Appendix G

Worked Example for the Calculation
of Volt-drop in a Circuit Containing
an Induction Motor

G.1 INTRODUCTION

The following example explains how volt-drop calculations can be carried out. Initially the subject
is approached from a rigorous standpoint. Subsequently various simplifications are introduced, their
results compared and their appropriateness discussed. The calculation sequence is:-

e Rigorous solution, see a) to p).
e Simplified solution, see q) to t).
e Formulae method based on kVA ratings, see u).

e Graphical estimation, see v).

Figure G.1 is a simplified one-line diagram of a power generation and distribution system
that would be suitable for most oil industry power systems that have their own power generating
plants, e.g. an off-shore production platform. Figure G.2 is the equivalent diagram showing the basic
symbols and configuration needed for the volt-drop calculation process. The example data are given
below:-

i) Generator data.
3 generators, each rated at 3.125 MVA at 0.8 PF lagging.
Rated voltage = 13.8 kV, X'y = 25%, R, = 2%.

ii) Switchboard data.
Rated voltage = 13.8 kV
Standing load = 900 kW at 0.9 PF lagging (coS ¢og).

iii) Transformer data.
Rated at 3.15 MVA.
Rated voltage ratio = 13.2 : 4 kV. X,y = 6%, Ry = 0.7%.
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Figure G.1 Simplified one-line diagram for calculating the volt-drop of a 500 kW HV motor.
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Figure G.2 Basic equivalent circuit for calculating the volt-drop of a 500 kW HV motor.
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iv) Motor control centre data.
Rated voltage = 4.16 kV
Standing load = 500 kW at 0.85 PF lagging (cos ¢,)).

v) Motor feeder cable
Conductor size 70 mm
Conductor temperature = 75°C
Specific resistance Ry, = 0.343 ohms per km
Specific reactance Xy, = 0.129 ohms per km

2

Rated voltage = 5 kV
Rated frequency = 60 Hz
Route length = 1500 m
vi) Motor
Rated voltage = 4 kV
Rated efficiency = 95%
Rated power factor = 0.88 lagging
Starting current = 5 times the full-load current
Starting power factor = 0.25 lagging

Convert the data to the system base values.

a) For convenience choose the system base kVA and voltages to be:-

System base kVA = Generator kVA = 3125
System base voltage at the switchboard = 13, 800 volts

System base voltage at the MCC = 13, 800 x transformer ratio
4000
13,200

= 13, 800 x = 4181.8 volts,

b) The system base value of the generator impedance R, + jX, is the same as that for the generator
kVA base.
Ry + jXy =Ry + jX'q=0.02+ j0.25 pu

c) Convert the transformer impedance to the system base values.

(base kVA) (trans pri Voltage)2
(trans kVA) (base pri voltage)2

(3125)(13, 200)>
(3150)(13, 800)2

R. + ch = (Rpu + jXpu)
= (0.7 4+ j6.0) = 0.00635 + j0.05446 pu

d) Switchboard (SWBD) parallel circuit components.
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Convert to system base values.

SWBD load power
SWBD load power factor
Pog 900 x 1000

SWBD load kVA = §,; =

= 1000 x 10° VA

~ cos bog 0.9
1000 x 1000
SWBD load kVA/phase = Sogp = + — 333 x 10° VA
900 x 1000 3
SWBD load power/phase = Pogp = — s = 300 x 10° VA

SWBD load reactive power/phase = Qggp = i (Sogp2 — Sogpz)
= 145.29 x 10°> VAr

Phase voltage 2
Phase active power

Ohmic resistance per phase = Rogp = (

B ( Vog )2 _ 13,800 x 13,800

3 x 300 x 103
= 211.6 ohms per phase

Phase voltage 2
Phase reactive power

P ogp

Ohmic reactance per phase = Xoop = (

10°

Voe \> 13,800 x 13, 800
= = X

Qoep 3 x 145.29 x 103
= 436.92 ohms per phase

Convert to the system base impedance values.

(load base kVA) (system base kVA)
(system base voltage)z(load base kVA)

System impedance in per-unit = Ohmic impedance =

Hence 211.6 x 1000 x 1000)(3125 x 1000
LR x 1000)3125 > 1000) _ 5 4755 pu
(13, 800)2(1000 x 1000)
And
(436.92 x 1000 x 1000)(3125 x 1000)
= = 7.1696 pu

o8 (13, 800)2(1000 x 1000)

These are the parallel elements of the load in per-unit at the system base.

e) Motor control centre (MCC) parallel circuit components.
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Convert to system base values.

MCC load power
MCC load power factor
Py 500 x 1000

= 588.235 x 10° VA

= cos do 0.85
588.235 x 1000 X
MCC load KVA/phase = Sy = =—————— = 196.078 x 10’ VA
500 x 1000
MCC load power/phase = Py, = + — 166.667 x 10° VA

MCC load reactive power/phase = Qopp = +/ (Solp2 - olpz)
=103.29 x 10° VAr

Phase voltage 2
Phase active power

Ohmic resistance per phase = Rjp = (

10°

_ (Y ) _ 4160 x 4160
\Pyp/)  3x166.67 x 10

= 34.61 ohms per phase

Phase voltage 2
Phase reactive power

Ohmic reactance per phase = X, = (

2
A A1, 41
:(vl) 600 x 4160

Oup) 3 x 10329 x 103
= 55.848 ohms per phase
Convert to the system base impedance values.

(load base kVA) (system base kVA)
(system base voltage)z(load base kVA)

System impedance in per-unit = Ohmic impedance =

Hence 34.61 x 588.235 x 1000)(3125 x 1000
Ry = 301X 588:235 x 1000)3125 x 1000) _ ¢ )90 1,
(4160)2(588.235 x 1000)
and 55.848 x 588.235 x 1000)(3125 x 1000
Xy = (22:848 x 588235 x 1000)G125 x 1000) _ ) 05

(4160)%(588.235 x 1000)

These are the parallel elements of the load in per-unit at the system base.
Motor feeder cable. Convert to system base.

A 70 mm? three-core 5 kV cable has an ohmic impedance of 0.343 + j0.129 ohms per kilo-
metre per phase and a current rating of 250 A. Hence the total ohmic impedance is 0.5145 +
j0.1935 ohms per phase.
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The total VA rating for the cable = /3 x Rated line voltage x Rated phase current
= /3 x 5000 x 250 = 2.165 x 10° VA

The VA rating for the cable per phase = 0.3333 x 2.165 x 10° = 721.67 x 10°

5000

The 1.0 pu impedance of the cable per phase = Vy, = m
X

= 11.547 ohms per phase.

Hence the per-unit impedance of this particular cable at its own base is:-

0.5145 + j0.1935
11.547

Convert this impedance to the system base:-

Rpu + j Xpu = = 0.04456 + j0.01676 pu

(base kVA) (cable rated Voltage)2

(cable kVA) (system base Voltage)2
(0.04456 + j0.01676)(3125)(5000)>

- (2.165 x 105)(13, 800)2

= 0.00844 + j0.003175 pu

Rem + chm = (Rpu + jXpu)

g) Motor running conditions (suffix ‘r’)

Motor rated voltage = 4000.0 volts
Motor system base voltage = 4181.8 volts

Motor terminal voltage = 4160.0 volts
Rated power output

Input power to each phase = :
3 x efficiency

P 500
P 3% 0.95
Rated power input

x 10° = 175.44 kW

Input VA to each phase =
Power factor

175.44
0.88

Input VAr to each phase = / (Smrp2 - Smrpz)
Oumip = 1000.0 x /(199.36% — 175.44%) = 94.68 kVAr

Sorp = x 10* = 199.36 kVA

At the motor rating base the phase ohmic resistance Ry, is:-

Phase voltage 2
Rolp =

Phase active power

4000 x 4000

= 3 x5 x 10— 30.4 ohms per phase
X 44 x
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Similarly the phase ohmic reactance Xy is:-

X — Phase voltage 2
o = \ Phase reactive power

4000 x 4000

= 3% 0168 <107 56.32 ohms per phase
X 94.68 x

Convert this impedance to the motor per-unit base.

The 1.0 pu motor kVA per phase = Sy, = 199.36
The 1.0 pu motor impedance per phase = Z,,
7 Phase voltage :
e Phase VA

4000 x 4000
T 3% 199.36 x 103

= 26.75 ohms per phase

Hence the per-unit motor running resistance is Rojppu:-

Rup  30.4

— = =1.136 h
Zom 26,75 pu per phase

Rolppu =

And the per-unit motor running reactance is Xoippu:-

Xump  56.32

P " 2105 h
Zom 2675 pu per phase

X olppu =

Where Rgippu and Xjpp, are parallel components representing the motor during the full-
load running condition. Convert this impedance to the system base at the motor system voltage
of 4181.8 volts.

(base kVA) (motor rated Voltage)2

(motor kVA) (system base Voltage)2
(1.136 + j2.105)(3125)(4000)?

- (3 x 199.36 x 10%)(4181.8)2

= 5.4324 4 j10.065 pu

Ru + ijr = (Rmrppu + ijrppu)

h) Motor running conditions (suffix ‘s”)

Rated input VA

/3 x Rated motor voltage
598.08

Poy = ————— x 10° = 86.33
T /3 x 4000 amps

Starting current = 5 x Rated current = 431.63 amps

Rated current to each phase =
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The starting impedance Zyp, i:-

Phase voltage

™P " Starting current

4000

= m = 5.35 ohms per phase

The starting resistance Ry, (parallel branch) is:-

gy = 20 _ 233 51 4 ohms h
msp — = = . per pnase
cos¢, 0.25

The starting reactance Xy, (parallel branch) is:-

V4 5.35
Xmsp = ——> = ——— = 5.526 ohms per phase
sings  0.9682

Hence the per-unit motor starting resistance is Rpgppu:-

R Row _ 214 _ 0 h
= — = —=0. u per ase
e 26,75 puperp

And the per-unit motor starting reactance is Xpsppu:-

Xoms 5.526
Xmsppu = Zsz = ﬁ = 0.2066 pu per phase

Where, Rpygppe and Xpeppu are parallel components representing the motor during the
starting condition. Convert this impedance to the system base at the motor system voltage of
4181.8 volts.

. . (base kVA) (motor rated voltage)2
Rins + jXms = (Rmsppu + JXmsppu)

(motor kVA) (system base voltage)2
(0.8 4 j0.2066)(3125)(4000)2

- (598.08 x 103)(4181.8)2

= 0.38244 + j0.9875 pu

i) Summary of the results thus far.

The data to be used in the per-unit circuit diagram in Figure G.2 are:-

Generator R, = 0.2 pu
X, = 025 pu
SWBD parallel load Rog = 3.4722 pu
Xoe = 7.1676 pu
Transformer R, = 0.00635 pu
X. = 0.05446 pu
MCC parallel load R, = 6.2498 pu
Xo = 10.085 pu
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Motor feeder cable Ry, = 0.00844 pu
Xem = 0.003175 pu

Motor running Ry = 5.43024 pu
Xmr = 10.065 pu

Motor starting Rys = 3.8244 pu
Xms = 0.9875 pu

j) Rigorous solution
The sequence of calculations is as follows:-

e Initial conditions, using suffix ‘o’.

Running conditions, using suffix ‘n’.
e Starting conditions, using suffix ‘s’.
e Compare the calculated voltages and find the volt-drops.
e Design comments.
k) Initial conditions
The motor starter is open and the generator terminal voltage is 1.0 per-unit.
Hence,
Vgo = 1.0 + j0.0 pu.
Find the initial values of /. and V}, i.e. I, and Vj,, noting that I,, = 0.0
At the MCC the parallel load is R, in parallel with X,,.
Convert the parallel load into a series load of Ry + j Xor1-

The formulae for this conversion are:-

Rou R X o pu per phase
° R012 + Xol2
XolRol
Xon = pu per phase
° Rol2 + Xol2
Where
R, = 6.2498 and X, = j10.085
Hence,

Zon = Ronp + jXon = 4.5156 + j2.7985 pu
The impedance seen at the SWBD is

Zoit + Z, = 0.00635 + 4.5156 + j(0.05446 4 2.7985)

= 4.5220 + j2.8530 pu
S Ve 10400
Mz + Ze  4.5220 + j2.8530
= 0.1582 — j0.0998 pu
VeoZot
Zon+ Z.

Vie = = 0.9936 — j0.0080 pu,
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which has a magnitude of 0.9936 pu.
Find the initial emf, E,, of the generator.
At the SWBD the parallel load is R, in parallel with X,.

Convert the parallel load into a series load of Ry + j Xogl.
Rog = 3.4722 pu and X,; = j7.1696 pu,

hence Z,g is:-
Zogl = Rogl + jXog = 2.8125 + j1.3622 pu.

The initial load current /,g, is:-

Voo _ (1.04j0.0)(2.8125 — j1.3621)
Zogl 2.81252 4 1.36212

= 0.288 — j0.1395 pu.

Iogo =

The total initial generator current [y, is:-

Iy = Iogo + Ico = 0.1582 — j0.0998 + 0.288 — j0.1395
= 0.4462 — j0.2393 pu.

Hence,

Ey = Voo + 130Z; = 1.0+ jO+ (0.4461 — j0.2393)(0.02 + j0.25) pu
= 1.0687 4 j0.1068 pu, which has a magnitude of 1.0741 pu.

Running conditions
The motor starter is closed and the generator emf is 1.0741 per-unit.

Assume the rated impedance for the motor since this will give a worst-case running
impedance for it. (The 500 kW motor will be over-sized in any case with respect to the driven
machine by about 10% and so the actual impedance will be about 10% higher than the rated
impedance.)

The parallel impedance of the running motor iS Z,:-
Ry = 5.4324 and Xy, = j10.065 pu
The series impedance of the running motor is Zyp:-
Zont = Rt + Jj X = 4.2069 + j2.2706 pu

Now add the feeder cable impedance in series to obtain the total series impedance between
the MCC and the motor. Call this total impedance Z .
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Zmnlc = Rmnlc + ijnlc = Rmnlc + Rcm + j(anlc + Xcm)
= 0.00844 + 4.2069 + j(0.003175 4 2.2706)
=4.2153 4 j2.2738 pu

The total load on the MCC consists of the static load Z,; (series components) in parallel with
the cable and motor Z,, . (series components). The total impedance Z,, is therefore:-

Zo = R 4 Xy = 20X Zmile _ 5 1056 1 11,2500 pu
ofn = Toln J o = Zoll+Zmnlc - J 2 p

The impedance seen at the SWBD for the cable, motor and MCC load is Z:-

Zen = Zom + Ze = 2.1828 + j1.2590 + 0.00635 + j0.05446
=2.1891 4 j1.3135 pu

This impedance is in parallel with that of the local load Z,, on the SWBD. The total equivalent
load on SWBD is Z,,, where:-

Zogl X ch

Zoon = Roon + j Xoen =
ogn ogn T J Xogn Zogl+ Zon

= 1.2341 + j0.6746 pu

Hence the total impedance seen by the generator emf E, is Zg,:-
Zogn = Rg + Rogn + ](Xg + Xogn)
=0.02 4 1.2341 4 j(0.25 4 0.6746)
= 1.2541 4 j0.9246 pu
The current in the generator /g, is:-

E,  1.0687 — j0.1068
Zon  1.2541 + j0.9246

Iy = =0.5928 — j0.3519 pu

Hence the terminal voltage of the generator Vg, is:-

V- EoZosn  (1.0687 + j0.1068)(1.2341 + j0.6746)
B Za 1.2541 + j0.9246
= 0.9689 — j0.0344 pu, which has a magnitude of 0.9695 pu.

Similarly the voltage of the MCC V}, is:-

VenZoim  (0.9689 — j0.0344)(2.1828 + j1.259)
Zen 2.1891 + j1.3135
= 0.9556 — j0.0504 pu, which has a magnitude of 0.9570 pu.

Vin =

Starting conditions

The motor starter is closed. Repeat the procedure as for 1) the running conditions, but with the
starting impedance using the suffix ‘s’ for starting.
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The parallel impedance of the running motor is Z,:-
Ris = 3.8244 and Xy = j0.9875 pu
The series impedance of the running motor is Z:-
Zs = Rug + jXms = 0.2390 + j0.9257 pu

Now add the feeder cable impedance in series to obtain the total series impedance between
the MCC and the motor. Call this total impedance Z.

Zmsle = Rigic + ijslc = Rusic + Rem + j(Xmslc + Xcm)
= 0.00844 + 0.2390 + j (0.003175 + 0.9257)
= 0.2475 + j0.9289 pu

The total load on the MCC consists of the static load Z,; (series components) in parallel with
the cable and motor Z,s. (series components). The total impedance Z is therefore:-

Zo = R 4 X = ZOWX Zmsle (3050 4 50,7874 pu
o ob JFols Zoll + Zmnsc . e p

The impedance seen at the SWBD for the cable, motor and MCC load is Z:-

Zes = Zois + Ze = 0.3050 + j0.7874 + 0.00635 + j0.05446
= 0.3114 + j0.8418 pu

This impedance is in parallel with that of the local load Z,, on the SWBD. The total equivalent
load on SWBD is Z,, where:-

Zogl X ch

Zogs = Rogs + j Xogs =
ogs ogs J Xogs Zogl T Ze

= 0.3631 + j0.6375 pu

Hence the total impedance seen by the generator emf E, is Z:-

Zogs = Rg + Rogs + ](Xg + Xogs)
=0.02 +0.3631 + j(0.25 + 0.6375)
= 0.3831 + j0.8875 pu

The current in the generator /g is:-

E, 10687 — j0.1068
Zss  0.5395+ j0.9713

Igns = = 0.5395 — ]09713 pu
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Hence the terminal voltage of the generator Vg is:-

v EoZogs _ (10687 + j0.1068)(0.3631 + j0.6375)
BT Zps 0.3838 + j0.8892

= 0.8151 — j0.0087 pu, which has a magnitude of 0.8152 pu.

Similarly the voltage of the MCC V is:-

v VeZos _ (08151 — j0.0087)(0.3050 + j0.7874)
S B 0.3114 + j0.8418

= 0.7660 — j0.0199 pu, which has a magnitude of 0.7669 pu.

Similarly the motor voltage Vi is:-

VisZmg  (0.7660 — j0.0199)(0.2390 + j0.9257)
Zmst + Zem  0.2390 + j0.9257 + 0.00844 + j0.003175
= 0.7626 — j0.0140 pu, which has a magnitude of 0.7627 pu.

Vms =

Calculate the percentage volt-drops

The customary method of defining volt-drop is in percentage terms as follows:-

No-load voltage — Loaded voltage

Volt-drop in percent = x 100%

No-load voltage

571

Where the no-load voltage is the service voltage that exists before the change in load is
applied and the loaded voltage is the service voltage during the application of the change in
load. For example, when a motor is being started there are two aspects to consider. Firstly, the
situation at the motor terminals since this determines the ability of the motor to create enough
torque during the starting period and, secondly, at the MCC since this influences the performance
of existing loads and their contactor coils. Other parts in the power system could be examined in
a similar manner, e.g. at the generator terminals and its switchboard. The motor example above

may be used to illustrate these comments:-
e Motor terminal volt-drop in percent.
No-load voltage = pre-disturbance voltage at the MCC.

Loaded voltage = voltage at the motor terminals at starting or running of the motor.

. Vlo - Vms
Volt-drop at starting% = v x 100%
lo
_ 09936 07627 000, — 23.24%
0.9936
. Vslo - an
Volt-drop at running% = ————— x 100%

lo

_0.9936 — 0.9552

x 100% = 3.86%
0.9936
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e MCC terminal voltage in percent.
No-load voltage = pre-disturbance voltage at the MCC.

Loaded voltage = voltage at the MCC at starting or running of the motor.

Vio — V)
Volt-drop at starting% = % x 100%

lo

_0.9936 —0.7669

x 100% = 22.82%
0.9936

Vie — V)
Volt-drop at running% = IOTIH x 100%

lo

~0.9936 — 0.9570
o 0.9936

e Generator and SWBD terminal voltage in percent.

x 100% = 3.68%

No-load voltage = pre-disturbance voltage at the SWBD.

Loaded voltage = voltage at the SWBD at starting or running of the motor.

Voo — V.
Volt-drop at starting% = ———= x 100%
go

_ 1O 0812 100% — 18.48%
1.0
. Vgo - Vgn
Volt-drop at running% = ————— x 100%
go
1.0 -0.
= %09695 x 100% = 3.05%

0) Examine the actual volt-drops

Although the percentage volt-drops are now known, and they give an indication of the seriousness
of the volt-drop by simple inspection, what is important as far as each piece of equipment is
concerned is the actual voltage on its terminals in volts. This is especially important when the
rated voltage of the equipment is different from the nominal operating value as in the above
example. Consider each component.

e The motor.

Rated voltage = 4000.0 volts
Nominal operating system voltage = 4181.8 volts
Starting voltage received = 4181.8 x 0.7627 volts
= 3189.5 volts = 79.74% of the rated value
Running voltage received = 4181.8 x 0.9552 volts

= 3994.4 volts = 99.86% of the rated value

e The motor control centre.

Rated voltage = 4160.0 volts
Nominal operating system voltage = 4181.8 volts
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Starting voltage at the busbars

Running voltage at the busbars

e The generator switchboard.

Rated voltage
Nominal operating system voltage
Starting voltage at the busbars

Running voltage at the busbars

4181.8 x 0.7669 volts
3207.0 volts = 77.09% of the rated value
4181.8 x 0.9570 volts
4002.0 volts = 96.20% of the rated value

13800.0 volts

13800.0 volts

13800.0 x 0.8152 volts

11249 volts = 81.52% of the rated value
13800.0 x 0.9695 volts

573

= 13379 volts = 96.95% of the rated value

The motor may have been specified for a starting voltage drop of 15% and a running
voltage drop of 2.5%. In the example the voltage received by the motor during starting would
be 79.74% and so the voltage drop of 20.26% would have been excessive. However, the running
voltage drop would be 0.14% which is well within the specified value. The MCC could experience
problems with its contactor coils during motor starting due to the voltage drop being too large.
The contactors on existing energised circuits could fail to hold in once the busbar voltage drops
below 75%. The actual voltage during starting of 77.09% would be just sufficient for reliable
operation. The running voltage would be well within specification for a motor control centre,
i.e. only 3.8% volt-drop. If the feeder transformer was fitted with a tap-changing device then the
actual running voltage could be maintained at a value nearer to its nominal value. The generator
switchboard volt-drop of 18.48% at starting is just about acceptable, but well within limits during
the running situation.

Design comments

From the results it can be seen that direct-on-line starting of the motor is only just possible
when only one generator is available. High volt-drops occur during the starting period. However,
several corrective measures can be taken:-

e Recalculate the volt-drops for the cases where two and three generators are running before the
motor is started direct-on-line. If the results are satisfactory then an operating restriction can
be imposed that at least two generators should be running initially.

e Recalculate using a ‘reduced voltage’ starting method, e.g. a Korndorfer starter, and one running
generator. In this case also add the impedance of the starting device to the impedance of the
motor feeder cable, and account for any transformer voltage ratio that may be present.

e Reduce the transient reactance of the generators to say 0.15 per-unit and recalculate the results.

e Reduce the starting current to running current ratio of the motor to say four times and recalculate
the results.

e Consider a combination of the above measures.

The calculation process is lengthy if attempted by manual methods and is best programmed
in a small desktop computer that can handle complex numbers. Such a programming exercise is
simple to achieve. In order to screen various alternative cases it is possible to make some valid
simplifications in the proposed system and to use a simpler calculation method.
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Simplified solution

In the proposed system, used as the example above, it is acceptable to ignore the cable impedance
Rem + j Xcem and the transformer impedance R. + j X, for approximate calculation purposes. This
is only allowable for the following reasons:-

e The power system distribution cables or overhead lines are well rated for their current duty
and are short in length.

e The series impedances for cables are usually small in comparison with the transient reactances
and load impedances, but this is not always the case with low voltage situations where for
example the route lengths of cables can be relatively long.

Figure G.3 shows a simplified form of Figure G.2, where Z, is the equivalent impedance
of Z, in parallel with Z,, and is calculated as follows:-

1
Ro = ﬁ = 2.2321 pu
—t —
Ro Rog
1
Xo=—— =41903 pu
—+
Xol Xog

Initial conditions

The motor starter is open. The motor terminal V,,, equals the generator terminal V,, voltage,
which is 1.0 per-unit.

Hence,
Vino = Vgo = 1.0+ j0.0 pu.

Find the initial values of /. and V), i.e. I, and Vj,, noting that I, = 0.0

At the MCC the parallel load is R, in parallel with X,.

Convert the parallel load into a series load of R,y + j X,

The conversions are:-

_ RX

- RS2+ X2

XoR,> N
= ——= pu per ase
Ry + X2 puperp

Ry pu per phase

ol

Where R, and X, were found above.

Hence
Zoy = Ry + jXo = 1.7388 4+ j0.9262 pu

Vo 1.0+ 0.0
Zo  1.7388 + j0.9262

loo = Igo = = 0.448 — j0.2386 pu
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This compares well with Iy, found in the rigorous case.

Ey =V + IooZg = 1.0+ jO 4+ (0.448 — j0.2386)(0.02 + j0.25) pu
= 1.0686 + j0.1072 pu, which has a magnitude of 1.0740 pu.
Which is within 0.01% of the rigorous case.
Running conditions
The motor starter is closed and the generator emf is 1.0740 per-unit.

The parallel impedance of the running motor is Z,:-
Ry = 5.4324 and X, = j10.065 pu
The series impedance of the running motor is Z -
Zont = Rt + j Xmm = 4.2069 + j2.2706 pu

The total load resistance on the SWBD is Rj, where:-

_ Ry X Ry

R, = ——— =1.5821 pu
In Ro + Rmn p
The total load reactance on the SWBD is X, where:-

i Xo X X

X, = = 2.9586
"= X+ Xom Py

The series equivalent resistance is Rogp:-

_2.9586 x 2.9586 x 1.5821

= = 1.2303
oen 2.95867 + 1.58212 Py
The series equivalent reactance is Xogp:-
2.9586 x 1.5821 x 1.5821
- ~ - — 0.6579 pu

T 2.95862 + 1.58212
The total impedance seen by the generator emf E, is Zgy:-
Zgn = Rg + Rogn + ](Xg + Xogn)
=0.02 + 1.2303 + j(0.25 4 0.6579)
= 1.2503 4 j0.9079 pu

The current in the generator I, is:-

(1.0686 — j0.1072)(1.2503 — j0.9079)

Ien = Eo = 2.3875

= 0.6004 — j0.3502 pu

575
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Hence the terminal voltage of the generator Vg, is:-
_ Eozogn
Zon
= 0.9691 — j0.0359 pu, which has a magnitude of 0.9697 pu.

Ven

t) Starting conditions

The motor starter is closed. Repeat the procedure as for s) but use the motor starting impedance,
and using the suffix ‘s’ for starting.

The parallel impedance of the running motor is Z,:-
Ris = 3.8244 and X5 = j0.9875 pu

The total load resistance on the SWBD is Rj; where:-

R, X R
Ry = ——— = 1.4095 pu
RO + Rms

The total load reactance on the SWBD is X, where:-

_ Xo X Xoms

X = —— =0.7991 pu
5 Xo + Xoms P

The series equivalent resistance is Rogs:-

0.7991 x 0.7991 x 1.4095

Roo. = = 0.3429
ogs 0.79912 + 1.40952 Py
The series equivalent reactance is Xogs:-
0.7991 x 1.4095 x 1.4095
- - x — 0.6047 pu

8 0.79912 4 1.40952
The total impedance seen by the generator emf E, is Zgq:-
ng = Rg + Rogs + ./(Xg + Xogs)

= 0.02 + 0.3429 + j(0.25 + 0.6047)
= 0.3629 + j0.8547 pu

The current in the generator /g is:-

g (1.0686 — j0.1072)(0.3629 — j0.8547)
gns e 0.8622
=0.5560 — j1.0142 pu
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Hence the terminal voltage of the generator Vg is:-

Vgs = IgsZogs
= 0.8040 — j0.0115 pu, which has a magnitude of 0.8040 pu.

This is nearly equal to V.

The voltage Vg is within 1.5% of the rigorous case but too optimistic for the motor voltage.
However, most of the volt-drop is due to the generator impedance in either case and so once
some cases have been screened in this way then the more accurate method may be applied to the
serious cases. Since the result is optimistic it therefore requires a safety margin of 2% to 5% to
be added when this method is used. The percentage volt-drops can be calculated as follows:-

e Generator and motor terminal volt-drop in percent.

Vo — Vi
Volt-drop at starting% = ————— x 100%
mo
1.0 — 0.8040
=—40 * 100% = 19.6%

which is about 4% better than the rigorous case.
u) Formular method based on kVA rating

The simplification of the power system can be generalised by using a formular method. The
simplified system can be represented by Figure G.3, where:-

Z, is the source impedance, e.g. generator transient reactance.
Z., is the motor impedance (Z,, for running and Z, for starting).
Z, is the standing load impedance, Z, in Figure G.3.

Generator Switchboard
Rg Xq lg Im

— AM—YY e e e
Vg Vi

Eg

ox I or l mx I mr

Standing Motor
load

Figure G.3 Reduced equivalent circuit for calculating the volt-drop in a 500 kW HV motor.
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All the impedances are in their complex form R + jX.

The simplifications made in t) have been applied viz:-

e Cable impedances have been ignored.

e Transformer impedances have been ignored.

e All the standing loads are grouped at the generator terminals.

The initial conditions are easily calculated. The terminal voltage V, is known and assumed
to be 1.0 + j0.0 per unit. The motor starter is open. The initial circuit consists of Z; in series
with Z, and is fed by E,. The initial load current 1) is 1.

\%
Lo = — and E, = V, + Iy
Z
Therefore it consists of Z; in series with Z, and is fed by E,. The initial load current 1; is I,.
\%
E, =V, (1 + Z)

The general case for the running conditions are also easily calculated. The motor starter
is closed. The motor and load impedance are then connected in parallel. The total of these
impedances is Zjy in series with Z, and is fed by E,. The initial load current /; where:-

27z
Zin = _“lem
Zl + Zm
and
V= EOZlm
Zlm + Zg
_ Vo(l + Zg)Zlm
Z1(Zim + Zy)
Let
a=(Z1+Zy)Zn
and
b= (Zim + Zg)Zl
Therefore
aV,
V =
b

Vo=V
The Percentage volt-dropAV = ( OV ) x 100%

AV = <V0 — aTVO> x 100%
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Note that
a _ Zg(Zl — Zim)

b’ (Zi+Zy)Zim

Substitute for

7 YAVAS
Im = Zl + Zm
Hence,
Li—Zm L
Zl + Zm Zm
The percentage volt-drop
VAYA
AV = ———"—) x 100%
(Zl + Zg)Zm
The volt-drop AV is only of interest in its magnitude.
Therefore
1Z,|1Z1]
AV = ——————— x 100%
|2y + Zg|| Z|

Which makes the calculation of volt-drop much easier. However, all these impedances
must be correctly reduced to the common system base as follows. It can be shown that the actual
parameters may be easily converted to their per-unit system base parameters. The motor, load
and generator impedances can be represented in terms of their kVA, or MVA, and voltage bases.

Z gen Sbase Vgen Vgen
Seen V.
gen ¥ gbase
Sbase Vmotor Vmotor
Zy = RO
Smotor Vmbase
Zl — Sbase
Sload

Where  Vgpaee 1S the system base voltage at the generator, e.g. 13800 volts in the example.

Vimbase 18 the system base voltage at the motor or MCC, e.g. 4181.8
volts in the example.

Vibases Vimbases Sbases Veen and  Vinoror are real or scalar numbers.

Zgens Sgen> Smotor and - Sjoaq  are complex numbers and  Syotor
has to be chosen for the starting or running case.

Example. Consider the data used for the rigorous case for starting the motor.
Zy =0.02 + j0.25 and so |Zg| = 0.2508 pu
Z) = Zo = 1.7388 + j0.9262 and so |Z,| = 1.9701 pu
Zim = Zm = 0.2391 + j0.9259 and so |Z,| = 0.9563 pu
Zi+ Z; = 1.7588 + j1.1762 and so |Z; + Z,| = 2.1158 pu
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Therefore 0.2508 x 1.9701
IAV| = =2 X 2P 100 = 24.42%
2.1158 x 0.9563

Which compares pessimistically with the simple case (19.6%) but closely with the rigorous
case (23.24 %).

v) Graphical estimation

This sub-section develops a simple graphical method for quickly estimating volt-drops for direct-
on-line starting situations. The following data forms the basis of the graphical results:

e The generator data.

Z,=0.1,0.15,0.2,0.25 and 0.3 pu
R; =0.0 pu
Spase = Sgen = 10, 000 kVA
Rated power factor = 0.8 lagging

e The standing load data.

Rated power factor = 0.9 lagging
Load = 0.0, 50.0 and 80.0% of Sgen
|Z;] = 1.25,2.0 and infinity (no-load) pu

Where

Z, = 1.25(0.9 + j0.436) for 80% load
=2.00(0.9 + j0.436) for 50% load
= 00(0.9 4 j0.436) for 0% load

e Motor data.
Table G.1 shows the appropriate data for a range of four-pole high voltage motors.
Example. Consider a 630 kW motor and a 80% standing load.
|Zs| = 0.25 pu
0.2508

74781
Z = 1.25(0.9 + j0.436) = |1.25| pu

|Z) + Z,| = 1j0.25 4+ 1.25(0.9 + j0.436)| = |1.457| pu

|Zml = 0.1713 x = 2.2907 pu

Therefore
0.25 x 1.25
|[AV| = ————x100 = 9.363%
1.457 x 2.2907
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Table G.1. Motor data for graphical estimation of volt-drop

Motor rating Efficiency Power kVA I/ 1, Power kVA at Zms at
(kW) (per-unit) factor at rating at ratio factor at starting starting
full load full load starting per-unit
315 0.9455 0.8603 387.2 6.787 0.217 2628.3 0.1473
430 0.9537 0.8715 517.4 6.445 0.219 3334.3 0.1552
630 0.9595 0.8780 747.8 5.838 0.208 4365.6 0.1713
720 0.9608 0.8788 852.6 5.619 0.202 4790.9 0.1780
800 0.9617 0.8791 946.3 5.453 0.196 5158.6 0.1834
1,100 0.9638 0.8780 1299.8 5.000 0.179 6498.5 0.2000
1,500 0.9654 0.8756 1774.4 4.661 0.162 8270.0 0.2145
2,500 0.9680 0.8722 2961.0 4.347 0.137 12,872 0.2300
5,000 0.9717 0.8742 5886.6 4.397 0.111 25,883 0.2274
6,300 0.9726 0.8763 7392.3 4.527 0.104 33,461 0.2209
8,000 0.9730 0.8786 9358.1 4.712 0.096 44,093 0.2122
11,000 0.9727 0.8806 12,843 5.017 0.086 64,440 0.1993
35
: 4,56
] 1,23 7,89
30 -
25 ]
E : Zg=0.3pu
o 1 1. 0% load
g 2,50 % load
c ] 3.80 % load
a A
.‘g J Zg=0.2pu
35 1 4. 0% load
> ] 5. 50 % load
10 ] 6. 80 % load
. 29=0.1pu
5 ] 7. 0% load
= 8.50 % load
] 9. 80 % load
O ] T T T T T 11T T T T T T T1T7
-2 -1 o]
10 10 10

Ratio of motor rated kVA to
Generator rated kVA

Figure G.4 Volt-drop when starting an induction motor. Volt-drop in per-unit versus the ratio of the motor
kVA rating to the generation kVA capacity, for different values of generator per transient impedance Z, and
standing load.

Figure G.4 shows the results of all the cases given in Table G.1. The volt-drop |AV] is
plotted against the ratio Spyotor/Seen SO that a generalised presentation may be used. Note that
these graphs can be used for most cases where generators up to about 30 MVA are present.
Extrapolations can be used with confidence for generators above 30 MVA which have transient
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Figure G.5 Volt-drop when starting an induction motor. Nomograph for the volt-drop in per-unit versus the
ratio of the motor kVA rating to the generation kVA capacity, for a generator transient impedance Z; of 0.2 pu
and zero standing load. The motor can have different ratios of starting current to running current.
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Figure G.6 Volt-drop when starting an induction motor. Nomograph for the volt-drop in per-unit versus the
ratio of the motor kVA rating to the generation kVA capacity, for a generator transient impedance Z, of 0.3 pu
and zero standing load. The motor can have different ratios of starting current to running current.
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Figure G.7 Volt-drop when starting an induction motor. Nomograph for the volt-drop in per-unit versus the
ratio of the motor kVA rating to the generation kVA capacity, for a generator transient impedance Z, of 0.2 pu
and 0.8 pu standing load. The motor can have different ratios of starting current to running current.
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Figure G.8 Volt-drop when starting an induction. Nomograph for the volt-drop in per-unit versus the ratio of
the motor kVA rating to the generation kVA capacity, for a generator transient impedance Z, of 0.3 pu and
0.8 pu standing load. The motor can have different ratios of starting current to running current.



584 HANDBOOK OF ELECTRICAL ENGINEERING

reactances between 15% and 25%, and for motors up to about 15 MW. The main parameter of the
motor is the starting-to-running current ratio, which should not fall below 4 for the extrapolation
to be valid.

The results can be represented in a more comprehensive manner by using a nomograph,
as shown in Figures G.5, 6, 7 and 8. Each nomograph caters for four different starting-to running
current ratios, i.e. 4, 5, 6 and 7. References 1 and 2 describe how to draw a nomograph.
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