s44  Travelling Voltage Surges

atmos ~ Spark gaps are incorporated to prey
:ﬁ:ﬂ’ mer Egrnqagla-ﬂilmge conditions. Thg ai:DE:l c:::e.'t oy
of the porcelain housing containing the spark-gap assembly i;meﬁﬂ.r
ated and then the housing is filled with nitrogen. Fig. 16 u“’&m
the details of the arrangement of a 33kV Metrosi] di\:e 5 sho
spark-gap assembly. . T ang
The diverters are mounted vertically, mechanica] SUPPOrt 1
also provided at the top of the assembly for larger ratings, Exbemﬁ
stress rings are provided for ratings above 110kV, terng)
" The diverters are normally set to operate on twice normal yq
it being undesirable for them to operate on small oyer., olt;agt‘
peration is extremely rapid, _taklng less than a microsecond ges,
impulse ratio is practically unity. - The
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16.1 An overhead fine of surge impedance S00(2 terminates in a trapsf,
surge impedance 3,5000. Find the amplitudes of the current and vnlm;':“" of
transmitted to the transformer due to an incident voltage of 30kV. (H. _;?Eg;

Ans. 525kV; 0-015kA.

-

162 Derive an jon for the surge impedance of a transmission line
A transmission line has a capacitance of 0-012 4F per km and an inductance
of I'-8mH per km. This overhead line is continued by an underground cabje
with @ capacitance of 0-45 yF per km and an inductance of 0-3mH per kn,
Calculate the maximum voltage occurring at the junction of line and cable whey
& 20KV surge travels along the cable towards the overhead line. (HN.C)
Ans, 375kV.
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163 Mmupmnn for the surge impedance of a transmission line and for
ﬂbndoutyof propagation of electric waves in terms of the line inductance and

A cable having an inductance 03 mH per km and a capacitance of 04 4F

i rhi‘m i series with a transmission line havirl:g an inductance of
S 5"‘& t km %l'.ﬂ_ﬂ-.l capacitance of 0012 uF per km. A surge of peak value

. zinales in the line and progresses towards the cable. Find the voltege
- \ransmitied into the cable. Use the result to explain the practice sometimes
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(H.N.C)

& ; g ‘-‘ﬁns transmission line 300 km ln’ng, having a surge unpedanw

one end and a steady voltage of 3k
| Fr::.:ia;.r ;’!“:j._; en ,PamJﬂf'thcline. andm_l ulat i

fler the voltage is applied.

ba

V is suddenly

1= r!:
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fed of terminating a line by a short length of cable before connecting to
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16.5 Two stations are connected together by an under i
capacitance of 015 uF/km and an mdur:.tan{e of t}asiﬁﬂiﬁgﬁgﬁg&:
overhead line having a capacitance of 0-01 uF/km and an inductance of 20
e H/km. )

If a surge having a steady value of 100kV travels along the cable towards the
junction with an overhead line, determine the values of the reflected and trans-
mitted waves of voltage and current at the junction.

State briefly how the transmitted waves would be modified along the overhead
line if the line were of considerable length. (L.U)

Ans. 81kV: 181kV; 1-5TkA; 0:404KkA.

16.6 Derive an expression for the velocity with which a disturbance will be
transmitted along a transmission line.

A disturbance, due to lightning, travels along an overhead line of characteristic
impedance 200£2. After travelling 30 km along the line the disturbance reaches
the end of the line where it is joined to a cable of surge impedance 500} and
dielectric constant [relative permittivity] 6. Calculate the relative magnitude of
the energy of the disturbance in the cable and the time taken between initiation
and arrival at a point 15 km along the cable from the junction. (H.N.C)

Ans. 0-64; 225 us.

16,7 An overhead transmission line having a surge impedance of 500Q is
connected at one end to two underground cables, one having a surge impedance
of 4002 and the other one of 60£). A rectangular wave having a value of 100kV
travels along the overhead line to the junction.

Deduce expressions for, and determine the magnitude of, the voltage and
current waves reflected from and transmitted beyond the junction.

If the rectangular wave originated at a long distance from the junction, state
how and why it would be modified in its passage along the line. (L.U)

Ans. 90-8kV; 0-182kA; 9-16kV; 0:229kA; 0-153KA.

168 Two single transmission lines A and B with earth return are connected
in series and at the junction a resistance of 2,000£1 is connected between the lines
and earth. The surge impedance of line A is 400Q and of B 600£1. A rectangular
wave having an amplitude of 100kV travels along line A to the junction.
Develop expressions for and determine the magnitude of the vultage and current
waves reflected from and transmitted beyond the junction. What value of
cesistance at the junction would make the magnitude of the transmitted wave
100kV? (L.U)
Ans. TkV; 0-018kA; 107kV; 0-178kA; 1,200Q.
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hown in Chapter 12, the output of the generators d
::? sttsla power supply to their prime movers, epends only

Thus the power
| Int i | trans-
RO o SUE e ‘nterconnected natwl::rk dﬂp::dss
yltimately on the steam supplies to the prime movers, Where more

ne path is available between interconnected ints,
[!lualf Sf pgwer transmitted by each path m i the Propor-

ti _ lay be controlled, byt the
' . | remains dependent on the load conditions.
INTERCONNECTED

The control of the power transmitted over the National Grid in
this country is {::entrallzed in the control rooms of the Genﬂaﬁng
SYSTEMS Divisions and in the National Control Room. These maintain
| communication wn?h the generating stations coming under their
control and issue Instructions to station engineers tq Increase or
reduce station loadings. The control room engineers thus controf

the frequency and the loading of transmission

: links in the network
Apart from the question of the control of th

: ¢ power flow there is
the question of voltage regulation. When POWEr 1s transmitted
across the interconnector there will be a voltage drop in the inter-

connector, the magnitude of which will depend on the impedance
of the interconnector and on the power factor at which the power
is transmitted. This w)'ltage drop may be accommodated in a
d B joineq by number of ways. Assuming that power is being transmitted from B
to the busbars to A (Fig. 15.1) these are as follows.

Fig. 15.1 is a line diagram of two power stations A an
an interconnector, the interconnector being connected

! Station A

Srii 1. The busbar voltage at B or at A may be so adjusted that the
(- difference in the busbar voltages is equal to the voltage drop in the
\\w interconnector and associated transformers, The disadvantage of
. this method is that it affects the voltages at which the loads connected
e | to the station busbars are supplied.
|
W
-

2. The interconnector transformers may be equipped with on-

’ AN AMA load tap-changing gear. The voltage drop in the interconnector may
ransformers AR ' justing |

WV AANA then be supplied by adjusting the secondary e.m.f.s of the inter-

J connector transformers, and the busbar voltages may be maintained

+ Interconnector V constant. This method is commonly used where main transformers

To load on A To load on B are, in any case, necessary.

3. A voltage boost in the appropriate direction may be injected

Into the interconnector either by an induction regulator or by a

. Each station also has a feeder series boosting transfﬂrracr. The latter is now of less impartaace

load connected through a transformer to its bush s due to the modern practice of incorporating on-load tap-changing

The power sent across the interconnector will deﬁand ultimately, gear mm main transformers which, in effect. performs the same

En the steam supply to the turbines of each station. For example function as the series boosting transformer.
the feeder loads on

4. The secondary terminal voltages of the interconnector trans-
the output of the gen:f:t;lsmgiri?:? al: d B. arjeoigflﬁ, SOhMWtanc: formers may be held constant and the voltage drop in the inter-
of the generators on B's busbars mu tlish aerIS? pimbid tde;}uhf\l;’ connector may be accommodated by adjusting the relative phase
must be transmitteq across the int s =1 0C /OMW, ‘ad A of the voltages at the sending and receiving ends of the interconnector
502 mterconnector from B to A. As by means of a synchronous phase modifier. Synchronous phase

vV
AN

Fig. I3 INTERCONNEXION OF POwER STATIONS
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modifiers are used only on transmission links SOme b
miles in length. Mndreq,.
A further use of voltage regulating equipment jq
division of power l}:rw;:e::h tw:; or mm‘:;c feeders or (r
ating in parallel. e absence of voltage re -
mr}n% load bt::twaen two Iincsgis dg:::?l::?ned
respective impedances. This division of the load ma
-hly_s.gme-intwdﬂﬁﬁﬂﬂ of a voltage boost in one line.
" The control of the power division between lines i,
voltage boosting has the im!;?rtant advantage that both
utilized to maximum capacity. It was shown in Ch
when lines are operated in parallel, one may becom
before the other has taken up its full load because of dj
impedances. A voltage boost of the appropriate
direction in such under-loaded lines may allow
their full load.

ansmijgg;,

Paralle] .
lineg ma;‘g
dpler 9 lhat
¢ fully loade
Magnitude and
thEm 10 lake U,P

15.1 Tap-changing Transformers

Fig. 15.2(a) shows a transformer having variable tappings in the
secondary winding. As the position of the tap is varied, the effective

—

Mid-point

Short-cireuiting
switch

(b)

’er of secondary turns is variéd, and hence the e.m.f. and output
ply networks, however, tap-changing has normally to be

 periormed on load (that is, without causing an interruption to

4 T
o
L]

UppYY). The arrangement shown in Fig. 15.2(a) is unsuitable for

f
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ith position 2 is made before contact with position |
ils connected between these two tapping points 4r¢

on & M contact with position 1 is broken before contact
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t-circuited, and “flll carry damagingly heay curren

?ltlml;'olh cases, switching iwould be a_mcnmpanic):i by ex::ss?::;ﬁrr.
Fig. 15.2(b) shows diagrammatically one type of on-load mg.

changing transformer. With switch S_r:ln?fed, all the gecon ety turl;

are in circuit. If the reactor short-circuiting switch is 810 closed

half the total current flows through each half of the reactor—since

the currents in each half of the reactor are i

N 0pposition, no resylt
@ # " : 4 an
Aux is set up in the reactor and there is no inductive Vﬂllage-{jrq;

across 1t. o _ |
Suppose now 1t 1s desired to alter the tapping point to posltion 4

The reactor short-circuiting switch is opcnt_:d. The load current now
Aows through one-half of the reactor cm_l only so that there is a
voltage drop across the reactor. Switch 4 is now closed, so that the

coils between tapping points 4 and 5 are now connected through the
whole reactor winding. A c_:rc:ulat_mg current will flow through this
local circuit, but its value will be llml‘h".d Fb_y the reactor. Switch 5 is
now opened and the _reactor short-circuiting switch is closed, thus
completing the operation. | _

The tapping coils are placed physically in the centre of the trans-
former limb to avoid unbalanced ar._xal forces acting on the coils,
as would arise if they were placed at either end of the limb. Electric-
ally, the tapped coils are at one end of _the winding, the practice
being to connect them at the earth-potential end.

15.2 Three-phase Induction Regulator

[n construction, the 3-phase induction regulator resembles a 3-phase
induction motor with a wound rotor. In the induction regulator,
the rotor is locked, usually by means of a worm gear, to prevent its
revolving under the action of the eiectrnmggnetic force npe;at%ng
onit. The position of the rotor winding relative to the stator winding
is varied by means of the worm gear.

If the stator winding is connected to a censtant-voltage constant-
frequency supply, a rotating magnetic field is set up and will induce
an e.m.f. in each phase of the rotor winding. The magnitude of the
induced rotor e.m.f. per phase is independent of the rotor position,
since the e.m.f. depends only on the speed of the rotating field and
the strength of the flux, neither of which varies with rotor position.
However, variation of the position of the rotor will affect the phase
of the induced rotor e.m.f. with respect to that of the applied stator
voltage. Wy

Fig. 15.3(a) shows the star-connected stator wmd!ng,__of a}-pha‘sc
induction regulator with each of the rotor phase windings in Series
with one line of an interconnector, In Fig. 15.3(b) Oa, Ob, Oc
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r position is such as to cause these voltage opposite directions. Fig. 15.4(4) is a complexor diagram for various
respective line-to-neutral voltages h} rotor .positiuns: One phase only is shown for cflauty. Oa represents
resultant .voithges v, Vf _m‘f“‘;_‘; o the unboosted input-end voltage, V;, ab and ab’ represent the voltage
Ch R L FOPE il | boosts supphied by each rotor, ac represents tlh’e resultant voltage
e R P S T i e boost, and Od represents the resultant voltage V5'.

Tide :*::f: 1 g::ﬁ%ﬂ ,};m G It is often conﬁe_nicnt to reverse the functions of the stator and
wed. in ébm‘{n S B PO bled on. | the rotor windings in induction regulators used for boosting. The
e rators are ,}m b “-';73' i rotor then carries the primary winding. This has the advantage of
I i I!;thm;q e requiring only three connexions to the rotor instead of six, and the

S SONNELIeO bacee A ¢ interconnector current flows in the stator instead of the rotor.

My




{53 Synchronous Phase Modifier
{n Chapter 12, it was shown that variation in the EXCitatjpy,
eynchronous motor alters the power lactor at which 'Lhet'“'i of
_ WOl As the excitation of the machine is INcreased thma‘_"hiﬂt
"~ factor passesfrom a lagging, through unity, t0 a leading poye, POt
i Use is made of this characteristic of the synchronoys 'rfaclur.‘
correct the power factors of loads taking a lagging current. Ill\?]:"f lo
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used the motor always acts with a leading power factor and js e? 50
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called a synchromous capacitor. When the synchronous motor is
~ used as a means of controlling the voltage of a transmission line
- the lenm synchronous phase modifier, or synchronous compensator is

- Usually prelerred, since, in this application, the machine may be
~ adjusted to take either a leading or a lagging current. The machine
I8 connected in parallel with the load at the receiving end of the line.
= on of the synchronous phase modifier in controlling the

. voltage of a transmission line is best understood by reference to the

exor diagram shown in Fig. 15.5. For simplicity the diagram
: where the effects of capacitance are neglected,

i '] : . - = Al
& 300TT i1
L =
A S -
B.TETT.
it L R

< understood that this method of control is mos

= - . : . [":"-I \ : =0 M I f. 'I:I.
» MnCs where, with other methods of control, the
he Has wracld A ol i — A 1 R
€ line bm‘m : -
v : --.-‘i, / = - .- L] "I
i 5 & s 5 . ] v : ] . 1
M DheE ] = . / ; | e
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In Fig. 15.5, Oa represents the receiving-end voltage Vg, and Oe
represents the receiving-end current, I, lagging behind the receiving-

end voltage by a phase angle ¢g1. Of and Og represent the active
and reactive components (f; and I;) of current, respectuively, ab

represents the voltage drop LZ caused by the active component of
current, which leads ¥ by the phase angle of the line impedance, y
(tan! Xz[R), Z being the line impedance. bc represents the voltage
drop I;/Z caused by the reactive component of current. k¢ lags
I.Z by 907, since I lags behind I, by 90° when the load power factor
is lagging. In an unregulated line the sending-end voltage, V.
is the complexor sum of Vg, I,Z and I.Z. 1

Suppose now that the sending-end and receiving-end voltages are
to be held constant at the same value; then the extremity of Od
representing the new value of the sending-end voltage Viz must be
at some point along the arc ad, whose centre is O and radius is OD.
Moreover, if the same power is to be sent along the line as previously.
the I.Z drop will remain the same since the active component of
current must remain the same. However, if the excitation of a
synchronous phase modifier connected to the receiving end is
adjusted so that it takes a leading current—the current will lead
by almost 90° since the modifier works on no-load—then as this
leading current is increased the lagging reactive current drawn along
the line will be reduced and the voltage drop I;Z will be reduced.
The extremity of the complexor representing the sending-end voltage
will move along the line ¢h towards b. When the leading reactive
current taken by the modifier is equal to the lagging reactive current
of the load, there will be no reactive current drawn along the line
and no 1,Z drop, and hence the extremity of the complexor represent-
ing the sending-end voltage will be at b. If the leading current taken
by the modifier is further increased, the overall power factor of the
load and the modifier together becomes leading and the extremity
of the complexor representing the sending-end voltage lies along the
line bd between b and d. Thus if the leading current taken by the
modifier is made sufficiently great the sending-end voltage complexor
takes up the position Od. | :
The synchronous phase modifier may therefore be used to contro
the voltage drop of a transmission line. If the sgndmg—end voltage is
maintained constant, then on full-load at a lagging power factor (the
usual condition) the modifier will be O\’BI*EX‘CIIECI to take a leadlbpﬁ
current. The receiving-end voltage will thus increase compared wit
its value had the line been unregulated. On no-load, on the other
hand, the modifier would be under-excited and would take a lagging
current in order to offset the voltage rise which occurs at the receiving

end of a long unregulated line when the load is removed.




_ T _'  The power which may be sent along a transmission Jine . ..
ety by either the power loss in the line reaching its pcnn'issibli::,:f limiteg
T W'b? the voltage drop along the line I'eaching the mﬁ;i

"~ salue which can be conveniently dealt with. On lon Mupy,
RS g it is the voltage drop which limits the power gw:;';fmmsi_un
~ sent. Thus, if synchronous phase modifiers are used to reg, l:;“bt
d i U mmwwm be dealt wgth' by the line. Mﬁmm_ * the
e - - voltage drop in the line and associated plant is not the ﬁl_s;smm
4 __;r. : m hﬂ] mﬂhfﬁl'.lﬁll_s- phﬂsc ﬂlﬂdlﬁers are used to Co:qnh
the voltage, current-limiting reactors may be incorpora tro]

IS system to reduce the maximum short-circuit current should 4 gl

The principal disadvantage, apart from cost, of using syn

p}wmdﬁm is the possibility of their breaking fmnrg sin:ll:z:?“s
and causing an interruption to the supply. S
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154 Sending-end Voltage

In constant-voltage transmission systems using synchronous phase
ﬂlﬁiﬁﬁﬁ,ﬂl@ mdlng-cnd and !’Eﬁﬁi\fitlg{ﬂd vﬂltﬂges are helg
constant, but they do not necessarily have to be equal. There j
~ indeed, an advantage in having the sending-end voltage higher thay
T the receiving-end voltage, particularly with short lines, since under
- such conditions a smaller synchronous phase modifier capacity wiy
P satisfactorily regulate the voltage. Forexample, referring to Fig. 155,
~ if the sending-end voltage had been greater than the receiving.m&
¢, the reactive voltage drop cd, due to the reactive current of

I_':—Lru-u

s Wy ey
= - |'|"
b=

A : rlﬁ.._.l

Y
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------

chronous phase modifier, would have been smaller and a
- synchronol _.;M%'médﬁerﬁf smaller capacity would have been

aﬂm load, and the synchronous phase modifier has
WIth @ laggmg power factor in order to hold the voltage
-ii“i: the longer the line the less is the advantage of

‘ y I""-.-. I:I
'& the sending-end voltage higher than the receiving-end voltage.
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oy A\ =phase transmission line has a resistance of 8:750) and an.

08 v 188 gl‘ hase. The line supplies a load of 10MW at

£ & zero power factor such that the sending-end voltage
- he eflect of the capacitance of the line may be

; = power which may be transmitted
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- Determine the kVA rating of a synchronous
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The line current drawn by the load is
2 107

V3 x 33 x 108 x 0B
= 219/=36:9" = (175 — jI32)A
Phase impedance = 875 + 15 = 17:4/597Q

I [—cos~1 08

The voltage drop caused by the active component of the load current is
loZ =175 x 174 = 304 x 100V

i
0
1 EOPD 1 EOF'D . 1@?50
L1 1 ¥ [ ] | 1
6] 4000 BCOO
Scale (volts)
Fig. 15.6

The voltage drop caused by the reactive component of the load current is
IZ =132 X 174 = 23 X 10°V
Receiving-end voltage (phase value), Ve = 191 X 108V

X ) H5TE A e
Phase angle of line impedance, y = tan™ -E" = tan™ 595 39-7

The graphical construction is shown in Fig. 15.6.

Oa is drawn to represent g to a suitable scale. ;

ab, equivalent in ?ength to 304 % 10*V to scale, is drawn making an angle
p (=597°) with Oa to represent Iz Z.

be, equivalent in length to 2:3 x 10%V to scale,
by 90° to represent I.Z, _

)’Th.-. line _[;oi,ning- (r) and ¢ would then represent the necegr{ seux:i?ifn;
voltage in an unregulated line. With centre O and radius eq

is drawn lagging behind ab




gtﬁ)umnkdﬁm The extremity of the
"m-ltagr_ m‘*ﬂl

e muthemlhﬂ power factor is leading and

se to the reactive current leads the voltage ﬂmpﬂ}:zm:lm
yponent of current by 90°.

mgwmrmlufthesymbmouspmx modifier,

|§||_ _ ewﬁ,*,,mx:me

II ‘ , ‘!&% = 25TA
R Valy
. Reactive MYA drawo by medificr = 3 X —5-
B o _ 3 x 191 X 10° x 257
Seel | -.-"'4' : 104

= 146 MVA

;_ m&dg from the d:agmm by detemumng the mm:uum
Igﬁ!m Oz in magnitade to the sending-end voltage
‘m Oe is 4 m!m 110 @b to cut this arc in e. From
ﬁﬁhhwmn&inf af is the maximum value which
""  have; fe is the corresponding voltage drop caused by the
- Seae m
' ing-end voltages is ¢ mt;hatof! line im lflhesmdmg-
> _;;._ to Je Jp;t?:iwng-md vn!it'zgr;i’n by more than y the
r sent would decre: , Since the projection of the sending-end voltage on
oid dec _‘hm& 156, B .

.......
e

. . : -'a .----u T |
] Il_
mm at the rece "

Tis 10

miutl_reanthtsm cb is now Wﬁw:

Ut to

ﬂ:—-—lr—h--_-—
= - -

complexor diagram of this circuit. The voltage d
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Fig. 15.7(a) shows the nominal-= equivalent circuit, and Fig. 15.7(b) shows the

rop in the line impedance is
used by the active component of
ive component of 7). The voltage
and Fs is now similar to that for

shown as the sum of I'Z (the voltage drop ca
I"and 7.°Z (the voltage drop caused by the react
diagram showing the relationship between Fp
the short line.

o
b=

(a)

Scale (volts)

Fig. 15.7

Taking the receiving-end voltage as reference complexor and working with

phase values,
132 x 10°

— 0° = 762 x 103/0°V
Ve 73 [0° [0
S0 x 10°

P I_,_m'"l 08 = 2?3{-—36*9“*

v3 x 132 x 10° x 08

Z=02x 100+ 27 x 50 x 2 x 107% x 100
=20 + j628 = 66:2[72:4°02

Y .27 % 50 x 0015 x 10-¢ x 100

At 2

= j0-236 x 10-% = 0236 x 107%/90°S




Jding to the normal graphical construction,

Refc O ' sh .
' lenlated with its active and reactive components, ould firgy p,

= (273]=369) + (762 x 10% x 0:236 x 10-7/90°)
= 219 — j146A
L'Z =219 x 662 =145 X 103V
1'Z = 146 X 66:2 = 965 X 103V
The graphical construction shown in Fig. 15.7(c) is the same as thgy deseribg

in Example 15.1. _
mlf I is Iteii:mctiw: current of the modifier, then

| a0 . _ 157 x 103
1Z=0ed=157 % 10°V  sothat [~ = 662 = 236A

" /3 x 132 x 10° x 236

15.5 Power/Angle Diagram for a Short Line

In a constant-voltage system of transmission where the sending-eng
and receiving-end voltages, Vs and Vg, are maintained constant

(¥-3)

e

_I_J_.."'

I < ﬂ‘h: II'}- = T _ - o
: h&*ﬁv‘ - COMPLEXOR DIAGRAM FOR A SHORT LINE
1 : . ||

\ , :;ﬁ'll _

- power transmitted depends on the phase displacement between
e '-""'-,["'-f_'_.f{-a_; g -

It 15 possible to derive an expression for the power

. L}
JO
T'I"-
LR ¥
-
'J -

rivation it will be assumed (i) that the line is &
s = Vg = V (phase values).

= —,
%

s

f

ake :-’__-‘“r ,iy geometry,
s ‘_:*‘ ':I.L ';"‘F-"."' e Aoy fant' - .:-r: -
' Sothat  ab = gdsin(y — a/2)

S = Ol P e YAT- - i

'. '."_".QEMS displacement between Vs and Fp

2 s OOT e 3T . S 8 - L '_‘,. \'_I - :-
1€ complexor diagram in which the receiving-end |
s v A |_.'.::r=:4 E'l
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But ad = 2V sin o/2; therefore

ab = 2V sin (a/2)sin (y — 6/2) = V{cos (g — ¥) — cos y}

Therefore

V
Ih =7 {cos (o — ) — cos yp)

and

V2

Power transmitted per phase = V/J, = = {08 (0 — ) — cos )

Wihed io'=0 the power trarismittéd is Zero. When o = 1 the
power transmitted is a maximum (compare with Example 15.1)
The power/angle diagram is shown in Fig. 15.9. :

15.6 Stability of Operation of Synchronous Systems

Experience in operating transmission lines with synchronous
machinery at both ends has shown that there are definite limits

‘ Power

\: [ cos{a-¥)-cas i‘} ;

| L
0 (o=) Angle (o)

Fig. 15.9 POWER/ANGLE DIAGRAM FOR A SHORT LINE WITH EQUAL
SENDING- AND RECEIVING-END VOLTAGES

beyond which operation becomes unstable, resulting in a loss of
synchronism between the sending and receiving ends. It is possible
to distinguish two limits of stability, a static limit and a dynamic
or transient limit. -

For given constant values of sending-end and receiving-end
voltages, the load on a transmission line can be gradually increased
until a condition is reached corresponding to B in Fig. 15.9. At




DWEr transmitted

an angle of phase difference beqyw

iges of y (tan~! X, /R).

ity (i.e. for a gradual

er load on the lin
ds of the line.

5@ maximym, a

een the sending-ep g

POilﬂ re reg
Y applied loadf a

o € results in loss o

or, and the angl

e e of phase di
o applied voltage and the e. P iffe

m.f. increases. The limit
. m.f. lags behind the applied e

tﬂbﬂil}’ 15
voltage by an angle

the synchronous motor i a

consequently the torque output i

smitted.

erting stably at a poiny
7o g cl0ad torque. If the

where the tor

ue developed, Ty, is
load torqg . o 15,

ue is suddenly increased to
the rotor remains momentarily

lly developed torque remains at Ty, The
T) mus

1itia E’Tmfore slow down the rotor
of ko to increase. The rotor, in slowing
L cHe energy proportional to the area of

€ X angular displacement)

Interconnecteqd Systems

load torque and the rotor will be accelerated; it will repa:
chronous speed at an angular displacemen g, Durin gt;!in ts.yn'
the load torque remains constant at T'g, 5o tha( the tomsne E:pr &; ::::;
by the difference between the curve BC and the line BE o
that which accelerates the rotor, The area BCE jq then pro :US

to the energy stored in the rotor due to its acceleration ‘l?hoe onal
ADB and BCE must be equal if the kinetic en ; areas

_ i ergy taken from the
rotor during deceleration is all to be returged during the accelerating

—

B
= [
: |
: ||
| | |
l | |
1 H
I
| 1]
| L]
| | |
1 | |
| I ]
: | |
(s 4 g.0

q o — ————(————— — — ==

X u“z Angle

Fig. I15.10 TRANSIENT STABILITY OF A TRANSMISSION LINE

period. This is necessary for the operation to be again stable. This
is called the equal-area criterion for stability.

At C the electrically developed torque, T¢, exceeds the load torque,
so that the machine will continue to accelerate and its speed will
rise above synchronous speed. The angular displacement will there-
fore be reduced, and the electrically developed torque will fall.
Beyond B the rotor will experience a synchronizing torque tending
to decelerate it. It will fall in speed until it again runs at synchronous
speed at A. The whole cycle of events will then be repeated, giving
rise to phase swinging or hunting between A and C.

In actual fact the damping which takes place means that the
swing of the rotor will becomes less and less, and the machine will
eventually run stably at B. The frequency of the oscillation may
be determined from eqn. (12.48). _ T

Consider now the motor operating at V with a load torqge 2
If the load torque suddenly increases to s, then the shad?l ﬂa::l;
VSR represents the energy which is taken from the rotor as1 Hlows
down to accommodate the increased torque. The energy ret
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these conditions. Deduce any formula employed.

to the rotor while it accelerates under the influence ¢ :

mmm is the shaded area RUY. This is less 12121: :y_m:hml'li.
<o that the rotor cannot have as much energy returneq m"?a VSR
m m from it. It must therefore fall out of ste I_taS a5
synchronism). _ P (e 1oy

The maximum load which can be suddenly applied at y ;.

sented by VW, where-a'f'?a VWX is just equal to areg XYZS r“-Prgu
‘that in this case it is possible ﬁ?r the rotor to swing through &;1 Nﬁte
which is greater than the maximum angular displacement for ang!e
stability. Tt s, of course, not possible _for the operating pojnt :tat!“
beyond the peak point Y on the power/angle diagram, i

PROBLEMS

15.1 Explain, with the aid of a complexor diagram, how the power factor o

load influences the voltage drop in a transmission line. ¢
| ;ﬁni-phafe Joad of 10MW at 0-8p.f. lagging 1s supplied at 33kV by an oy brfices
\ine, each conductor of which has a resi‘st_ance of 2:9Q and an inductive reactance
of 6:5£). A 3-phase bank of capacitors is connected to the load end of the line
o that the voltage at the sending end is equal to that at the load. Calculate the
MVA rating of the capacitors. T

Ans. 122MVA.

152 A 3-phase transmission line 25 km in length supplies a load of 10 My
ﬂt!ﬁiﬂ.pif; apping at a voltage of 33kV. The resistance and reactance per km
per conductor are 0:35€1 and 0-6£) respectively. Neglecting the capacitance of
the line, determine the rating of a synchronous capacitor, operating at zero power
factor, connected at the load end of the line such that the sending-end voltage

 may be 33KV, (L0)

. - transmission line is automatically regulated to zero voltag
tion by means of a synchronous phase modifier at the load end. If the
vad output is SOMW at 08 p.f. lagging delivered at 200kV and the line-to-

~ TULE=
ST

- mneutral impeda nce is (20 + ]60) ), find the input to the synchronous set under

W

(H.N.C)

B
ArI MV A

Tl & Ty

! .'_1! rlul-""

phase overhead line has resistance and reactance of 122 and 400

- - ..'I o
J 4

=3 i

LNt
¥
v

20 MW at power factor 0-8 lagging.

ision ine has a resstance of 6)/phase and a reacln

ceceiving end i 75 MW at 0:8p.f. lagging, and also the m
can be t

ase, The supply voltage is 132kV and the load-end voltage
“ at at 132kV for all loads by an automatically controlled
ise modifier. Determine the kVAr of the modiﬁer-WhEI;é;lﬁng
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[}atermiﬂ’: the MVAr of the synchronous phase modifier when the load at the

. aximun .
ransmitted over the line, the voltage being 66kV at both :I:dl:ﬂd &h}j};

Ans, 968 MVAr; 148 MW.

56 A 3-phase transmission line has a resistance per phase of S0 and ap

inductive reactance per phase of 120, and the line voltage at the receiving end

'15 33kV.
etermine the voltage at the sending end when the load vi
(@) E:]d AL P[ [Rging. 4 at the receiving
(b) The voltage at the sending e.r_'ad is maintainc_d constant at 36kV by means
of a synchronous phase delﬁFr‘ at the receiving end, which has the same
rating at zero load at the receiving end as for the full load of 16 MW
Determine the power factor of the full-load output and the rating of the
synchronous phase modifier. (L.U)

Ans. 40-1kV; 0:90 lagging; 792 MVAr.

5.7 The “‘constants’” per kilometre per conductor of a 150 km 3-phase line

are as follows: ! :
Resistance, 0-25€); inductance, 2 X 107%H; capacitance to neutral, 0-015uF.

A balanced 3-phase load of 40MVA at 0:8p.f. lagging is connected to the
receiving end, and 2 synchronous capacitor operating at zero power factor
leading, is connected to the mid-point of the line. The frequency is S0Hz.

If the voltage at the load is 120kV, determine the MVA rating of the synchron-
ous capacitor in order that the voltage at the sending end may be equal in magni-
tude to that at the mid-point. The nominal-T circuit is to be used for the
calculations. (L.U)

Ans. 31'9MVA.

158 A 3-phase SOHz transmission line has the following values per phase per
km: R=0250Q; L=20mH; C=0014uF. The line is 50 km long, the
voltage at the receiving end is 132kV and the power delivered is 80 MVA at (-8
power factor lagging. ' =
If the voltage at the sending end is maintained at 140kV by a synchronous
hase modifier at the receiving end, determine the kVAr of this machine (i) with
no load, (ii) with full load at the receiving end. (L.U)

Ans. 3004 MVAr lagging; 42-6 MVAr leading.

159 A 3-phase transmission line has a resistance of 102 per phase and a
reactance of 30L) per phase. ‘ .

Determine the maximum power which could be delivered if 132kV were
maintained at each end. :

Derive a curve showing the relationship between the power delivered and the
angle between the voltage at the sending and receiving ends, and expi_am how this
curve could be used to determine the maximum additional load which could be
suddenly switched on without loss of stability if the line were already carrying,
say, S0 MW. (L.U)

Ans. 380 MW.

. . : i le
15,10 Develop an expression connecting the power received with the ang
between the sending-end and receiving-end voltages of a rr:gulat_ed mmsm_t{ssm;
line in terms of these voltages and the line constants, ignoring capacitan
between lines.
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A voltage surge in a transmission system consists of a sudden
yoltage rise at some point in the system, and the transmission of
this voltage to other parts of the system, at a velocity which depends
on the medium in which the voltage wave is travelling.

The initiation of voltage surges on overhead transmission lines is
frequently caused by lightning discharges. The voltage may be
induced in the line due to a lightning discharge in the vicinity
without the discharge occurring directly to the line. A most severe
voltage rise may be caused where the lightning discharge is direct
to a line conductor; such direct strokes, however, are not common.

Voltage surges may also be initiated by switching. Such transient
disturbances are due to the rapid redistribution of the energy associa-
ted with electric and magnetic fields. For example when the current
in an inductive circuit is interrupted the energy stored in the magnetic

sl oy AP S field must be rapidly transferred to the associated electric field and

e R § 8 e SRR B will give rise to a sudden increase in voltage.

i F*:J' S S _ Fig. 16.1 shows the waveform of a typical surge voltage. This
o R ARl 18, in effect, a graph of the build-up of voltage at a particular point
S e o a base of time. The steepness of the wavefront is of great impor-

“}“ﬂ% since the steeper the wavefront the more rapid is the build-up
. ""hﬁﬁﬁ at any point on the network, and the properties of in-
w dﬂFﬁﬂﬂ on the rate of rise of voltage. In most cases the
ouild-up is comparatively rapid, being of the order of 1-5us.
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B — ential is zero and behind j
the disturbance the potentia 't the poye
B aertore © Potengy

iy (16
From eqns. (16.1) and (16.2), 2
1
Surge velocity, ¥ = 57 iy

Consider, for example, the velocity of propagation in g concenty
cable. :

: 7 b
Inductance/unit length = W loge : henrys/metre (2
€
Capacit'ance!unit length = 27 3 b farads/metre (12
¥ %
a

where b and a are the sheath and core radii respectively, and yang
are the permeability and permittivity of the dielectric materiy
respectively. The internal sheath linkages are not considered singe
a surge is a high-speed effect equivalent to a high-frequency efleq
and skin effect will reduce the internal linkages. If the resistance is
zero, the depth of penetration is also necessarily zero.

i = po if the dielectric is non-magnetic
¢ = e,e0 where &, is the relative permittivity

Therefore
TN RS | i
T WVLC) T /(uoeoer) :

~ ie. the velocity is independent of the size and spacing of the con-

ductors. This applies to all configurations of lossless conductors,

- eg.acore that is not concentric, or a twin-line system. Substituting
- numerical values for uo and e,

| n
= el do metres/second
Ver

,I"' i ': _‘,- 77 . o
bifkac ot 7" 109)

. Thisisthe elocity of electromagneic wavesin the medium concrme

fi€ surge velocity is seen to be extremely fast (3 % 108m/s in air)

le with a relative permittivity of 9 (fairly high) "
the time of rise of the sﬂtﬂﬁfwl_.'??
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(16.5)

then the length of the disturbancé
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_ 500m, which is short for power tralns'missi.on-lipe
?cnursc. for high-frequency transmlssmn-hnf: dis‘;
“ansmission lines, SUrges are often represente

" as in Fig. 16.2(b) since the length of the

§ X loﬁﬂ b 4 l[}B

. ) “ﬂti
Jistances { ower t

mn(’.‘ﬂﬁ)- o] front bloc
B pADeC. | A % 3 x 108 =6 x 10°m
: (& will travel ¥o X .
sopats q?n 5;::;5.1 of a cycle, for a 50 Hz system, a SUrge will
) ith of a 600 km line (about 400 miles). In this
1¢ n{?thc 50 Hz source will not have greatly changed,
Periﬂd b e .« suddenly connected to a line the surge

¢ing the surge voltage as
- the present theory taking t _
be cmmmed by k hen the switch is closed. Naturally

voltage W | S CI
; considered, since this will be at the most

he switch might be closed.

16,2 Surgeé Impedance
Dividing and simplifying eqns.
E L

_—

FRE I B
ance. or characteristic impedance,

e called the surge imped _ ic impedance
E/ (L{,{i‘?; ll?nid For a lossless line the surge impedance 1s evidently a
n‘ .

re resistance.
pult should be noted that the surge current /, consequent on 2

s related to the voltage Surge by eqn. (16.6), 1Le.

| ine | ich the surge travels.
by the properties of the line in whic | ‘
yTha Ela;nitude of the surge impedance for a particular conductor

configuration may be determined from

Zu=J% ohms

For an overhead power line the Surge impedance is usually aboxft
300Q: for a power cable it usually is about SOL2. The inductance
per unit length of a line increases with the spacing of the conductors
while the capacitance per unit length decreases as the spacing 15
increased. Thus, by eqn. (16.7), the surge impedance will increase

with the spacing.

(16.1) and (16.2),
(16.6)

voltage surge E, |

(16.7)

163 Power Input and Energy Storage

When the switch of Fig. 16.2(a) is closed, the high-voltage source
maintains a potential £ volts across the input to the line and supplies
a current / amperes:

Power input to line = EJ waltts
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. : o= - n- - :'i — ut must become the m]'g}' stored ; : . esistor has a resistance R, ﬂthﬂf hlgher or
,' | f = ¥ et the m?;mhe.s the termination, there can s ling ¢ If the (erminaling Tl mpedance Zo, then changes in both voltage
) IR TP “ﬂmw 1 b o I than the SUrge ; if R > Zao, then, on the arrival
T A S wmﬂn line. : _ . | Ommq lowe? rrent will occur. _FG". e v t through the terminating
5 ok MG Qnummﬁ et ;go;ty R e e & P e surge at the termination. |1 S an EijZs. The incident
Cid 20 R Sectrostatic energy $CeE® and electromagnetic ener Stoe, of the 5™ & E,/R, which w1 es A L0
S : | TR BY iLope resistor “:umzehne is in excess of the current which can be absorbed
R Energy mput per A per second cgrrent 00 & ating resistor at the surge voltage. Since the current
: .i'"'__!:-' ie by the tcﬂm:taneously decrease due to the inductance of the line,
, f . i | El = YCoE? + {Lol? cannot mﬂauﬂem will increase the charge on the capacitance at the
71 TE‘ % ‘ R (I the ﬂgﬁ:linc- This increases the voltage at the termination 10 2
) o TiSE .
i 'ré {CoE? =iE m E=}E i 3 $EI Let the voltage at fhe Rerpumasive
Rl R E | ,\/‘_ inatin resistor=g=f:r
¥ .50 ‘.{ | ¢ Current through term & R
ShEiE _ - ! Ly ™
:ti J' ) m L L : EXC&S \'Oltage aPPcaﬂﬂg at termjnatlﬂn - ET E‘
ik e T S T ©xcess current at termination = I — I
- ] . We - ) | line is NOW charged to 2 potential Eq, but- the;e has
= 10 i - Thus the electrostatic and electromagnetic stored energies are equal g;l Zh;?:]:th Ereﬁﬁe P porential to ot the end of the line, ie. an
. : :.' excess po:emi_al suddenly appears at the termination of the lu;e.
16.4 Terminations This is a similar condition to the initial closure of the switch which
e ' | in a similar manner, a Surge

e 0 Qe | ced the incident surge, and so, _ ATg
Consider a surge, of voltage Ey, impinging on the termination of: | ﬂfﬂ‘]diﬂw travel from the termination back along the line. This is

= ie -
- &

-

adi= Tl il -
. )
- -

- - i r

= 5 [

= L) L]
- —
- L i
o - .
[ - e q_
- -
l-'l ] v " - . -
= -
1 -
i [N o
il ;

= 1 -

| A transmission line: if the characteristic or surge impedance of the

|  line is Zg, then the surge current /¢ in the transmission line is givenby | called the reflected surge.
st o B ; Reflected surge voltage, E; = Er — Eq
e it 166 |

= | A Therefore

e impinging on the termination is called the inciden Ei b BBy (16.9)

: E is the incident surge voltage and Iy is the incident sag:
1 Reflected surge current, /r = Ir — I
.Q""_', | to termination with incident surge = Eili ! Thus !
sider the particular case of a line terminated in a pure resisi 1 L+ 1, =1Ir (16.10)

where Iy = Ei|Zo, I, = —E:|Zo, It = Erx[R.

i
i

~ equal to the surge impedance of the line. When the surge am® |
_ thecurrentin the resistor is £i/Zo. |

e :
et harched fei s el The positive current direction is the direction of the current in
. <% by resi Eq % Zo 2 the incident surge. Since the reflected current has the opposite

directiog the minus sign is necessary.
Substituting in eqn. (16.10),

b _E_Er
%L Z, R
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Mﬁnghrﬁrﬁ'omaqn (16.9),
& _E_E+E
L s R
Therefore
RE; — RE, = Lobys + 4hE,

Substituting for £ in eqn. (16.9), |
R — 2,

bt 7
Thus

£ =Ep

(16.12;

(16.13)

(16.14)

- Graphs of the voltage and current distributions along the lin
mmhl‘ig- 163 for Instants before and after the ?fcidmt surge
iches the termination. Since R > Zo, the current at the termination

o 8¢ Is negative.
| 1€ lerminating resistance R is less than Zy, then on the amivl

.. t surge the current, /R, in the terminating resistor

ine i than the surge current /i = E/Zy. Due to te
. ductance the line current cannot suddenly increase. The
scharged, so reducing
- The reduction of voltage at the
the sudden application of a negative

n which travels back along the line

- LB |
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ions apply without change. The voltage

shﬂ“.n in Fit‘l_ 164- - ;
are nd hence the terminating

revious equat

jstributions &
yrrent distrt .uited ling, R — 0, an

erefore, by eqn. (16.11),

All the P

L) - Z{l E E
s - i = Lt
Reflected voltage: Er = %o + Zo

3
3

1

-—ll—l"‘?'-'"i

Es =V { Incident

| surge

1B o
1
t— I el - =
L i ,
l , 3
vi ! Er | 13'
[ § =
E.
E i L Arrival ot
termination
I i ——
i t P
-==17
" Ir.-:r' .
X
vi s, . I
Es i :
i | Reflected
I" ' u-[r surge
——t =
[ Bl 1 7.
- AT
| :_?kr o

Fig. 16.3 REFLECTION AT A TERMINATION WHERE R > Zo

and
Termination voltage, £r = E; 4+ Ei = 2E;

Refiected current, I, = — Er = - = = =

Zo Zo
Thus

Termmation current, Ip = I, + 1, = 0
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~ Forashortcircuited line, R = 0; therefore by eqn. (16.11),
_I‘hr._ | ﬁl_i.—_(;._ln 5 : ¥,
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i R > Zo the yoltage surge is reflected unchanged

« is reflected with the opposite sign.

1 1
m Arize, ur : '
ile the cul;.fem'?; ieﬂgected voltage surge 18 reversed, while
0

the 51" urge | unchanged.

Z{:"'ZL
Er=&y Ze+Z|
Reflected surgk VOllage G Transmitted surge voltage Ey
(ncident surge voltage E i
..----"_'_-.-__-_-_- —
Line Zo=ZL Cable Zg=Zc
_,,._--—-—"'_'__——‘ — o e—
incident SUrde current Ty Transmitted surge current Iy
Reflected surge current Ip ; _ﬂ
E
=7
L
(a)
Ex
1 =
TX Zx
Transmitted
/ surge voltage Ey
Zp~Z Line 2 Zy=Zx
Ep™ lzp+zL
] ——— o

. 2Z,

Reflected surge voltage En g
Ep=Ey Z,4Z

Incident surge voltage Ey

e - J
i ZyZ
- L where ZP= zx*z'fl

Incident surge current Iy
Reflected surge current Ip,

-
Er Line 3 ZO-Z"‘I’
Iri-_"z'_l.' \\
" Transmitted
\ surge veoltage Ey
N LEr
1 Y'-
(b) Y "2y

Fig. 16.5 SURGES AT LINE JUNCTIONS

16.5 Junctions of Lines having Different Characteristic Impedances

:ﬁ a voltage surge travels along a line towards a junction where
| ].:;hﬂ:;alt:thengtlc impedance of the line changes, reflexion will take
place at the junction and the surge transmitted into the section

beyond the junction will be modified in value (Fig. 16.5(a)).




o i8 @ Junction between three lines or a ©
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‘Consider the case of a junction bety

cable. Let the shamctpdstic i;npedan;e:; ol OVerhegq
of the cable be Z¢. Suppose a surge vohathe line be 2
line and travels down the line to the juncti &e E i -i!ﬁtial-w%
ﬂm a!ble, The cable presents a terminal i;n h"’h""ﬁ'en' ﬁad
line, since the cable voltage will be Z,. fipn.. "PedaNce of 508 g,
H - ¢ times the ean Ze
surge conditions. Cable Clrrey ' thy

Initial surge voltage in line = £

Initial surge current in line = o £

—

Zy

The final voltage in the line after reflexiop fro

voltage surge transmitted into the cable- M the junctigy 1 the

| 2Z¢
Ef = ZC' + ZL EI (lﬁ lz
X | 1)
The final current in the line after reflexion fi :
current surge transmitted into the cable- e the]uncm’“ 1S (he
Ir = 25
Zo +.Zy (16.14)

ofl, e Ze —
Reflected voltage in line, £, = Z: T ;: Ei

Reflected current in line Iy = — ._]. Ze — Z;
E R ’ ZoZc+ 2, 2 (16.13)

(16.11)

line TE &AW+ : tee™ junction on
ul m‘ ! 5‘5@)15 the reflected and transmitted .suflges may b

T AeC by the above equations with Zy replacing Ze, where

"
rak

ﬂ'_ :!F-l';l- ‘.':[ . ;;.I-.'ljﬁ-—..t J. -: iy 4 . o | 4 .. b 1 . , :'__ ’! ;:'E:" 4. .1
L4 aoround cable having an inductance of 03 n
oM is connected : Ji

: ar '.i

e e 5
ansinitteqd
Tl D g
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- L

racteristic impedant® of cable, Zv = j E
el |
03 % 107* _ sa40)

E ‘/0'4 x 10-%
~ i JL
hnrach:risﬁc impedﬂncc of line, Z1. = =
C B iﬂ x 103 _ e
& 0014 x 107
100 kY SUrg® initiated 10 cable o
m}Initiai value of SUrge voltage, E1 = i._. =
_E_ 190 _ seska
(nitial value of surge current, I = -
2ZL

: e b e R
Surge voltage (ransmitted into line, £7 o

2% 378 100 = 186KV

~ 378 + 274
| _ s G Er _ E}'_
Surge current transmitted into line, I = Zr Zi

= -l-§—§ = (-492 kA
378 ——
A Zy — Zec
Reflected surge voltage in cable, £, = Eq 7 ¥ Ze
378 — 274
= = 86kV
MRS T T
. E, 86 .
Reflected surge current in cable, Iy = — 7. e —3:16kA
(b) 100 kV surge initiated in line
Initial value of surge voltage, Ei = 100kV
Initial value of surge current, [y = L gee L 0-264kA
‘ Z, 378
Surge voltage transmitted into cable, Er = Abc Ey
R = : Ze + 21
2 X 274 |
= = 100 = 13-5kV
274 + 378
Surge current transmitted into cable, [y = Er = 13:5 = 0-494 kA
2{:' 274 —

Reflected surge voltage in ling, £, = Ep — E; = —86:5kV

Refiected surge current in ling = — Er = 4 Eﬁﬁ = (:23kA
ZL 378 ——
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16.2 A single-phase overh

. 2 _ cad line js
impedance of 300£2. The line has a cimuit-tﬁ:arefo

km g

at the T8 ang hag

Pt g

T —— — —

() Ir‘nput—--_x'
; VI[
| 0
(b) ::f:lltlnm 1 4
: 40CA
L 6}
. v i
Q
ot ~120kV Eii
irst :
(€) gurge OB AT
1
0] I;
[EA00AL
( Vv
O‘ t
First surge E;
@) reoches = | 120kvi—
short circuit 11 :
0
I
l -400;&—-—--{- _____
[ V
0
Second 4 ~120kV
(e) surge 3
0
. =400A
( vy
120kY e
0
—

—d

W —_—
B =l

Y ———

i
L

minating end and the circuit-breaker sud

-

len it has an instantaneous value of 400A.
ch will occur in the line, i

der the initial short-circuit conditions i
*2ero and the current as uniform at

o
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when the circuit-breaker opens, the current of 400 A cannot immediately cea
due to the line inductance; thus the line capacitance at the circuit-breaker end

must become negatively charged by the instantaneous continuation of the 400 A
current. A negative voltage then arises at the circuit-breaker end while the rest

f the line is uncharged; hence a ne tive voltage surge travels from the circuit-
breaker end. The current associate with this surge will be —400 A, since there
can be DO resultant current at the open-circuited circuit-breaker end. Therefore

voltage of surge = —400 X Zo = —400 x 300V = —120kV

. @ SUrEe of —120kV and —400A travels down the line to the short-circuit

tﬂﬂ]‘liﬂﬂtiﬂﬂi . ’ ” . ; }
At the short-circuit the termination voltage is necessarily zero; thus a reflected

surge arises with a voltage of +120kV and a current of —400A. (At a short-
circuit the SUrge voltage is reflected with change of sign and the surge current
- reflected without change of sign, see Section 16.4.) When the reflected surge
reaches the upen—clrcmt_ed circuit-breaker end it will in turn be reflected back
down the line. The third surge voltage will pe +120kV and the third surge
current will be +400 A. (At an open-circuit the surge voltage is reflected
without change of sign and th_e surge current is reflected with change of sign;
see Section 16.4.) These rcﬁaxm.rlls obey the rules: (i) the resultant voltage at a
short-circuit must be zero, and (ii) the resultant current at an open-circuit must

be zero. : o e |
The fourth surge stage is shown in Fig. 16.6(g).
It will be seen that after the fourth stage the resultant voltage and current are

the same as the initial voltage and current. The fifth surge would then be the
e as the first surge. In all real lines the losses will continually be reducing the
mﬂ,gﬂillldﬁ of the surges so that the later surges are much smaller than the first

Ones.
Since this line is an overhead line, the surge velocity will approach 3 x 10%m/s.

Thus the time required for a surge to travel the length of the line will be
50,000/(3 x 108)s, i.e. 0-167ms.

16.6 Surges of Short Duration

The previous theory has been developed on the assumption of a
sudden rise of voltage followed by the steady application of the
same voltage. In practice the sudden rise of voltage is usually
followed by a slow fall of voltage back to normal. If the surge front
reaches the far end of the line before the input voltage falls appreci-
ably, then the previous theory gives a good representation of the
surge conditions on the line. If the sudden rise of voltage is f ollowed
by a rapid fall so that the voltage surge becomes a voltage pulse,
the previous theory does not give a clear representation of the
conditions on the line. The theory is, however, still applicable and a
further simple assumption gives a good representation of the actual
conditions,

Fig. 16.7(a) shows a pulse or short-duration-surge source connected
toa line. The output voltage of the source is shown in Fig. 16.7(5).




e

l'-_
S 7]
$3 4 3
£ g b
- 319 !
3 £ §asr
rr

ncident 504 reflecteq
Lmes along the fine

36  Trovelling Voltage Surpes

This ouipit voltage may be considered us 1) oo
of infinite duration followed at a discrete iy, ”ﬂ: YOllyg
mluigz surge ol _mhmu: dutation and the *ﬂrn& 7 () 4 m"lﬂ&
ve surge will then cancel the *gg)) 'l”lﬂgn"wk*f&u,,_
Sinze both the ]'mﬁ_inw and negative Inn;g-tlu;m“jn.am
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Raflaction if pxZ, Roflected pulss, fisy
() 0. Tae

v
{ I}rlneﬂdtnt v 1
£ Pt m——————— l:'}l*nf!at!!d

3'1. (% flafincted I ol %
b Mgy
n e S I?[rlﬂfdﬂrli 1 i/ e
Rallection i fue7 eyt
(§) 9 Rsfleciad pulse, e,

(h)

P 167 sumons OF ST DA A TN

pulses are shown in Figs, 16dh

be 4 tend to decrease th | |
Mtho pulse front and pufse ta?tfc 1 P AR 4'

goitude 10kY (ravels slongs ~
'8 68l of charhercs 00, VThe line is joined to ik’
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calculate the magnitude of the fint
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part of the inpul pulse will be reflected back Mlong 1he 1
. ; W rer ViR o
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This reflected plulse will travel back along the cable o the Uncion with the
first f';flﬁ'i.!- o “I"ri';. j#;jﬂ U’ {he teflected ;’;uf-'_;.‘ will b= :‘r,‘.:f,‘”-“{ruf;.-; il Lhe r”,.‘
length of line and par of i _ ﬁ_i” be reflected and will again pass down the r_.%,.f.‘
wward the second length of line. T

Magnitude of pulse reflected back into cable from junction with firet lepgih
Uf line {

UK) = )

s 8 ] Q2 kY
M 4 30

w |49 ¥ t16.11)

This pulse will form a second pulse incident on the junction of

: ine cabie and
the second length of line, Therefore

Magnitude ol second pulse transmitted into second line
2 % 300

w |21 K - - w222 kY
¥ 4 30

The time interval beiween the two pulses will be the time required for a pulse
(o travel Hirst back and theo forward along the lengih of cable, i.e. & 1otal distance

of 3km In the cable.

; 1 X A
Yelocity of pulse in cable » 1. ,I-U w 15 2 10%mfs
.v.-'
Iherelore
. 3 ()4
Fimne interval w= -'-f'-l 'Fﬂ o A 1 LT
'5 x H}i PR ——

Nole, The surge pulses in the second line were much smaller than those in the
first. lmulpmcm in stations at the ends of overhead lines is sometimes protected

ffﬂm OVErvoitage surges by bringing the overhead lines through & short length of
cible before reaching the station.

Tl
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6.7 Mitigation of High-voltage Surges

‘la surges algamamly due to either (a) light T

T vym |

Vil "H i':"'_ The \'Bltages set up by lichtni mﬂg '.' s
y stringing one or two earth wiresg at;;ﬁg g:sch_ ; :;rﬁ
The voltages set up by switching ar € majy ¢

 switching. ¢ reduceq S

: =§J_,¥é!1 stroke to a line causes eno u&nﬂ

w; ;_._f}__-__:___:pnsglbmty of preventing these, Fﬂﬂunat

lightning strokes are rare. It is more common fy, hi

surges to be caused by the charge induced on the Cﬂndu{ﬁh“'
Ors

] line when a charged cloud passes over OT near to t,
: 0
VEr ead Ul have the

The charge induced on the conductors w
polarity to that in the cloud. If the cloud passes slow] ool
charges induced on the conductors will gradually flow ti a}vay » the
no disturbance will be caused. If, however, the ¢loyg jswrth i
discharged by a lightning stroke to earth or another cloud SUddenl}’
induced charge on the line will be suddenly released and el
voltage will travel along the line in either direction " Surge
- The charge induced on an overhead transmission line
charged cloud is mainly concentrated in the Uppermost cond
since the other conductors are to some extent E'IECH‘GSI&E i
shielded by the uppermost one. If the uppermost cond uctor is lcagy
_an_lmrth wire and not one of the system conductors, then the r:hI:;m E
induced on the system conductors are considerably reduced. {‘%e,:

fmous ygt,

Ol g
€ ling

SYStem by 5

reduces the surges in the system condu
‘reduces ctors. It also affords s
mitigation of the effects of a direct lightning stroke. W

Where an earth wire is present the resistance of the tower footings

- must be kept low or back flashover from the earth wire may oceur.

For example, in the extreme case of the resistance to earth of the

wer g infinite, any surge voltage wavefront reachin
e e ge W 2
the tower base is doubled and reflected back to the earth wire.

mﬂﬂb“ﬂdﬁp of earth-wire potential to a value well above that
e wﬁ{hﬂm conductors may result in a discharge from the earth
i 10 the system conductors, ‘

eastenteurrents and voltages naturall y occur with most switching

Tﬂl m“y mwhljﬂg'iﬂ and disconnecting can be per-
igerous disturbances arising. The interruption

t current by an efficient circuit-breaker does,
e “Voltage surges. These can be mitigated
- Circuit-breaker will be opened in stages.

[

= OF more resistance sections carry the current

i b
il
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16.8 Protection of Insulation

The insulators which support an overhead line and the insulation
of cables, switches or transformers will, under some surge conditions,
have voltages impressed on them which are greater than the break-
down strength of the insulators or insulation. To prevent the break-
down of these costly units and to prevent the interruption of the
supply which would result from their breakdown, the insulation
is usually protected by an air-gap so arranged that the surge voltage
will produce breakdown of the air-gap rather than of the insulation,
A string of insulators for an overhead line, or the bushing of a
transformer, has frequently a rod gap across it (Fig. 16.8), so that a

{545_\ Arcing
—

. horns
=\

Fig. ]16.8 ROD GAP PROTECTING AN INSULATOR STRING

spark or an arc will jump across the rod gap rather than down the

insulator or the bushing. '
Alternatively a metal ring concentric with the insulator string and

about level with the third insulator shed may be used as the lower

electrode in place of a rod electrode. ‘
When setting the rod gap two factors must be taken into account:

(a) impulse ratio and (b) time factor.

Impulse ratio
Breakdown voltage under surge conditions
~ Breakdown voltage under low-frequency conditions

It is found that the breakdown voltage under surge, i.e. rapidly
changing or high-frequency conditions, is often higher than the
breakdown voltage under steady or low-frequency conditions. The
impulse ratio is a measure of this difference. Supposing the break-
down voltage of a string of insulators is, say, 300kV at 50Hz and
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© that the string is protected by a rod gap with 4 pregy

. of say, 200KV at SOHz, If the impulse ratio for | KdOWR y\
S 5 2 ”ﬁ:ﬁ;‘ then the surge breakdown voltage rof:h:h inl:aulm::“ﬂ

390kV; and if the impulse ratio for the rod gap is

a1 B torg yii
= v ; Nt : ) el » Sa wm
Y the surge breakdown voltage for the rod gap wi A W

o e rod gap does not then protect the insulatorg Lﬁ]d;:l,::: 420ky, %:
8. Either the im‘;ulsc ratio for the rod gap must pe imgf condit ng
$ | S0Hz setting for the rod gap must be reduced, The h,:""‘d Or the
2T s found to depend on the geometry of the air-gap. A up Ulse Tt
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A

Breakdowir
voltage (ky)
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(a) B

Breakdown
voltage (kV)

Vep==——~ Insulator
Minimum g~ ——— = N e —,—
breakdown " |
voltoge for
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!Minimt.irn breakdown
i‘mitng: for rod gap
t r‘s}
(b) a
Breakdown
voltage (kV)
Insulater

(c) S5l

Fig. 16,9 BREAKDOWN-VOLTAGE/TIME CHARACTERISTICS

(@) Typlcal rod gap characteristic
(b) Unsuitable combination of insulator and rod gap
(¢) Correct relative characteristics for insulator and rod gap protection

appmxim.ately 3 X 108 m/s a short delay will permit the surge to
pass the diverter and be transmitted into the plant which the diverter
s intended to protect. Moreover, the surge diverter should be placed
45 close as possible to the plant to be protected to obviate the risk

L

1:




m Travelling Voltage Surges

L of a surge be.mgmmated in the line betwee
. ;:.:' o ﬂlﬂt. me [I.Ile betwm the Surge dlverter ::]:[htheom p ﬂ.nd

e piomadbyanemhmreormres P&nsum
s 16.10 shows approximately a typical o d he
= - ;Meuﬁsﬂ disc suitable for incorporation in a surge 3:3 Fistic of

: i 3 : - 500 - et d Eﬂm
- 400
J'n, E., |
< 300
:,E / s
-
L=
100
e L 4 8 12 16 50

B, i Peak current (ka)

& 16.10 TYPICAL METROSIL VOLT/AMPERE CHARACTERISTIC

' .' 0n a high-voltage transmission s

ystem to prot L
and other plant from high-voltage surges. e :
Wnneﬁmg the applied voltage and the current is of the

_!.r-.
. ! 5:' 'b B = "L'

ﬂeﬂmﬂlﬂg on the geometrical form andﬂu:#
€ composition and treatment of the sub-
mb:ﬂ that_ whatsver the valuaﬂf !ﬁk E

the
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1,250 mm
& £
10
8
Y
7 /6.5
(a)
Fig. 16.11 METROSIL DIVERTER AND SPARK-GAP ASSEMBLY
(AEI Lid)

(2) Surge diverter

1. Glazed porcelain housing 6. Inner sealing gasket
2. Metrosil disc 7. Outer sealing gasket
3. Metallic spacers 8. Secaling plate
4. Spark-gap assembly 9. Terminal assembly
5. Compression spring 10. Spacing tube

(b) Section through spark-gap assembly
11. Contact clips 16. Porcelain housing
12, Metrosil grading ring 17. Metal spacers
13, Mica disc 18. Compression spring
14, Electrode 19. Contact plate
15. Locating disc 20, Sealing cap

of the diverter falls and the diverter passes a high current, diverting
the surge energy to earth.

In practice, in adiverter suitable for operation on a 132kV
system, a stack of Metrosil discs 6in. in diameter is assembled in a
glazed porcelain housing which is provided on its exterior with rain
sheds, which may be of a special shape for operation in dirt-laden
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dyne, The output shaft drives a d.c. tach 3
‘reference voltage-divider, which can be ca|jpg,< Ut det
I ut eed. With the polarities shown, the ermml“%‘z &

 sy=o— Kew, Rt

* is the angular velocity of the output shagy rads gyq 2 B

~ The motor torque (assuming a constant 5
ﬁbthnt,nnglecung friction and loading m@mt" B
- equation for the system is & M€ dyngy
ERIPSESERERAS: = ¢ i
L ok ’?ﬁ"ﬂﬁﬁn& = KaKm(vi — Krw,) _ §
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; : the droop, and it should be noted S iy
his error 15 called t , oted that it is in-
gcpendent of the output speed. Thus at high shaft speeds it wil
represent a smaller percentage error than at low shaft speeds. Tt
mi‘:}' be eliminated by the use of integral-of-error compensation as in

the r.p.€ servo.

AMPLE 18.3 In the velodyne speed control shown in Fig. 18,12 the constants
EX as follows: amplifier transconductance, 200mA/V; motor Lorque constant,

« 10-8N-m/mA; tachogenerator constant 10V per 1,000 rev/min. Determine
the input voltage 0 give a speed of 2,000rev/min. If the input setting is at half
this value, find the droop when a load torque of 6 x 10-#N.m is applied.

The tachogenerator constant in volts per rad/s is

10 x 60
Kr = 1000 x 27

Hence, since there is no gearing, eqn. (18.34) gives
v = woKr = 20V

When the input is set at 10V, the no-load shaft speed will be 1,000 rev/min.
(f the load torque is now applied there must be an amplifier input voltage given by

-2
e Sx 107 —6x10-tV
KiKm 200 X 5 x 10-3

Hence the tachogenerator output is 10 — (6 x 107%) V, and the actual shalt
speed is (10 — 6 x 10~ x 1,000/10) rev/min, i.e. the droop is

6 % 10-2 x 100 = 6rev/min

e—————— -

Note that this result can also be obtained by applying eqn. (18.37).
The speed regulation is 6/1,000 X 100 = 0:6 per cent.

—_—

18.13 Some Limitations of the Simple Theory

In the simple theory developed in the preceding sections no account

has been taken of any non-linearities in the system, such as the

saturation of the amplifier, backlash in gearing, and stiction. Nor

have the effects of actual servo-motor characteristics on the system

damping, the mechanical limit of system acceleratmq (to keep
acceleration stresses within reason), or the effect on dynamic response
of the introduction of integral compensation been considered, Only
velocity-feedback stabilization has been dealt with, and other forms
of stabilization have been omitted. Such subjects, together with the
important questions of system stability and harmonic response are
the concern of full courses on servo-mechanism, as are considerations
of large power systems using magnetic or rotating amplifiers.
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Chapter 1 8

CLOSED-LOOP CONTROL
SYSTEMS

[n almost every sphere of human endeavour there is a need fo exercise
control of physical quantities. Manual control, involving a human
operator, suffers from several disadvantages among which may be
numbered fatigue, slow reaction time (some 0-3s), lack of exact
reproducibility, limited power, tendency 1o step-by-step action and
variations between one operator and another. The demand for
precision control of physical quantities has led to the development of
automatic control systems ot servo sysiems. It is the purpose of this
chapter to examineé some simple servo systems, as an introduction

to a subject which is of gver-growing importance.
All precision control involves the feedback of information about

the controlled quantity, in such a way that if the controlled quantity
differs from the desired value an efror is observed, and the control

system operates to reduce this error. This type of control is c‘ralled
closed-loop control and can be either manual or automatic. In simple
regulating systems there is no feedback of information, and precise

control cannot be achieved. This 1 called open-loop control, since
there is no feedback loop.

18.1 Open-loop Control

The operation of an open-loop regulatin
by considering one or two i{lustrations of such systems. For example,
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- of the valve can be measured on a scy] . Yalve, |
actual flow of water will depend on u:; ::;ifqri a’ll)’f un.:hﬂw |
to the valve, and on the loading at the Able heqq %m |

the flow of water in a pipe may be controlled by 5 al
yay

setting. The accuracy of the setti *Ouﬂgt’ as wel| g5 ﬂ‘ﬁ
disturbances. . B 1ac thius depﬂndemqbr:{l.h“m
~Again, consider the speed control of g g . _—

resistance. -ch_lfaamng the field resistance incr;:as Ut moqy by §
‘but at any setting of the field rheostat the acpyq) the my,* i
on the supply voltage and on the load on the maclﬁp‘*‘d Will 'hi
cannot be -‘ia';librated accurately in terms o "€ The rp
is an open-loop control. If now we connec §
shaft, and mark on its scale the desired spgic:h:nt:chhﬂmam ‘m
may adjust the field rheostat as required to keep the ::'ﬂn Operay,
near as he can to the desired speed. The operator the:l‘-‘al ey
feedback loop, and the system has become a cIand.hact’_"#ifl_f |
where the -con.u?al action depends on the obseryed errc?rp ey,
actual and desired speed. An increased accuracy of COntm:J?%
achieved. An automatic control is achieved by replacing the S
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takes place no matter how the error arises, e.g. by external distur-

bances or changes in input conditions. The control gear forms a
closed loop with the process.

The essenli‘al elemg:nts uf_lht: automatic control system are thus
(@) a measuring device, which can often be combined with (b) a
cOMPpArison dE‘-:'lL‘E to produce an error signal, (¢) a controller,
which normally incorporates power amplification, and (d) a correction
device.

One very important type of control system is that in which the
angular position of a shaft has to be controlled from some remote
position with great accuracy. Such a system is called a remote
position control (or r.p.c.) servo, and has applications including the
automatic control of gun positions, servo-assisted steering of vehicles
and ships, positioning of control rods in nuclear reactors, and auto-
matic control of machine tools. In the following sections an electrical
[.p.C. Servo will be considered in more detail. In .such a system, the
shaft position is measured electrically, an electrical error signal is
generated. amplified, and used to control an electric positioning

| 15’!31! error-measuring device and output controller, Py motor.

8.3 The Summing Junction

[n electrical servos it is often required to apply _the sum c?f or differ-
ence between two or more signals to an amPllﬁc}-. Thss.can con-
veniently be done by means of a summing junction, as illustrated

fmudements of a simple closed-loop control system 4
g s 2 . : _ an
istrated in Fig. 18.1. In this case the output of gamg?indmﬁw )

SoTEE
— LT
g e Lt Measuring L L
Ty - contro Bt | device i . : | 1 Ry
» Process | IF" ’ | : R 'J\
{ : o -_
sty - i v G gis
o 2 i
- Ra e
. . ) P v -_'_|
, Error [ Desired value 3 RS |Y 3
LR S | : of output ' 2
o { __ '-;‘I.':t:'. Eﬁ{llﬂbl!&r Compul"iﬁﬁn | Yofd) :I - ( l E }

-4 =
= T =y
= o _1].": +E= 3

PROCESS CONTROL
Llll-"‘-,j“..r': H o4t - \ "
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18.4 Measurement of Shaft Position Error by Voltage Dividers

Two methods of obtaining an electrical si . gy -
measure of the size and sense of the diﬁercgn:::»ael bt:]\:fcetnw:#e gj‘"’f a
angular position of a shaft and the desired angular position :.:hugl
considered. The first of these methods involves voltage divl‘d ¢
whose sliders are fixed to a reference and an actual aﬁt ut Ish‘frt::-.
respectively. P aft
Consider the two linearly wound voltage dividers shown in Fj
18.3, connected to a summing junction, G, though resistors whifi;

A~ || r
T

- '.ﬂ o —

- b e
| ¥

B oo :5_-3;';:‘_ .I.- i . .
.5' .; L]-: » %_tﬁg Hﬂ. + v2 + v3) o I are of such high v_alu&s that they give negligible loading on the voltage
= b i i dividers. The slider of the reference voltage divider is set at the
4 L ,t_.!*a_ m puts (it.. if Rs were dismmlﬁcted) i {]ag) . desireg agg:ﬂ;{;‘o sﬂhaft position fy, so that, assuming the divider to be
N I.- AL 1 S Woul '.'-'-:_'_d_'ll' : wound O '
o - t=Hn+o) T Teduce ty =
. 3 aied version of the s ERwin | ;
e ain d.c. amplifier as MH F S Obtajpe; The slider of the output voltage divider is connected to the output
is —A and its input e li shaft, and for an output shaft angular position of 0,
pedance | B,
= 705 %X (V)

' E- 'I___-__, ‘ &1 5 m.1 2 A 7 % g
B e (vl dﬂ:ﬂ:g & &:W- whu?- Wil be peayaratie B
e ‘_-#r J._'! '.h.?::. e .. oL o™ 0 10“' mjﬁj.-'&i o s ____-—_-BIV M) = ..K-.- —
. earth, T- T m \0st at earth pomnm and is @"ﬁam b Ve = — 300 -+ 300 300 (ﬂ{ 0,) (18.5)
) The voltage ve is thus proportional to
ence between the desired and actual shaft positions (6
is called the error voltage.

(t follows from eqn. (18.4) that

the shaft error (i.e. the differ-

18.5 Synchros as Shaft Position Error Detectors

The synchro gives an a.c. error voltage whose amplitude is propor
tional to the shaft error and whose phase depends on the sense of
the error. The principle of operation can be seen from Fig. 18.4.
L pr A The stator houses three windings whose centre-lines are 120° apart.
AR R The rotors may be of the salient-pole type Of of the wound-rotor

ty?l'e%fo units are used. The transmitter has its rotor sqpplied from
an a.c. source, the rotor shaft being set tO the desired rangutlz:
position. The rotor current sets up an air-gap flux which links the

' indi 1 | ding 10
three stator windings and induces em.f.s 10 them accor

the relative position of the rotor. The stator windings of ;h:
{ransmitter are linked to those of the receiver as shown 1o Fig. 18.5,
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('l.
W
v \ so that the induced e.m.f.s will set up circulating : .
e 3 turn cause a flux in the air-gap of Em recei g currents, ?’h"’fh in
59 _ i o : iver. This receiver flu)
£S5 will ha}fe the: same direction relative to the receiver stat s
) P m'? transmitter air-gap ﬂ}lx has relative to the transmitter stat:f as the
3D kT When tl}e centrg-hne of the receiver rotor is at 90° to :hl fl
5E3 > the e.m.f. induced in the rotor winding will be zero. For an sd ia
O3% e tion O from the 90° position, the alternating e.m.f. induc yl hEvias
E"g receiver rotor will be N in the
58 V,= Vsinf = Vsin (8 — 6
53 .= Vsinf = Vsin (0 — 0,
X o) (18.6)
where V is the r.m.s. voltage induced in the receiver rotor when it
links all the stator flux. For small deviations from exact quadrature

between receiver flux and rotor centre-line, sin (6; — 6,) =~ 6; — 0
— Vo

and
V, ~ V(0 — 6) (18.7)
i e. the error voltage 1s linearly related to the difference between

input and output shaft positions (after allowing for the initial S0°
The phase of this error voltage will be 180° different

displacement).
for the case when 6, < f; than it is when 6, > By, thus giving a

measure of the sease of the error.

Shaft error detection is only one of several applications of these
devices. As error detectors they have the advantage over voltage
dividers of negligible wear, greater accuracy, and error detection

over a full 360° rotation.

18.6 Small Servo Motors and Motor Drives

0
x
0
-4
g
»
<
z
%]
2
g
Electrical servos may be (a) entirely d.c. operated, using voltage
E dividers, d.c. amplifiers, and d.c. driving motors, (b) entirely a.c.
z operated using synchros, a.C. amplifiers and 2-phase a.c. driving
b motors. or (¢) a.c./d.c. operated using a.c. error detection, phase-
0
:
b 4
2

sensitive rectification and d.c. driving motors.

{a | SPLIT-FIELD MOTOR
a Small d.c. servo motors are generally of the split-field type illustrated
&3 in Fig. 18.5. Neglecting saturation and assuming a constant
5.e armature current, the output torque will be proportional to the net
field current, and will reverse when this net field current reverses.
The field may be fed from a push-pull amplifier stage. If the armature
the build-up of armature

is not fed from a constant-current SOUrce, R 3
e.m.f. with speed causes a falling torque/speed characteristic, whic




to viscous-friction dampin

~ Approximately constant armature curre & in the

m"“ﬂ,t ] :

¥
- .
1:'.: - - In- Cﬂ‘ﬂ!‘rtﬂnt
Sen L armature
I current

i, S

FOrag il _:;  !&€£ilfHU[ iﬁ;ﬂﬂi' v e

:m.luil,” ot - T it ey may be used with & phis By |

) e J&?ﬂm A d.c. error voltage. nf; ba;ze?a,‘_”e,_mﬂﬁﬂ |
e o i e a0 o

B 0 BT peak emor sign],

i E_, ul
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the positivc half-cycles than D) and B is positive wi

Hence the voltage between A and B giuel: the ;a‘;::::ﬁ:pttc; to A.

of the error, and may be apphgd direct to the bases of a 123 t;s::;se
: n22.11). The capacitors provide smoothing of thﬁg;utpﬁ

TWO-PHASE SERVO MOTOR

[n an a.C. SeIVO the error signal from a synchro i

lifier, whose output feeds one phase of 2-yphasr: n;itt:f EFh:n t? i

of the voltage applied to this winding is arranged to be in quad?atﬁe
with that applied from a constant reference source to the seconed
winding of the motor (the reference winding), as shown in Fig. 18.7(a)

ALC.
reference

Amplified
error voltage

(a)

Torque

,
increasing

-F
Speed
{b)
Fig. 18.7 THE 2-PHASE SERVO MOTOR

When there is no €rror yoltage, only the reference winding 18 energa_ed
and the rotor is locked in position. The motor 18 designed to gIve
maximum torque at standstill The size of the output torgue will
depend on the magnitude of the error signal, and the direction of the

torque will depend upon whether the error signal lags of leads the

reference voltage by 90°. Typical characteristics are shown in Fig.
18.7(b). |
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'R .

L The a.c. servo is not used where large power is required

e ic amplifier has a limi equired, because
- I.:_'_E| the electron % mited power output. 1n such

. rotating d.c. amplifiers (amplidyne or metadyne t .
amplifiers are used with d.c. driving momr:_n Hfgj “L;‘:ﬂgnﬂw
will not be dealt with in this text, po SETVOS

Note that in both d.c. and a.c. servo motors the
usually long and of small diameter in order to give a hiE;u:::qa,:;

inertia ratio.

-y
T

18.7 Simple Torque-controlled R.P.C. Servo

n I——i Tl _'_'_||||:;.—_i_

The main components of an electrical r.p.c. servo ing
been briefly discussed, a simple control E}'stzm cauS):::vmbEazE;
sidered. Such a closed-loop system is shown schematically in Fi
18.8, where the servo motor drives a load shaft (the inertia of t&:
load and the motor being J kg-m?), and where there is viscous-
friction damping (i.e. a frictional force proportional to the angular
velocity of the output shaft). The dnving torque produced by the
motor is directly proportional to the error voltage, v, and is given by

"

"

i

Tp = KaKmve newton-metres

where K4 1s the amplifier transconductance in amperes per volt,
and K., is the motor torque constant in newton-metres per ampere

of field current.
The error voltage is related to the shaft error by the equation

Ve = IKS(ei — 0,) (18.12)
where Ks is the voltage divider and summing junction constant in

volts per radian of error. :
Neglecting any load torque, the motor driving torque must be

sufficient to overcome the inertia torque, J(d*0,/dr*), and the viscous
friction torque, K(d,/dt) (where Kr is the friction torque per unit of

angular velocity), 80 that

L F d:: = KAKml'a = KAKmKS(QE — b)) = K(6¢ — 8,)
(18.13)

where. K = KaKmnKs newton-metres per radian. Rearranging,

dw, Kedbo K, K, (18.14)
BT = g o2 7

Obyiously, at standstill, when d%0,d1® = dboldt = 0, then B0 = 0y

and there is no error.
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overshoots) but gives a fast rise to around |
equation of the response is nd the value of ;. The actoal |
¢ |
8, = 0¢ {1 — e~**<(cos cwr + > -
i VT == "’”} (18.18) 1-.
where '
w = wayv(1 — %) i
19) {

The time constant of the decaying oscillation is + = | Noe. Th
- ihe

slightly underdamped response is the type usually
R acting servos, damping ratios of the order of o.g ;T;Plu}ﬁd for fast-

= ?Kg‘, E—L. (C) Crff!'qg] damping (; = 1: lE P 2*“(![(_)) ng common. :_1
" -‘V'(J_K) ﬁth 7 This condition marks the transition between the oscillatory and th ]
. & ' 1 _ : 3, =
our solutions to “Qn-(lau.l .:_ overdamped solution, and the response 10 a step input change is 3
s E 8, = 0i(1 — Lwnt & ==t — g—i=a) (18.20) N
(d) Overdamping (L > 1; ie. Kr > 24/(JK)) a4
This represents a condition of slow response and is normally avoided |

in practice. The mathematical expression for the response is 8

1
6, =6 {1 — g teml (cosh ! , ¢ ' ) - |
b = 04 Bt + NG sinh ﬁl. (1821) | ih -
where 11
B =/ (EF — 1) (18.22) : ';:
It should be noted that exactly the same results are obtained with :
an a.c. servo, or a d.c. servo with synchro error detection and a .
e L RO 7l phase-sensitive rectifier. : =
e s TOASTER 88 In all servos there is a lower limit to the size of error signal which .

will just cause a correcting action to take place. If the system is made
too sensitive, spurious operation may result from random noise

inputs to the amplifier. The dead zone of an r.p.c. servo 1s the range o
of shaft errors over which no correcting action will take place, since | > 1‘_1 s
the motor torque will not be sufficient to overcome stiction (static i £ %
friction). This dead zone will give the limit of accuracy of the system. ; £

18.8 Gearing
It is usually economic to design servo motors which run at a much

higher speed than that required for the output shaft. A reduction
gear is then used to mnnr:gt the motor to the load shaft (Fig. 18.10).
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power loss. The jorialy

loqp IS provided Sitg _uaf;y
- i ortional to the shaft ]3-
can be obtained from a d.c. tach, elo

ity

o - By gener ator &

: ’ , usually before the gearing, Onnec

. . .s_ an a.c. 'taChOgener ator can
S

SYNCHRO ERROR DETECTION

The dynamic equation of the System s Obtaineq
equating motor driving torque to the |

fo
- . e % PPOS]HE{ tor r”?l
mechanical viscous friction and load torque, angd et N‘-‘Blewn'!
. . - assuml .
inertia at the output shaft of J. &4 toy
. db, ‘ d fr"jﬂ
nKsKm { Ks(6; — 6,) — Krn —) = 7 =
dr | dr? (1825

where K7 is the tachogenerator constant in volts
motor shaft, Ks is the error consta
assumed that the summing junction
braically) directly. Rearranging,

> Per radfs g1 ¢,
it In volt/rad error. ang jt

adds the Input vo!tages (alge.

df, nquKmKT di,

M ﬁ\'-_{ A-n; As * ”]{.4 KIH KS
az T J g T |

7 iy - 70 (18

This equation is of exactly the same form
Qius yield similar results. The damping
including a voltage divider

WLE 18.1 An I.p.C. servo uses voltage dividers with a 300° travel ands
total voltage 0f 30V across them for error detection. Damping is provided bys
i d!"’- vEHIcTator, whose Output is added to the shaft error voltage in an oper
' %Mmg amplifier. The amplifier has a transconductance of 250mAN,
) L th‘ motor has torque constant of 4 x 10+ N-m/mA and an inertia o

ean w g m® The motor js Coupled to the load, whose moment of inerti
ST ] _.{-_5-'; through a 100: | reduction gear. Calculate (a) the undamp
00 revr . cy Of the System, and (4) the tachogenerator constant in volts p&
e NSO o &Y€ a damping ratio of 0:8. Neglect viscous friction.

as egn. (18.14) and wil
can be readily varied by
In the tachogenerator feedback path.

Ha referred (0 load shaf = (40 x 10-2) 4 (104 x 50 x 1079
, =90 x 10~2kg-m?

Closed-loop Control Systems  sgy

Hence eqn. (18.27) can be written

d*0o + 110K % + 7260 = 726,

dr®

Thus from egn. (18:15), wn = V72 = 8'5, so that
ﬁ = i.i: = |-:35Hz

2

Comparison with eqn. (18.14a) yields
Uws = 1,110K7
Hence : |
P 2 x 08B x 85 = 0:0123V per rad/s
=TT L1I0
= 1-28'V per 1,000 rev/min

18.10 Velocity Lag

[n a second-order r.p.c. servo with viscous friction damping, Suppc_use
that the input shaft is rotated at a constant angular ve_logly
w¢ = dbi/dt. The output shaft will continue to faccelerate untii itis
rﬁtatmg at the same angular velocity as the input. Then, since
d26,/dt® will be zero under these umjdumns, the steady-state equation
of mjotiun will be, from eqn. (18.13),

- {fgg

AF dt

where ¢ 1s the angular difference between input and output shafts.
Hence

= KiKmKs(Ui — ;) = KsKnKse

KF(:.it
~ KuKnKs
This constant error is required to give the motor torque m‘,e«:le{:(ll to
drive the output shaft against the viscous friction loading, and is

elocity lag. _
calll;aiidr ;l;lerf;f.{ :éirj:wlﬁwhuch_ is stabilized by negative ‘f‘eloc1tytt_"zidibsack
in addition to viscous friction damping, the dynamic equati

d 269 d 6(; dﬂa

zw T Ar e = nKika {KS(Q’ 0~ Ay

(from eqn. (18.26)), where J is the total inerﬁtia lzeferred ;02 Bti}n:} ;u;pgt

shaft. Under conditions of steady velocity input (d%0p ;

dbo/dt = wy), the velocity lag is

(Kp + n’KpKsKm)wi = nKrwq (18.29)
nKsKmKs Ks

if (as is usually the case) Kp < n2KrKaKm.

E

(18.28)

J

E=6‘—Bg=
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- Itis possible to eliminate the

 megative velocity feedback b

EXAMPLE 18.2. Anr

as er ! -P-C. servo with :

as error detectors. Th velocity-feed

rekistir. the feedback r;_g Elumcnqn of an operationa| rectifier js 1;‘?%

mm‘“ h! and the ﬂ]ﬂt{:i ?r bell'lg also l ’\'{Q The a . I‘Ough mﬂ,

field current of 81mA flow Orque at standstil] js s pri'ﬁ“ transy.. M

balf, The ta‘:h“generatu{: ;ullguc:nies Eaifxﬂf the 5!’-‘“} ﬁeldoa:jq“m wheﬂml?fr;

i . 3V = e Ze 5
resistor to the summing amplifier, .PLr I l:fo ::;hlhc%
2

UC[EOH Ul'g]h_&

d.isp] mﬂﬁg u;l;e gm overshoot G-hen.t
sm’acem. . 1 € velocity lag when the input
The motor torque constant is (5 x 10

0. 3 - € -Ig = G-
m_rh:‘;w rad/s; and Ksis 1-5 x 360:2,-.-:;;-‘ r]ad T
ynamic equation of the system ié | |

The fa&ur of one-half j
e tactor of ¢ IS present si
lﬂmnnng_ 8 Junction thmugh a 2MQ Teieistt
d®6, dfy
- 76-2—5 + 3,4406, = 34406,

he tachoge
flogenerator output is
or. This gives § R

ng with eqn. (18.14q),

and 2w, = 762

-. Eﬁ&dﬂmpmg ratio, £, is 0-65.

B Stem s thus underdampeg
‘—.':.i%'f » and the response to a step input of (07
B = 10{1 — ¢-38

T Meos ot + 086 sin wr))

10{] — __ e%u
A Il L o — tan—1 0'36)}

T WS
—

'rl"- :.J-‘.{.ﬂ

- K

11 I' > 1t |';'|'.-'E ,53-5 x 0-76 — 44'5.

 eXimum when cos( wr — 40.5°) = —1, i.e. when

— BN oy 123
= !H--; = 0-087s

o I
Lo = r
-
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Hence
Hﬂ-ml: = 10{1 + e-—!-!l-jZ} = 10-5°

e magnitude of the first overshoot is 0-5°,
—_—

so that th

The velocity lag is given by eqn. (18.29) as
nKro =

80 x 03 :-(S__I_T,
Eﬁ_'_i‘;- 1:5 X 60 —_—

18.11 Effect of Load Torque on a Simple R.P.C. Servo

So far, position control systems where the load torque is negligible
have been considered. If there is a constant load torque, the motor
must supply this even at standstill, and must therefore have an input.
This in turn presumes that there is an error between input and output
shafts. The dynamic equation for the system of Fig. 18.11 will be

d 290 . s l i dﬂﬂ
j—m 4 Tr = nKiKm lhrs(i; — 0) — nKry P (18.30)

where T i1s the constant load torque.
Under steady-state conditions when the input is set at some fixed

value (8¢ = costant), d®0,/dt* = df,/dt = 0, and the expression for

the error IS
Iy

. u) ﬁi I go B hﬂ,ihrmﬁs
This error is often called the offset. Offset may be eliminated by

altering the input signal to the servo amplifier so that it corresponds,
not only to the error, but also to the error plus the time integral of

the error.

radians (18.31)

18.12 Simple Speed Control—the Velodyne

The speed of the output shaft of a small servo motor can be controlled
by a closed loop system similar to that used for position control.
Such a system is shown in Fig. 18.12 and is commonly known as a

Tachogene rotor
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