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Electricity Delivery System




Electricity Delivery System
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Figure: Electricity delivery system.

@ Generation, transmission, and distribution subsystems

@ Three-phase and high-voltage transmission
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High-voltage Transmission

03

Figure: Simplified power transmission model with Z, = R + jX; and Z; = R, + jX.

e Load power: Pp = |V{||lt| cos(£LV, — ZI})

o . p 2 RPL
@ Transmission loss: P; = Rj|lj|* = VR (ZV,—Z1)

High transmission voltage to reduce transmission loss

Unit power factor to reduce transmission loss
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Three-phase Transmission

Volts
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Figure: An example set of three voltages, each of which is 120° out of phase with the other two.

Three-phase synchronous generators
Three-phase loads and motors
Three-wire transmission line

Constant instantaneous power delivery
Efficient rectification for DC generation
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Three-phase Voltage Source




Three-phase Voltage Source

, [=240°V Vi =V, [120°

v, [0°

Vi =V, [2120°

V., =V, [240°

Figure: Positive (abc) and negative (acb) phase sequence in three-phase voltage source.

@ Positive sequence: o Negative sequence:
Van(t) = V cos(wt) = V,, = V/0° Van(t) = V cos(wt) = V,, = V/0°
Ven(t) = V cos(wt — 120°) = V, = V/=120° Vbn(t) = V cos(wt + 120°) = V, = V/120°
V,_-n(t) = VCOS(UJL‘ + 1200) =V, = !120o VC,,(t) = Vcos(wt — ]_200) =V, = £7120o

Van(t) 4+ Von(t) + ven(t) =0 = Van + Vi + Ve =0
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Three-phase Balanced Circuits




Three-phase Balanced Circuits

VB(

Figure: A three-phase system, connected Y-Y and including a neutral.

. Vi VN,,—Va/,, VNn_Vb/n VN,,—VC/,, o
o KCL: Zp + Zga+Zia+2Z1a Zep+Zp+Z1B +ch+zlc+ZLC =0
Va/n + Vb’n + VC/,1 =0
Zga = Zgp = Zge = Zg
Zia=2Zg =21 =2,
Zian=21g=2Zic=2Z1

@ Balanced condition: = Vu=0=In,=0
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Three-phase Balanced Circuits

‘V/w'l' A: VB(
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Figure: Single-phase equivalent circuit for a balanced positive-sequence Y-Y three-phase system.
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Three-phase Inter-connection




Three-phase Inter-connection

b b

Figure: Typical three-phase connections for source and load.
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Phase/Line Quantities

Figure: Phase and line quantities for load in A and Y connections.

o A load: @ Y load:

Line voltages: (Vag, Viac, Vca)
Line currents: (laa, b, lec)
Phase voltages: (Vas, Vic, Vca)
Phase currents: (lag, Isc, Ica)

Line voltages: (Vag, Viac, Vca)
Line currents: (laa, I, lcc)
Phase voltages: (Van, Van, Ven)

)
)
[
° Phase currents: (la, Ibg, lcc)
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Phase/Line Quantities

b-

Figure: Phase and line quantities for source in A and Y connections.

@ A source: @ Y source:
o Line voltages: (Vab, Vic, Vea) o Line voltages: (Vab, Vic, Vea)
o Line currents: (La, lbs, Icc) Line currents: (la, b, Icc)
e Phase voltages: (Vab, Vie, Vea) Phase voltages: (Van, Vin, Ven)
e Phase currents: (Ipa, leb, lac) Phase currents: (la, I, lcc)
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Figure: A-Y conversion for balanced load.
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A-Y Conversion

b

Figure: A-Y conversion for balanced source, where (V,/,, Vyr,, V) = (%{7300)(Vabuﬁ Vierry, V) for
positive sequence and (V,/ ., Vr,, Vor,) = (%/3[300)(%,,,,, Vyerr, Vi) for negative sequence.

VC’n - \/a/’7 = Vca// Va/n = %Vab// - %Vcall
Valn - Vbln = Vabll :> Vb/n = %Vbc// - %Vab//
Virn — Ve = Viperr Vi, = %Vca// — %Vbc”
Va/" + Vb/,, —+ Vcln =0 Vab” + Vbc// + Vca// =0
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Y-Y Balanced Connection
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Figure: Single-phase equivalent circuit for a balanced positive-sequence Y-Y three-phase system.

@ At source: o At load:
o |Vas| = V3| Var| o |Vag| = V3| Van|
] |IaA| ] |IaA|
o |Ss| = v/3|Vap||Loal o |Si| = V3| Vas||lanl
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Y-Y Balanced Connection

Figure: Single-phase equivalent circuit for a balanced positive-sequence Y-Y three-phase system.

@ Source:
V.,
o KVL: IaA = ﬁ
o KVL: Vap = Vi — IaZs
o KVL: Vip = Vip — Vi = Viay — Vi /—120° = V,,,1/3/30°
o Line currents: (la, Ivs, lecc) = l:a(1,1/—120°,1/4120°)
o Line voltage: (Vap, Vic, Vea) = Van(1,1/-120°,1/4120°)
o Phase currents: (la, lss, lcc)
o Phase voltage: (Van, Vin, Ven) = %4730°(Vab, Vie, Vea)
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Y-Y Balanced Connection

BC

Figure: Single-phase equivalent circuit for a balanced positive-sequence Y-Y three-phase system.

@ Load:

V.,
. _ o
KVL: a = Ze+ 21+ 2,

KVL: VAN = IANZL

KVL: Vag = Van — Vv = Van — Van/=120° = Vanv/3/30°
Line currents: (la, Ibs, lecc) = la(1,1/—120°,1/4120°)

Line voltage: (VAB, Vie, VCA) = VAB(L 1{—12007 1{+1200)
Phase currents: (L, I, lec)

Phase voltage: (VAN, Van, VCN) = %17300(%43, VBC7 VCA)
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Y-Y Connection

Figure: Single-phase equivalent circuit for a balanced positive-sequence Y-Y three-phase system.

@ Delivered instantaneous power:
Ps(t) = Van(t)ina(t) + Ven(t)ins(t) + ven(t)inc(t)

| Vian|Lal[cos(£ Van — Zlaa) + cos(wt + £ Vap + Z1:4)]

+ | Vin || log |[cos(£ Vien — ZIbg) + cos(2wt + £V, + ZLlpg)]

+ |Ven|llec|[cos(£ Ven — ZLlcc) + cos(Ruwt + L Vey + Zlec)]

= |Van||laa|[cos(2wt + £V + ZLlaa) + cos(2wt + LV, + Llaa — 240°)
+ cos(2wt + £ Vi + Lo + 240°)] + 3| Van| | l2a] cos(£Van — ZLlsa)

= 3|Van||laa| cos(£Van — Zlap)

= V3| Vi | laa| coS(£LVan — Llan)
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Y-Y Connection

Figure: Single-phase equivalent circuit for a balanced positive-sequence Y-Y three-phase system.

@ Delivered apparent power:

SS = Vanl,:; + Vbn’:b + VC"In*c
= |Van|12al(£Van — Zlaa) + [Ven| 168 1(£Ven — ZIbg) + | Ven|llec|(£Ven — £lec)

= 3|Vanl|laal (£ Van — Z1aa) = V3| Vap|lal (£ Van — ZLlaa)

@ Delivered real power:
Ps = 3| Van||lsa] €0S(£ Vap — Z134) = V3| Vap||laa| coS(£L Vian — Z1:a)

@ Delivered reactive power:
Qs = 3|Vanl|laa| Sin(£Van — L) = V3| Vap|[lsa| $in(£Van — Z12a)

Fall 2021
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Y-Y Connection

Figure: Single-phase equivalent circuit for a balanced positive-sequence Y-Y three-phase system.

@ Absorbed instantaneous power:

van(t)ian(t) + ven(t)isn(t) + ven(t)icn(t)

|Van !l laal[cos(£Van — Z1:a) + cos(2wt + ZVan + ZLlaa)]

+ | Vel bg|[cos(£Ven — ZLipg) + cos(2wt + £V + Zlbg)]

+ |Ven||lec|[cos(£Ven — ZLlec) + cos(2wt + ZVen + Zlcc)]

= | Van||a|[cos(2wt + £ Van + Zlaa) + cos(2wt + LVan + Lloa — 240°)
+ cos(2wt + LVan + Llaa + 240°)] + 3| Van||laa] cos(£Van — Zlaa)

= 3|Van||laa] cos(£LVan — Z1,a)

= V/3|Vag|| laa| cos(£Van — Zla)

= V3| Vag||laa| cos(£2;)

pe(t)
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Y-Y Connection

Figure: Single-phase equivalent circuit for a balanced positive-sequence Y-Y three-phase system.

@ Absorbed apparent power:

St = Vanlay + Venlgy + Venlcy
= [Van||lal(£Van — Z1:a) + | Ven| b |(£Ven — Zlbg) + | Ven||lec|(£Ven — Zlec)
= 3|Van||lal(£Van — Z1aa) = V3| Vag|[hal(£Van — Zlan) = V3| Vasl|hal(£2,)

@ Absorbed real power:
P = 3|Van||laal cos(£Van — Z1:a) = V3| Vag||laal cos(£Van — £1:a) = V3| Vag||laal cos(£2,)
@ Absorbed reactive power:

Q1 = 3|Van||laal sin(£LVan — Zl.a) = V3| Vag||loa| sin(£Van — Zl:a) = V3| Vag||lal sin(£2Z;)
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Y-A Balanced Connection

Figure: Single-phase equivalent circuit for a balanced positive-sequence Y-A three-phase system.

@ At source: @ At load:
o |Vap| = V3| Van| o |Vas|
o |lal o |loa] = v/3|las]
o |Ss| = /3| Vab|| laal o |Si| = V3| Vag|| a4l
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Y-A Balanced Connection

Figure: Single-phase equivalent circuit for a balanced positive-sequence Y-A three-phase system.

o Load:
o KVL: f,n = ﬁ
o KVL: VAN = IANZL/3
o KVL: lia = Iag — lca = (Vag — Vag/+120°)/Z; = Iagv/3/—30°
o Line currents: (la, Ivs, lecc) = la(1,1/—120°,1/4120°)
o Line voltage: (VAB, Vsc, VCA) = VAB(]., 1{—1200, 1{+1200)
e Phase currents: (IAB, Isc, ICA) = L&(/&,A, Ips, /Cc)

3

Phase voltage: (Vas, Ve, Vca)
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Y-A Connection

Figure: Single-phase equivalent circuit for a balanced positive-sequence Y-A three-phase system.

Absorbed instantaneous power:

pL(t) = 3| Vag||lag| cos(£Vag — Zlag) = V3| Vag||la| cos(£Vag — Zlag) = V3| Vag||laa| cos(£Z;)

Absorbed apparent power:
Si = 3|Vaglllag|(£Vag — Ziag) = V3| Vag|lal(£Vas — Zlag) = V3| Vag||lal(£20)
@ Absorbed real power:

PL = 3|VABHIAB| COS(ZVAB — ZIAB) = \/§|VABHIQA| COS(ZVAB — ZIAB) = \/gl VABH’aA‘ COS(LZL)

Absorbed reactive power:

QL = 3|VABHIAB| sin(LVAB — LIAB) = \/§\VAB||IEA| sin(éVAB — ZIAB) = \/§|VABHIQA| sin(ZL)
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A-Y Balanced Connection
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Figure: Single-phase equivalent circuit for a balanced positive-sequence A-Y three-phase system.

@ At source: o At load:
o |Vap| o |Vag| = V3| Van|
o |hal = v/3|lb o |4l
o |Ss| = /3| Vap||laal o |Si| = V3| Vag||laal
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A-A Balanced Connection

Figure: Single-phase equivalent circuit for a balanced positive-sequence A-A three-phase system.

@ At source: o At load:
o | Vi o |Vag|
o |lal = V/3|lba| o |la| = V3| s
o |Ss| = V3| Vab|| laal o |Si| = V3| Vag||laal
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Balanced Three-phase Interconnection

Example (Delta-Wye connection for induction motors)

Induction motors provide much torque for A connection.

@ Y connection:

Py = \/§|VAB||IaA| COS(ZZL)

V,
= V3Vas) Y o5 21) 1 1 .
|ZL| K3 s " .
[Vas |
= cos(Z£Z,
Z] (£21)

@ /A connection:

Pa = V/3|Vag||la| cos(£Z;)
= V3| Vag|V3|lag| cos(£Z,)

[Vas|
|2,

= 3‘ VABl COS(ZZL) = 3Py
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Balanced Three-phase Interconnection

Example (Reactive power compensation)

The pure leading capacitive load Z; can compensate for the reactive power absorbed
by the lagging inductive load Z, with PF; = 0.75 and |S;| = 30 kVA, where the
line voltage is 381 V.

@ Inductive load:

S, = 30/+cos™1(0.75) = 30/41.41° = 22.5 + j19.84 kVA

u Lo 4,
. )i

o Capacitive load: b —

¢ :
_ * _a(iR \* 2 _ . 2 1. A
St =3Vas la s, = 30Bc)" [Vays |° = —j3Bc x 381° VA ‘ . A
@ Overall load: B, c
Z B G

S=5+S5, =225+ j19.84 — j435.5B,
IS =0 = B. =0.0456 U
f=50Hz = B, = wC =27fC = 0.0286 = C = 145 uF
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Balanced Three-phase Interconnection

Example (Reactive power compensation)

The pure leading capacitive load Z; can compensate for the reactive power absorbed
by the lagging inductive load Z, with PF; = 0.75 and |Sz| = 30 kVA, where the

line voltage is 381 V.

@ Inductive load:
381

So = 3Vaynlon, s Vagn = —=/0°
2% 2 V3 a 1, 4,
= loa, = 45.5/—41.41° b I,
. ¢ . .
o Capacitive load: I 4 ,
laay = (Bc)|Vay B, 1/30°(v/3/=30°) = 30.1/90°
B q
Z B, q,

@ Overall load:
loa = IaAl -+ IaA2 =34.1—,0.0 = 34.].&O
Fall 2021 32,9"42
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Imbalanced Three-phase Interconnection

Example (Imbalanced three-phase circuit analysis)

Nodal or mesh analysis can be used to analyze the imbalanced three-phase circuit
below.

—3 - C
Z,

(Vs Vs Vor ) = 1000(1, 1.2 — 120°, 1.£120°) Vims
Zeo = Zop = Zoe =2+ 8,21 = Zip = Zie = 1+ j2, Za = 19 + j18, Zyp = 49 — j2, Zyc = 29 + j50 Q2
(zge + Zic + Zic)lec + (Zua + Zia + Zga)(lec + IbB) = Viry — Vi
(zgb + Zib + Z18) b + (Zia + Zia + Zga)(lec + o) = Vi — Vs,
I, = 13.15 — j19.15

= g = —19.95 — j10.38 = S = Ziallal® + Zis|ls|* + Zic|lec|* = 42057 + 24994 VA, Lag
l.c = 6.8+ j19.53
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Power Measurement




Ideal Power Me

1 I
¥ ¥
vV Z, =y Z,

Figure: ldeal single-phase wattmeter with having no voltage drop and no drawn current in series and parallel

measuring branch, respectively.

W =R{VI"} = |V||l|PF = P,

Circuit Theory Fall 2021
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Three-phase Power Measurement

Figure: Three-phase power measurement using three wattmeters.

Wi+ Wo + Wa = R{Vanliy} + R{Vanlin} + R{VenIiy} = PL
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Three-phase Power Measurement

Figure: Three-phase power measurement using two wattmeters.

Wi+ Wo = R{Vagl;, + Veallc}

= R{(Van + Vg) s + (Ven + Ve) I}
= R{Vanly + V(laa + lec)™ + Venlic}
= R{Vanlja + Venlps + Venlic} = Pu

Wi+ Wa = R{Vaglj + Veallc}

= R{Vas(lag — lca)" + Vea(lca — Isc)™}
= R{Vaslag + (Vcg — Vas)lca + Vaclpe}
= R{Vaslag + Vealda + Vaclpe} = Pu

Mohammad Hadi
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Three-phase Power Measurement

Figure: Three-phase balanced power measurement using two wattmeters for positive phase sequence.

Wi+ Wo = R{Vagly + Veallc} Wo — Wi = R{Vealic — Vaslon}

— R{(V3L30°)W Vol + (VBZ — 30°)Ven -} = R{(V3£ — 30°)Venlle — (V3£30°) Van iy}
— R{I(V3L30°) + (V3£ — 30°)| Van Iy} = R{[(V3Z — 30°) — (v/3£30°)]Van/;,}

= R{2V/3cos(30°) Vanljy} = R{—j2V/3sin(30°) Va5 }

— 3R {Vall) = P - %3%{%4,\,/;} - %

PF = cos (tan71 (\/§(Wz - W)/ (W + Wz)))
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Phase Sequence Determination

Example (Phase sequence determination by imbalance load)

An imbalanced load of 100(1, /90°,1) can be used to determine the phase sequence
in the circuit below, where is absolute phase voltage is 220 Vs.

Positive phase sequence: Negative phase sequence:
100/4n +j100(IAN + ICN) = Vg = 381£0° 100/an +j100(IAN + ICN) = Vg = 38120°
—100/cy — j100(/an + Ien) = Ve = 3814 — 120° —100/cy — j100(/an + len) = Ve = 381£120°

= |Van| > |Venl|

Ian = 1.9 — 48.45°
{AN = |[Van| < |Ven|

Ian = 0.51/11.55°
ley = 0.51./71.55°

ey = 1.94 — 108.45°
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Phase Sequence Determination

Example (Phase sequence determination by induction motors)

The direction of rotation in three-phase induction motors is an indicator of the
phase sequence.
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The End
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