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Unit 1 Generation of Three-Phase Voltages

1.1 Text

Generation, transmission, and heavy-power utilization of ac electric energy almost invariably
involve a type of system or circuit called a poly-phase system or poly-phase circuit. In such a system,
each voltage source consists of a group of voltages having related magnitudes and phase angles.

(1] Thus, a g-phase system employs voltage sources which typically consist of q voltages
substantially equal in magnitude and successively displaced by a phase angle of 360°/q. [2]1 A
three-phase system employs voltage sources which typically consist of three voltages substantially
equal in magnitude and displaced by phase angles of 120°.Because it possesses definite economic
and operating advantages, the three-phase system is by far the most common, and consequently
emphasis is placed on three-phase circuits in this appendix.

The three individual voltages of a three-phase source may each be connected to its own
independent circuit. We would then have three separate single-phase systems. Alternatively, as will
be shown in Section A.1, symmetrical electric connections can be made between the three voltages
and the associated circuitry to form a three-phase system. It is the latter alternative that we are
concerned with in this appendix. Note that the word phase now has two distinct meanings. It may
refer to a portion of a poly-phase system or circuit, or, as in the familiar steady-state circuit theory, it
may be used in reference to the angular displacement between voltage or current phasors. There is
very little possibility of confusing the two. [31]

Consider the elementary two-pole, three-phase generator of Fig.1.1.1. On the armature are three
coils aa',bb',and cc' whose axes are displaced 120° in space from each other. This winding can be
represented schematically as shown in Fig.1.1.2. When the field is excited and rotated, voltages will
be generated in the three phases in accordance with Faraday’s law. If the field structure is designed
so that the flux is distributed sinusoidally over the poles, the flux linking any phase will vary
sinusoidally with time, and sinusoidal voltages will be induced in the three phases. [4]As shown in

APPENDIX A Three-Phase Circuits

Armature
structure or stator:
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Excited by direct
current through
slip rings

Field structure
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by direct current
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Fig. 1.1.1 Elementary two-pole, three-phase generator



Fig.1.1.3, these three voltages will be displaced 120° electrical degrees in time as a result of the
phases being displaced 120° in space. The corresponding phasor diagram is shown in Fig.1.1.4. In
general, the time origin and the reference axis in diagrams such as Fig.1.1.3 and Fig.1.1.4 are chosen
on the basis of analytical convenience.

b’
a
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(b)
Fig. 1.1.2  Schematic representation of the windings of Fig. 1.1.1
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Fig.1.1.3 Voltages generated in the windings of Fig.1.1.1 and Fig.1.1.2

V.

%

Fig.1.1.4 Phasor diagram of generated voltages

There are two possibilities for the utilization of voltages generated in this manner. The six
terminals a, a', b, b', c, and c' of the three-phase winding may be connected to three independent
single-phase systems, or the three phases of the winding may be interconnected and used to supply a
three-phase system. The latter procedure is adopted almost universally. The three phases of the
winding may be interconnected in two possible ways, as shown in Fig.1.1.5. Terminals a', b', and ¢'
may be joined to form the neutral n, yielding a Y connection, or terminals a and b', b and ¢', and ¢
and a' may be joined individually, yielding aA connection. In the Y connection, a neutral conductor,
shown dashed in Fig.1.1.5a, may or may not be brought out. If a neutral conductor exists, the system
is a four-wire, three-phase system; if not, it is a three-wire, three-phase system. In the A connection
(Fig.1.1.5b), no neutral exists and only a three-wire, three-phase system can be formed.

The three-phase voltages of Fig.1.1.3 and Fig.1.1.4 are equal and displaced in phase by 120
degrees, a general characteristic of a balanced three-phase system. Furthermore, in a balanced three-

03.
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(b)
Fig. 1.1.5 Three-phase connections: (a) Y connection and (b) A connection

phase system the impedance in any one phase is equal to that in either of the other two phases, so
that the resulting phase currents are also equal and displaced in phase from each other by 120
degrees. Likewise, equal power and equal reactive power flow in each phase. An unbalanced
three-phase system, however, may be unbalanced in one or more of many ways; the source voltages
may be unbalanced, either in magnitude or in phase, or the phase impedances may not be equal. Note
that only balanced systems are treated in this appendix, and none of the methods developed or
conclusions reached apply to unbalanced systems. Most practical analyses are conducted under the
assumption of a balanced system. Many industrial loads are three-phase loads and therefore
inherently balanced, and in supplying single-phase loads from a three-phase source definite efforts
are made to keep the three-phase system balanced by assigning approximately equal single-phase
loads to each of the three phases.

1.2 Specialized English Words
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a four-wire, three-phase system  — AP0k | R 4¢
power flow A DrER
reactive power flow pzibibin
unbalanced three-phase system  ANXFFR —HH R 4
balanced three-phase system YRR =AM RSt

1.3 Notes

[1] In such a system, each voltage source consists of a group of voltages having related
magnitudes and phase angles.©1]#', “having related magnitudes and phase angles” f& —NEL7E 43 7]
FiE, HAH41E “voltages” MIGEEE, FrLARAEM: “EXMASES, gtk 2hmiEE
AARALERA AR B RICOR R — A R IS A7

[2] Thus, a g-phase system employs voltage sources which typically consist of g voltages
substantially equal in magnitude and successively displaced by a phase angle of 360°%/¢.3X /& — 1~ F
MR AR, HFEAIN: “a g-phase system employs voltage sources”, H15E & M A 5] T 1] “which”
g1 TR EIEMA]: “typically consist of g voltages substantially equal in magnitude and successively
displaced by a phase angle of 360%/¢” 544 1i “voltage sources” f{IJ5 B &, Frllem)iFm: “
ik, ALk g ARG F DA, TR A N2 360%/q K] q HHE”.

[3] There is very little possibility of confusing the two. X FJiFIHLSZRFE &, FEREFE
“little” XA E L, HEIENE “little” 5 “alittle” HIXH): “little” Fon “HE D7, 1M
“alittle” For “H 87, PrLl, HANIER: “XWNEZEILFASEH LB X,

[4] If the field structure is designed so that the flux is distributed sinusoidally over the poles,
the flux linking any phase will vary sinusoidally with time, and sinusoidal voltages will be induced
in the three phases. XMA) TR 2, Wk B, €& MHIFFER “and” HFHA
FfJ: “If the field structure is designed so that the flux is distributed sinusoidally over the poles, the
flux linking any phase will vary sinusoidally with time”#1“ sinusoidal voltages will be induced in the
three phases” EHHERKIHFIEE M. AALH—NMFREAS N IEES, Neklts, B£
—/NH “If” 51 FHEIRIE M A “the field structure is designed so that the flux is distributed
sinusoidally over the poles” 53] “the flux linking any phase will vary sinusoidally with time”
AR ENEEA . AARTIELMHIRIEMNG “the field structure is designed so that the flux is
distributed sinusoidally over the poles” A& X 2&—NMENTEA], HERE: “the field structure
is designed”, M AJZH “sothat” 5| F K4 FAREMA: “the flux is distributed sinusoidally over
the poles”. FLL, 2AINFER. “ USRS G RAHER BOBYE RIRR T 52 9 A0 1018, 36
AR MR BE B B BE I (B IE523R 0 T, BRI 7E = ARG (= A = AH IR X R

HA—RIEZ: E4M ERIFFER “and”, FEIEE LEEEHFANER, HEBEEX
2 R By, ERES X IR “IHH7 1, me CaBiE” 1.



1.4 Translation

AR A

TR Bk LRI E RS &%, LPEEY R Z RGNS AH B . £
R, e kR I EMAM AL B R W —H B EH k. B, ARk q tHREM
MEH A/ NEARME, TAMANEZE 360% 1 ¢ HHEE. AR=HAZHHETL K NELR
%, TMAAMANEZE 12000 = B E. FEAEHAAHE LB N5 MIZAT 7 mr s,
FE=MHALERES NIEBRANBEBHN RS . X, AHBEEARBER T AMZPHES.

SAEBEEFH=AANEREE, T4EESEAARMEE. X, @ =1 ARKS
ARG . BeaiGil, EAKE AL TTHERRIAE, AT LE=AH i R 500 R 3 =AH SR & 2 [
B — A=A ERGHMAFES, (6 7T 1EESAMZKIE. HER, “H” X413
AR THARRBE L. HrTLFEZH RGN PR —ANEB5, W aREART B iaas®
BRI AR, FRF R BRI E Z M AR . XPEZFJLFASHE A8 L.

WmE 1.1.1 fim, A GRIAMPHEHR =B fEH AP A =20 aa’"bb’ flcc', H
BhERAE 2518 B 22 120°0 ) L . IANMSRAHWTERRZ, W 1.1.2 Fizs. A B B AL
PR, ARIEVER S RN B, fE = ARG P RS R N AR N LR . R R
GERIB T B RGBS AR R T IESX A I1E, 82T —HH R BE th S RE I A) IE5Z 246 T, BRI
FEEASH P E A= IEZEE. W 1,13 s, B TFHSAESREE 1200, HiiX=
AHE R AR (A L H 2 1200 B AHNAAHERWE 1.1.4 fia. @5, £l 1.1.3 M
B 1.1.4 Bz i A0 2 B vh (g B [0S s RIS 5 Bl IR Y, #REE Tt i L% 8.

FIX A 71 % 0 R TSR ER B AT VB . AR = ARSRA 6 N AL ay a's by b ¢
Ao RERB =M AL, WD ZSA R = MM EIERR RN — AN =R G4 E.
ZHEXARVESEE . W 1.1.5 Fin, S = MErTameEE . TR
Ala's bR SRR AT A n, B Y Bk thralsa a F b bRl ¢y c Al a's
RIEBRR MR A B 76 Y Bk, AP HA n 5IHKSE (FEE 1.1.5a F EBEE)
AIEA . MRBWE, ZRENFRZ A =MIULEH mRER, WKRZAH=MH=4H. f£A
Bk (i 1.1.50 Frs) &, B TRAE TS, A RER =S RS

Wik 1.1.3 ME 1.1.4 Fiosf) AR R/AMESE, A EHZE 1200, X2 — R =
MXFRRGE. WA, E=HXNRARLS T, T8 M5 AR A I FEPTAESE, Fitk
BARP RAE R /NS, AR EH 2 1200, [F3E, RHETHEDERMALEIRBES.
R, N FANKARG KU, EARNKATUAE ML iFRBEREEAXR, XX
Al RERHEEEM RIS, HATRERAAN EAREE 120°, SEBWEBRRZ; WAETRES
MRS BEEERR: ARXRRENTRERSL, BHSHOFEMGRHIAERTA
MHERG. LT, SITRMEMRAREHIEEIR M. 2 DI aEHE =M,
BRI T SR AR X AR IR, TR A =AH B iR AR S b i, BB B EEHETR
BEREBEMASN RN, UEF=MHREKXR.



Unit 2 Three-phase Voltages, Currents and Power

2.1 Text

When the three phases of the winding in Fig.1.1.1 are Y-connected, as in Fig. 1.1.5a, the phasor
diagram of voltages is that of Fig.1.2.1 The phase order or phase sequence in Fig 1.2.1 is abc; that is,
the voltage of phase a reaches its maximum 120° before that of phase b.

The three-phase voltages V, , ¥, and V, are called line-to-neutral voltages. The three
voltagesV, ,V,., and V,, are called line-to-line voltages. The use of double-subscript notation in

Fig.1.2.1 greatly simplifies the task of drawing the complete diagram. The subscripts indicate the
points between which the voltage is determined; for example, the voltage Vab is calculated

asVy, =V, -V,

_I’\ \\lL‘

be

Fig.1.2.1 Voltage phasor diagram for a Y-connected system
By Kirchhoff ’s voltage law, the line-to-line voltage Vah is
Vi =V, =V, =3V,£30° | (1.2.1)

as shown in Fig. 1.2. 1 Similarly,

V. =3V, £30° (1.2.2)
and

V., =3V,230° (1.2.3)
These equations show that the magnitude of the line-to-line voltage is +/3 tunes the line-to-neutral
voltage.

When the three phases are A -connected, the corresponding phasor diagram of currents is given
in Fig 1.2.2. The A currentsare I, I, ,and [, . By Kirchhoff ’s current law, the line current I,

is



I,=i,—I, =\31,2-30° (1.2.4)

as can be seen from the phasor diagram of Fig 1.2.2. Similarly,
I, =31, 2-30° (1.2.5)

and

i =~B31,2-30° (1.2.6)
Stated in words, Eqs. 1.2.4 to 1.2.6 show that for a A connection, the magnitude of the line
current is +/3 times that of the A current. As we see, the relations between A currents and line
currents of a A connection are similar to those between the line-to-neutral and line-to-line voltages

of a'Y connection.

Fig. 1.2.2  Current phasor diagram for A connection

With the time origin taken at the maximum positive point of the phase-a voltage wave, the
instantaneous voltages of the three phases are

v, (1) = \/EVMS cos wt (1.2.7)
v, (1) =2V.__cos(ewr —120°) (1.2.8)
v, (1) =2V, cos(ar +120°) (1.2.9)

where Vinpsis the rms value of the phase-to-neutral voltage. When the phase currents are displaced
from the corresponding phase voltages by the angle &, the instantaneous phase currents are

i (t)=~2I__ cos(at + 6) (1.2.10)
i.(t) =21, cos(at + 0 —120°) (1.2.11)
i.(f) =21 cos(wt +6+120°) (1.2.12)

where I is the rms value of the phase current.

The instantaneous power in each phase then becomes

P.(0)=v,0)i, (1) =V, 1 s [cOsRat + 0) + cos 6] (1.2.13)
B(8) =v, )i, (1) =V, 1., [cos(et + 6 — 240°) + cos b (1.2.14)
P.(t)=v ()i (1) =V, ., [cosQar + 8 + 240°) + cos 6] (1.2.15)



Note that the average power of each phase is equal
<P(t)>=<PB(t)>=<P(t)>=V_I . cosO (1.2.16)
The phase angle 6 between the voltage and current is referred to as the power-factor angle
and cos@ is referred to as the power factor. If & is negative, then the power factor is said to be
lagging; if @ is positive, then the power factor is said to be leading.
The total instantaneous power for all three phases is
P(t)=P.(t)+ P,(t)+ P.() =3V I cosB (1.2.17)
Notice that the sum of the cosine terms which involve time in Egs. 1.2.13 to 1.2.15 (the first
terms in the brackets) is zero. [1] We have shown that the total of the instantaneous power for the
three phases of a balanced three-phase circuit is constant and does not vary with tune. This situation
is depicted graphically in Fig.1.2.3. Instantaneous powers for the three phases are plotted, together
with the total instantaneous power, which is the sum of the three individual waves. The total
instantaneous power for a balanced three-phase system is equal to 3 tunes the average power per
phase. This is one of the outstanding advantages of poly-phase systems. It is of particular advantage
in the operation of poly-phase motors since it means that the shaft-power output is constant and that

torque pulsations, with the consequent tendency toward vibration, do not result.

J P=p(r)=total instantaneous three-phase power

p)y  p(n  pl)

<p(><p(t)>,
<pl0)>

\VAVAVAVAVAVAVARS

Fig. 1.2.3 Instantaneous power in a three-phase system

On the basis of single-phase considerations, the average power per phase Py, for either a Y- or
A -connected system connected to a balanced three-phase load of impedance Z, =R,

+JX,Q /phase is
P, =V, I  cos@=IR, (1.2.18)
Here Ry, is the resistance per phase. The total three-phase power P is
P=3P, (1.2.19)
Similarly, for reactive power per phase Op, and total three-phase reactive power O,
O =Vl e sin@=1, X | (1.2.20)
and
0=30, (1.2.21)

where Xj;, is the reactance per phase.



The apparent power per phase, also referred to as the volt-amperes per phase, Syh,-and total

three-phase apparent power S are

Sy =Vl =13,Z

§=3S,

rms ““ph

(1.2.22)
(1.2.23)

In Egs. 1.2.18 and1.2.20, & is the angle between phase voltage and phase current. As in the

Xph J [Rph J ! (Xph ]
— | =arccos| — |(=arcsin| —
Rph Z ph Z ph

The power factor of a balanced three-phase system is therefore equal to that of any one phase.

single-phase case, it is given by

0= arctan[

2.2 Specialized English Words

Y-connected
phasor diagram
A -connected

phase order (phase sequence)

line-to-neutral voltage
line-to-line voltage
double-subscript
complete diagram
Kirchhoff’s voltage law
Kirchhoff’s current law
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2.3 Notes
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(1.2.24)

[ 1] Notice that the sum of the cosine terms which involve time in Eqs.1.2.13 to 1.2.15 (the first
terms in the brackets) is zero. B e NV i%E HiX & — M {Ea), £RELFEE, 3hid “Notice” HIE
ERH “that” 5| FHMFEMA]: “the sum of the cosine terms which involve time in Egs.1. 2.13
to 1.2.15 (the first terms in the brackets) is zero.”. ZMAIHIA)T&: “the sum of the cosine
terms:++ -+ is zero.” H & “the sum” W]/ EE1E “of the cosine terms” XN HF —NMEEEE, AL
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%G B BN —EWE: “which involve time in Egs.1.2.13 to 1.2.15 (the first terms in the
brackets)”, HEA: “MX(1.2.13)8](1.2.15)F I S5 H A XK 7, BEES R “the first terms
in the brackets” &M [FEIfIiE, Frll, £RNER: “ER, MLA1.2.13)BK30.2.15)F K 55 E
BRI ERZI (& HESHHE—TD 2T,

2.4 Translation

AN, FHIh R

2 1L PRISHRA Y B, il 1.1.5a Fis, HEENAHEERNE 1.2.1 Fir.
ZAHE B AT N abe, BRI, a MHIERIE AR b 47 120° .

V., V, Fl V. =MHEEHRALFESEE. V,, V, MV, ZHBERIENLEE.
B 1.2.1 H 00T bR ARV 1 B IRV AR AR T ARHE B A2 L P w2 R R AR 7
e, HEV, SRRV, =V, -V, kK,

WRIERRE R E R, SXLREY, h:

V,y =V, —V, =3V, £30° (1.2.1)
FHE, wE1.2.1 fiw, A
Vyo =/37,£30° (12.2)
Zil
V., =3V, £30° (1.2.3)

D4R, ot ek T et e LR 9 3 A
W A R, AR B 122 FTR. A BN EAREA L, [ AL . W
WIRER P, il b

I, =1, -1, =3I,/-30° (1.2.4)
EBMNE 1.2.2 HalE B RRFE, [FEA:
I, =31, 2-30° (1.2.5)
Zill I, =~31,2-30° (1.2.6)

Ul b =AghH K, AT A B &8 IR B AR V3 £, FTRLEH, A R
RESLBRZAMRR, 5 Y ENEH PR ESEEEE (BIELHEE) KXRARE
LR

H T [R] AAR 4R RUEAE 24 a AR R BOA B IEBORME RS, BRI =AH e s PR B s {ELA -

v,(0) = \/sz cos ot (1.2.7)
v, (1) =2V, cos(wt —120°) (1.2.8)
v, (£) =2V, cos(awt +120°) (1.2.9)
R, Vims WAHEERHRE. YAHBEREEAHBEE O M, HERABREE R
i.(t) =21 cos(at +6) (1.2.10)
i, (1) =21 cos(ewt +0—120°) (1.2.11)
i.(f) =~2I_ cos(at + 0 +120°) (1.2.12)
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A Lo A EEIHIII T IRAE
XHE, REAHTH R BRI ECERR T -

P() =v,(0)i (1) =V, 1. [cos(2at + B) + cos ] (1.2.13)
B (1) =v, )iy (1) =V, 1., [cos(2et + 6 — 240°) + cos 6] (1.2.14)
P.(t)=v ()i (1) =V, 1., [cosQwt + 6 + 240°) + cos 6] (1.2.15)
TR, SHIFHIhRET:
<P(t)>=<PR(t)>=<P(t)>=V,_I . cosb (1.2.16)

HLE S B2 B2 M 0 A IhR B, cos@ ATIERREE. W6 fa ki, IMATRREEw
SRR W 0 fAAIE, A TR EEUH BT .

ZAHIE I DA -

P(t)=P.(t)+ B,()+ P.(t)=3V, I cos® (1.2.17)

FEE, A1.2.13)BX(1.2.15)F B 5B A R & RZIN (BIE G/ SHHE T 2
FAE. WETHTA, XN =AH R0 = MR R Foh—F 8, HARER AR, X
—S5WTEE 1.2.3 TR R T . KB IIE SR RHR =B TR EK
FE BN EE A — i H o SRR = AH fL B 1) — AR I DhE 2 FO AR P TR 3 5. XHt
EZHRFERN AR R X— s T 2 AHEIHLRE T R UL & UL HERE AT 51, X2 H
) (ZAHBER HER Z HA— &40 X —HLEWE B DMy —HEE, B
A=A ERIKS), T8 IEL 67N R E .

LB A FERE R AT, ARER Y BERA B, ST NMEMYEE =M AR
Z, =R, +iX, QURGRKU, HFHIE Py A:

P, =V, I, cos0=I R, (1.2.18)
:_CEEP! Rphﬂ‘]ﬁ*amEEBﬂo
IR Z P A
P=3P, (1.2.19)
FIE, SARKTININE O M=HKEITIE 0 K:
Qph = lesImls Sing:]:thh (1220)
K
0=30, (1.2.21)

itq:v Xph%ﬁ*ﬁm%ﬁu
FHNWMADR, AR EZE S M=MEKRZH S A:

S = Vsl oms = Ifmsth (1.2.22)
§=38, (1.2.23)
FER(12.18)MA(1.2.20)F, 6 AAMEIEEMBEBL AR A SEMAPRHEL—H,
Hi A%
(7)) eoel2)
6 = arctan| —= | = arccos| = | = arcsin| —~ (1.2.24)
Rph th th

BT, =AHX PR R GU R Th & R o 3 TR AR K Th R R 5.

e 12 .



