VWAV iy = i 5 (oo 0yl — o8 Jlos — i Canio 55 Ainlign (slodg,

(59938 Aoty 29395 9 Wy ALY Ho (65931 5 T oIl sy bl
L s S0l

Y o s e e . \ .
D5 3Lid jlocddo ;5 38— Vs lail e
Oyl dblcazs ¢ oMol 83T ol8ils coblims alg 5y cwsdige 0aStils = 0l w15 (V)
Ol bliazs o oDl o1 ol8iils oblazs alg 5y o 0Szsls = JLoliwl (V)
VAVANY ik b VYAVENA el s Al

SrSolal ooy 5l piaws 5580 S 5 cbla> GIBT (S jgiile 4 Sbowws jlaie 4 ¢y &y08 Glapianw 10 0)9 pal 1AM
Slosng Coml 5l i 5y ud, UML Caz gl slaad aeS 5l solitul daasly cpl YL canse Juds 4 .00,5 oo eolanwl (5,45l
s 55 S Iy 508 s 538, s 51 o] a6 S5l s el Colls o8 ity b o s osdle sl I 55
b (K38l aree @39 Sz S (99 55538 SRS o3l slaaaly dig (bl 2 opdle i Ll ) ey alys JBlas 4y (6 Sl
55 6 Soil 28y s LY adye a3l b ol a8 LT 5l el sud @) g Sl s el ol <l sl 4o
3 S 3l Gl s 50 b I S Cnl olass 45 0l (a9 (nl SSTL S (s azlge JlaS L) e s 23803,
1Al Sl Rl G (b e (gL sla b plo slaws alS b oS wiS oo (o (B Slaghg, S oleidn )
axly (1) Cews Il b gg 2 slaselin )3 65958 pSeilul laaxly (pblr Grizres aidu Sep 1) e Olisebl Sl g2
Al VA 5 OV e AF g o sl lapinn (59; (s3leiiay o9y 45 Sl 53 4 3Y 05 (0 D jg0 iz by, (nl Lawgs o503l
VS 23, 1 opdle 4 wms e Ol @l ol el 0y ,F alie L3 slaiis, b s3ludnd 5| Jol> @l 5 ond (s5luesly IEEE
L solerig o9y 5550 5 e 2L wol cnl sl omis 57 ol (g S0l s el Sl 35 V> (S 50 (B ot
el a3 )5 )15 aslllas 3590 yho By slae S ST 58,5 IS 50 (e g (585 SN 0 b (398 3l (isren aad oo LA

Olebl el s ;oS oslal (39381 cannge @95 o598 s (S 230 69 xS0l slaasly aige Ll igals Clols

Placement of Phasor Measurement Units in Power Networks and
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Abstract: Nowadays, for more accurate system monitoring, analysis, protection and control, Phasor
Measurement Units (PMUSs) are used in modern power systems. Optimal placement of PMUs to maintain the
full network observability with the least number of these devices installed in the network is very important,
because of the significant cost of PMUs. Moreover, by maximizing the measurement system reliability, the
power system outage due to measurement system malfunction would be minimized. In this paper in addition to
the optimal placement of PMUs a new method is proposed for optimal distribution of measurements redundancy.
Since the buses having first order redundancy degrade the system observability by missing their measurements,
this method is used to reduce the number of these buses. On the other hand, the proposed method, in spite of
previous methods, is used to enhance the system observability by improving the redundancy order of the other
low order redundancy buses without increasing the number of the lower orders. In addition, by using this method,
the optimal PMU placement can be obtained considering the contingencies such as PMU or line outage. It
should be noted that the proposed methods are implemented on the IEEE 14, 30, 57 and 118 bus power
networks and the simulation results are compared with the previous methods. Simulations show that drawbacks
of previous methods are removed and in addition, in some cases, the reliability of the measurement system is
improved. This implies the better performance and more efficiency of the proposed method. In addition,
simulations are performed with and without considering the effect of zero injection buses.

Index Terms: Optimal PMU Placemet, Power System Observability, Optimal Distribution, Measurement
Redudancy,Reliability
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Fig (1): Direct and indirect observability
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Fig (2): Measurement redundancy in 4-bus system

Table (1): Measurement redundancy in 4-bus system
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Table (2): Comparing the transfers obtained by the base and the proposed algorithm for optimal distribution of measurement
redundancy
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Table (3): Reliability and total measurement redundancy after transfers obtained by the proposed optimal redundancy distribution
algorithm
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Fig. (5): Flowchart of the proposed method for optimal distribution of the measurement redundancy
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a) Before implement of the proposed algorithm

b) After fist transfer

c) After second transfer
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Fig. (7): Transfers after implementation the proposed algorithm for the optimal distribution of the measurement redundancy

oS j9a> 30 5595l G pSojlwl susly Ll -Y-F.
Yoo &y

blr 5 580 35 Glee S S 8,5 i )0 3550 50 (am Con
RS PRI R TNt SR DUSSICHI PSNE 781 R PPt
o ol e a g Wil Jate b a s aS coul glo S jho By 0,5
VAL g2 5o 30 00y &Il IEEE g 5o (slapinses (sloosls & axgi b
@ arg Lo e patie (B) Jgaz jo oS g cnl o)led
4 shax Sblr g ead bl giluacd dae S g5 (ol so,leds
g o alamde a5 jelailam il o (V) Jgo b Gollae 45 ooel e
el oals yiaS (3 a4 s 3LS 550 GPMU olass

bl 4 (K9l dnte @2595 GOl 98l Jlosl -F-F
o B2,y oS ypas 10 usly

oxl 03,51 yio 31,5 sloo S jpi y3 aasly bl [YF] g se 5o
e ol o sl 033,55 Jlasl (T 4 (Sig38l 98 sl oI ol
o il Sd a5 pslailon b anlss 4] Sl oyl 5 Lo loinnds gl
Slasi alS 4 i o )5 slae,S S35 Sl s w8
31 a8 358 o0 s S diug; Gl S Sl 990 SLPMU
Ol 2l ol (Byb 5 Ll il oo dbe oy ool ga
b 5 00,5 pogacme | (Sigil dntr @3 S (e sla Uil
ol b sl 9929 65268 laisl (S Sl s 4 o5 S
plel b aS 098 oo oualie (A) Jgozr Gilhas (Wb e pitans ;3 3929
D5 o 0 i S sRED-1 5l axlg 9o ¢ Jlaml g0

Ao Gy slee S ja> )0 b oblr jesd 4 arg LK o
5l olo b sla il sl (Sae ch oanlice 15 ik 0 a5
ssbie yho &) e S Sl jee a8V ST iy s Jle Glse «
Lol ol oo Sloz (ol yige b Y ub a0 F ol 5 Jlal wogy 00y )55
b dalgs ) g8l b Lol S sl il el J eyl 55T
JE eSS0 ko 51 Lol el s (1 nslinls JUinl a5
ez e Cla 4 gl slaclz 52 VA Wb VA Ll 5
abx>de (B) Jgoz j0 a5 ol MYA gicss 9550 0 LI €S5S
93,5 (50 Candy (D iy el VY @ Ve by sl Uil oS cplegs 5

©ole <> o PMU adyl bl V-
oS ol ol ole Sl i sliie 45 S5 e s stl el gl 4o
Bghges B i )5 slao S 5l jsbimes s PMU L Lo 4,5
oo b oole Lulyd )0 5,558 g pSosll slaasly (oLl cnlple
J3 sl isy jo a5 Ly, gllhe WPMU sl 4 4 glows
S 2 (sl 4 355 oo alam e (F) Jsgoz 10 55 so plonil e ey
iz 5 il eai Ol 5 5L 0,90 PMU slsd o po sl 5|
i 238 St Jlael 3l Sy s S ojlil (Sig38l IS mar
a5 0 aalys sanlice o sla isu o [VFlog aalss ol ax
)5 (o0 sl S bl (nl wi sl 8 555108 4
sasly oLl & (Kghl pi¢ skl Jlosl-T-F
62931 oIl

by g8 s ol (e (5938l e 4z 52 @9 S 5o
Sewd @ slaoblr & oeSTal o eolerin wisS) mizmen
03,5 oo dlin @l 5 Jlosl pi s8Il 90 o csole Lulyd s ousl
s PMU )05 adlal gy 09 o0 oamlive (B) Jgaz ;0 a5 jghilen
e (Sgl b slaasly slaws ool (o PMU Sluls L 6o
DP9y bl gy dunlie ;0 098 0 dnlS (ol al> o p2 50 oS
Szl o s )0 oz JUtla V-F-F 250 )0 olering
lipabol bl a5 by oo Consd ¥ 45 50 sl Sg 33 S Sloaas talS
3 ol i oe Sgnr kel 4 S ) 6 S0l s
e (FKigil <Slye 1l oy p 4 il o o8l o o8 Sl Jl
Shblpl 4 azgs b aSyl i mdei el oaid aisloyy YL 4 Y
sl 5992 5 BB LSl B8 51N S o oud ke
2o & 2255 pac 5 Ko aye (Sigil gy Bro izen 5 4l
97 it slacloz (38 e Sl Bl Sl il sla Sig 58!
Ol w981 93 52 laclyz 8 lge (B 2 50 Sl (Soe diz 5231
e ) el golgiti pinysSll o bl b, 4 azg b Lol aisly
sy 2y a0 4y (Ko 8l arege @35 950 50 At slaclsr (28,
Sbabulr o icwbio g sloclsr 5l jslaie a5 cunl SSar 0¥
SS938 e 4z 50 @98 L) 3 i bl 53, 2 WPMU
ool ol e Sla Sig Bl nlS S5y s (5 01



WAV lisey = G g (oo 05led — ot Jlo = 3 Canioo 50 sieisn (sleds

e b8 o sl 4 Connd dige laolsx (18 s 1 S
Ay ABlg3 20 4y 0l

it 45 CEF )3 by 3,90 s 33 slo0S 1 s sy
(ot 90903 pdyag,y Sz L 3,00 GLPMU ol als
s obl o 008 oo e plowedl collB mol58l 4 e
ASU IEEE a)b.SL‘;w‘ PRY] LSL“[V:’“‘?M’ $9) 2 & LSL‘”LS).L“A??".":’
Sbs; 4 ol gy e ) eumoplis a5 u
Lol i 00D 43|)|

g
1. Phasor Measrurement Unit
2. Optimal PMU Placement
3. Phasor Data Concentrator
4. Geographic Information System
5. Binary Search Algorithm
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Table (4): Placement of PMUs before implementation of the redundancy distribution algorithms
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Table (5): Comparing the results of the base and the proposed algorithm for redundancy distribution
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Table (6): Specifications of zero injection buses in IEEE test systems
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Table (7): Number of PMUs required before and after considering the effect of zero injection buses
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Table (8): System reliability before and after the implementation of the proposed measurement redundancy distribution algorithm in
the presence of zero injection buses
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