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Example GSU Transformer

• Xd” = 0.224 pu
• Xd’ = 0.295 pu
• Xd = 1.66 pu
• Zt = 0.123 pu
• Zs1 = 0.1043 pu (positive sequence system thev impedance)

STG
700 MVA

19 KV

GSU
700 MVA
Z = 12.3%

HS KV Tap = 353.6 KV
LS KV Rating = 19 KVGen 

Breaker
High Side 
Breaker

345 KV

R R
   
3Yg/         

VGVA,B,C

   3Yg/Yg

0.26 Ω

19KV/208V

1200/5
R

W2-G
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R
W2

Main Aux 
Transformers

25000/5
R

W3

25000/5

R
W1
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24 – Volts/Hz (Overexcitation)

• May need to comply with NERC PRC-019 and PRC-024 if BES unit
• Ideally, 24 should be driven from HS VTs but LS VTs are OK too
• 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 𝒕𝒕𝒕𝒕𝒕𝒕 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 𝒐𝒐𝒐𝒐 𝒕𝒕𝒕𝒕𝒕𝒕 𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘
• Recommend to set both 24 and 59 protection

STG
700 MVA

19 KV Gen 
Breaker

High Side 
Breaker

345 KV

R R
   
3Yg/         

VGVA,B,C

   3Yg/Yg

0.26 Ω

19KV/208V

1200/5
R

W2-G

1200/5

R
W2

Main Aux 
Transformers

25000/5
R

W3

25000/5

R
W1

24
GSU

700 MVA
Z = 12.3%

HS KV Tap = 353.6 KV
LS KV Rating = 19 KV
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24 settings
• First, find the GSU mfg V/Hz withstand capability curve (or use typical):

The asymptote of curve is 110%, so assume this curve is given at “No Load”

per 
C57.12:

This curve is 
given on GSU HS 
so must take it to 
GSU LS to plot on 
common V/Hz 
curve set as the 
relays are on the 
GSU LS.  

How to do so? 

See next slide 



6

24 settings

Considering the voltage drop across the GSU during FL, the low side voltage is calculated:

𝑉𝑉𝐿𝐿−𝐹𝐹𝐹𝐹 = 𝑉𝑉𝐻𝐻−𝐹𝐹𝐹𝐹 + 𝐼𝐼 ∗ 𝑍𝑍𝑍𝑍 = 1.05 + (0.952 𝑝𝑝𝑝𝑝 ∠ − 36.9° ∗ (0.001621 +  0.123049𝑗𝑗)) = 1.13 𝑝𝑝𝑝𝑝

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 @ 1𝑝𝑝𝑝𝑝 0.8 𝑃𝑃𝑃𝑃 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙, 𝐼𝐼 =
𝑆𝑆∗

𝑉𝑉∗ =
(1 cos−1 0.8)∗

(1.05 ∠0°)∗ = 0.952 𝑝𝑝𝑝𝑝 ∠ − 36.9° 

Transfer the FL (105%, 0.8 PF) V/Hz design limit from HS to LS of GSU using a load of 1pu at 0.8 PF 
lagging with VH-FL = 1.05 pu.  This yields a current:

The NL voltage limit of 110% on the HS of the GSU is the same on the GSU LS because I = 0:

VL-NL = VH-NL = 1.10 pu

As overfluxing can occur at NL or FL, the more restrictive limit is plotted against the 24 Trip curve: 

VL = min(VL-NL, VL-FL) = min(1.10 pu, 1.13 pu) = 1.10 pu

In most cases the 110% NL limit is more restrictive than the FL limit and would be plotted on the 
coordination curve set unless the GSU impedance is < 7% or so (Zt at max GSU MVA rating).
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24 settings
• In some applications, the GSU LS voltage rating may be < the gen voltage rating to  

compensate for the voltage drop across the GSU (from GSU impedance) so when the 
generator is operating at nominal voltage the GSU HS can also be at its nominal voltage.  

• However, this will have the effect of reducing the overfluxing capability of the GSU i.e. the 
GSU’s V/Hz withstand capability curve will be plotted lower on the V/Hz vs time graph.

• Alternately, and as was done for this sample application, the GSU HS Tap may be 
placed on a higher than nominal Tap to account for the voltage drop across the GSU  
and this may be preferrable as it does not impinge on the V/Hz withstand capability of 
the GSU.

STG
700 MVA

19 KV

GSU
700 MVA

Z = 12.3%
HS tap = 353.6 KV

LS KV rating = 19 KV

345 KV

R
VA,B,C

   3Yg/Yg

24
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• When plotting the mfg GSU and gen V/Hz withstand capability curves with the 
24 curves, if the GSU LS voltage rating is different than the generator 
voltage rating, then to plot them on the same curve set the GSU curve must be 
converted to the gen voltage base.

• E.g. if this GSU low side voltage rating were 18 KV and with the gen rated at 19 
KV, then to convert a point of 110 % on the mfg GSU curve to the gen voltage 
base:

 

𝑉𝑉/𝐻𝐻𝑧𝑧_𝐺𝐺𝐺𝐺𝐺𝐺 𝑛𝑛𝑛𝑛𝑛𝑛 =
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝐿𝐿𝐿𝐿 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∗ 𝑉𝑉/𝐻𝐻𝑧𝑧_𝐺𝐺𝐺𝐺𝐺𝐺 𝑜𝑜𝑜𝑜𝑜𝑜 =
18 𝐾𝐾
19 𝐾𝐾 ∗ 110 = 104.2 %

However, in this sample application, both the generator voltage rating and 
the GSU low side voltage rating are 19 KV, so no such conversion is 
necessary.

24 settings
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• 24 settings typically informed by the GSU V/Hz withstand 
capability curve along with VPFL and possibly PRC-019 and 
PRC-024 if BES unit.

• Use Definite Time #1 element to Trip and set it at 126% 
pickup and 5 seconds.

 
• Use Definite Time #2 element to Alarm and set it at 108% 

pickup and 4 seconds. 

• Use the Inverse Time element to Trip as well and use Curve 
#1 at 109% pickup with a Time Dial of 8 and a Reset Rate of 
240 seconds (4 minutes).  

24 settings

Requirement specific to 
this mfg relay type:
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24 settings 24IT Curve #1 equation:

        𝑡𝑡 = 0.003∗𝐾𝐾

( 𝑀𝑀
100−1)2

• t = time in minutes
• K = TD
• NOTE:  M is not MPU
    M = % V/Hz 
           i.e. % of Vnom/fnom
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Enter 24 settings into relay
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PRC-019 compliance

If possible, try to 
choose a 24 trip 
curve such that 
there is

 clear space 
visual evidence that 
it plots below the 
GSU V/Hz damage 
curve and above 
the VPFL for easy  
verification by a
NERC auditor. 

Yes, complies as 24 
Trip plots below damage curve
and above limiter
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PRC-024 compliance
Yes, complies as 24 Trip plots above HV duration curve on GSU LS at > 4 seconds
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50 – Instantaneous Phase Overcurrent 

• Need to comply with PRC-025 and PRC-026 if BES unit
• Set 50 and 51 on GSU HS W2 as a backup to 87
• Set 50 to see high amperage faults on the GSU HS or not too deep into 

the HS Wye winding as fed from the system

STG
700 MVA

19 KV

GSU
700 MVA
Z = 12.3%

HS tap = 353.6 KVGen 
Breaker

High Side 
Breaker

345 KV

R R
   
3Yg/         

VGVA,B,C

   3Yg/Yg

0.26 Ω

19KV/208V

1200/5
R

W2-G

1200/5

R
W2

Main Aux 
Transformers

25000/5
R

W3

25000/5

R
W1

50

fault
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• Set 50 #1 < high magnitude faults on the high side of the transformer as fed 
from the system or not too deep into the transformer windings.  

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐻𝐻𝐻𝐻 𝛷𝛷𝛷𝛷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠 𝑓𝑓𝑓𝑓𝑓𝑓 = 0.866 ∗
1

0.1043
∗

700 𝑀𝑀
3 ∗ 353.6 𝐾𝐾 ∗ 240

= 39.5 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

Set it > the following criteria:

1) PRC-025 = 8.75 A
2) PRC-026 = 10.7 A
3) max asymmetrical external fault on the system side of the W2 HS CTs as fed 

from the gen so it will not see any faults on the transmission system as this 
criterion makes it in-effect directional via its pickup setting (even though the 
50 element is non-directional)

4) max LS fault as fed from the system (depend on 51 to see LS faults)
5) transformer inrush

50 Settings Criteria
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max  𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝐻𝐻𝐻𝐻 𝑔𝑔𝑔𝑔𝑔𝑔 𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 1.6 ∗
1

0.224 + 0.123
∗

700 𝑀𝑀
3 ∗ 353.6 𝐾𝐾 ∗ 240

= 22.0 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

max  𝐿𝐿𝐿𝐿 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎 𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
1

0.1043 + 0.123
∗

700 𝑀𝑀
3 ∗ 353.6 𝐾𝐾 ∗ 240

= 21.0 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

Set above max Transformer Inrush current:

•  8 * IFL (Transformers < 2.5 MVA) 
• 10 * IFL (Transformers > 2.5 MVA)  
•  6 * IFL (digital relays using Discrete Fourier Transformation (DFT) processing)

 IFL is at the base self-cooled rating, not max 65°C, all fans on rating

𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 6 ∗
420 𝑀𝑀

3 ∗ 353.6 𝐾𝐾 ∗ 240
= 17.1 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
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𝑃𝑃𝑃𝑃𝑃𝑃, 𝐻𝐻𝐻𝐻 𝑔𝑔𝑔𝑔𝑔𝑔 , 𝐿𝐿𝐿𝐿 𝑠𝑠𝑠𝑠𝑠𝑠 , 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 <  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 < 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐻𝐻𝐻𝐻 𝛷𝛷𝛷𝛷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎 𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠

 8.75, 10.7,22.0, 21.0, 17.1 <  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 < 39.5

Pickup = 30 sec amps    (6.3 * xfmr max rating)

• Time Delay = 8 cycles 

• Give it an 8 cycle delay to get above inrush and so that the 87T and 87H 
differential elements in this relay take precedence and also to ensure the 87B HS 
bus differential relay (if present) has dibs for a fault inside the high side 
interrupting device.  

• This time delay does not need to be set > 15 cycles to get above PRC-026 
criteria as it complies with PRC-026 via the current magnitude criteria.  

• Current Selection = W2 (HS current inputs)
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Enter 50 settings into relay
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30*240=7200 Apri

8/60 = 0.133 sec
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PRC-025 compliance
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PRC-026 compliance
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51 – Inverse Time Phase Overcurrent

• Need to comply with PRC-025 and PRC-026 if BES unit
• Set 51 on W2 on GSU HS in conjunction with 50 as a backup to 87
• Set to protect GSU damage curve

STG
700 MVA

19 KV

GSU
700 MVA
Z = 12.3%

HS tap = 353.6 KVGen 
Breaker

High Side 
Breaker

345 KV

R R
   
3Yg/         

VGVA,B,C

   3Yg/Yg

0.26 Ω

19KV/208V

1200/5
R

W2-G

1200/5

R
W2

Main Aux 
Transformers

25000/5
R

W3

25000/5

R
W1

51
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51 settings criteria

• Set 51 #1 from the GSU HS W2 current inputs to protect the transformer in 
concert with the 50 function as a backup to the differential elements

Set the 51 Pickup < the minimum phase fault current as seen by these GSU HS 
CTs for a LS ΦΦ fault as fed from the system:  

min 𝐿𝐿𝐿𝐿 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎 𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

= 𝐼𝐼𝐼𝐼𝐼𝐼 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼

= 0.866 ∗
𝑉𝑉𝑉𝑉

𝑍𝑍𝑍𝑍𝑍 + 𝑍𝑍𝑍𝑍 ∗
𝑆𝑆𝑆𝑆

3 ∗ 𝑉𝑉𝑉𝑉𝑉𝑉𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶
 

= 0.866 ∗
1

0.1043 + 0.123 ∗
700 𝑀𝑀

3 ∗ 353.6 𝐾𝐾 ∗ 240
 

= 18.1 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
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51 settings criteria

Set the 51 Pickup > the following criteria:

1) 150% of max transformer rating = 1.50 * 4.76 = 7.14 A

2) PRC-025 = 8.75 A (does not need to comply with PRC-025 if the chosen 
Pickup complies with criteria 4 below.

3) PRC-026 = 10.7 A (does not need to comply with PRC-026 if the 51 Curve 
plots > 0.25 seconds at the max fault current, which it does here).

4) max external fault on the HS (system side of the sensing CTs) as fed from the 
generator at 1 second = 5.68 A (from the generator decrement curve).

• Therefore, it will not see any faults out on the transmission system – there 
is no inherent directionality to the 51 function, but using this criteria makes 
it de-facto directional just via the Pickup setting itself.  
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51 settings criteria

150% 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, 𝑃𝑃𝑃𝑃𝑃𝑃, 𝐻𝐻𝐻𝐻 𝑒𝑒𝑒𝑒𝑒𝑒. 3𝛷𝛷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎 1 𝑠𝑠𝑠𝑠𝑠𝑠 ≤  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 <  𝐿𝐿𝐿𝐿 𝛷𝛷𝛷𝛷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
 7.14, 8.75, 10.7, 5.68 ≤  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 <  18.1

• Set Pickup = 8.76 sec amps 

     which is 8.76 * 240 = 2102 pri amps
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• Choose a curve and a time dial to get below the GSU damage curve and above 
the GSU inrush.  

• To ensure compliance with PRC-026, ensure that the curve plots above 0.25 
seconds at the PRC-026 calculated current criteria of 10.7 * 240 = 2568 pri 
amps.  

• After plotting several curve types, selected IEEE Very Inverse Curve.  Using the 
IEEE Very Inverse curve equation from the M-33311A IB and solving for TD for 
a LS 3Φ fault as fed from system = 18.1*240/0.866 = 5016 pri amps:

𝑇𝑇𝑇𝑇 =
5 ∗ 𝑡𝑡

19.61
𝑀𝑀2 − 1 + 0.491

=
5 ∗ 1

19.61

(5016
2102)2−1

+ 0.491
= 1.1

• Current Selection = W2

• Inverse Time Curve = IEEE Very Inverse
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Enter 51 settings into relay

trip gen, HS, MAT LS breakers, 86G LORs, auto-transfer, DCS, RTU
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PRC-025 compliance
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PRC-026 compliance
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51 plots below 
GSU damage 
curve and above 
inrush

2568 pri amps 
@ 0.25 seconds

18.1 * 240 = 
4344 pri amps
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SIDEBAR:  
How to plot the GSU damage curve:

• C57.12.00:  General 
Requirements for Liquid-
Immersed Distribution, 
Power, and Regulating 
Transformers.

• C57.109:  Guide for Liquid-
immersed Transformer 
Through-fault-current 
Duration.

• C37.91:  Guide for 
Protective Relay 
Applications to Power 
Transformers

IEEE Standard references for 
thru fault withstand capability:
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Table 11 from C57.12.00-2015:

Our sample 
GSU is 700 
MVA 
therefore it is 
Category IV
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Figure 6
from

C57.109-2018:
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1st:  @ 2 seconds, the thermal limit 
will be 25 times the max xfmr rating:

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 700𝑀𝑀
3∗353.6𝐾𝐾

=1143 pri amps

25 * 1143 = 28,574 pri amps

2nd: thermal limit plots from 2 
seconds up to 75.65 seconds (the 
point where it intersects with 
mechanical limit calculated in step 6) 
per equation:

𝐼𝐼 =
1250

𝑡𝑡
=

1250
2

= 25 𝑝𝑝𝑝𝑝

𝐼𝐼 =
1250
75.65

= 4.06 𝑝𝑝𝑝𝑝

4.06 * 1143 = 4641 pri amps

3rd:  @ 2 sec, mech limit is max 
thru fault (assume infinite bus):

𝐼𝐼 =
1

𝑍𝑍𝑍𝑍
=

1
0.123

= 8.13 𝑝𝑝𝑝𝑝

8.13 * 1143 = 9293 pri amps

4th: 𝐾𝐾 = 𝐼𝐼2𝑡𝑡 = 8.132 ∗ 2 = 132.2

5th: t = 𝐾𝐾
𝐼𝐼2 = 132.2

(8.13
2 )2 = 8 𝑠𝑠𝑠𝑠𝑠𝑠

𝐼𝐼 =
132.2

8 ∗ 1143 = 4646 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

6th: t = 1250
(8.13

2 )2 = 75.65 𝑠𝑠𝑠𝑠𝑠𝑠

7th:  plot remaining portion 
from points taken from 
IEEE standard plots
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51G – Inverse Time Ground Overcurrent
• Set 51G as a backup for uncleared system ground faults

STG
700 MVA

19 KV

GSU
700 MVA
Z = 12.3%

HS tap = 353.6 KVGen 
Breaker

High Side 
Breaker

345 KV

R R
   
3Yg/         

VGVA,B,C

   3Yg/Yg

0.26 Ω

19KV/208V

1200/5
R

W2-G

1200/5

R
W2

Main Aux 
Transformers

25000/5
R

W3

25000/5

R
W1

51G

• Will 51G see a 
ΦG fault on the 
LS of the GSU?   

Xt1 Xs1Xg1

Vg Vs

Xt2 Xs2Xg2

Xt0 Xs0Xg0

3Rg

X

X

X

3Rfault = 0 Ω
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51G settings criteria
Use W2 51G from the IG2 ground current input for system backup ground fault 
protection.

Set the Pickup per the following criteria:

• Set > highest unbalance expected, assume it is 10% of max output of 
generator.  On HS of GSU, the ground CT would see 0.10*4.88 = 0.488 sec 
amps.  

• Set < 25% of the max HS ground fault current.  The W2 ground CT will see 
(0.25*2343/240) = 2.44 sec amps.  

 
0.488 ≤  𝑊𝑊𝑊 51𝐺𝐺 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ≤  2.44

W2 51G Pickup =1.00 A     

Time Dial = 10.0      (choose TD to flatten out at about 1 second to coordinate with 
transmission line ground protection) 

Inverse Time Curve = IEEE Very Inverse
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Enter 51G settings into relay
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flattens out at 
about 1 second to 
coordinate with 
transmission line 
ground protection
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50BF/61BF – Breaker Failure/Breaker Flashover

• May provide breaker failure and breaker flashover 
protection for up to (4) breakers for a 4W relay

• Here just do it for the HS breaker

STG
700 MVA

19 KV

GSU
700 MVA
Z = 12.3%

HS tap = 353.6 KVGen 
Breaker

High Side 
Breaker

345 KV

R R
   
3Yg/         

VGVA,B,C

   3Yg/Yg

0.26 Ω

19KV/208V

1200/5
R

W2-G

1200/5

R
W2

Main Aux 
Transformers

25000/5
R

W3

25000/5

R
W1

50BF
61BF
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Here is a logic diagram of the 50BF function:
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Here is a logic diagram of the 61BF function created with IPSlogic:

61BF 
Trip

50 #2 OR
46DT W2

12 cyc

0 cyc

52a

AND52b50G W2 #1

46DT W2, 50 #2, 50G W2 #1
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59G – Ground Overvoltage

VG voltage input is wired across the 
ballast/loading resistor of the broken 
delta VTs

Backup to 59X/3Vo function in M-3425A

STG
700 MVA

19 KV

GSU
700 MVA
Z = 12.3%

HS tap = 353.6 KVGen 
Breaker

High Side 
Breaker

345 KV

R R
   
3Yg/         

VGVA,B,C

   3Yg/Yg

0.26 Ω

19KV/208V

1200/5
R

W2-G

1200/5

R
W2

Main Aux 
Transformers

25000/5
R

W3

25000/5

R
W1

59G

VG
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3Vo Bus Ground fault protection 

STG
700 MVA

19 KV

R

25000/5

GSU
700 MVA
Z = 12.3%

HS tap = 353.6 KVGen 
Breaker

OPEN

High Side 
Breaker25000/5

345 KV

R R

R

   
3Yg/         

M-3921

R
64F

Ia,b,c IA,B,C

3VoVA,B,C

   3Yg/3Yg

Main Aux 
Transformers

0.26 Ω

R
VN

R
IN

400/5

20 Hz Gen

Filter

Exc Xfmr

19KV/208V
= 91.3

ΦG fault

backfeed

CLOSED

• Provides Gen Bus Ground fault protection prior to the unit being 
synched on-line and during back-feed scenarios where the generator 
breaker is open, or the generator links are removed with the GSU back 
energized from the system.  

• Must trip HS breaker to clear system fault contribution into a bus 
ground fault.
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59G settings criteria

For a ground fault on a high impedance grounded generator, Io approaches zero 
and Vo approaches the phase-ground value of the nominal voltage:

𝑉𝑉𝑉𝑉 = sec 𝐿𝐿𝐿𝐿 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 =

pri 𝐿𝐿𝐿𝐿 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉
3

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉
=

19 𝐾𝐾
3

274.2
= 40 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

The broken delta VT on the gen bus VTs is measuring 3Vo, not Vo, therefore:

3𝑉𝑉𝑉𝑉 = 3 ∗ 40 = 120 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

For normal operation:

3V0 = VA + VB + VC = 40 /0° + 40 /-120° + 40 /120° = 0 V
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• Now for a ΦG fault on the 19 KV bus, the voltage across each of the two 
unfaulted VT secondaries will approach a phase-phase value (40*1.732 = 
69.3 V) due to the neutral shift on high-impedance or ungrounded systems.  

• Then the total measured voltage across the broken delta will be the vector 
addition of those 2 secondary voltages (69.3*1.732 = 120 V):

3V0 = VA + VB + VC = 0 + 69.3 /-150° + 69.3 /150° =120 /180° V

a

bc

a

bc

ground

Van=Vag

Vbn=VbgVcn=Vcg  

n=g

vag=0

n

Van= -Vng

Vcn  Vbn  

VbgVcg

𝑉𝑉𝑐𝑐𝑐𝑐 = √3 ∗ 𝑉𝑉𝑐𝑐𝑐𝑐  𝑉𝑉𝑏𝑏𝑔𝑔 = √3 ∗ 𝑉𝑉𝑏𝑏𝑛𝑛  
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• Here is the pickup setting criterion (% is listed as a % of the 120 V max 3Vo for a 
ΦG fault):

𝑆𝑆𝑆𝑆 ∗ max 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢;  min 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  ≤  59𝐺𝐺 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ≤  𝑆𝑆𝑆𝑆 ∗ 3𝑉𝑉𝑉𝑉 𝛷𝛷𝛷𝛷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓; 𝑉𝑉𝑉𝑉 𝑝𝑝𝑝𝑝𝑝𝑝 𝐹𝐹𝐹𝐹

 2 ∗ 2.3% 𝑜𝑜𝑜𝑜 4.6%;  4.2% ≤  59𝐺𝐺 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ≤  0.25 ∗ 100% 𝑜𝑜𝑜𝑜 25%;  33%

 5.5 𝑉𝑉;  5 𝑉𝑉 ≤  59𝐺𝐺 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ≤  30 𝑉𝑉;  40 𝑉𝑉 

• SF = Security Factor ≥ 2
• SM = Sensitivity Margin ≤ 0.25
• Max unbalance during backfeed, pre-synchronizing period, and on-line was 

measured to be 2.3%.
• Min pickup range for this setting is 5 V.
• VT primary fuse loss is calculated as follows:

 3V0 = VA + VB + VC = 40 /0° + 40 /-120° + 40 /120° = 0 V under normal 
conditions with all fuses intact

 3V0 = VA + VB + VC = 0 + 40 /-120° + 40 /120° = 40 /180° V for 1 blown fuse
 3V0 = VA + VB + VC = 40 /0° + 0 + 0 = 40 /0° V for 2 blown fuses
 3V0 = VA + VB + VC = 0 + 0 + 0 = 0 V for 3 blown fuses
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Set 2 trips at 5% and 4 seconds and 15% and 2 seconds of the max 3Vo for a 
ground fault:

59G #1 = 0.05 * 120 = 6 Vsec
59G #1 Time Delay = 240 cycles (4 seconds)

59G #2 = 0.15 * 120 = 18 Vsec
59G #2 Time Delay = 120 cycles (2 seconds)

Zero Sequence Voltage Selection = VG   (measured from broken delta of gen 
bus VTs) 
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• NOTE:  59G must trip the high side breaker as it is providing bus ground fault 
protection under backfeed scenarios and during the pre-synchronizing period.  

• However, because 59G will also provide on-line ground fault protection, ensure 
it is a backup and coordinated with 59N from the M-3425A relays i.e. give 59N 
precedence and let it go first as it does not trip the high side breaker.  

• To coordinate 59N/M-3425A and 59G/M-3311A (along with 59X/M-3425A if 
using), the setpoints must be compared on a primary basis, rather than 
secondary, because of the different ratios:

59N trip = 59N pickup * VTNR = 6.0 * 91.3 = 548 pri volts, 5 seconds or 10 cycles 
(accelerated scheme)

59G #1 trip = 59G #1 pickup * VTRG = 6 * 274.2 = 1645 pri volts, 4 seconds
59G #2 trip = 59G #2 pickup * VTRG = 18 * 274.2 = 4936 pri volts, 2 seconds



49

Enter 59G settings into relay
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87 – Phase Differential Current

• Provides 87T sensitive differential protection
• and 87H high-set differential protection for high magnitude 

internal faults

STG
700 MVA

19 KV

GSU
700 MVA
Z = 12.3%

HS tap = 353.6 KVGen 
Breaker

High Side 
Breaker

345 KV

R R
   
3Yg/         

VGVA,B,C

   3Yg/Yg

0.26 Ω

19KV/208V

1200/5
R

W2-G

1200/5

R
W2

Main Aux 
Transformers

25000/5
R

W3

25000/5

R
W1

8787

87



51

Trip Characteristic – 87T

0.5

1.0

1.5

2.0

0.5 1.0 1.5 2.0

87T Pick Up 
(87TPU)

87T Pick Up 
with 5th Harmonic Restraint
(87TPU5)

Slope 1

Slope 2

Slope 2
Breakpoint

TRIP

RESTRAIN
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XFMR
Phase Shift
Compensation

GSU
700 MVA

HS tap = 353.6 KV

HSLS

Dac = Delta winding with the polarity of A-phase 
connected to the non-polarity of C-phase

IA

IB

IC

IA

IB

IC

Ia

Ib

Ic

Iac = Ia-Ic = IA*√3∠-30°

Iba = Ib-Ia

Icb = Ic-Ib

Va

Vb

Vc
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XFMR Phase Shift Compensation

• The compensation matrix is a discrete number representing the number 
of 30° increments (1 = 30°) a balanced set of currents with ABC phase 
rotation will be rotated in a CCW direction.  

• All current inputs are compensated against a reference vector of 0° 
(they are not compensated against a particular winding that is 
designated as the reference quantity like some other relay mfgs). 

HS

LS

LS = W1,W3
Dac = 1

Iac = Ia-Ic = IA*√3∠-30°

Iba = Ib-Ia

Icb = Ic-Ib

IA

IC

IB

Ia

Ib

Ic

IA

IBIC

Iac

HS

LS

Va

Vb

Vc

HS = W2
Y = 0
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Zero Sequence Filtering
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Zero Sequence Filter

• The M-3311A 87 algorithm automatically filters out the zero sequence 
quantities on uncompensated (e.g. Y = 0) or ungrounded windings that do 
not have an external ground source introduced; therefore the zero sequence 
filter should not be enabled for these cases (other mfgs may do it differently).

• Therefore, for the M-3311A relay, the zero sequence filter should only be 
enabled if an external ground source exists on an ungrounded winding e.g. if 
a zigzag grounding transformer were connected on a Delta winding.  

• For example, in the M-3311A relay, any Y windings should have a 
compensation setting of “0” and the algorithm will automatically filter out the 
zero sequence currents (unless an external ground source exists), whereas 
for some other mfgs Y windings with Y CTs cannot be left uncompensated 
(“0” compensation setting) or zero sequence currents will appear in those 
relay inputs but in no others resulting in a possible false trip for external 
ground faults.
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• The transformer can be compensated with types 0-11 using Custom selection, while the 
CTs can be compensated with types 0-23:
 Types 0-11 correspond to phase shifts of 0° to 330° CCW with a magnitude gain of 1.
 Types 13-23 is phase shifts of 0° to 330° CCW with a magnitude gain of 1/ 3.

Enter 87 Compensation settings into relay

STG
700 MVA

19 KV

GSU
700 MVA
Z = 12.3%

HS tap = 353.6 KVGen 
Breaker

High Side 
Breaker

345 KV

R R
   
3Yg/         

VGVA,B,C

   3Yg/Yg

0.26 Ω

19KV/208V

1200/5
R

W2-G

1200/5

R
W2

Main Aux 
Transformers

25000/5
R

W3

25000/5

R
W1

8787

87
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Calculate Tap settings
Use the max rating of the GSU (700 MVA) to calculate Tap settings:

𝐿𝐿𝐿𝐿 𝑊𝑊𝑊 𝐶𝐶𝐶𝐶 𝑇𝑇𝑇𝑇𝑇𝑇 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
3 ∗ 𝑉𝑉𝐿𝐿𝐿𝐿

∗
1

𝐶𝐶𝐶𝐶𝐶𝐶
=

700𝑀𝑀
3 ∗ 19𝐾𝐾

∗
5

25000
= 4.25 sec 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐻𝐻𝐻𝐻 𝑊𝑊𝑊 𝐶𝐶𝐶𝐶 𝑇𝑇𝑇𝑇𝑇𝑇 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
3 ∗ 𝑉𝑉𝐿𝐿𝐿𝐿

∗
1

𝐶𝐶𝐶𝐶𝐶𝐶
=

700𝑀𝑀
3 ∗ 353.6𝐾𝐾

∗
5

1200
= 4.76 sec 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐿𝐿𝐿𝐿 𝑊𝑊𝑊 𝐶𝐶𝐶𝐶 𝑇𝑇𝑇𝑇𝑇𝑇 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
3 ∗ 𝑉𝑉𝐿𝐿𝐿𝐿

∗
1

𝐶𝐶𝐶𝐶𝐶𝐶 =
700𝑀𝑀
3 ∗ 19𝐾𝐾

∗
5

25000 = 4.25 sec 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

Check:  
max 𝑇𝑇𝑇𝑇𝑇𝑇
min 𝑇𝑇𝑇𝑇𝑇𝑇

 = 4.76
4.25

=  1.12 <  8 𝑠𝑠𝑠𝑠 𝐶𝐶𝐶𝐶 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎𝑎𝑎 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑎𝑎𝑎𝑎𝑎𝑎 𝑂𝑂𝑂𝑂

Enter 87 Tap settings into relay:
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Calculate 87T Pickup
Set the 87T Pickup > 10% CT error and < the min internal fault current with plenty of 
margin.  First, calculate the minimum internal phase fault:

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐻𝐻𝐻𝐻 𝛷𝛷𝛷𝛷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏 𝐻𝐻𝐻𝐻 𝑊𝑊𝑊 =
0.866 ∗ 1

0.1043 ∗ 700 𝑀𝑀
3 ∗ 353.6 𝐾𝐾 ∗ 240

4.76
= 8.3 𝑝𝑝𝑝𝑝

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐻𝐻𝐻𝐻 𝛷𝛷𝛷𝛷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏 𝐿𝐿𝐿𝐿 𝑊𝑊𝑊 =
0.866 ∗ 1

0.295 + 0.123 ∗ 700 𝑀𝑀
3 ∗ 19 𝐾𝐾 ∗ 5000

4.25
= 2.1 𝑝𝑝𝑝𝑝

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐻𝐻𝐻𝐻 𝛷𝛷𝛷𝛷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 8.3 + 2.1 = 10.4 𝑝𝑝𝑝𝑝

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐿𝐿𝐿𝐿 𝛷𝛷𝛷𝛷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏 𝐻𝐻𝐻𝐻 𝑊𝑊𝑊 =
0.866 ∗ 1

0.1043 + 0.123 ∗ 700 𝑀𝑀
3 ∗ 353.6 𝐾𝐾 ∗ 240

4.76
= 3.8 𝑝𝑝𝑝𝑝

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐿𝐿𝐿𝐿 𝛷𝛷𝛷𝛷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏 𝐿𝐿𝐿𝐿 𝑊𝑊𝑊 =
0.866 ∗ 1

0.295 ∗ 700 𝑀𝑀
3 ∗ 19 𝐾𝐾 ∗ 5000

4.25
= 2.9 𝑝𝑝𝑝𝑝

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐿𝐿𝐿𝐿 𝛷𝛷𝛷𝛷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 3.8 + 2.9 = 6.7 𝑝𝑝𝑝𝑝
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Calculate 87T Pickup

Set 87T Pickup > 10% CT error and < the min internal fault current with margin:

0.10 ∗  𝐶𝐶𝐶𝐶 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
min 𝑇𝑇𝑇𝑇𝑇𝑇

≤ 87𝑇𝑇 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 < min 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝐻𝐻𝐻𝐻 𝛷𝛷𝛷𝛷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏 𝑊𝑊𝑊, 𝐻𝐻𝐻𝐻 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

 
0.10 ∗  5

4.25
≤ 87𝑇𝑇 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 < 2.1

 0.12 ≤ 87𝑇𝑇 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 < 2.1

Set 87T Pickup = 0.12 pu       
       87T Pickup = 0.12 pu

Pickup*Tap Asec*CTR

Tap Asec Apri

LS W1 4.25 0.51 2550

HS W2 4.76 0.57 137

LS W3 4.25 0.51 2550
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Calculate Slope 1
• Set the first slope more sensitive to detect low fault currents.  

• Look at all the possible error currents in order to develop secure and 
sensitive slope settings.  

• As there is no LTC on this GSU, the voltage ratio variation factor does not 
need to be considered here.  

• In addition, use worst-case values of a 5% relay measurement error and a 
3% transformer excitation current.

• For the first, sensitive slope region, Slope 1, assume a CT error of only ±1% 
because the CT error will usually be less at these low current levels.  

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 1 > 2 ∗ 𝐶𝐶𝐶𝐶 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 > 2 ∗ 1% + 5% + 3%
 > 10%

Set Percent Slope 1 = 20%   (secure for CT errors up to (20-8)/2 = 6%)
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Calculate Slope 2

• Set the second, secure slope region, Slope 2, less sensitive to increase security 
in the high current region where the CT error is higher from CT saturation to 
correctly restrain for heavy external faults.  

• Assume a CT error of ±10%:

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 2 > 2 ∗ 𝐶𝐶𝐶𝐶 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 > 2 ∗ 10% + 5% + 3%
 > 28%

Set Percent Slope 2 = 60%   (secure for CT errors up to (60-8)/2 = 26%)
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Calculate the Break Point

• For the Slope Break Point between Slope 1 and Slope 2, use the following 
criteria:

87𝑇𝑇 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∗
100

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 1
< 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 <

max 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑜𝑜𝑜𝑜 𝑇𝑇𝑇𝑇𝑇𝑇 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
max 𝑇𝑇𝑇𝑇𝑇𝑇

 0.12 ∗
100
20 < 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 <

100
4.76

 0.60 < 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 < 21

Set Slope Break Point = 3.0 pu
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How to plot the 87T Characteristic

Slope #1 = 20 %

Slope #2 = 60 %

Break Point = 3.0 pu

5th Harmonic Pickup = 0.24 pu when 
the measured 5th harmonic current is 
> the 5th Harmonic Restraint setting 

Pickup = 0.12 pu
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Step 1 – calc the pt on the x-axis where the Pickup intersects with Slope #1

𝑦𝑦 =  𝑚𝑚𝑚𝑚 +  𝑏𝑏

b = 0
m = Slope #1 = 20% or 0.20 pu
y = Id = Pickup = 0.12 pu

𝑥𝑥 =
𝑦𝑦
𝑚𝑚 =

0.12
0.20 = 0.60 𝑝𝑝𝑝𝑝

How to plot the 87T Characteristic
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Step 2 – calculate the point on the y-axis (Id) at which Slope #1 intersects 
with the Break Point (Ir on x-axis)

𝑦𝑦 =  𝑚𝑚𝑚𝑚 +  𝑏𝑏

b = 0 because still using Slope #1 and it 
intersects with the origin

m = Slope #1 = 20% or 0.20 pu
x = Ir = Break Point = 3.0 pu

𝑦𝑦 =  0.20 ∗ 3.0 +  0

𝑦𝑦 =  0.60 𝑝𝑝𝑝𝑝

How to plot the 87T Characteristic
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Step 3 – calculate 
the y-intercept for 
Slope #2

𝑦𝑦 =  𝑚𝑚𝑚𝑚 +  𝑏𝑏

m = Slope #2 = 60% or 0.60 pu
x = Ir = Break Point = 3.0 pu
y = 0.60 pu (calculated in Step 2)

𝑏𝑏 = 𝑦𝑦 −  𝑚𝑚𝑚𝑚 

𝑏𝑏 = 0.60 −  0.60 ∗ 3.0 

𝑏𝑏 = −1.2 𝑝𝑝𝑝𝑝 

How to plot the 87T Characteristic
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Now that the y-intercept is known, any point along Slope #2 can be 
calculated e.g. if you want to know the differential current (Id) point on Slope 
#2 that corresponds to a restraint current (Ir) of 4.0 pu:

𝑦𝑦 =  𝑚𝑚𝑚𝑚 +  𝑏𝑏

m = Slope #2 = 60% or 0.60 pu
x = Ir = 4.0 pu
b = -1.2 pu

𝑦𝑦 =  0.60 ∗ 4.0 +  −1.2

𝑦𝑦 =  1.2 𝑝𝑝𝑝𝑝

How to plot the 87T Characteristic
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Even Harmonic Restraint
• Energization of a transformer causes a temporary large flow of magnetizing inrush 

current into one terminal of a transformer, without other terminals seeing this current.  

• Thus, it appears as a differential current that could cause improper relay operation.  

• Magnetizing inrush currents contain greater amounts of 2nd and 4th harmonic currents 
than do fault currents.   

• This even-harmonic current can be used to identify the inrush phenomenon and to 
prevent relay mis-operation.  

• The M-3311A relay measures the amount of 2nd and 4th harmonic currents flowing in 
the transformer and can restrain or block the relay from operating if the measured 
even harmonic current > even harmonic restrain pickup setting.  

STG
700 MVA

19 KV

GSU
700 MVA
Z = 12.3%

HS tap = 353.6 KVGen 
Breaker

High Side 
Breaker

345 KV

R
VA,B,C

   3Yg/Yg

0.26 Ω

19KV/208V

1200/5
R

W2-G

1200/5

R
W2

Main Aux 
Transformers

25000/5
R

W3

25000/5

R
W1

8787

87

OPEN CLOSE

W2 will see 
inrush currentW3 will see 

small amount of 
inrush current 

from MATs

W1 will see 0 amps
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• The Even Harmonic restraint averages the 2nd and 4th harmonics for better 
security compared to only looking at the 2nd harmonic:

𝐼𝐼𝐼𝐼𝐼𝐼 24 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼2 + 𝐼𝐼𝐼𝐼𝐼𝐼𝐼2 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑛𝑛 = 𝐴𝐴, 𝐵𝐵, 𝐶𝐶

• It is recommended to enable Cross Phase Averaging (CPA) on the Even 
Harmonic Restraint.  

• CPA takes the average of the 3 phases and evaluates it against your Even 
Harmonic Restraint setpoint:

𝐼𝐼𝐼𝐼(𝐶𝐶𝐶𝐶𝐶𝐶, 24) = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼2 + 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼2 + 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼2

𝐼𝐼𝐼𝐼(𝐶𝐶𝐶𝐶𝐶𝐶, 24)
𝐼𝐼𝐼𝐼𝐼𝐼(1) > 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑛𝑛 = 𝐴𝐴, 𝐵𝐵, 𝐶𝐶
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• If CPA is enabled and this equation evaluates true for any phase, it will restrain 
87T i.e. it will not trip even if one or more of the phases of differential current 
exceed the 87T pickup setting.  

• If CPA is not enabled, it does not use the average value instead it evaluates 
each phase and if any phase evaluates false (measured even harmonic value is 
not > the even harmonic setpoint), then it will not restrain or it will allow a trip if 
other criteria are met i.e. it will not restrain if one or more of the phases of 
differential current exceeds the 87T pickup setting.  

Even Harmonic Restraint (2nd and 4th) = Enable w/ cross average   
                   Restraint = 15%   
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• For example, with Even Harmonic Restraint = 15% and if the measured 
even harmonic values for A, B, and C are 10%, 20%, and 30% respectively 
and if CPA is Enabled, then it will correctly restrain because:  

𝐼𝐼𝐼𝐼 𝐶𝐶𝐶𝐶𝐶𝐶, 24 = 102 + 202 + 302 = 37%, 𝑎𝑎𝑎𝑎𝑎𝑎 37% > 15%

• Conversely, if CPA is not enabled then the relay will not restrain because 
phase A at 10% is not > the 15% restraint setting, so it will allow a trip if 
other criteria are met.
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• Transformer simulations show that magnetizing inrush current usually yields 
more than 30% of IF2/IF1 in the first cycle of the inrush so a setting of 15% 
usually provides a margin of security for older transformers that have higher 
amounts of even harmonics present during magnetization.  

• This could be decreased for newer transformers as typically, modern 
transformers tend to have low core losses and very steep magnetizing 
characteristics.  

• An even harmonic setting of 10% or even lower may be appropriate for some 
of these modern transformers; although be aware that a setting < 10% risks 
blocking for internal faults.  
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5th Harmonic Restraint
• Transformer overexcitation produces 5th harmonics which can appear as an internal 

fault i.e. differential current to a transformer differential relay.  

• The M-3311A relay just desensitizes the 87T element during overexcitation 
conditions, rather than blocking the 87T element (like some relay mfgs) as it is 
important to have differential protection during an overexcitation condition to protect 
the transformer from insulation breakdown that may be caused by the overfluxing. 

• Fourier analysis of transformer currents during overexcitation indicates that a 30% to 
35% 5th harmonic restraint setting is adequate to desensitize the differential element.

• The 5th Harmonic Pickup setting will be used as the 87T characteristic minimum 
pickup if the measured 5th Harmonic current is > the 5th Harmonic Restraint setting:

𝐼𝐼𝐼𝐼𝐼𝐼(5)
𝐼𝐼𝐼𝐼𝐼𝐼(1)

> 5𝑡𝑡𝑡 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑛𝑛 = 𝐴𝐴, 𝐵𝐵, 𝐶𝐶
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5th Harmonic Restraint

5th Harmonic Restraint = Enable   (no cpa needed as 
magnetizing currents during overexcitation are symmetrical)
          
Restraint = 30%   
          
Pickup = 0.24 pu   (2 times the 87T Pickup, typical 1.5-2 times)
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Enter 87T settings into relay
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Calculate 87H Pickup
• Set the unrestrained high set differential overcurrent function to detect high 

magnitude internal winding faults.  

• The 87H function is not blocked by harmonic restraint.  

• The 87H Pickup should be set above the worst-case, first peak of the inrush 
current to prevent mis-operation due to magnetizing inrush during energizing of 
the transformer.  

• Note, a worst-case inrush of 12 times the self-cooled rating (not max rating) 
rating of the GSU will be used for this example:

(𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ∗ 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)/𝐶𝐶𝐶𝐶𝐶𝐶
ℎ𝑖𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑇𝑇𝑇𝑇𝑇𝑇 < 87𝐻𝐻 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 < max 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 

12 ∗ 420
3 ∗ 0.3536

∗ 5
1200

4.76 < 87𝐻𝐻 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 <

1
0.1043 ∗ 700 𝑀𝑀

3 ∗ 353.6 𝐾𝐾 ∗ 240
4.76

 7.2 < 87𝐻𝐻 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 < 9.6
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Set 87H Pickup = 8.0 pu

Set 87H Time Delay = 1 cycle

Enter 87H settings into relay
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• To ensure the selected 87 settings (primarily the slope settings) are 
secure especially for severe, close-in, external faults or fault currents with 
high DC offset content which can cause severe saturation.

• These CT saturation calculations would ideally have been done during 
the design stage of the plant, substation, etc.  

• This is so that the optimal CT relay classes could be specified to the mfg 
– for GSUs, the CTs may be provided by the GSU mfg; however, for this 
example application, the CTs were provided by the gen breaker mfg, 
GSU HS breaker mfg, and UAT mfg (UAT HS CTs).

• If the CT saturation calcs were not done, or even if they were, may want 
to re-run them to ensure the 87 settings are secure (or they may show 
that the 87 settings should be desensitized a bit for added security, etc).

• The CT saturation calcs may also determine the CT secondary wire 
gauge that is chosen to be installed, and any other burdens, etc.

CT Saturation/Modelling/Dimensioning Calculations:
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 Class “C” CTs are designed to “faithfully” replicate primary currents to 
within +/- 10%

 Class designations designate maximum secondary CT circuit voltage at 
standard burden (Zrated) that can be applied to maintain accuracy

 Zrated => Voltage Class , 20 * Rated Secondary Current (5A) * Burden

 Zrated => C800 , 20 * 5A * 8 Ω, ∴ 800V at 8Ω burden
 Zrated => C200 , 20 * 5A * 2 Ω, ∴ 200V at 2Ω burden

Class “C” CTs

The higher the C rating the greater the burden the CT can maintain its accuracy.
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 Class “C” CTs have established secondary voltage/burden curves 
that are used to predict linear performance

 Operating a CT at values above the “kneepoint” on the curve invite 
unfaithful replication of the primary waveform and saturation

 Unfaithful replication (including saturation) between two CTs in a 
differential protection causes misoperation

CT Performance
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More than 100V secondary and you’re in trouble

Class “C” CT Performance Curve
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 Determine maximum primary phase and ground fault current

 Calculate secondary current based on CTR and CT connection type 
(wye or delta)

 Determine secondary CT circuit burden

 Determine maximum secondary voltage produced from burden with 
secondary fault currents

 Check maximum secondary voltage against CT capability

CT Performance Calculation
Use with Class “C” CTs
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For WYE connected CTs, to obtain secondary current, use:

I PRI / CTR = I SEC

Fault Types and Currents in Secondary Circuits
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For Delta connected CTs, to obtain secondary current, use √3  factor as for a 3-phase fault  
IA – IB = √3 IA

 √3 I PRI / CTR = I SEC

Fault Types and Currents in Secondary Circuits
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 Determine all series burdens in secondary circuit
- Relays, meters, instrumentation

 Determine lead burden
- Use wire tables (AWG @ ohms/ft)

 Determine CT impedance
 Use CT data sheet (typ. 0.4 ohm or less)

Burden Calculation
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Where RCT is CT burden (internal)
           RW total resistance of the ct secondary wiring.  
            RR is relay burden

 VS = I (RCT + RW + RR)  

I is the fault current and VS is the CT secondary voltage.  In order to make sure that the 
CT is in the linear range (to avoid ac saturation of the CTs), VS should be less than the 
knee-point voltage of the ct excitation characteristics. (See IEEE Guide for the Application 
of Current Transformers Used for Protective Relaying Purposes C37.110).

Equivalent Circuit of the CT Secondary Wiring

VS

RCT RW RR
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 Relay burden is specified as = 0.5 VA @ 5 A
RR = VA/A2 , RR = 0.5/25 = 0.02 Ω

 RW = 2 Ω (round trip resistance of the CT wiring)

 RCT = 0.20 Ω (CT internal burden)

 Total burden = 2.22 Ω

Example
Burden Calculation
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• Assume maximum secondary current of 90 Amps and wye connected CTs

• VS = I (RCT + RW + RR) * (F∆-Υ)
• (F∆-Υ) = delta or wye CT factor
• Use 1 for wye; use √3 for delta

• VS = 90 x 2.22 * (1) = 199.8 V

• Vs * 2 = 199.8 * 2 = 399.6 V   (Use at least a C400 rated CT)
• The 2x factor accounts for full DC offset

Secondary CT Circuit Voltage
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• To also account 
for remanence:

• However, this is still just a spot check of the CT saturation at a single point 
in time i.e. it does not tell the full story of the CT saturation with respect to 
time.

• We may want a picture of how/when the CTs on each side of the 
transformer enter in to and exit out of saturation.

• e.g. If the CTs on one side of the transformer come out of saturation at a 
different rate than the other side’s CTs, then there may be sufficient 
differential current to cause a nuisance 87 trip for some external faults.

• To calculate CT saturation with respect to time, may use
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Transformer ProtectionCT Performance:
200:5, C200, R=0.5, Offset = 0.5, 1000A

Source:  http://www.pes-psrc.org/kb/published/reports/CT_SAT%2010-01-03.zip 
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Transformer ProtectionCT Performance:
200:5, C200, R=0.75, Offset = 0.75, 2000A

Source:  http://www.pes-psrc.org/kb/published/reports/CT_SAT%2010-01-03.zip 
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87GD – Ground Different Current

STG
700 MVA

19 KV

GSU
700 MVA
Z = 12.3%

HS tap = 353.6 KVGen 
Breaker

High Side 
Breaker

345 KV

R R
   
3Yg/         

VGVA,B,C

   3Yg/Yg

0.26 Ω

19KV/208V

1200/5
R

W2-G

1200/5

R
W2

Main Aux 
Transformers

25000/5
R

W3

25000/5

R
W1

87GD
87GD



93

• Use the 87GD on Winding 2 for sensitive ground fault detection in the zone 
between the Winding 2 phase CTs and the Winding 2 ground CT i.e. for the 
restricted zone from the GSU high side grounded wye winding out to the 
high side breaker: 

1200/5
R

87GD

1200/5

3Io = IA2 + IB2 + IC2IG2

• PRO TIP:  ensure ground CT polarity is connected correctly to the 
relay IG current input polarity or may trip for external ground 
faults out on the transmission system.
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IG2 > 0.20 A Disabled

3Io > 0.14 A

-3Io*IG2*cosΦ > 0 |CTRCF*3𝐼𝐼𝐼𝐼������⃑  – 𝐼𝐼𝐺𝐺2�������⃑ | > 87GD Pickup setting 

 
Timeout

Pickup
No Trip

N

N

N N

Y

Y

Y Y Time
Delay

non-directional

internal
fault

external
fault

directional

• Φ = Φ3Io - ΦIG2

87GD algorithm operates as such: 
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IG2
3Io = IA2 + IB2 + IC2

External Fault = In-Phase

1200/5
R

87GD

1200/5

3Io = IA2 + IB2 + IC2IG2

External Fault:  
• 3Io is out of relay polarity, IG2 is out of relay polarity
• Therefore 3Io & IG2 are in phase
• -3Io*IG2*cos(Φ3Io - ΦIG2) = -3Io*IG2*cos 0° = -3Io*IG2*1 = -3Io*IG2 < 0
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Internal Fault:  
• 3Io is into relay polarity, IG2 is out of relay polarity
• Therefore 3Io & IG2 are 180° out of phase
• -3Io*IG2*cos(Φ3Io - ΦIG2) = -3Io*IG2*cos 180° = -3Io*IG2*-1 = 3Io*IG2 > 0

IG2

3Io = IA2 + IB2 + IC2

Internal Fault = 180° Out-of-Phase

1200/5
R

87GD

1200/5

3Io = IA2 + IB2 + IC2IG2
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Calculate 87GD Pickup
• Set > highest unbalance expected, assume it is 10% of max output of generator.  

Does not absolutely need to meet this criterion as this is for security against a thru 
event so it would not see this condition anyway; however, still try to meet this criteria 
if possible as it may reduce confusion if this element could not even be picked up 
during worst case load unbalance.  On HS of GSU, the phase CT would see 
0.10*4.88 = 0.488 sec amps.  The ground CT would see 0.10*4.88 = 0.488 sec amps.  

• Set > 5% of the relative sensitivity of the phase CT compared to the neutral CT i.e. 
the pickup needs to be increased (and likely the time delay as well) to account for 
noise amplification due to high CT Ratio Correction settings which can cause 
substantial differential current:

0.05 ∗
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐶𝐶𝐶𝐶𝐶𝐶

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝐶𝐶𝐶𝐶𝐶𝐶 = 0.05 ∗
240
240 = 0.05 sec 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

• Set < 25% of the max internal ground fault current. The W2 ground CT will see 
(0.25*2343/240) = 2.44 sec amps.  The W2 phase CTs will see (0.25*16,517/240) = 
17.2 sec amps.  

 
0.488; 0.488;  0.05 ≤  87𝐺𝐺𝐺𝐺 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ≤  2.44; 17.2
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• The selected Time delay settings may typically be driven from the CT saturation 
calculations.  Sans detailed CT saturation modelling and calculations, a more 
sensitive element will be chosen with a 6 cycle delay and a less sensitive 
element with a 3 cycle delay.  If a high CT Ratio Correction setting is necessary, 
then typically more time delay (and possibly a higher pickup setting as well) may 
be necessary where the detailed CT saturation calculations can help inform such.

 
• 87GD #1:  Pickup = 0.50 A, Time Delay = 6 cycles (provide security against mis-

operations during external ground faults with CT saturation)

• 87GD #2:  Pickup = 1.00 A, Time Delay = 3 cycles

• 3Io Current Selection = Winding 2

• Directional Element = Enable   (provides security against ratio errors and CT 
saturation during external faults)

• 𝐶𝐶𝐶𝐶 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐶𝐶𝐶𝐶𝐶𝐶
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐶𝐶𝐶𝐶𝐶𝐶

= 240
240

= 1.00
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Enter 87GD settings into relay
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Questions?



www.BeckwithElectric.com

(727) 544-2326
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