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Application of Transformer Ground Differential
Protection Relays

Peter E. Sutherlan&enior Member, IEEE

Abstract—Transformer ground differential protection relays 1200/5
(device 87G) have been used to protect the windings of resis- i G B U————
tance-grounded transformers. A number of strategies have been 1200/5
utilized with electromechanical relays in the past. With the advent "v":
of the multifunction digital protective relay, these strategies can L
be adapted to continue this form of protection.
Index Terms—Differential relaying, ground-fault protection, oS 100/5,
protective relaying, transformer protection. 400A N
1200/5
|. INTRODUCTION LA
o ] 3750 KVA
NDUSTRIAL power distribution system substation trans- 4160V % % %
formers often utilize resistance-grounded wye secondary
windings for medium-voltage power distribution. The pur- N ol
pose of this is to limit damage due to ground-fault currents, %fgg .‘g 112
while providing sufficient fault current for the operation of T I

ground-fault relaying. The relaying utilized for the protection
against ground faults in the system may not provide sufficie%_ 1
protection of the transformer winding against internal faults
because the backup ground overcurrent relay in the transformer

Time overcurrent relay connected as a differential ground relay.

neutral-to-ground connection must be set to coordinate with Il. GROUND DIFFERENTIAL SCHEMES
downstream relays. In order to protect the winding itself, ] ) )
special relays are utilized. These include the following: The schemes discussed here have been implemented with
. . . . . omponent-type relays, where one relay performs each func-
» ground differential protection with a tlme—overcurrenﬁon
relay;
« ground differential protection with a percentage differen-
tial relay; A. Ground Differential Protection with a Time-Overcurrent

« ground differential protection with a percentage differerRelay

tial relay designed for this application;
 product-type ground directional overcurrent relay;
* restricted earth-fault relays.

The simplest method of ground differential relaying is to
connect a time-overcurrent relay between the residual point of
the phase CT’s and a neutral-ground CT (Fig. 1) [2]. Because

Ground differential protection is now provided in multifuncihe CT ratios are usually not equal, an auxiliary matching CT
tion digital relays. Transformer protection relays may includg required. This application will require a neutral-ground
this feature using one of the schemes used with component & yith a high saturation voltage. There have been problems
lays. If a feeder protection relay is used on the secondary,ifith the misoperation of this scheme using electromechanical
some cases, this may have a ground directional feature that f@8ys. However, the application of low-burden electronic
be utilized for ground differential protection. relays makes this scheme much more secure.

The sensitivity required depends upon the portion of the
winding to be protected. Assuming that the voltage is induced
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TABLE | 1200/5

PERFORMANCE OF 87G WITH VARIOUS VBT
| O —
RELAY—CT COMBINATIONS
1200/5,
Relay Relay Required -JAYA\-
(4
Type +CT + Relay Min. CT
CcT Relay Lead Current Voltage
Ratio Tap Burden @ 400A V)
(A) Q)
100/5 1.0 EM 1.1 20 22
100/5 1.0 SS 0.16 20 32
200/5 0.5 EM 4.1 10 41
200/5 0.5 $S 0.19 10 1.9
400/5 0.25 EM 16.2 5 81 1200/5
400/5 0.25 sS 0.25 5 1.25 A | \
3750 kVA =T
4160V 50 50 50
external phase—phase fault occurs. For this reason, a relay v REs  RES 17 517 &
a restraint winding is normally preferred for this application. A AT\
An external ground fault, in the worst case, will be the ful 87G 115
400 A, and may cause saturation of the CT on the resistor. (T op ;> V12
line-side CT’s will have a higher ratio and can be assumed n 4N

to saturate.) Table | shows the calculation of the required mii.-

imum CT vo[tages where the Ieakage'current is less th.an ﬁfl& 2. Percentage differential relay connected as a differential ground relay.
relay tap setting. CT saturation calculation methods are given in
[1]. When electromechanical relays are used, many commogifee-phase units designed for the protection of a particular

used auxiliary CT’s will not meet this requirement. It is necessiece of equipment. This scheme could be implemented by
sary that a high-accuracy CT be selected. However, the use 0 fling it to such a multifunction relay.

electronic relay effectively eliminates this problem. With stan-
dard relays, a pickup setting of 0.5 or 1.0 A would be used. C. Ground Differential Protection with a Percentage

The electronic relay used in this application may have a typifferential Relay Designed for This Application
ical burden of less than 042, regardless of settmg. Thus, there This type of induction disk relay has its operating coil in the
would be no potential problems of false operation on extemal ira_ground CT circuit, and three restraint coils, one in each
faults due to CT saturation. Electronic overcurrent relays hayg,qe of the circuit breaker CT circuits (Fig. 3). The restraint
npt, however, be_en used very frequently in this application. édils produce a torque in proportion to the square of their cur-
single-phase unit W°“'d_*?e necessary. A paCkaged three-phim_ This means that the relay is nondirectional, and should only
relay would need an additional ground-fault function with a se, \;5eq when there are no other sources of ground-fault current
arate current input. than the transformer being protected. The restraint coils produce
torque in a direction that opposes the closing of the relay con-
tacts.

This type of relay was made in electromechanical form, but

This will replace the time-overcurrent relay (87G) of Fig. ho electronic version has been produced.
with a percentage differential relay (Fig. 2). With the auxiliary
CT in use, both windings may be set on the same tap. D. Product-Type Ground Directional Overcurrent Relay [4]

The purpose of the percentage differential relay is to permitThe product-type relay is an induction disk unit originally in-
sensitive operation for low fault currents while preventingended as a directional overcurrent relay for the protection of
misoperation due to CT saturation on high-current externghnsmission lines against ground faults [3], [4]. The electro-
faults. The CT leakage current at the maximum external fawfechanical product type relay itself is of interest mainly be-
current (here, 400 A) is calculated. It is then divided by thgayse of its extensive use in existing installations. No electronic

B. Ground Differential Protection with a Percentage
Differential Relay

relay current and compared to the slope of the relay. If version of this relay has been produced.
It has two coils, which are placed in the neutral and residual
I 0 0 o ; ) :
x CTR x 100% < Slopd%) circuits. The operating torque is proportional to the product of
Ifault .
the two currents and the cosine of the phase angle between
wherel. is the CT excitation current, then the relay will nothem. When the two currents are in the same direction, con-
operate for external faults. tact closing torque is produced. Fig. 4(a) shows the relay con-

The sensitivity of the percentage differential relay will typinected as a directional relay, while Fig. 4(b) shows the relay con-
cally be about 30%—-40% of tap setting. The tap setting shouldcted as a differential relay. It should be noted that the scheme
be selected so that 95% coverage of the winding is achievedin [3] is slightly different from that shown in the figures, but has

Single-phase percentage differential relays have lotige same general effect. When used for protection of the trans-
been available in electromechanical versions. Electronic péormer winding, the direction of maximum torque is into the
centage differential relays are typically available in packagachnsformer. The construction of this now-obsolete relay type
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Fig. 3. Transformer ground differential relay.
resulted in constraints on the relationship of operating and 1
straining current which do not exist with newer technology.
The burden of the relay coils could result in saturation of tr
neutral CT for the maximum ground-fault current. This woult 1200/5
reduce the currentinto the relay from this source. For an exter: AR >t
fault, a current will be produced in an opposing direction by th 50 £5O 50
phase CT’s and auxiliary CT. If the current from the auxilian 51 513 51
CT is not reduced by saturation, while that from the ground C A
is, then a net reverse current will flow into the operating coi (67N) e
This will result in a contact opening torque. If no CT saturatio 876G ‘3 e ,
. . . OP 17 (Auxitiary Ratio
were involved, then the operating coil would have a net curre Matching CT)

of zero, and no torque would be produced. Thus, CT saturatiun
adds to the reliability of the scheme. (®)

Fig. 4. (a) Product-type relay connected as a directional ground relay. (b)

E. Restricted Earth-Fault Relays Product-type relay connected as a differential ground relay.

The restricted earth-fault relay [2], [5] is a high- |mpedance
differential relay scheme (Fig. 5), which is widely used in Eul The relay is set by means of an adjustable resistor in series with
rope. Itis essentially similar to the high-impedance bus dn‘fereﬂ1e operating element. The sensitivity of the relay is
tial relay. All CT’s must have the same ratio. The voltage settlng
of the relay is higher than the voltage that would be seen if one
of the CT’s saturated for an external fault. The relay is protectwhere_rR is relay operating current at its setting (this data pro-
by a surge arrester against damage from the high voltages figed by relay manufacturer) is the number of CT's andl. is
will be seen for faults within its zone of protection. the CT leakage current at the setting voltage (determined from

For this example, with 1200/5 CT’s as above, the voltage se€T saturation curve). In this example, 95% of the winding is
on CT saturation for an external fault is protected.

Because the restricted earth-fault relay is designed to operate
with saturated CT's, no external time delay is required.

= n(Ig + NI.) = 240(0.038 + 4 x 0.01) = 19 A

1
V= _f (Rct + 2Rw)7

wherel is the maximum through fault currentjs the CT ratio IIl. M ULTIFUNCTION MICROPROCESSORRELAYS

with resistancei.;, and lead resistanc®,,. If the phase-fault A. Ground Differential Protection with a Percentage
current is assumed to be 6500 A Differential Relay Function

New transformer protection schemes are usually built using
multifunction microprocessor relays. Some relays of this type

6500
240

V= (0.34 42 x 0.029) = 10.8. V.
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Fig. 5. Restricted earth-fault relay. ]
These equations can be solved for

incorporate a ground differential function. This may be imple- I - IsIp
mented as a percentage differential relay with inputs from each 1= Ip—1;
of the phase CT's and the ground CT. The relay connections are
as shown in Fig. 6. The block diagram of the protective functiofith /r = 400 A, Iy = 20 A, I = 1 A, andl; is 3Io. Then,
is shown in Fig. 7. the differential current is

For a 3750-kVA 4160-V transformer, the relay settings are
as follows. The current to be detected for 95% coverage of the
winding with a 400-A resistor is

Ig=|1-20]=19A.

The relay will be set to pickup at this value.

100% — %coverage The slope is set so that the relay will trip for the minimum
I= 100% X Tty = 20 A, differential current at the maximum line current (full-load cur-
rent+3/p) :
The full-load phase current is 520 A. The ground differential
currentl 4 is the difference between the ground currénand Slope= ﬁ % 100% = 19 % 100% = 3.6%.
the residual curreritl, line 521
If the 1-A correction had been neglected, the result would
lIga = [31o = Iy|. have been essentially the same. In order to prevent false tripping

) ) . due to CT errors, the minimum slope setting should be about
The residual currer/, can be found by looking at the in- 404 This will decrease the sensitivity slightly under full-load
crease in per-unit primary currefjdue to the fault. If the relay ¢4 gitions. Because the slope is calculated based upon the max-
is to protect 95% of the winding, this is a small effect, which cap,  m phase current rather than the current into the differential

usually be ignored. For example, if there is 20 A flowing into agjrc it the percentage values appear to be lower than with the
internal ground fault, the secondary load currentin that phasgyisitional differential relay, although the effect is similar.

not decreased by 20 A. In fact, it is increased by 1 A. This can tg fina| setting is for time delay. This will be set to allow for

be seen from Fig. 8, where the secondary winding is considergdiantaneous relays downstream to clear high current faults.
as an autotransformer. L&t be the current in the faulted sec-

tion, I be the fault current, anfl, be the current in the rest of g - Ground Differential Protection with a Directional
the winding due to the fault. Then, Overcurrent Relay Function

L=0-1I; Another multifunction microprocessor relay that may be seen
on atransformer is the feeder protection relay. Many such relays
contain a ground directional function, which may be configured
in a similar manner to the product-type relay discussed above.
In order for this to be possible, the types of polarization avail-
Iy able should be examined, and the CT input connections. The
L relay must have a separate ground CT input which provides the

by Kirchhoff’s law, and because of the turns ratig, can be
compared to the full-voltage resistor currdat



SUTHERLAND: APPLICATION OF TRANSFORMER GROUND DIFFERENTIAL PROTECTION RELAYS

F——— — — — — = = e = —
|
1, ___>| Calculate lmax R
Maximum Phase 4 _ |
! Slope = | /I
Current sl Sg 1 max
l, — ope > Setpoint | |
|, —»| | Caloulate and Timer | o output |
| 3l I 0-0.5s '
|
| Calulate |9 Setpoint g |
- 4>
| 131, Igl 9 |
Measure
el | M | R |
| : |
______________________ J
Fig. 7. Multifunction relay ground differential block diagram [6].
TABLE 1l

20

SUMMARY OF GROUND DIFFERENTIAL PROTECTION

T Iy Protection External GF
> | Relay Type Sources Comments
! induction disk time] differential yes requires good CT
overcurrent
T | electronic time differential yes
1 overcurrent
RES Torque controlled |blocking no requires extra
time overcurrent relays
= induction disk differential yes
percentage
: L differential
Fig. 8. Transformer ndar nding ground-fault currents.
'9.8 ansformer secondary winding ground-fault currents transformer differential yes unnecessarily
percentage complex relay
. . . . differential
operating current for thls function. Residual current should N sormer Torontiod s restraint against
be used as the operating current. ground fault phase-phase faults
For relays with current polarization, and a separate curre glef‘f‘:'e‘:’ug;
polarizing input, there should also be a separate ground ¢ roduct type Tiroctiona] ves prEve—
input. If this is the case, then the relay can be connected with 1 overcurrent relay | connection
operating coil in the differential circuit and the polarizing coi product ‘Ylie ) dlffefecftl}*al yes recommended
. . . . . - lovt connection
in the ground circuit, as with the product-type relay [Fig. 4(b)’ lgazzugzg"grzl:ﬁ —— = e——
The relay coils should be connected with the polarization su girectionat or directional complex relay
that the relay will trip for a ground fault within the differential overcurrent
zone restricted earth high impedance yes designed to operate
) . . fault relay differential with CT saturation
Voltage polarization may also be used. The relay would the Taaprocessor | differential Yes slope based upon
be a directional relay looking into the transformer, rather thar percentage maximum line
true differential relay' dl'fferenuc?cl‘.essor differential or es ;llzfrave current
. . . . miCro-pr
Dual polarization uses both current and voltage polarizatio gmundp directional |directional Y polarizing inpat
Because current polarization would also be available, there is overcurrent brought out.

reason to use dual polarization.

differential protection typically protects 95% of the winding, an
increase of 20%.

The choice of whether to apply ground differential in addi- Transformer differential protection with harmonic restraint
tion to transformer differential protection (87) and ground ove(87) is recommended on units rated 5 MVA and above [7]. The
current protection (51G) will depend upon the size and impopfimary current due to the fault will be quite small for faults
tance of the transformer being protected. The usual guidelinensar the neutral point, because the grounding resistor is seen on
to start ground differential protection with 10-MVA and largethe primary side through the square of the turns ratio. A fault
transformers [7]. at 5% of the winding will increase the primary side current by

With ground overcurrent protection (51G) on a resistanc-25% of what it would be for a full winding fault. With our
grounded system, pickup is normally set at 25% of the resisfanrevious example of 3750 kVA at 13 800—-4160 V, with a 400-A
rating, which results in 75% coverage of the winding. Groungsistor, the primary current for a phase—ground fault would be

IV. COMPARISON WITH OTHER FORMS OFPROTECTION
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69.6 A. With a 300/5 CT, the relay would see 1.16 A. A fault at While harmonic-restraint phase differential relays have been
5% of the winding would result in a relay current of 0.0029 Aapplied on transformers of 5 MVA or greater, transformer
For a typical differential relay sensitivity of 0.20 A, the deepegiround differential relays have been applied for transformers
location where a ground fault could be detected would be at of over 10 MVA [7]. In cases where a greater degree of
protection is desired, these relays have been applied on smaller
Y%winding = 100% x \/Irelay X CTR/ I pax transformers. With the introduction of multifunction electronic
relays, the issue of the cost of adding this protection decreases
where L.y is the relay sensitivity, CTR is the CT ratio,significantly, becoming only a small adder for the extra relay
and L. is the primary current for maximum secondarfunction. An evaluation must then be made of the degree of
line—ground-fault current. For the example given protection required for the size transformer being considered.
The added protection provided by ground differential protec-
tion should be balanced against the severity of the faults being

of the winding. Thus, the phase differential relay in this exampfg#emeq ;Fherefore, the exﬁung g}_Uldslllnes for applying ground
protects 58% of the winding against ground faults. A grourfdiTferential protection are still applicable.
differential relay that protects 95% of the winding protects 37%
more of the winding than the phase differential relay. REFERENCES
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%winding = 100% x 4/0.20 x 60/69.6 = 42%

V. CoNCLUSIONS Peter E. Sutherland (S'77-M'79-SM'97) received

the A.S. degree in electrical engineering technology
and the B.S. degree in electrical engineering from the
University of Maine, Orono, and the M.Sc.E. degree
in electrical engineering from the University of New
Brunswick, Fredericton, NB, Canada, in 1979, 1983,
and 1986, respectively. He is currently working to-
ward the Ph.D. degree in electric power engineering
at Rensselaer Polytechnic Institute, Troy, NY.

In the past, ground differential relaying schemes were ir
plemented with electromechanical relays. These require care
evaluation in terms of sensitivity, effect of CT saturation, cos
and complexity. The various types of protection considered ¢
summarized in Table Il. Many of these schemes are no lonc
used in new designs, as electronic relays have come into g
eral use. Those schemes which can be implemented usin He has been a Test Engineer and a Design Engineer

inal h t diff tial tricted th-f for Accutest Corporation, Chelmsford, MA, a manu-
single-pnhase overcurrent, ) merenta " or restricted ear - ?“fQEturer of automatic test equipment for the semiconductor industry. For a short
relay can be constructed with electronic relays. The specializgak, he was a Planning Engineer for an electric utility company. In 1987, he

types of transformer ground differential relays have not beéted General Electric Company, and has been an Engineer in the GE Indus-
trial Power Systems Engineering Operation, Schenectady, NY, an Instructor in

replace_d with eIeCtromc equivalents. Tran_Sform_er protectionfz e Training and Development Center, and a Power Systems Engineer in Al-
becoming the province of packaged multifunction relays, amény, NY. His current position is Senior Engineer in GE Power Systems Energy

this is where ground differential protection will be found. EiConsulting, GE Energy Services, Schenectady, NY, where he performs a variety
of power system studies for industrial clients.

ther transformer- or feeder-pre relays can be utilized, if theyMr. Sutherland is a member of Eta Kappa Nu and Tau Beta Pi. He is a Reg-
contain the necessary functions. istered Professional Engineer in the State of Maine and State of New York.



