BT 8 23 / L
20 $—> 8+ i 20 T 8] 4,0E-04
21 *—> 90—> 21 *—> 90—>
2,0E-04
22 ;; 10 22 109
78 ﬁ(: 787 118 0,0E+00 . . . :
12 12 1,1 1,2 1,3 1,4 1,5

- Better results with uniformly distributed current measurements
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z, uniform

17,

18 1

19
23 ¢
14
21 9

Test 2: Comparison of measurement location

“A-

1
2
3
4
5
e
> 7 ¢

D—>8|
b—>91

2

227 1
4
78 ﬁi/

12

REERN

Sets z,: current measurements, different locations

-C-

r

e

et ee

17

18 Z

199> 7 9

HO\W

)]

23

¢20'

b—>81

'

21 0—>91
1
1
12

2%

Z. at the ends 8,0e-01

1§

7,0E-01
6,0E-01
5,0E-01
4,0E-01
3,0E-01
2,0E-01
1,0E-01
0,0E+00

Injection errors

== A) Average errors
=—C) Average errors
= A= A) Maximum errors

== C) Maximum errors

P
7 -
S
2
s
s
.

1,1 1,2

r g
'

r
> 3

1,3

| Siwls _ Siexact |

7

7
P4 4

P d
rd

A

-
i ~
Py ¢

1,4

:;././.

1,5

Better results with uniformly distributed current measurements
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S. =

100kVA)

(per unit, Sbase

S.

100kVA)

(per unit, Sbase

1]

ij

20

18
16

12
10

Test 2: Comparison of measurement location

6
4
2
P

© A. GOmez-Expdsito, 2013

Branch i-j

Branch power flows A=11
i i . : i i i 0.25
1 Relative error I
Load Flow
_ A e WLS SE 0.2 ~
1 4 . IS
, z, uniform z
>/5 0.15 f’%
18T 6t > S
) Jud 5
20 *—p 80—} 0.1 g
217> ot N ©
223 : —~— g
78 11 \\ 0.05
12 o — - /TN
I r ) - g
T T [ T T T 25
ﬁ— Relative error I
| Load Flow
4/2"' _ C S A N S A I WLS SE 0.2 ~
1 *— > =
4 z. at the ends >
e e ! 015 &
187”67 > =
S 7n—> g
23;/42?)/'"’ s> 01 o
21 *—p 90—} ‘%
223 q —— L
78 13’_' '“"“"“‘\\ 0.05 *
1
\><:..-—"“‘", \\
S — ] - : — | : - ——
34 45 56 6-7 78 89 910 10-11 11-12 3-17 5-18 18-19 19-20 20-21 21-22 19-23 10-78



Test 2: Comparison of measurement location

Branch power flows h=15
20, i i i i r i 0.25
18 1 Relative error
— o Load Flow ||
<>E 16— _ A B R S QTR R WLS SE 0.2 ~
S 14 1%y : E
2 , z, uniform °
woq2 >/5 0.15 &
@ 18 > 61> / \ S
(',Q) 10—~ 0»—» 73—» qt>
L q \ .. p=]
2 6 2177 o AN / . [\ g
2 4l 27 \ \ / N / \ 0.05F
> By L s N / \
2 /\ | 12\ // \ \V‘-‘-. \\\/ ell
26 r : : i : : : : . 8.25
18 ke ﬂ_ Relative error il
N = 2 /\ Load Flow
<>E 16—~ ! _ C _ / \ .......... WLS SE 1.0.2 ~
= 1 o—Pp c
s 14 4 z at the ends >
i > r 0
g 12 4,_, 015 8
g 10— —> 7"—> / \ §
n ) ) £
o el 231/42’(9)/.:: 8‘:: ........... / \ 0.1 g
TR 3 B SN / \ g
o) 22 i 7 g ©
%)
) — 1 o ><~%\‘/ / \\, /\-\ -
0l \\/ - - - - - - [ [ [ "1 0
12 23 34 45 56 67 78 89 910 10-1111-12 3-17 5-18 18-19 19-20 20-21 21-22 19-23 10-78
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Test 3: Weighting coefficient influence

Set z: current measurements, uniformly distributed

a 0,=0.1 0,=0.1
1
0,=0.1 o, =0.001 2
3
l 17 4
t
Voltage errors |V -V )
1,2€-03 /
== A) Average errors P 18 T
| 19 %> 7¢—>
1,0E-03 = D) Average errors P s : = 2_%./‘._> 7?_,
-~ 20 < 81
8 0E-04 =A== A) Maximum errors Z g! - ¢ 21 > 9>
== D) Maximum errors z z 22 ¢ 10#
6,0E-04 1'
78 11
4,0E-04 12
2,0E-04
0,0E+00 . T T . .
1,1 1,2 1,3 1,4 1,5
A

- Similar results with equal or different weights
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Test 4: Influence of head current

l
-A - -E- Voltage errors |V =yt
With 7, Without 7,,  1,4e-03
1 == A) Average errors _ -
) 1,2E-03 -
2 ——E) Average errors =~
redundancy 34 1,0E-03 || =aA— A) Maximum errors 7 < ~ =4
17 — > . s _ -
¢ 50. 8,0E-04 | —™ E)Maximum errors &
18 ¥ 64— 18 > 61— 6,0E-04
. > >
) 19 .'—V "—V - 19’ 7‘
207> 81 > ¢ 20> 8> 4,0E-04
21 *—> 9.,_> 21 *—> 90—>
229 10# 2} 102 2,0E-04
v ¢
78 ﬁ(: 787 11 0,0E+00 . . . .
12 12 1,1 1,2 1,3 1,4 1,5
A

-  Better results with head current measurement
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Test 5: Change in power flow direction (distributed generation)

Set z,: currents at the end of feeder laterals

_C -
1 I
A}u
3¢
17, L ° . . .
/g: Scenario: Power injection
18 Fr 64> changes from P, to -P,, while
S G rest of loads increase from A=1
v 217> 90> up to A=1.5.
223 10+
—>
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Test 5: Change in power flow direction (distributed generation)

..C’_ A=1
1 r r r r
LF S
1T 05 WLS S
A
3 4 &\ O
17, o —> i ‘ \
% 8 -0.5 \'4 \
18 ¢ G'H § -1 /
@)
1 »_>7u—> e \/
23 Y S 5 1.5
¢ 20 8 ﬁ
21 *—> 90—> o -
223 102
78Y 112 2.5
12

2 3 4 5 6 7 8 9 10 11 12 17 18 19 20 21 22 23 78
Node number
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Test 5: Change in power flow direction (distributed generation)

- C’ - A=1.05
1. r r r r
LF S
1T 05 WLS S
A
3e < 0
>
24— I \ / AN
[72]
18 <>+ > I \
199> 7¢—> (_,,:)n \/ \/
C
23¢ 20 > g¢—> ; -1.5
o
2179 o V
223 10%
—> 25

3t r r r r r r r r
2 3 4 5 6 7 8 9 10 11 12 17 18 19 20 21 22 23 78
Node number
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Test 5: Change in power flow direction (distributed generation)

-C - h=1.1
1. r S S S
LF S
1 0.5 WLS S
24
A/. 0
3 ] 2
17 2z
40—> X i
8 05 V /
> —> (!]!)
18 ¢ G'H § -1 V
n
19.9—> 79> ) \ l
23 5 15
¢ 20 *—> 80—} a_)
o
21 *—> 90—> o - V
22 102
78Y 112 2.5
12

3t r r r r r r r r
2 3 4 5 6 7 8 9 10 11 12 17 18 19 20 21 22 23 78
Node number
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Test 5: Change in power flow direction (distributed generation)

- C’ - A=1.15
1 o r r r r
LF S
1T 0.5 WLS S
24
A/. 0
3 ] 2
>
T g 055\ \
18 ¢ 69— § -1
wn
1 »_>70—> ) \ I v
23 S 15
¢ 20 *—> 80—} a_)
o
21 9> N |
22 109 |
78 112> 25
12

3t r r r r r r r r
2 3 4 5 6 7 8 9 10 11 12 17 18 19 20 21 22 23 78
Node number
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Test 5: Change in power flow direction (distributed generation)

- C’ - A=12
1. S S S
LF S
1 0.5 WLS S
24
A/. 0
3 ] 2
g : A
., 3 V V \ N
®
18 '4:'—> g 4
n |
199> 7 ¢—> = v
C
23¢ 50 $—> g¢— ; -1.5
o
21 *—> 90—> o -
22 109
78Y 112 2.5
12

3t r r r r r r r r
2 3 4 5 6 7 8 9 10 11 12 17 18 19 20 21 22 23 78
Node number
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Test 5: Change in power flow direction (distributed generation)

- C’ - A=1.25
1 r r r r
LF S
1T 0.5 WLS S
2
3e < 0 ‘ ‘
17 . 2z / \
ﬁ: § _05 — —\
54 » - \V4 \Y \ 7
()
18 F> 9> 8 4 //
wn |
e \[
C
23¢ 50 $—> g¢— ; -1.5
o
21 G 9' o -2 \
223 109 |
78 112> 25 |
1;$

3t r r r r r r r r
2 3 4 5 6 7 8 9 10 11 12 17 18 19 20 21 22 23 78
Node number
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Test 5: Change in power flow direction (distributed generation)

- C’ _ A=13
1 r T T T
LF S
1T 0.5 WLS S
2
‘g" 0 A
17 2z ]
ﬁ:'_’ S 05 /\
St - V VA TN
18 F>69—> g
wn |
19.9—> 79> ) \//
C
23¢ 50 $—> g¢— ;-1.5
o
21 0—>90—> o o I
223 109 i
—> 25 |

3t r r r r r r r r
2 3 4 5 6 7 8 9 10 11 12 17 18 19 20 21 22 23 78
Node number
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Test 5: Change in power flow direction (distributed generation)

78 11 2.
12
-3 r r

2 3 4 5 6 7 8

- C’ - A=1.35
1. r r r r
LF S
1 0.5 WLS S
2 A
3D 2 0
17%1-» S o5 }
o =U. A
4 Y [V
18 F> 9> 8 4 /
()]
199> 79> = \
C
23¢ 50 $—> g¢— ;-1.5
o
21 0—>90—> o 5 \
223 104 |
—> 25 |
|
9

10 11 12 17 18 19 20 21 22 23 78
Node number
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Test 5: Change in power flow direction (distributed generation)

-C - A=14
1 r r r r r
| LF S
ﬂ— 05 ‘ WLS S
E | A
3e =
17%» A/
St \ / \//\\ |
18 ¥r6—> 8 //
Beoco \[
23,5 4> gt 2-1.5
v 213791 > 2 \
22¢ 104 \/
—> 2.5 \

JCJ] SN N S S SN S SN S
2 3 4 5 6 7 8 9 10 11 12 17 18 19 20 21 22 23 78
Node number
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Test 5: Change in power flow direction (distributed generation)

-C - h=1.45
L T T S r S S S
A LF S
]j_ 0.5 WLS S
A/. 0
3' 2
>
17, 19— S -0.5 l / \
5 = V
- 'S
2 / \\ —
18 F>6¢ > S -
194> 79> (f:)n \\ ” /
c
23 50 $—> g¢— ; -1.5 /
¢ 21 0—>90—> E_’Q
-2 ‘
22 109 \l
—> 25 |

78 118 2. |
12 V
-3 r ot

2 3 4 5 6 7 8 9 10 11 12 17 18 19 20 21 22 23 78
Node number
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Test 5: Change in power flow direction (distributed generation)

-C - A=15
1. r r r r
A LF S
1 ] 0.5 WLS S ||
A/. 0
=>
17%:»—} § 05 ]
54 » N \/ I \
[0)
18 >8> 8 4 \
o /
1 »_>70—> -
23 5 15
¢ 200—> 80—} a_) /
o
21 0—>90—> o - |
22 10 \/
> |

78 11 2.5
12 |
3t r r r r r r r
2 3 4 5 6 7 8 9 10 11 12 17 18 19 20 21 22 23 78
Node number

- Inability of current measurements to track sign changes in P
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Test 5: Change in power flow direction (distributed generation)

-C -
1 I
24
.
3e
1 - Same happer\s when Q;,
: changes its sign
—>
18 F>69—>
199> 7¢—>
23 L *—>
¢ 201> 8
*—> o>
—>
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Test 5: Change in power flow direction (distributed generation)

Set z,: Active power flow measurements ‘o’ instead of currents

_F -
1 ¢
A}u
3¢
17 p . . . .
/g: Scenario: Power injection
18 Fr 64> changes from P, to -P,, while
S G I rest of loads increase from A=1
v 215 ot up to A=1.5.
221: 10+
787 157"
12.'
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Test 5: Change in power flow direction (distributed generation)

A=1
- F’ - 11— T c S S -
LF S
05 WLS S
1 o
24 0
Ag' = 7\
b =>
X
17 19— 18 -0.5 \/ \ / \
Il
o)
- g ~
18 F>69—> “ \ /
199> 79> 5 15
23 20 *—> 80—} g
¢ o o
22 l’ 10#
y 2.5
*—)
78 110
120
y

3t r r r r
2 3 4 5 6 7 8 9 10 11 12 17 18 19 20 21 22 23 78
Node number
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Test 5: Change in power flow direction (distributed generation)

A=1.05
- F’- 11— T c S S -
LF S
0.5 WLS S
1 o
2 0
el "
3¢ >
17 19— ‘E,_’ -0.5 ‘ \\
It
— 2 \ / \
8 4
Z ® Vv
18 ¥r 61— 5 \ /
199> 79— 5 15
23¢ 20 > g+ ;8/. V
o
2
22¢ 10
JV 2.5
>
78 110
12¢% 3b L i
v 2 3 4 5 6 7 8 9 10 11 12 17 18 19 20 21 22 23 78

Node number
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Test 5: Change in power flow direction (distributed generation)

F’ A=1.1
- - 1— — r r_tr 1 T
LF S
05 WLS S
1 (0]
‘}u 0
3e % ; \
17 49— ‘E,_’ -0.5 V
Il
> b
8 -1
18 '46"—> @ \ l A\
199> 7¢—> S 5
23 20 *—> 80—} g
¢ *—> o—>p o -2 ‘
210 9
220 A 25
+— > '
78 11<,
120
4

3t r r r r
2 3 4 5 6 7 8 9 10 11 12 17 18 19 20 21 22 23 78
Node number
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Test 5: Change in power flow direction (distributed generation)

A =115
_F’_ 1. —r - S S S
LF S
0.5 WLS S
1 o
2 0
A/“ ;E
3¢ >
S -05 y
197 44— 2 V / V'
(0]
»/ 8
18 F>61—> 2 \’ v
199> 79> 5 15
23¢ 200—> 80—} g
o 2 |
215791 :
229 10#
! 2.5
*—)
78 1]0
129 ab L _
v 23 4 5 6 7 8 9 10 11 12 17 18 19 20 21 22 23 78

Node number
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Test 5: Change in power flow direction (distributed generation)

'F" 1. o o o o T T T T

0.5

0

AN N —
_1 \

100kVA)

()
0
K‘ 8
18 > 61 @ v
5 15
23; 20 T 81 8
21 'Hgl o 2
[0)
22 1' 1
y -2.5

:
TN

3t r r r r
2 3 4 5 6 7 8 9 10 11 12 17 18 19 20 21 22 23 78
Node number
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Test 5: Change in power flow direction (distributed generation)

A=1.25
- F’ - 1 r r r r
LF S
0.5 WLS S
1 o
‘}u 0 ;
17 8 -0.5 = e | —
ﬁ = V V1 —
50 » ? /
I
18 F>6+—> @ \ v
194> 79— 5§ 45
23 20 *—> 80—} g \
¢ *—> o> o -2 %
219 9 |
221 A2 25 |
— > ’
78 110
12¢ 3t | | | |
v 2 3 4 5 6 7 8 9 10 11 12 17 18 19 20 21 22 23 78

Node number
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Test 5: Change in power flow direction (distributed generation)
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Test 5: Change in power flow direction (distributed generation)
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Test 5: Change in power flow direction (distributed generation)
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Test 5: Change in power flow direction (distributed generation)
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Test 5: Change in power flow direction (distributed generation)
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- Active power flow measurements detect power flow inversion
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Conclusions
* Smart grid context: new “real-time” feeder measurements
will become gradually available (fault detection & isolation).

* Insufficient to achieve observability: need to combine with
other information sources (pseudomeasurements): AMI.

* Two measurement latencies and accuracy levels.

* Very few Ampere measurements may suffice to provide
reasonable estimates, even for 50% load increase.

* Inability of Ampere measurements to track counterflows.

 Power rather than Ampere measurements encouraged in the
presence of distributed generation.

* Future efforts: test larger realistic systems & practical
implementation (computational saving).
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Test 7: current measurements versus active power measurements
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G-
z, active power meas.

A=15
20 : - 0.25
18 Rel.error |
LF S
%A e wLsS s 0.2
> % L
x 14 R =
3 “« S
Too12 —~0.15 8
_ 9 S
1 o ;)g 10 o
[¢)]
po B /\ 0.1 @
3¢ ; 6 i / \ 5
1 40—}%_ \ o
p o~ 4 /™ ~0.05
4> // \_/ ‘ ,/
18 ‘ 6 ‘ 0 [ \\ /i-/=/= F F \/ E E E E E \—r-'- E E
194> 74— 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 10-11 11-12 3-17 5-18 18-19 19-20 20-21 21-22 19-23 10-'98
23 g o Branch i-j
¢ 207> 8t > A=15
21 —> 90—> 20 r r r r r r r r r r r T T _0-25
| 18 / \ Rel.error |
2y gop e, | [\
78 111»—»;\ 16 S " N / .......... wLs s 0.2
129 X 14 N ! /\ =
v 2 / / \ -
y 12 \\ / . y \ 0153
© X S
a 10 S o
» / \ &
= 8 01 Q
c ., / =
S w ......... ——
5 6 ~_ / 3
e \ / e, o
@ 4 // /\Y / *"'/\ ...". 0.05
2 P~ e,
1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 10-11 11-12 317 5-18 18-19 19-20 20-21 21-22 19-23 10-78
Branch i-j

© A. GOmez-Expdsito, 2013



_A-
z, current meas.
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