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Electrical Systems
Transformers

Construction
K-Factor
Winding configuration

UNIVERSITY OF : - -
-I SOUTH L Energy Production Engineering
POLYTECHNIC Thomas Blair, P.E.
(tom@thomasblairpe.com )




Electrical Systems

Transformers & Transformer protecti@n
Oil filled transformer dry type transformers

High efficiency

K ratingc steal qualityc core area to operate farther away
from knee of saturation curve

Harmonics; positive / negative / zero sequence
Triplen harmonics
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Electrical Systems

Table 10-11 —Classes of transformer cooling systems

Class Method of cooling
0OA Ligquid-immersed, self-cooled
OAFA Liqud-immersed, self-cooled/forced-air-cooled
OA/FA'FA Ligmd-immersed, self-cooled/forced-aur-cooled/forced-air-cooled
OA/FA/FOA Liquid-immersed, self-cooled/forced-air-cooled/forced-liquid-cooled
OA/FOA/FOA Liqumid-immersed, self-cooled/forced-air, forced-liquid-cooled/forced-aiu

forced-liquid-cooled

FOA Ligmd-immersed, forced-liquid-cooled with forced-air-cooled
FOW Liqmd-immersed, forced-liquid-cooled with forced-water-cooled
ow Liqmd-immersed, water-cooled
OW/A Ligqud-immersed, water-cooled/self-cooled
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Electrical Systems
Dry type transformer cooling systems.

UNIVERSITY OF
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AA Dry-type,* ventilated self-cooled

AFA Dry-type,* ventlated forced-air-cooled

AA/FA Dry-type,* ventlated self-cooled/forced-air-cooled
ANV Dry-type,* non-ventilated, self-cooled

GA Dry-type,* sealed self-cooled
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Electrical Systems
Voltage designations

Table 10-12(b)—Designation of voltage ratings of three-phase
windings (schematic representation)

Identifi-| Nomen- Nameplate
cation clature marking Typical winding diagram Condensed usage guide
E shall mdicate a winding of E volts
(2ay |E 2400 which 15 swutable for A connection on

l [ | ] an E volt system.

EE,Y shall mdicate a2 winding of

Evolts which i1s swtable for A
Q®d) [EY 4160Y connection on an E volt system or

l..-.-.JLu.J for Y connection on an E; volt

system.
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Electrical Systems
Transformer K factor

Defined in UL 1561

Ih=rms current value (pu) at harmonic h
Harmonic currents = additional heating
K-factor Xfmr> kfactor System

h=h

K= 12}

h
h=1
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Electrical Systems
Recommended K factor for various applications

TYPICAL LOAD K -FACTORS K-4
Electric discharge lighting K-4
UPS with input filtering K-4
Welders K-4
Induction heating K-4
PLCs / SS controls (other than VFDs) K-4
Telecommunications equipment K-13
UPS without input filtering K-13

Multiwire recepta cle circuits in general care areas

Health care facilities and classrooms of schools, etc. K-13
Multiwire receptacle _cirCl_Jits supplying inspection or testing equipment on an K-13
assembly or production line

Mainframe computer loads K-20
Solid state moto r drives (variable speed drives) K-20
Multiwire receptacle circuits in critical care areas K-20

And operating/recovery rooms of hospitals
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Electrical Systems
Magnetization current / over excitation.
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Magnetizing current, A

FIGURE 4.2.1 Magnetizing current in amperes.
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Electrical Systems
Transformer connections

Shield
45th, 7th, 11th, 13th : le——208 Vo
: \ /
I
120 120
| S
480 Ard 480 | /‘\
3rd : ) \///
i 120 V2
: Ground
~¢— 3rd |
480 i
- 1th, 13th —

FIGURE 4.2.2 Schematic of delta-wye winding with electrostatic shield.
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Electrical Systems

TENV dry transformers in dirty, dusty environmetiso
cast epoxy vs. VPI

Auto transformerg smaller adjust voltage no isolation

Reactorg current limitingg reduced voltage star with
capacitor for tuned filter
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Electrical Systems

Dry typec
epoxy cast coll
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Electrical Systems
Instrument transformer PT & CT

Transformer polarity
PT vs. CT defined by application
PT circuits in parallelCT circuits in series

Do not short PT circug Do not open CT circuit
Special shorting switch

120V / 5A (1A)
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Electrical Systems

Accuracyc XXYZZZ

XX = max error at conditions

Y = C or T (calculated or tested)

ZZZ = volts secondary at 20X rated secondary current.

Example 7:
What is the max error at what voltage secondary for a;

10C200 current transformer
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Electrical Systems
10C200 current transformer

Maximum error of 10% at 200 Volts on secondary side at
20 times current (100A for 5A secondary)

UNIVERSITY OF : : .
-| SOUTH FLORIDA Energy Production Engln_eerlng
POLYTECHNIC Thomas Blair, P.E.

(tom@thomasblairpe.com )




Electrical Systems

Table 10-7—Standard accuracy class ratings®
current transformers in metal-clad switchgear

Metering accuracy
60 Hz standard burdens

Relaying

Ratio B0l Bo0.2 B0.5 B 1.0 B 20 accuracy

50:5¢% 1.2 241 — — — CorT 10

75:5¢t 12 243 _ . _ CorT 10

100:5 1.2 241 — — — CorT 10

150:5 0.6 12 243 _ - CorT 20

200:5 0.6 12 2.4% — — CorT 20

300:5 06 12 2 43 243 - CorT 20

4005 03 0.6 12 12 24t | CorT 50
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Electrical Systems

Potential
Transforme
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Electrical Systems

Current
Transformer
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Electrical Systems

Three parts of transformeg
Winding conductors, core material, insulation
Grain steel M number (lower is lower loss)

Neutral terminal / conductor = twice size phasaaintain
neutral togndvoltage < 1 V. (solid grounded system)

Arrester 5 ft from transformer (vacuum switches and/or
lighting exposure)

BIL ratings of transformers
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Electrical Systems
Insulation Test

1 min, powerfrequency high pot
Test
1.2/50 fullwave voltage impulse test
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Electrical Systems

e WAVE - FRONT  —tnies WAVE - TAIL

CREST VALUE

s
I

I — CREST VALUE

wmu* ZIERO TIME OF CURRENT WAVE
VIRTUAL ZIERO TIME OF VOLTAGE WAVE

VOLTAGE OR CURRENT N PERCENT OF

t2 TIME IN

y .
WAVE- SHAPE OF
VOLTAGE WAVE 1, X 13
CURRENT WAVE 14X I,
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Electrical Systems
Full Wave vs. Chopped Wave test

o
§“>‘ CHOPPED-WAVE TEST
o
o3 115
- FULL-WAVE TEST
°3% 100 v
L A W
25y
S8
Dz’_ 50 —————————
w
- O
W I
0w |
<a
X 50

TIME {us)
Figure 6-12—Standard impulse test waves
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[ml:hlinn Windings Bushing withstand voltages
Class
L Chopped wave BIL full | Switch. | 6-cycle | G0-excl .
bushing | tests | Minimam @250) | level | dry | we |fullwave
rating time to flashover v (L.250)
kv KV | KV KV KV kv kV KV
(rms) irms) icrest) s (erest) fcrest) {rms) rms) {erest)
12 10 | 5260 |15 [4560| 20 [1500 ] 13@ |45060
25 15 | 0 |15029| 60ws | 35 | 2009 | 2003 | 60@s)
50 19 | 859 [1605 [ 750600 | 38 | 2701 | 26000 | 75060)
8.7 2% (11068 [1806 [esas| s5 | 3sen | ey | esos)
15.0 34 |130(110) |20(1.8) |110(95) 75 30(35) | 4500) |110(95)
25.0 50 |175 30 150 100 70 70 (80) | 150
345 70 [230 30 200 140 | 95 95 |200
160 95 [290 30 250 190 [120 [120  [250
690 | 140 [400 30 350 w0 |15 175|350
9020 | 185 [520 30 450 375 (225 [0  [as0
1150 | 230 |630 30 550 160 |20 |23 |ss0
1380 | 275 |750 30 650 si0 |35 275 |es0
1610 | 325 |ses 30 750 620 [385 |35 |750

NOTE—Values in parentheses are for distnbution transformers, mstrument transformers, constant-
current transformers, step- and induction-voltage regulators, and cable potheads for distnbution cables.
The switching surge levels shown are applicable only to power transformers (not distribution trans-
formers). Test voltages are defined in [EEE 5td C57.12.00-1980.
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Table 6-3—Impulse test levels for dry-type transformers

Nominal winding voltage (volts) High-potential test | Standard BIL (1.2/50)
Delta or Grounded . . -
ungrounded wye wye kV (rms) kV (crest)

120-1200 4 10
1200Y/693 4 10
2520 10 >0
4360Y/2520 10 20
4160-7200 12 20
B720Y/5040 10 30
8320 10 45
12 000-13 800 31 50
13 800Y/7970 10 60
18 000 34 05
22 860Y/13 200 10 95
23000 37 110
24 940Y/14 400 10 110
27 600 40 175
34 500Y/19 920 10 125
34 500 50 150

NOTE—Data from IEEE 5td C57.12.01-1979. Nonunal voltages shown are exactly as tabulated in
IEEE S5td C57.12.01-1979 and are not, 1n all cases, in accordance with the classifications commonly

Sﬂgiju?;:[ed;igﬁl}gf and commetcial systems. 1ITIYY I 1UuuLuuI | Engineering
POLYTECHNIC Thomas Blair, P.E.
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Electrical Systems
Dry Type transformer BIL

Nominal Basic lightning impulse insulation levels (BILs) in common use (kKV crest)
system voltage

(kV) 10 20 30 45 60 05 110 125 150 | 200
1.2 S 1 1
25 S 1 1
50 S 1 1
8.7 S 1 1

15.0 S 1 1

250 2 S 1 1

345 2 S 1
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Electrical Systems

Standard impedance < 500KVA-5 %
>500 KVA =5.75 %

Fan cooling dry type = 133% rating w/ fan
Caution, temperature of conductor connection
VPI¢ vacuum to draw moisture out, inject epoxy, pressure

applied (inert gas) to push epoxy into windingeat to
cure epoxy
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Electrical Systems
Thermal insulation class (AMB 30C)

AVG
TMP HOT SPOTHIGHEST
RISE C|DIFF C |PERM RISE GCLASS
55 10 105 A105
65 15 120 A120
80 30 150 B150
115 30 185 F185
150 30 220 H220
g&%RFSﬁgglgj Energy Production Engineering
POLYTECHNIC Thomas Blair, P.E.
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Electrical Systems

NEMA 1
NEMA 3R
NEMA 4
NEMA 12

Dry type reduced environmental requirements and fire
protection compared with oil

Dry type available to about 15MVA
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Electrical Systems
Circuit Breakeg switch to open under current

Driven by spring action both close and trip

DC power for charging motor

External relay trip on protection

Arc drawng

Air / Vacuum / SF6 / Oll

Coordinationc discussed later in relaying section
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Electrical Systems

Table 6-2—Basic impulse insulation levels (BILs) of power circuit breakers,
switchgear assemblies, and metal-enclosed buses

Voltage Voltage Voltage

rating BIL rating BIL rating BIL
(kV) (kv) (kV) (kV) (kV) (kV)
2.4 45 23 150 115 550
4.16 60 345 200 138 650
1.2 75% 46 250 161 750
138 95 69 350 230 900
144 110 02 450 345 1300

*05 for metal-clad switcheear with power circuit breakers
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Electrical Systems

Special considerations:

Need DC to trip / close battery fed
Synchronizing

Dead bus transfer

Motor bus transferg reclosing
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Electrical Systems

Groundingg
Ungrounded / low impedance / high impedance / solid
grounded

Advantages / disadvantages

Ungrounded reliablec first GF no trip

High transient voltage

Difficult to locate ground

Ground detection via open delta transformer (DRAW)
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Electrical Systems

Groundingg

High impedance ground (10AJow damage, can alarm on
ground increase reliability,

Need sensitive relay to detect and locate ground
Transient less than ungrounded but higher than low
Impedance ground.
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Electrical Systems

Groundingg

Low impedance ground (400Agasily detected, higher
damage, easily located, transients less, trip on fault,
reduced security

Solid grounded most damage, easily detected, easily
located, transients minimum, trip on fault, reduced
security
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Electrical Systems

Neutral

Line-to-line ‘
voltage .’
,. Line-to-ground
Neutral voltage during

fault (equal to
line-to-line voltage)

l

Normal line-

to-ground =3
voltage Ground
potential
No fault: Neutral floats Ground tault: One line
at ground potential IS at ground potential

FIGURE 4.3.2 No fault versus ground fault for a three-phase power
system.
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Electrical Systems

(a) (b)

(c) (d)

FIGURE 4.3.3 Transformers may be connected (a) wye-delta, (b) delta-wye, ()
wve-wve, and (d) delta-delta.
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Electrical Systems

—) :
Utifity 1 Customer’s breaker
breaker . stays closed
tripped Ground

fault ) _
5 n lor
detected —— Customer's gengra

- continues to feed faull

FIGURE 4.3.4 Wye-delta connection is best for most installations, but if the customer’s generator is
large, it may continue to feed a fault on the utility side of the transformer.
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Electrical Systems

Differential protection on delta wye may need wye delta
connected CTs to compensate for 30 degree phase shift.
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Electrical Systems

#*

O

Ground fault relay sees
only part of fault current

Customer's generalor

FIGURE 4.3.5 Wye-wye connection is least desirable because ground fault current is divided between

two grounding legs.
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Electrical Systems

Can add grounding transformer to ground a delta fed

system
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Electrical Systems

Power lines
I |
| | | [

a—[ine leads—

!
vy

'-.i_..'-_’-_" STk A Rt
.~ 2 !

Vipd peeiet oA e
T T

Neutral leads
f""'f_-—"

FIGURE 4.3.7 Zigzag grounding transformer has primary and secondary
windings connected as shown, with the secondary neutral point grounded.
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Electrical Systems

Power lines

Grounded wye ~— Closed delta

FIGURE 4.3.6 Any transformer will double as a grounding device if its pri-
mary is wye-connected and its secondary is a closed delta.
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Electrical Systems

Systemgrounding design consideratioqs

Three levels of conductor insulation for MV cables: 100,
133, and 173% levels.

The solidly grounded system permits the use of 100%
Insulation level.

If fault cleared within 1 hour, 133% insulation level should
be specified

If fault cleared more than 1 hour, 173% voltage level
iInsulation should be used
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Electrical Systems

Groundingg

Adequate groundeturn conductors to minimize the
Inherentstep-and-touch potentialsw/ solidly grounded
systems Instantaneous ground fault relaying to minimize
the fault duration.

See the NEC NESC and IEEE Std 80
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Electrical Systems

All noncurrentcarrying metallic structures are
Interconnected and grounded.
Purpose:

Minimize potential difference between metallic members
Minimizing the risk of electric shocks to personnel
Improve protective device performance

d) To avoid fires in combustible atmospheres
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Electrical Systems

Inductance of ground path

L=4X10fy o0 5 kK NXQ 0 | K'Y

Therefore, L increases as D increases

VD increases as D increases &

Current tends to flow in closest cond.
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Electrical Systems

Two or more rods suggested

Distance between rods must be Lrl + Lr2

Example two 8 ft rods, should be 16ft distance
(Numerous books and articles show the distance between

two standard length 8 or 10 ft rods to be 3 m (10 ft), which
IS Incorrect.)
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Electrical Systems

Impedance depended on IEEE 80 Calc.

Larger substations and generating stationdi& 1

Smaller substations and for industrial plants\W 5

NEC, Article 250, approves the use of a single electrode, if
< 25N
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Electrical Systems
Protective relaying & coordination:

Two functionsg Protection of equipment (secondary)
Security of system (primary)

CNRA L) g KSY TFldzZ 08 O2YRAUAZY
faulty condition not present
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Electrical Systems

Balance of following concepts:

Reliability¢ Relay system trip when fault exists in
protective zone

Securityc Relay system trip only when fault exists in
protective zone

Selectivityg Relay system should trip minimum equipment
to remove fault

Speed; Relay system remove fault fast to minimize
damage and arc flash incident energy.

Simplicity¢ minimum amount of equipment maximize
reliability

Economicg Reasonable cost
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Electrical Systems
Most commong 50, 51, 27, 59, 810, 81U, 87

PTs and CTs feed relays
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Electrical Systems

Overcurrent Undervoltage
Circuit relay Circuit
breaker cT breaker PT
52 ’AVAVAVI . 52
(a) (b)
PT
%))
Over/under Under Over
voltage Irequency [requency
52
1

(c)
FIGURE 4.3.10 Instrument transformers may be (a) current (CT) or (b, ¢) potential (PT).
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Electrical Systems

Overcurrent
. refa
Circuit Y
breaker CT
W
(a)
gcl)\g}’gRFSngglgi Energy Production Engin_eering
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Electrical Systems
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