Sbcunﬁfﬂibn
Distr{bution
oystem.
Modelln&

g
Analysis

William H. Kersting

@ CRC Press



Table of Contents

1.1
1.2
1.3
14
15
1.6

21
2.2

23

24

25

Introduction to Distribution Systems ......veviiiivccneeniiiiiiniicnnnen, 1
The Distribution SyStemM. ...ttt 2
Distribution SUbSIAONS oo 2
RAQIal FOOAOIS 1oreeieeeeeeei et seietesrs s e e ee e e sba s essetasnser e e s nmssaeen b s abaen e 5
Distribution Feeder Map ... 6
Distribution Feeder Electrical Characteristics.......ooirmmnnencennnciniiin 8
SUUITIITIATY «oecvnrvacasnrsessesseesss s bbb RS0 9
The Nature of LoadsS...cccivevreericaeimmnerinmsiiimriisssssnmsissoseiii 11
DD Tt IO ES o evvieeeveeeeeesaeeeieeeeessteeasssesaaessne s e s e seeesneesbsoRba s bt s a b s as e s n et as i naE s 11
Individual Customer Load.....cvvveeeicirniiniiierenes e 13
R0 B B =3 4 V=11 T« DRUTURU OOV OO OO O U P OO U DO p PSPPI 13
222 Maximum Demand ........ccoeminrenrieire e eers s srrsase s e sisaei 13
223  Average Demand.......oiii s 14
T24 oA FaChOT oot eeeee et et st e ent e sae e eetess st 14
Distribution Transformer Loading.........oveieeinnimmminnniriinnnnies 15
231 Diversified Demand. ..ot e 16
232 Maximum Diversified Demand ......c.ccoovrmimiminineniiienninnnnees 17
233  Load DUration CUIVE ... erermrniec e eeissesssssiasasssssassssasess 18
234 Maximum Noncoincident Demand ......ocevominiiminieeieinennn 18
2.3.5 Diversity Factor (DF) ... 19
236 Demand FACtOr ..o eeeeeee sttt snner s reeseseeses b sas s sa s eneessness 19
3.7  UtHZation FactOr o oriisieeerrismeee et e aicssins s sssnssnassssesssina s 20
2.3.8  Load DIVEISIY ccooviiiiieriririins e 21
FeRAer LA oo eeeeeeeieteevesarsreseteesbe s sasesssennear e e s s et e s ene e bt e s s anr e s eeae 21
941 Load ALLOCATION ccoviiiieescreeeieretr e riesecerere s s e sae s 21
24.1.1 Application of DFs ..o 22
2.4.1.2 Load SUIVEY ..ottt 22
2.4.1.3 Transformer Load Management ..., 26
7414 Metered Feeder Maximum Demand ... 26
24.1.5 What Method to Use? .....ocoiieviciirecnnsn e 28
242 Voltage Drop Calculations Using Allocated Loads ......ccoooveee 28
2421 Application of DFs ..o 28

2422 Load Allocation Based upon
Transformer RatiNgs .......ccovererveserieenmnmscininicsnnenseess 32

SUUTUYLALY 1o eceorveoeemcse s bbb s 34



3  Approximate Method of Analysis....ccccenviiiniinincccccnnnnecnnnnen 41

3.1 VORAZE DIIOP i seeecee e e e en e 41
3.2 Line Impedance..........cvvviiiiiiiii e 43
3.3 K FACIOTS .o ba bbbttt s 45
331 Ky FACOT 45
332 K, FaCtOor o 48
34 Uniformly Distributed Loads ... 49
341 Voltage DIop .o 49
342 Power LOSS ccoviviiiiiiiinini s 52
3.4.3 The Exact Lumped Load Model......ccooivvvininniccicinicnen, 54
3.5 Lumping Loads in Geometric Configurations........cocoooovvniiinnnnn. 57
351 The Rectangle. i 57
3.5.2 The Triangle ..o 62
353 The Trapezoid ..o 68
3.0 SUITNUTATY ..ottt e et 73
RELETEIICES ... cvovverrirseeeneremrrrs et es bbb b et er e 73

4  Series Impedance of Overhead and Underground Lines......... 79

4.1 Series Impedance of Overhead Lines ... 79
411 Transposed Three-Phase Lines.........cocviiiiiii 80
412 Untransposed Distribution Lines ......c..cocooevevvvccninnncreeenen. 81
413 Carson’s EQUAtiONs ... 84
414 Modified Carson’s EQuations.........ooinininiii, 85
4.1.5 Primitive Impedance Matrix for Overhead Lines ..............c...... 88
4.1.6  Phase Impedance Matrix for Overhead Lines..............cccc.c....... 89
4.1.7  Sequence Impedances......i e 92

4.2 Series Impedance of Underground Lines.......ccovvvvneiiiniinicnns 102
421 Concentric Neutral Cable ... 103
422 Tape Shielded Cables............cocooiiicii e 109
4.2.3 TParallel Underground Distribution Lines ... 113

4.3 SUINIMATIY oottt imr s s st et et et 117

RefBTOMCES. ..ot e 118

5  Shunt Admittance of Overhead and Underground Lines...... 125

5.1 General Voltage Drop EqQuation ..o, 126

5.2 Overhead LINes ... 127
5.21 The Shunt Admittance of Overhead Parallel Lines................ 131

5.3 Concentric Neutral Cable Underground Lines ...........cccooeiniin, 134

5.4 Tape-Shielded Cable Underground Lines ........ccocoooverioiiiiecicicnnn, 138

5.5 Sequence AdmMItEANCe ... 140

5.6 The Shunt Admittance of Parallel Underground Lines.................... 141

5.7 SUIMINATY (oot t et t e s s et 142

REEIEIICES. ...ttt e e e e eae e s s ee e s reae s e e e e e s e emenns 143



6 Distribution System Line Models i 145
6.1 Exact Line Segment Model i 145
6.2 The Modified Line MOl ... 152
621 The Three-Wire Delta Line ... 153
6.2.2 The Computation of Neutral and Ground Currents............ 154

6.3 The Approximate Line Segment Model.......oniiis 157
6.4 The General Matrices for Parallel LINES ..oveeoieiercnrecinnreseieeseeescassns 162
6.4.1 Physically Parallel Lines ... 166
6.4.2 Electrically Parallel Lines ... 172

B.5  SUINTIIALY covoeeoeieieemeeiesrt e ot 178
REEEIEIICES 1.1 eecvevraseesereescseeees besbababasas e E s bbb S h bbb 178
7 Voltage Regulation...iiiimisiisnn e 185
71 Standard Voltage Ratings ...occo.coverinmmimirmrimssssmis s 185
72  Two-Winding Transformer Theory ... 187
7.3  Two-Winding AUtOtransformer. ...t 191
73.1 Autotransformer Ratings ... 196
7.3.2  Per-Unit IMpedarnce ... 198

74 Step-Voltage Regulators ... 202
7.4.1 Single-Phase Step-Voltage Regulators ..o, 204
7.4.1.1 Type A Step-Voltage Regulator...oooocvreviircininnnnss 204

7412 Type B Step-Voltage Regulator ..o 204

7.4.13 Generalized Constants ... 208

74.1.4 The Line Drop COMmMpPensator ... 209

742 Three-Phase Step-Voltage Regulators ... 215
7.42.1 Wye Connected Regulators....ooeeeeriisisiinininnnenncns 215

7.4.22 Closed Delta Connected Regulators.......ccooennnn, 221

7.4.2.3 Open Delta Connected Regulators reerereeeescessinainenens 224

AT TEL VS (E0 s RN ISERE BRI FUSE S 234
REFCIREITES e eeeeeeeeesesssaesasesteseeesesesnn ot sssaesessssa ek bbb hA bR 235
8 Three-Phase Transformer Models .o, 241
8.1 INEOAUCHON coeevoeeoirsecrererereen s rees it ana s era b bbb bbb pLy|
8.2  Generalized MAtrICeS «..ocveveverereereriebrrsssmrnrss st 242
8.3 The Delta-Grounded Wye Step-Down Connection ... 243
8.3. 1 VOIAZES covvveveersseessessssss e s 244
8.3.2  CUITEIUS weveeevrrvimeerermemmststeiasssmsasasses s s s s ar s b 248

84 The Ungrounded Wye-Delta Step-Down COMMECHON. ccoccvvvnerivevinnnens 254
85 The Grounded Wye-Grounded Wye ConNECHON c....cvvenececerrreessinnnns 264
8.6 The Delta-Delta COnnection. ... 266
8.7 Open Wye-Open Delta. ..o 278



8.8 Thevenin Equivalent Circuit.......cooveoviciiiiivicnrecsnsiressee e 284
B9 SLUIUMATY oottt cest s rere st sra s s nn e 287
G Load Models v iieeiivieeiireeveressteecessessseessesssssessreressresssssssrssssees 293
9.1 Wye Connected LOads ..., 263
9.1.1 Constant Real and Reactive Power Loads .occovvveeeeveeveeseevnenns 294
9.1.2 Constant Impedance Loads...........ccoovviicrvcenncinencinnennn, 254
9.1.3 Constant Current Loads ...t eee e 295
9.1.4 Combination Loads. ... eee e 295

9.2 Delta Connected T.0ads. ..ot ee e ee e e et s erasans 298
9.21 Constant Real and Reactive Power Loads....ccooovevvcoecinenne, 269
9.2.2  Constant Impedance Loads ..., 299
9.2.3 Constant Current Loads ... 300
924 Combination LoadsS. ..o eee et eeesa e 300

9.2.5 Line Currents Serving a Delta Connected Load.......ccouuuc.... 300

9.3 Two-Phase and Single-Phase Loads ..o, 300
9.4 Shunt CapatifoTs.....ic e s 300
931 Wrye Connected Capacitor Bank ..o, 301
9.3.2 Delta Connected Capacitor Bank .............ccoccormininivcnnnen 301

9.5 The Three-Phase Induction Machine..............ccooooiiciiconiccinecinennne 302
951 The Induction Machine Model ...........c.coccoomervevevcvnsemreeeeen, 303
952 The Equivalert T CIrcUito....ocoovioiiiireneeenrcetenseescsisescenans 308
953 Computation of SHDP e, 315
9.5.4  INAUCHON GENETATOT it ittt eeesmeeeaeanesseressineeesesreesen 318

9.6 SUIMUTIATY -1ovevermiii it ees st b sase et st s e 319
RELEIEIICES ... ettt sa et e et e et e s et e e e ste e e et asee st eemternenr e 319
10 Distribution Feeder Analysis ....ccocoieenvvirereenrninnnsesesesnnaseenans 323
10.1 Power-Flow ANalysis ..., 323
10.1.1 The Ladder Iterative Techmiqe. ..c.cocnmrvemeneesneeerneeennn 324
10.1.1.1 Linear Network ..o e 324

10.1.1.2 Nonlnear NetWork ..o eoeeeeeeeeeeeees s erevse e esen 325

10012 General Feeder. ittt 328
10.1.3 The Unbalanced Three-Phase Distribution Feeder................. 330
10.1.3.1 Series COMPONENES ....ovvcveriinieniecrrerrsesseeeseenene 330

10.1.3.2 Shunt COmponents .......c.cccoveoercrreeecneccrenssereneceennes 332

10.1.4 Applying the Ladder lterative Technique.........c.oooovciieciceic 333
10.1.5 Let Us Put It All Together.....cooooovieiiicicnncncccicie 334
10.1.6 Load ANOCATION vttt nan 343
10.1.7 Summary of Power-Flow Studies...........coccoooooiivconiniivcnen. 343

10.2 Short-Circuit SEIAILS .ovvivvicet sttt te et et snt et en s ee 344
10.2.1 General TREOTY ......cveveeecc et 344

10.2.2 Specific Short CIrCUIts. ..o e, 348



103 SUITUIIATY evuvvrisaraaiararessses st ers st nar s e r e 353
REFETEICES. ... cvvtveaersei e cnteb et bbb s 353

11 Center-Tapped Transformers and Secondaries.......cooveiivens 357

11.1 Center-Tapped Single-Phase Transformer Model ... 358
11.1.1 Matrix EQUatiONS ..ocoviiciiiiici e 359
11.1.2 Center-Tapped Transformer Serving Loads

through a Triplex Secondary ... 365

11.2 Ungrounded Wye-Delta Transformer Bank
with a Center-Tapped Transformer ..., 370
11.2.1 Backward Sweep EQUations ..o 370
11.2.2 Forward Sweep EQUations. ... 375

11.3 Leading Open Wye-Open Delta Transformer Connection .............. 382

11.4 Lagging Open Wye—-Open Delta Connection ... 385

11.5 Four-Wire Secondary ...t 388

11.6 Putting It All TOGEther vt 392
11.6.1 Computation of Line-to-Neutral Transformer Voltages ......... 393

11,7 SUITIITIALY cooreemaiermissserssnssessers s 404

REFETEIICE w...evevereeeieeeeeeensesseessr e e e eee e ec s s bbb b s bbb bbb 500 404

Appendix A ..ooiiinneenns DO UU UV P U UOOR PP PPRP TS OTR P 407

APPEndixX B e 411



