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The classic work of J . Lewis Blackburn is well known to all of those practicing in the field of 
protective relaying and it is a humbling honor to have been invited to contribute to the latest revision of 
this work. The various collaborators to thi s solutions manual have worked many hours on the solutions 
to the exercise problems for thi s classic text. We hope that we have illustrated the solution techniques 
in a manner that is clear and educational for the users of thi s manual. 

It is important to note that in working out these so lutions, the collaborators have drawn upon their own 
years of experience working in this field. Some engineering assumptions and simplifying 
approximations are sometimes made and it is experience that guides one in the validity of the 
simplifying approximations and assumptions used. For the sake of those learning the craft, we have 
attempted to highlight approximations and assumptions when used, but there may be some occasions 
where we have forgotten to point out an assumption or approximation. We hope that thi s does not 
cause undue confusion. It is also possible that other justifiable assumptions may lead to somewhat 
different, equally valid solutions. Re lay system design and settings selections are inherently a balance 
between competing considerations. Safety and protection being primary, other considerations of 
security, dependability, cost, and system performance may lead to different solutions depending upon 
which of these other considerations are emphasized in any particular app lication. 

It is our hope that the users of thi s so lutions manual wi ll find it to be a useful educational tool and will 
benefit from it. If any errors are found, we apo logize and would appreciate these being brought to our 
attention. 

Sean Carr, 
Chicago, IL 
February 20, 20 14 



CHAPTER 2 

2.1 A wye-connected generator has a nameplate rating of 200 MVA, 20 kV, and its subtransient 
reactance (X;') is 1.2 pu. Detennine its reactance in ohms. 

2.2 The generator of Problem 2.1 is connected in a power system where the base is speci fi ed as 100 
MY A , 13 .8 k V. What is the generator reactance (X;') in per unit on this system base? 

2.3 Convert the per-unit answer calculated in Problem 2.2 to ohms. Does this match the va lue 
determined in Problem 2.1? 

2.4 Three 5 MVA single-phase transformers, each rated 8: 1.39 kY, have a leakage impedance of 6%. 
These can be connected in a number of different ways to supply three identical 5 n resisti ve loads. 
Various transformer and load connections are out lined in Table P2.4. Complete the table columns. 
Use a three-phase base of 15 MV A. 

TABLE P2.4 

Total Z as \'icwcd 
Case Transformer connection Load conn ce.tion to 

Line-lo-Iine 
base kV Load R in from t he high side 

No. Pri mary Se cond al)' secondary HV LV per un it Per unit Q 

Wye Wye Wye 
2 Wye Wye Delta 
3 Wye Delta Wye 
4 Wye Delta Wye 
5 Delta Wye Wye 
6 Delta Wye Delta 
7 Delta Delta Wye 
8 Delta Delta Delta 

2.5 A three-phase generator feeds three large synchronous motors over a 16 km, 11 5 kV transmission 
line, through a trans former bank, as shown in Figure P2.S. Draw an equi valent single-line reactance 
diagram with all reactances indicated in per unit ofa 100 MVA, 13.8 or l i S kV base. 

Transformer #1 

<l do 
Generator ~ 

50MVA 
50 MVA 13.8:115 kV 
13.2 kV X = 12% 
Xd = 20% 

Transformer #2 

~ <l M, 

115 kV Transmission line--16 km 

~ X = 0.5 Ohm/km 

Motors 

20 MVA 
115:13.8kV 
X = 10% 

M, : 10 MVA. 13.8 kV Xd = 20% 
M2 : 5 MVA, 13.8 kV X;; = 20% 
M3: 5 MVA, 13.2 kV X;; = 17% 



2.6 In the system of Problem 2.5, it is des ired to maintain the vo ltage at the motor bus of 1. L O· per 
unit. The three motors are operating at full rating and 90% pf 

a. Detennine the voltage required at the generator temlinals assuming that there is no vo ltage 
regulating taps or similar equipment in this system. 

b. What is the voltage required behind the subtransient reactance? 

2.7 The percent impedance ofa transformer is typically detennined by a short circuit test. In such a test, 
the secondary of the transformer is shorted and the voltage on the primary is increased until rated 
current flows in the transformer windings. The applied voltage that produces rated current divided 
by the rated voltage of the transformer is equal to the per-unit impedance of the transformer. 

A short circuit test on a 150 KVA, 7200-240 V transformer provides the following results: 
Primary voltage at 20.8 primary amperes = 208.8 V 

a. Determine the %Z of the transformer. 

b. Calculate the ohmic impedance of the transformer in primary and secondary tenns. 

c. How much current would fl ow in the transformer if its secondary would become shorted during 
normal operating conditions? (Consider source impedance to be zero.) 



• 2.1 

Find impedance in ohms from per-unit. 

MVA n= 200, kVn= 20. X -d = ZP\J = 1.2 

Per Eq. (2. 17) Zn = 

2.4 

Impedance X "d = 2.4 ohms 

kVll2X Zru 
MVAB 

200 



• 2.2 - Method 1 

Convert per-unit impedance from one base to another. 

MVA . = 200. M VA2 = 100. kV . = 20. kV~= 13.8. X "J = ZI PU = 1.2 

Pcr Eq. (2.33) Z 
MVA, kV ,' 

= lPU x 1.1VA x --, 
I~ I kV2-

loa 202 

1.2 )( - .--
200 13 . 82 

1. 26024 

Per-unit impedance in new base Z2PU = 1.2 602~ 

• 2.2 - Method 2 

Convon impedance from ohms (Result 2. 1) to per- unit. 

MVAH= 100. kVB = 13.8. x~,, =Zn=2.4 

Pcr Eq. (2. t5) 

1. 26024 

Per-unit impedance Zpu = 1.2602~ 

ZPU = Zn = MVA. x Zn 
Zs kvi 

100 )( 2 . 4 

13 . 82 



• 2.3 

Convert impedance from per· unit (Result 2.2) back to ohms. 

M VA. = 100. kVH = t3.8. X"d = ZP\J = 1.26024 

Pcr Eq. (2.17) 

2.4 

Zn = 

13 . 82 
Ie 1 . 26024 

100 

Impedance X "d = 2.~ ohms. This matches Result 2. 1. 
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Problem 2.4

Col A Col B Col C Col D Col E Col F Col G Col H Col I Col J Col K Col L Col M

PU leakage 
reactance

equivalent 
Y‐connected 
resistive load 

(ohms on LV side)

PU equivalent wye‐
connected load 

resistance

Case HV LV
Load 

connection HV LV HV LV
equivalent 
in line (Col J / Col H)

per unit
(Col K + j*Col i)

ohms
(Col L * Col G)

1 wye wye wye 13.856 2.407 12.799 0.386 0.060 5.000 12.940 12.940 + j0.060 165.623 + j0.768
2 wye wye delta 13.856 2.407 12.799 0.386 0.060 1.667 4.313 4.313 + j0.060 55.208 + j0.768
3 wye delta wye 13.856 1.390 12.799 0.129 0.060 5.000 38.818 38.818 + j0.060 496.840 + j0.768
4 wye delta delta 13.856 1.390 12.799 0.129 0.060 1.667 12.939 12.939 + j0.060 165.613 + j0.768
5 delta wye wye 8.000 2.407 4.267 0.386 0.060 5.000 12.940 12.940 + j0.060 55.211 + j0.256
6 delta wye delta 8.000 2.407 4.267 0.386 0.060 1.667 4.313 4.313 + j0.060 18.404 + j0.256
7 delta delta wye 8.000 1.390 4.267 0.129 0.020 5.000 38.818 38.818 + j0.020 165.623 + j0.085
8 delta delta delta 8.000 1.390 4.267 0.129 0.020 1.667 12.939 12.939 + j0.020 55.208 + j0.085

Base 
power 
(3‐phase 
MVA)

HV 
winding 
voltage 
(kV)

HV delta 
LL voltage  

(kV)
HV wye LL 
voltage  (kV)

Zbase for HV 
delta

Zbase for HV 
wye

15.000 8.000 8.000 13.856 4.267 12.799

Base 
power 
(3‐phase 
MVA)

LV 
winding 
voltage 
(kV)

LV delta 
LL voltage  

(kV)
LV wye LL 

voltage  (kV)
Zbase for LV 

delta
Zbase for LV 

wye
15.000 1.390 1.390 2.407 0.129 0.386

Winding connection LL Voltage Base (kV) Base Impedance (ohms)

Intermediate calculations

Total Z viewed from HV side
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JKN 2~1~1 4 
6 

MVA E 10 ·volt·amp 

Problem 2.6 PU E 1 

Prob 2.6.a Voltage at generator bus to keep 1 PU voltage at motor bus 

Ymotor := 1.0·PU 

Load current · motors at rated power and 0.9 PF. Problem does not say explicitly, but we 
assume that the PF is lagging as this is the most probable. 

Total motor bus power in per unit 

SntOlo
r

:= IO·MVA + 5·MVA + 5·MVA ./acos(O.9) = (0.18 + 0.087") PU 
• lOO.MVA J 

I Smotorl = 0.2 PU arg(Smotor) = 25 .842 dcg 

Current is found from the relation that complex power is equal to voltage times complex 
conjugate of current. 

(
Smolo, ) 

Imotor := = (0.1 8- O.087~ PU 
Vmotor 

p motorl = 0.2 PU arg( lmotor) = -25.842dcg 

Une reactance in PU (from prob. 2.5) ZLinc := j ·0.0605 PU 

T1 reactance in PU (from prob. 2.5) Zn:= j·O.24PU 

T2 reactance in PU (from prob. 2.5) ZT2 := j·O.50 PU 

Generator bus voltage is motor bus voltage plus vollage drop in T1, line, and T2. 

IVOcu.busl = 1.079PU arg(VOcn.bus) = 7.67 1dcg 

Prob 2.6 b - Generator internal voltage behind subtransient reactance: add intemal voltage drop 
to the generator tenninal voltage 

Generator subtransient reactance in PU (from prob. 2.5) ZGcn := j ·0.366 

VOen.inlemal := VOen.bus + Imotor·ZOcn = (I 102 + 0.21] PU 

IV Oell.illtemall = I.122PU arg(V Gen.inlemal) = 10.79 Ideg 



JKN 2-1-14 

Problem 2.7 

Transformer rated power and rated voltages 

JKN 2-1-1 4 
page 1 of 2 

kVA =: lOOO·voh·amp 

6 
MVA =: 10 ·volt·amp 

PU .: I 

Srlltcd := 150-kVA Vruled.primary:= 72()()·volt Vrutcd.sccondary := 240· volt 

Transformer rated current 

[ 150. kVA = 20.833A 
rated.primary := 7.2. kV 

I 
ISOOOO·volt·amp = 625 A 

rated.sccondarv := 
' J 240· volt 

This confirms that the short circui t test was in fact performed at rated current . The 
impedance voltage is therefore equal to the voltage measured during the test , or 208.8 volts. 

U&.. The transformer per cent impedance voltage (%IZ or %Z) is equal to the measured 
impedance voltage expressed as per cent of the rated voltage or in this case: 

,, __ V~"~S~I __ 
, = O.029 I'U 
V ruted.primary 

208.8 ·volt = 0 .029 PU 
72()()·volt 

x,. = 2.9 % 

UJL The equivalent ohmic impedance referred to the primary or secondary is equal to the 
corresponding base impedance times the per unit impedance. 

, 
V ruled. primary -

Zbasc.primary :-

, 
(7.2·kV)- = 345Ml 
O.IS·MVA 

345Ml 

XT.ohms.primary := XrZbasc_pri mary = 10.022 n 

XT.ohms.second,IIY := Xr Zbasc_sccondmy = 0.01 11 fl 

V 2 
raled.sccondary = 0 .384 n 

Sratcd 

2 
(O.24-k V) = 0.384 n 
O. ISO·MVA 



2. 7.c There are a few ways to arrive at the short circuit current. 

JKN 2-1-14 
page2of2 

One way is to divide the rated voltage by the equivalent ohmic impedance on either primary or 
secondary. 

Alternatively, 1.0 PU voltage can be divided by the PU impedance to determine the short circuit 
current in PU of rated current. The PU short circuit current can then be multiplied by the base 
current (i.e. , rated current ) on either primary or secondary as desired. This method can be further 
simplified to "divide rated current by per unit impedance." 

Both methods are illustrated here: 

v d . rate .pnmary 
718.391 A 

XT.ohms.primary 

v rated.secondary 
-====~ = 2 155L724A 
XT.ohms.sccondary 

noo·volt 

IO .022·ohm 

240·volt 

.Ol ll·ohm 

718.419 A 

2162 1.622 A 

(NOTE: this result can also be used to illustrate the concept of significant digits. The result is 
21.6 kA, athough the computer intemally carries out calculations to greater precision than is 
significant. ) 

Another method to arrive at the same result: 

I 
ISc.pU := - = 34.483 PU 

Xl 'SC.Primary:= 'Sc.PU· 'ratcd.primary = 718.391 A 

34.5·20.8·amp = 717.6 A 

'SC.secondary := 'Sc.PU· ' ratcd.secondary = 21.552 kA 

And finally, another method, often the simplest: 

lrated.primary 

Xl 
718.39 ' A 

'rated.secondary = 2155 1.724 A 
XT 

34.5·625 ·amp = 21562.5 A 

20.8·amp = 717.241 A 
029 

625·amp = 2155 1.n4A 
0.029 



CHAPTER 3 

3.1 FOllr boxes represent an AC generator, reactor, resistor, and capacitor and are connected to a source 
bus XY as shown in Figure P3. 1. From the circuit and phasor diagrams, identify each box. 

y 

I, I I, ! 13 t IJ 
x 

1 2 3 4 

I, 

13 
I, ~------1r---~---~ V

XY 

3.2 Two transformer banks are connected to a common bus as shown in Figure P3.2. 
What are the phase relations between the voltages VAN and VA'N'; VllN and V13'N', VCN and VC'N'? 

T sformer '"" Baok 

2 
~ 

No.1 

,*~.-----A 

rr*-----il----- B 

&_+-_______ C 

~~'N 
-

Tran sformer 
No.2 Baok 

2 
3 r-:: 
~ 

A' 
~. 

B' 

~' 

C' 

~' 
N' 

_L 
~ 



3.3 Reconnect transfonner bank 2 of Problem 3.2 with the left windings in wye instead of delta, and the 
right windings in delta instead of wye so that V AN and VA'N' are in phase, Vi and VB'N' are in phase, 
and V CN and VC'N' are in phase. 

, , 
, 

Power 
Iransforme 

, 
,6, 
,CrB 

A -

~ 
; ~ . ~ oJ ~ 

A B C 
Line 

, , , 

A 
B 
C 

~ 
VT, 

[f] 
~ ~ ~ 

, , , 

, , 
, 

~ ~ 
rY'VY'. Auxiliary VT , 

C 

~ ~ 
B A 

~82J ~~ 

.A 
B 
C 

3.4 The power transformer connections shown in Figure P3.3 are nonstandard and quite unusual with 
today 's standardization. However, this connection provides an excellent exercise in understanding 
phasors, polari ty , and directional sensing relay connections. 

Connect the three-directional phase relays A, 13, C to line-side CTs and bus-side VTs for proper 
operation for phase faults out on the line. Use the 90°-60° connection. Each directional relay has 
maximum torque when the applied current leads the applied voltage by 30°. The auxiliary VTs 
should be connected to provide the relays with equivalent line-side voltages. 
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