Predicting Current Differential Relay Tripping and Targeting
when Testing at Final Settings
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All relay manufacturers have test routines for their transformer differential relays, but these
routines are based upon some factory-selected settings, typically for a basic Wye-Wye
transformer configuration. Many wish to test the relay at the final in-use settings that include the
common delta-wye transformer compensation techniques available in modern transformer
differential relays. However, the compensation, in conjunction with the effects of slope settings,
minimum operate settings, effective through current algorithms, tap effects, acceptable relay
tolerances, having access to only a 3 phase current source (compared to the 6 currents in a 3
phase transformer), etc., combine to make trip testing a surprisingly complicated issue. To
assist people testing at final settings, the paper will discuss some of the issues involved with
setting a transformer differential relay, and it will then present a Microsoft Excel™ spreadsheet
that emulates the operation of Basler current differential relays and predicts when targeting will
occur for user defined settings and current injection. This spreadsheet shows relay response to
arbitrary currents on all phases and multiple windings, but likely the more useful part of the
spreadsheet is that the sheets show how to test the Basler transformer differential relays at final
settings with a single three phase test set, using only two of the test set’s current sources.

Basic Concepts

The current balance that a transformer differential relay monitors is actually is a matter of flux
balance: The flux in each transformer core leg (leg A, B, and C, figure 1) that is due to load
current (note we said load current, not excitation current) sums to 0. This concept is only
approximately true because:
a) There will be some excitation current that flows into one winding that is not matched by
current in the other windings on that core leg, and
b) There will be some coupling between core legs. The strong tendency is for load-induced
flux to sum to zero on a per leg basis, but in actuality, load flux sums to zero in the
transformer as a whole. There is some capability in the transformer for leg-leg current
transformation, which tends toward operation of a differential relay. This is discussed in
more detail in reference 1.
Both of these effects are small in normal operation. Hence, in figure 1, the flux due to load
current in W, and W, is approximately equal and opposite, so that the flux due to load sums to
zero on that leg. Since flux is directly proportionate to coil turns ratio, the balance in load current
is inversely proportionate to coil turns ratio.

In figure 1, note the use of two types of bushing/terminal designations. The terms H1/2/3 and
X1/2/3 are North American terminology, and 1U/V/W, 2U/V/W is a more international
terminology. Note also that a “Winding” does not refer to an individual coil, but to a set of three
A, B, and C coils at a common voltage level.
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Figure 1 - Basic Transformer Representation

The most obvious current differential application to analyze is the case where the two currents
are equal in normal conditions. Figure 2 shows the basic concept. Normally, current in equals
current out (after per-unitizing via the tap circuit) but, given a fault, the Operate leg of the
transformer sees the difference current and, if it rises beyond a certain level, the relay trips. The
figure has insufficient detail to show some other aspects of the transformer differential relay:

e The figure hints at the effect of taps, but without more details on internal wiring, it does not
show how two different currents are per-unitized to a quantity called “Multiples of Tap”
(MOT) and then compared.

e The figure does not show how the two restraints are looked at together by the relay to find
one net effective restraint.

e The figure does not show the “percentage restraint” effect. Only a percentage of the
restraint current is compared to the operate current. If the current in the operate leg rises
above a certain percentage of the restraint leg, the relay trips.

e The figure does not show the minimum operate effect. Current in the operate leg has to
rise above a base current level in MOT before a trip will occur.

e The figure does not show how the relay senses a transformer energization inrush
condition and then blocks tripping. This is normally done via detection of high harmonics
(especially 2" and maybe 5™) in the operate leg.
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Figure 2 - Basic Differential Relay Concept

Virtually every relay has its own variation of how the effective restraint and operate current is
determined and how this is used to determine when to trip. The Basler BE1-87T uses the
maximum of |Restraint 1| and |Restraint 2| (note that the vertical bars,” |<current value> |”,
around a term signifies “magnitude”), which is then compared to |Operate|. The Basler BE1-
CDS line gives the user the option of using either the maximum or the average of |Restraint 1|
and |Restraint 2| for the restraint, though using the maximum is encouraged. Both relays use
fundamental frequency data for these quantities.

The current in the operate leg typically must be above some minimum operate value. The
percentage of the restraint that is compared to the operate quantity is referred to as the slope. A
common way that the trip vs. non-trip zone is described is shown in figure 3, taken from
reference 2, the BE1-87T Instruction Manual (I/M).
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Transformer and CT Delta Connections

For this paper we will examine the common Dpg - Wye and D¢ - Wye transformer
configurations, figures 4, 5, and 6, that give either a +30° or - 30° phase shift of positive
sequence voltages and currents. There are actually many other ways to configure a wye or
delta or even zig-zag that give other “around the clock” phase shifts. See Reference 1 (“Three
Phase Transformer Winding Configurations and Differential Relay Compensation”) for a more
advanced discussion of compensation for myriad possible transformer configurations.
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Figure 6 - Dag Vs. Dac Transformer Connections (from Ref. 3)

A relay monitoring the current in the lines outside the transformer delta is actually seeing the
difference of the current in two coils on the transformer. For instance, in figure 6, a CT on the
phase A line outside the Dag winding sees la-1b, where la and Ib are the current in the coils of
the transformer. The CTs on the wye side, however, sense the current in only one coil of the
transformer. The historical practice, especially before the era of the BE1-87T and modern
numeric relays, has been to compensate for the effects of the Dag or Dac transformer
connections by connecting CTs on the opposite winding in the same Dag or Dac fashion, seen in
figure 7.
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Figure 7 - Dag VS. Dac CT Connections

An example of using CT connections to create delta compensation is seen in figure 8. Due to
transformer delta connections, the A phase line on the left side contains the transformer current
la - Ib. To compensate, the CTs on the right are also connected in delta in such a way that the
two inputs to the top BE1-87T-1 are both seeing “la-1b”. The two currents will be of different



magnitude, but this will be compensated for via the transformer differential relay tap circuitry,
described later.

Figure 8 begins to show the issues that will arise with targeting. Each BE1-87T element in the
diagram is seeing current in two transformer coils, so it may be unclear which coil in the
transformer has faulted based merely on relay target information. If the CTs are both connected
in wye and the delta compensation is brought into the relay, the confusing targeting still exists
and also complicates relay testing.
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Figure 8 - Transformer Delta Compensation Using Delta CTs

Just Say No to Delta CTs
Modern practice is to avoid connecting CTs in delta and to use relays that can perform the delta
compensation internally. Delta connections cause distortions and loss of information on line
currents:
e Zero sequence current is filtered out, so ground fault current cannot be measured and
ground overcurrent protection cannot be implemented.
e Individual line currents are unknown and cannot be calculated if there was any lost zero
sequence current flow in the line currents.
e Positive and negative sequence currents are shifted by +/-30° respectively.
e If there is any phase-ground zero sequence load flow, single phase power flow can only
be estimated, and total three phase power will be correct



Some people also dislike delta CTs because, during steady state balanced load flow when CTs
are in delta, the line current is increased by a sqrt(3) factor over the what is in the CT
secondaries, which means higher effective CT burden.

Basler Electric Differential Relays and Theory of Operation

Basler Electric manufactures two designs for transformer differential relays, the analog design
BE1-87T line, and the numeric design BE1-CDS220 line. Instruction manuals, references 2, 3,
and 4 should be the best resources on what these relays can do. The theory of each relay is
similar: All are based upon the concept that flux associated with load current in each leg of
Figure 1 sums to essentially 0 and, hence, after turns ratio compensation, the current in the
phase coil set on each transformer leg sums to 0.

1) BE1-87T
This relay is an analog design relay developed in the late 1980s, utilizing op-amps,
capacitors/inductor/resistor filtering schemes, analog comparators, and basic AND/OR type
logic chips. The relay has no microprocessor. It is available as:

e Single phase, with inputs for two to five single phase windings

e Three phase, with inputs for two or three three-phase windings

The single phase version is more straightforward than the other relays, because it lacks the
confusion factor of internal delta compensation. This paper and the associated spreadsheet
directly address testing only the three phase version of the BE1-87T. The single phase version
can be emulated in the spreadsheet by setting the three phase relay to a “Wye-Wye”
compensation mode.

The three phase version of the relay has internal compensation jumpers that change the inputs
to the relay’s op-amp circuits in a fashion that emulates the effect of connecting CTs in delta.
See Reference 5 (“BE1-87T, 3 Phase Versions: Understanding Targets and Testing the Internal
Phase Shifting Network”) for a description of the compensation technique used in the BE1-87T.

2) BE1-CDS

The BE1-CDS 2x0 relays are numeric transformer differential relays that do the work of the
three phase BE1-87T plus many more functions. Besides the 87Phase function, the relays also
perform an 87Neutral Differential (87ND) function and a suite of 50/51Ph, Negative Sequence,
and Neutral / Ground overcurrent functions. There is also programmable logic, event reporting,
remote communication, etc. The relays use numeric techniques and fast sampling of the current
waveform. The incoming current is passed through an analog filter to remove high frequency
distortions, the waveform is then sampled at 144 samples/cycle, another level of digital filtering
is utilized, and then finally 24 samples per cycle are utilized in a Discrete Fourier Transform
(DFT) to extract the magnitude and angle of the fundamental frequency, 2", and 5™ harmonic of
the current. The relays perform the transformer and CT compensation via mathematical
functions of the relay microprocessor.

There are two basic versions of this CDS relay line:
e (CDS220 - Three phase, two windings, and ground current functions
e (CDS240 - As above but two to four windings, voltage inputs, and miscellaneous advanced
features



The CDS220 is designed for transformers with two winding sets, and the transformer connection
compensation techniques in the relay are aimed at the common delta-wye transformers with

+/- 30° phase shifts, as well as delta-delta and wye-wye transformers, and delta connected CTs.
The CDS240 has the logic to easily handle a huge variety of possible transformer and CT
configurations that CDS220 might handle a bit clumsily. The listing of possible transformer
configurations may be found in Reference 1.

Theory of Operation of the BE1-87T

Even if one is not using the BE1-87T, it is worthwhile to understand it, since it is the basis for the
design of the CDS line, and it shares many basic design concepts with many other relays on the
market.

The three phase BE1-87T allows CTs to be connected in wye by compensating for delta
connections in a fashion that emulates the CT connections via a set of op-amp circuits. An
inspection of figure 9, taken from Reference 5, shows how the BE1-87T tap circuits and
compensation circuit jumpers work. Note that the currents come into the relay via a current
transformer with an adjustable secondary resistance. This resistance determines the tap of the
relay. For instance, assume a 5,000:1 CT with a 10 secondary ohm burden. If 5A comes into the
relay, then 10mV is developed across the resistor. The tap setting of the relay is basically a
change in the resistance, so as to make a variety of currents give the same internal voltage
level and, hence, allow two different currents to give the same internal signal.

An inspection of the jumper circuit will show that, if the jumpers are in the A2 position, the
current into the restraint and operate circuits are Ix-Ig, Iz-lc, and Ic-1, and hence are emulating a
Dag connection of the CTs. By changing the position of the jumper, the middle set of op amps
can have an output that emulates either a Wye (Y jumper position), a Dac (Al jumper position),
or a Dag (A2 jumper position) CT connection.
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Figure 9 - The Delta Compensation Schemes of the BE1-87T

The relay has 3 comparators for current balance; let us call them comparators A, B, and C. The
three comparators look at:

Comparator A: I, vs. |,
Comparator B: I, vs. I, (1)
Comparator C: I, vs. I,

The 6 currents monitored by the three comparators is dependent on the position of the
Wye/ A1/A2 jumpers:

:|A1_[0’ |c1! IB:L]_K [ :|A2_[0’ Iczvlsz].K
Al Tap1l A2 Tap 2
[ =|A1_[0’ IAl'ICl]‘K [ =|A2_[0’ IAZ’ICZ]‘K (2)
Bt Tapl B2 Tap 2
| =|A1_[0’ IBl’ IAl]‘K | =|A2_[0’ IBZ'IAZ]‘K
o Tap 1l ez Tap 2

where the part in brackets is representative of the value that would be used if the jumper were in
the Wye/ A1/A2 position, respectively, and the K factor represents a constant internal to the
relay that represents the “current-to-equivalent voltage” conversion factor used for the op amp
circuits. It should be noted that, for balanced three phase currents, the equations of (2) result in
a increase in effective current in just the same fashion as connecting CTs in delta (e.qg., for



balanced 3 phase current, there is a sqgrt(3) increase in current). This factor is compensated for
by appropriate setting of the taps, discussed below.

Multiples of Tap (MOT)

The engineer/technician does not have access to the relay’s internal electronic signals, so does
not need to be informed of the value of K in equation 2. If we assume that K=1, then all of the
current quantities in the analysis of relay response are effectively in “multiples of tap” (MOT).
The BE1-87T I/M and the Microsoft Excel spreadsheet associated with this paper present all
data based upon the concept that K=1 and, hence, is in terms of multiples of tap.

Restraint Current
The restraint current used by the comparators is:

Comparator A Max Restraint: Maximum of (‘IM‘ or ‘IAZ‘)
Comparator B Max Restraint: Maximum of (‘Im‘ or ‘IBZ‘) (3)
‘ "

Comparator C Max Restraint: Maximum of ( |c1‘ or ‘ICZ‘)

This restraint is modified by the “% Slope” setting to find an effective restraint:

Comparator A Effective Restraint: % Slope x Maximum of (‘IM‘ or ‘I'Az ‘)

Comparator B Effective Restraint: % Slope x Maximum of ("m‘ or ‘I'BZ ‘) (4)
Comparator C Effective Restraint: % Slope x Maximum of (

e or i)

The slope setting is one means for the user to desensitize the relay; the higher the restraint
current, the higher the error current must be for the relay to trip. For lower through current, the
relay will be more sensitive to internal faults.

Operate Current
The operate current is

Comparator A Operate: |I,, +1,,

Comparator B Operate: Iy, +1;, (5)

Comparator C Operate: |l , +1,

The arrow above the summation indicates phasor math is used when one is comparing
fundamental frequency phasor data. However, the relay does not actually utilize phasors but
works with instantaneous values filtered to respond mainly to fundamental frequency data.

Minimum Pickup

The relay will not trip unless the results of equation 5 are above some minimum value. If we
assume K in equation (2) is 1 and, therefore, think in terms of Multiples of Tap, the minimum
operate quantity is 0.35 MOT. The 0.35 factor is adjustable but requires a special calibration
routine that is not widely publicized. To change it, the user needs to either return the relay to the
factory or obtain a copy of a special field calibration routine and an “extender card” from Basler.
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Trip Decision Logic
The relay trips when the operate quantity is greater than the effective restraint, and the operate
guantity is above the “minimum pickup” value. Hence, the relay trips when:

Comparator A Operate > Comparator A Effective Restraint
AND Comparator A Operate > 0.35 (or other Min PU setting)
OR
Comparator B Operate > Comparator B Effective Restraint
AND Comparator B Operate > 0.35 (or other Min PU setting)
OR
Comparator C Operate > Comparator C Effective Restraint
AND Comparator C Operate > 0.35 (or other Min PU setting)

(6)

A caveat is that tripping could be blocked for high harmonic content, indicating inrush or high
excitation current. These harmonic blocking schemes do not affect understanding of the tripping
of the relay during normal testing and will not be covered further herein. See the instruction
manuals for additional information on harmonic blocking.

Unrestrained Differential 87U

The unrestrained Differential, 87U, is setting aimed at detecting high magnitude internal faults
that trip high speed and defeat any harmonic blocking. The basic concept is that, if the operate
current rises above a set level, this is a level that could not be explained by CT error or inrush. If
this level is met, harmonic blocking is ignored, and the relay trips. The unrestrained trip function
will not be covered further in this paper.

Tap Settings

Determining the tap settings for the BE1-87T can be confusing. The largest sources of
confusion are associated with a) proper selection of the Wye/ A1/A2, jumpers, and b) proper
selection of the tap. The tap is confusing due to issues on how to handle the sqrt(3) factor that
arises due to delta CT connections. A mistake on the order of a sqrt(3) factor can be missed for
an extended period. Transformer differential relays are not highly sensitive devices, and people
who have set taps incorrectly by a sqrt(3) factor have had the transformer in service for months
or even over a year before a major load swing or external fault caused enough current for the
relay to trip.

Determining taps is, in concept, fairly easy:
1. Find full load current of the transformer. Assume balanced 3 phase loads.
2. Find the current that will be at the relay terminals for this load current, including any
“sqrt(3)” factors introduced by CTs connected in delta.
3. If arelay input will utilize the internal delta compensation jumpers, multiply the relay
current on that input by the sqrt(3) factor.
4. Set the taps to these currents.

There are a few tricks, though:
e There are some complications when one examines the performance of the CTs for a high
magnitude external fault and wishes to determine if some marginal CTs or high CT burden
is at risk of causing the CTs to collapse, causing the relay to see an external fault as an
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internal fault and trip. If the CT is insufficiently robust, this may affect the relay slope
setting.

e There are also issues with CT ratio selection and associated CT saturation point that affect
the recommended setting for the unrestrained differential, 87U.

e Any set of taps can be utilized, as long as the tap ratio is the same as the current ratio.
However, the big issue is that adjusting the taps up and down as a whole effectively
changes the minimum current required for tripping.

e The % slope setting has not been covered, but it is basically a decision based on assumed
CT performance, how well one knows transformer turns ratio, and how well one expects
the transformer to act ideally as 3 independent perfect single phase transformers (refer
back to Basic Concepts, item b).

BE1-87T Microsoft Excel™ Settings Calculation Spreadsheet

The setting of taps is discussed in the instruction manuals, but there is a spreadsheet,
Reference 6, available to assist in setting the relay. See figure 10. The screenshot is the data
entry sheet; a second sheet displays calculated values and recommended taps and slope
settings. Further discussion of using this spreadsheet will not be considered herein. It will be left
to the reader to obtain a copy of this spreadsheet and work with it, which is likely the only
effective way to learn how to apply it.

] Fle Edt View Insert Format Jools Dats  Window  Help

Dy é S < o~ o- | 45 100% - Al -0 -B Z UE== (I
G14 = 5

A B | C | ] B
87T SETTINGS BASED ON PROCEDURE TWOQ

1
| 2 |Without Fault Calculations
| 3 |This version of the 87T settings calculation warkbook template uses fault current magnitudes calculated
| 4 |in your own fault study and entered on the data sheet for CT performance calculations. You do not need
| 5 |the Analysis Toolpak Add-In installed in Excel to use this version of the template.
]
7 |Fields highlighted in yellow are for data entry |
g
9 SPECIFICATIONS VALUE INPUT 1 INPUT 2
10 [SYSTEM
11 [k (BASE) [E] 12.47]
12
13 [3PH, input 2 side fault, EXTERNAL (F1) 1916 10603
|14 |3PH, input 1 side fault, EXTERMAL (F2) 1] 0]
158 |PH-G, input 2 side fault, EXTERMAL (F1) 1171 11231
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22
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24
25|CTs
| 26 |PRI CURRENT RATING (FULL WINDING) GO0 1200]
27 |PRI CURRENT RATING (TAPPED) 300 800
28 |SEC CURRENT RATING ] & &
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Figure 10 - 87T Settings Sheet
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Theory of Operation of the BE1-CDS relays

The BE1-CDS relays operate on a very similar concept to the BE1-87T and, in fact, Basler
somewhat mimicked the BE1-87T in much of the design of the BE1-CDS. However, there are
some considerable differences, too.

The op-amp circuits used in the BE1-87T are replaced by mathematics in the BE1-CDS. As
soon as currents are converted to a phasor equivalent number, the relay can multiply or divide
to create scaling factors that do the work of the resistor based tap circuits of the BE1-87T, and
the relay can add or subtract to do the work of the delta compensation op amp circuits. There
are some differences in the CDS line, though, to be aware of:

Sqrt(3) factor for Delta Compensation.

The BE1-CDS tap settings on windings with delta compensation are typically lower than the
BE1-87T tap settings by a factor of sqrt(3) for the same transformer configuration. When delta
compensation is in use, during balanced 3 phase current conditions, the lines external to a delta
have more current by a factor of sgrt(3) than the windings inside the delta. Users of the BE1-
87T have to be aware that this sqgrt(3) current buildup also occurs in the delta compensation
circuit in the relay, and taps must be set accordingly. However, in the BE1-CDS the relay
automatically multiplies the sensed current by 1/sqrt(3) when delta compensation is in effect,
which means the user sets the relay taps based upon the balanced load current at the relay
terminals and, hence, ignores the sqgrt(3) factor found in the BE1-87T delta compensation
jumpers.

Minimum Pickup
The BE1-CDS allows users to easily change the minimum pickup. It is settable over a range of
0.1to 1.0 MOT.

Restraint based on Average or Maximum

The BE1-CDS allows the user to have the relay calculate restraint based upon the average of
the restraints rather than the maximum of the restraints. Basler recommends that customers use
the maximum of the restraints but has given the option to use average. If average restraint is
selected, equation (3) above becomes, for a two input relay:

Comparator A Avg Restraint: (‘IAI‘ + ‘I'Az‘)/z
Comparator B Avg Restraint: ("m‘ + ‘I'BZ‘)/Z (7)
Comparator C Avg Restraint: (‘Im‘ + ‘I'CZ‘)/Z

Neutral Differential Function (87ND)

The BE1-CDS has a feature to compare the current on the xfmr neutral (Ig input) to the ground
current (3lp) in the phase leads of one of the windings. (Since | is compared to 3l, on only one
of the windings, this typically works only on delta wye transformers.)

Automatic Tap Calculation

There is a feature in the relay to have the relay calculate tap settings from user-supplied
transformer and CT information. This does not address side issues such as appropriate slope
settings, determination if CTs will be overburdened during external faults, or the setting of the
87U.
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Unrestrained Differential 87U

The operate quantity of the BE1-CDS relay, due to digital filtering techniques, responds strictly
to fundamental quantity currents. The transient operate quantities associated with inrush and
CT saturation tend to be harmonically rich, yet fault currents tend to be fundamental frequency
issues. The high level of harmonic filtering blocks these CT transient saturation and inrush
guantities from being seen well by the operate current measurements, so this allows BE1-CDS
users to set the 87U to a lower level than the BE1-87T.

Overcurrent (50/51) elements

There is a variety of phase, neutral, and negative sequence overcurrent elements in the
BE1-CDS line. These overcurrent elements can create issues when testing at final settings.
They can create confusing trip paths, or even block some trip paths if users put in fault detector
logic that supervises tripping.

User Programmable Logic

The programmable logic capabilities of the BE1-CDS relay can create a formidable problem
when testing at final settings. Logic might be in place that under certain I/O conditions will block
the relay from tripping the element that is being tested. Overcoming this logic by turning the
logic off is tempting, but that is inherently a contradiction to the concept of testing at final
settings.
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BE1-CDS Microsoft Excel™ Settings Calculation Spreadsheet

Again, the setting of taps is discussed in the instruction manuals, but there is a spreadsheet
available, reference 7, on the Basler web site to assist in setting the relay. A screen shot is
shown in figure 11. Again, using the sheet in a real application will teach how it works better
than any text description.

1 File Edit I'View'l Insert Format Tools Data Window Heio

B2 - # THREE WINDING THREE PHASE TRANSFORMER PHASE DIFFERENTIAL CALCULATIONS
A B e v 0 E 3
|} -
2| |[THREE WINDING, THREE PHASE | ns —
] 1 I ne 1 01 FaVal AV
B | nesmrmamnamm s n e it a8 | N 52
I | EAIEASE ASIARVILAN § 8 VL i NN § A N o ,iit s 7y Y

+ﬁq'l H ’

2
I
f

5 " — Input 2
L et L ere Y 272

I

1 ST = 5 ~

1 caiculations oT Tap SeTmings on INBUT 1 data.
1

'ﬁ | Information IINPUT 11INPUT 2[INPUT 31 Comments. Instructions. Warninas
13 |Svstem Voltages

If a no-load tap setting is known and will not be chanoed without revision of the
KWy, (BASE). Nominal voltage, or if known, voltage at tap 50 iis 38 <ettinas. then enter the tap voltage. If the final tap voltage is not known, then
sething. enier nominai voiiage and enier ine iap voiiage range in ine iransiormer tap
14 setting range, below.
15| |Through Fault Currents
| 16| IFault F1.3 ph. as seen by relay CTs 4 000 7 8.000 7 0 it is i I to note this is the cument seen by the relay for an external fault.
117 | IFault F2. 3 ph. as seen by relay CTs 5000 10000 1] Thls is not the total fault current. This data is used to determine if the CTs will
|18 |Fault F3, 3 ph, as seen by relay CTs 1400 2800 23000 during an out of zone fault and hence cause the relay to
1191 IFault F1, SLG, as seen by relay CTs 4 500 6,000 1] see Ihe exlemal Iaull as an internal fault.
|20 IFault F2, SLG, as seen by relay CTs 5500 7.000 0
21| IFault F3, SLG. as seen by relay CTs 0 1} o
22 iTransformer Configuration
The spreadsheet does not use the specific phase reiationshio of the primary and
¥ ¥ d secondary or the delta winding confiouration (e.a.. DAB vs DAC). but this data
will be needed by the relay.

I IEnIer maxlmum rating unless itis knﬂwn Iha1 Ihe ler \mII aMavs he loaded at

1
i figz)

L PN LUNSI LY IVIA LAPTLLEU I YO UL SaLT e, wrua ruai oo
Tap ranges include the effect of Auto and No-Load load taps. If the tap is fixed
Transformer Voltase Tan Ranoe +- % 5.00% 10.00% D00% land not be chanoed without a revision of the settinas. enter 0 and enter the at-

in the kV-LL voltanes above.

iy as vunaue llses anu wnaue may ne

may be much less than the RMS value
8.0% that is typically rennned inr inrush current levels. Soreadsheet will convert to %
of Max Load, in calculations below.

in % of input i Gase Rating (i

 Total unmonitored load. in % of Max Expected Load. Inout 1. 0.0% Enter load in the zone of orotection that is not monitored by a CT.

=
33| |CT Information

Iy in cells C34, C35. and C36

135 ICT Tap Setting. 400 1000 1200 "
PR e . . . The CDS is assumed to have the same nominal rating as the CT secondary
CT Secondary Rating Amps {1 or 51 (Ceii wiil be red if an other = ettt e N i 5 L
e e o & nominai rating, and aii CTs and reiay inputs are assumed [0 have the same
__ | Ivaiue is entered } . L Lk
.96 | : rating.
|37 | IRelay Continuous Current Rating. 20 Relay rated at 4 times CT nominal current.
CT Thermal Rating Factor (rated continuous overcument. per is is > Typical values are 1. 1.33. 15. 2. and occasionally higher. Most CTs have at
138 lunit) ) ) least a 1.33 TRF. but some have 1.0 TRF

The calculations below will compare this voltage. reduced as needed to account
_____ s = — — for reduced canahility nf the CT at its tan setting tn the vnltane that is reaonired

Figure 11 - BE1-CDS220/230 Settings Spreadsheet
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BE1-CDS BESTCOMS Setting Software

The BE1-CDS relays can be set via ASCIl command sets, but a much more user friendly
process is to utilize the Windows software, called “BESTCOMS™,” that Basler provides free of
charge; a screen shot is shown in figure 12. We will not review this software here, but anyone
setting up and testing a BE1-CDS relay should not proceed without first obtaining a copy of this

software.

Figure 12 - BE1-CDS220 Setting Software

16



Testing at Final Settings

Delta compensation, especially if done internally by the relay, complicates testing. When done
internally:

It is difficult to calculate balanced current flow through the relay, especially when one has
to simulate normal current flow with a three phase test set so one is unable to simulate a
true 3 phase power flow condition, which requires six currents for complete modeling.
However, faults are inherently unbalanced issues, so even if one has a 6 phase current
source, it is a difficult task to calculate how a given fault translates to relay current, and
further, to determine which test conditions the relay should or should not trip for.

If testing is performed with only two currents, one phase at a time, the same difficulties
arise. Due to inter-phase coupling in the delta compensation system, one needs to
determine into which phases current needs to be injected, and the magnitude and phase
relationships between these currents. On the relay input that monitors the transformer
delta, one needs to inject current into two phases, 180° out of phase. For A phase current
on the wye side, should one inject current on the delta side into A and B or A and C? Is the
secondary in phase with the primary or 180° out of phase with the primary? Some may
think there is supposed to be an additional +/- 30° phase shift (No, there is not).
Determining balanced currents for a given tap setting can be complicated. Is there a
sqrt(3) factor in the balanced current condition? Where? (It depends on the relay.)

What is the minimum operate for one’s application?

What is the restraint quantity for one’s application?

What is the operate quantity for one’s application?

Is the minimum operate quantity the deciding factor in the trip decision, or is the
operate/restraint quantity the deciding factor?

To simplify testing, it would be easiest if one could reset the transformer differential relay
to a Wye-Wye form, so that each of the phases would be independent, and then put the
final settings back into the relay at the end. Many do not like this process for the obvious
concerns of “Did | get the correct settings back into the relay? Do | know that the relay
works at the settings | just entered?”.

To address this issue, Basler has developed a Microsoft Excel™ spreadsheet that allows final
settings to be entered into the spreadsheet and then tells how the relay will respond for a range
of user supplied currents. The spreadsheet has 6 sheets:

a)
b)
c)
d)
e)

f)

87T-Testing: For testing the relay with two single phase current sources.

87T-Diff Calc-Isec: For determining relay response to an arbitrary injected current.

CDS Testing: For testing the CDS220 or 240 with two single phase current sources.
CDS220-Diff Calcs-Isec: For determining relay response to an arbitrary injected current.
CDS220-Diff Calcs-Ipri: For determining relay response to an arbitrary primary current.
Includes CT connection and ratio effects.

CDS240-Diff Calcs-Isec: For determining relay response to an arbitrarily injected current.

To utilize the spreadsheet, one needs to be aware of appropriate connections of the test set to
the relay. The test set current connections are provided in a basic fashion (described later) in
the spreadsheets, but the spreadsheet must be used in conjunction with the connection
diagrams given in the Instruction Manuals. Some appropriate figures from the BE1-87T and
BE1-CDS220 Instruction Manuals (IM) are reproduced below. Figures 13 and 14, from the BE1-
87T IM, show the basics of the connections required to test the BE1-87T. Test connections for
the CDS relay are similar in concept, except the output (trip) contact is dependent on relay
programming. Figures 15a-15d show the BE1-87T AC and DC terminals for the more common
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BE1-87T

CURRENT

11 12 14| INPUT 1

15 16 17| INPUT 2

O
180°

SOURCE '8%°
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O
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[18] common

@A RESTRAINED

@B RESTRAINED

CURRENT O
SOURCE  (
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O

configurations, and Figures 16a and 16b show the AC and DC terminals for the BE1-CDS220.
For the BE1-CDS240 connections, please refer to the IM.

POWER
SUPPLY

Figure 13 — BE1-87T, Three Phase, Single Input Type E, Output Option F
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Figure 14 — BE1-87T, Three Phase, Sensing Input Type G, Output Option E
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BE1-87T
POWER{:% —®——AUXNo.
I—@—— AUX COM
1—1D T—@__ AUXN.C.
22—
weuts| 3749 _—(®—T—RESTRAINED
M—r(3 - OUTPUTS
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5—(® T —@)-—UNRESTRAINED
L~ POWER
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CONTACTS /

A CONFIGURATION IS DEPENDENT
ON STYLE SELECTED.

Figure 15a — BE1-87T, 1 phase
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1@
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Figure 15c — BE1-87T, Three Phase,
2 Input, Output Option F
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Figure 15b — BE1-87T, Three phase,
2 Input, Output Option F
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Figure 15d — BE1-87T, Three Phase,
3 Input, Output Option E
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Figure 16a — BE1-CDS220, AC Connections
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Figure 16b — BE1-CDS220, DC Connections
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It might be best to learn how to utilize the sheets by simply opening them up and using them. To
some extent, the purpose of each is determinable by the title. Of particular interest for testing
are sheets a) and c). In each of these,

e The user inputs relay settings. With the CDS line, one needs to enter the net
compensation used by the relay on each input. This is explained in chapter 3 of the IM’s.
Typically on numeric relays, the CTs are connected in wye, and if one has a Dag-Wye
transformer, the CT compensation is the reverse, so the compensation is Wye-Dg.

e The user enters a current value in MOT that one wishes to use for the test. This is typically
done at a few MOT, particularly 0, 1, 3, and maybe a higher number such as 5MOT, but
testing at a high MOT results in high test currents that can be harder to work with and can
damage inputs to the relays if left on too long.

e The user injects current on one phase on the relay input that monitors the transformer wye
and on two phases on the relay input that monitors the transformer delta. The current on
the delta side is “in and out” on the two phases under test, so that the current in the two
inputs is 180° out of phase with one another.

¢ One begins with balanced current, and then raises and lowers two currents, one at a time,
until an 87Phase trip occurs. The spreadsheet reports the current level where the trip
should occur.

e For a CDS relay, one may need to include testing the 87ND function. Testing the 87ND is
included in the spreadsheets.

A screen shot for each of the sheets is shown in figures 17a through 17f.

H = | e P e e e e e e e ) e —
|BE1-87T, 3 Phase, Testing With 2 Single Phase Current Sources | =

Thie sheet predicts targets on BE1-87T when testing with two single phase test sete, with the relay set at user’s final settings.
- Enter data in yellow fislds only. Fiange cell becomes red if out of range data is entered.
~-Input “1" and "2 are used for reference, but each can refer ta any of the relay’s 3 phase inputs. There up ta thiee 3 phase inputs on a BELETT.

r

w

4 | - This sheet does not support DAE-DAC and DAC-DAE compensation jumper configurations.
| & | [RELAY SETTINGS (Redrangs cellflags bad data) Faange
I Mominal Amp Rating of Inputs 5) S5or1
8 Fo Slope 25 15-60, steps of &
| 9 | uinimum Pick-Up WP |__ 033 Mormally 0.35
| 10 | Jinput 1 Tap 2 20-880r04-178
| 1| Hoeut 1 Compensation Jumper _ L L A ¥,D1,02
| 1z | Jinput 2 Tap 38 20-890r04-178
13 | [Input 2 Compensation Jumper o1 Y, 01,02
=
| 5 | [MULTIPLES OF TAF (MOT) FOR TEST 2
| 16 | | Sungest repeating test 2t 0,1, 5, and 5 MOT. Selecting 0 MOT means the spreadsheet gives min. pickup. Higher MOT might be
17 | |rested but max continuous rating of relay is 204,

INITIAL CURRENT INJECTION ¥ALUE

Initially injest inta Input 1 {amps): (713
Initially inject intar Input 2 [amps]: TE <180

=

@

20
| 21 | [TEST SET CONNECTIONS AND EXPECTED TARGETS
Connect polaritynon-polarity of the twa test set sources to the indicated phase an relay, o the relay cammon non-polarity as . ]
Intermediate Calculations:
22 indicated by the matris below, See M Section § for examples..
| 22 | [Test #1 (37PH-A) FielayFPh A Fol | FelayFhEFol | RelayPhC Fol Felay MonPal _|'when increasing input 1, % Slope is excesded at 533
[24 | Relay Input 1: TestSet |Falarity | Test Set 1 Mokl = L. "wfhen decreasing input 1, % Slape is enceeded at 200
[ | Pielay Input 2: [TestoetzPala | __ _ME_ __|___ FLC. [ JestoetZhionPal When increasinginput 2,5 Slope is suseeded 2t W03
[ 28 || Phases that give targets at rip leve: Phase 7 Phase B When decteasinginput 2, Slope is enceeded at 570
27 | [Test#2 (§7PH-B) FielayFPh A Fol | FelayFhEFol | RelayPhC Fol Felay ManPal | when increasing input 1, Min Operate iz skceeded at: 470
| 28 | Relay Input 1: TC. Test Sel IFolarity | Test Set 1RonFal, HC. “When decreasing Input |, Min Operate is enoesded at: 230
|28 | Felay Input 2: [ _NC_ _ | Testserziolanty|_ _ WG [ Jestoet2 MonPal| whenincreasinginput 2, Iin Operate is enoeeded at EEE
[ 30 | | Phases that give targets at rip leve: Phase B Phaze C ‘hen desre asing Input 2 Min Operate is enceeded at: 527
31 | [Test #3 (87PH-C) FelayFPh & Fol | FelayFhEFol | FelayPh s Fol Felay ManFal e
(=] Fielay Input f: Test Set | MonFal, HE. Test Set I Palariyy WE.
2] Filay Input 2 e NE_ | Tes\SetZPolrpy [ Test sz Nonol
[ 3% || Phases that give targets at rip level: Phase Phaze C
£ = Found
T TRIP OCCURS AT THESE CURRENTS: Nominal +h- Range Testd TestZ Test 3
| 37 | |increasing Inpur 1 current: 533 0420 48l 57
| 38 | | Decreasing Input 1 current: 3.00 0.280 A 328
39 Increasing Input 2 current: 1013 0.708 942 10.84
| 40 | | Desreasing Input 2 surrent: 570 [EIH 526 [
| 41 | |OK; alllisted test currents re below the masimum continuous rating of the relay [Z04) =
a
4 4 M[}BTT Testing { 87T-Diff Calcs-Isec f CDS Testing £ CDS220-Diff Cales-Isec . CDS220-Diff Cales-Ip { CDS240-Diff Cales-Tsec £ Use | 4| | LlJJ

Figure 17a - BE1-87T, Testing with 2 Single Phase Current Sources

Note how to read the connection instructions in sheet Fig 17a, which describes the test
configuration for the BE1-87T. Examine test #1 connections, seen on lines 24-25. In these cells,
the connections for this transformer, for testing the Phase A element, are: a) connect test
source #1 to inject current into phase A and out of phase B, then b) connect test source #2 to
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inject current into phase A and out of the input common connection. A very similar process will
be seen for figure 17c, which is the similar sheet for the CDS2x0. However, make note of cell
B33, which says, “Jumper non-polarities on each input together.” The jumpers are installed to
effectively create the same current common connection that is found in the BE1-87T relay.
When the spreadsheet refers to connecting the test set to “Relay Non-Polarity”, it means
connecting to this common connection of the non-polarity inputs.

| E e o [E] E | 0 i G o O 00 G G G —
: | |[BE187T, 3 Phase, Differential Calculations, Arbitrary Isec. |
3 This sheet predicts tripping of a BE1-87T for a set of two user-defined CT secondary current inputs
| |~ Enter data in yellow fields only. Blue clls are caloulated by the spreadshest,
—Input 1 and 2 are used for reference: each can refer to any of the relay's 3-phase inputs. There up to three S-phase inputs on a BES7T.
4 | |~ Thespreadshest reproduces the differential ¢aleulations of the BE1-B7T 12 assist in determining i 2 trlp shauld ceeur for a given tet current,
||~ Range cells will be green normally, but turm red o Flag out-of-range settings.
- Fiecall the relay expects current reversal across the sfmr, o balsnced currents are shifted by 150, 180, or -160 degrees in most spplications. For instance,
for balanced 3 phase current, current at Input 2 should be shifted by 130deq f jumpers are Y-, +150deq if jumpers are Y-D), and -150deq if jumpers sre -0
5
| 7 | |RELAY SETTINGS (Red range coll iags bad dats) Fiange Current Inputs, Per Unit of Tap] _Mag. Angle Intermediste Caloulations
| & | |Mominal Amp Fiating of Inputs 5 Sort Input 1. Ph A 2.000 o D1, D2 Jumnper Compensation Equations:
| 8 | |esicpe a0 15.60, steps of § Input 1, Ph B 2.000 120 Input 1, Rectangular Format | 01, 02 Equations
| 10| | Minimumn Fickup (MPUL perunit | 035 _ | SeeCell Comment| | Inputi, Phi 2.000 120 Feal | Imag Fiesl  Imag | Mag | Angle
1| JinputiTap 5 20890004178 Input 2, Ph & 1154 150 A 20000 0.0000[OWAAC | 30000 47321 34641 -300)
| 12 | |mputiCompensation dumper [ v ¥.01L02 Input 2,Fh B 1154 30 B 0000  -17321|D4B4A | 30000 7521 34641 -150.0)
| 12 | |mputzTap 52 20830004178 | |input2.Phe 1154 90 C | 0000 17321|0WCIE | 00000 34641 34641 80.0)
| 14 | |input 2 Compensation Jumper i ¥, 0102 Restraint, with Compensation Jumper Effects DZIAE | 30000 17321 34641 300
| 5 | Input 1, A Camparatar 2000 0 D2IB-C | 00000 -34641 34641 -90.0)
| 15 | Input 1, B Comparator 2.000 120 OZICAS | 30000 17321 34641 150.0)
| 17 | [INJECTED CURRENT AT INPUT 1 Input 1, C Comparatar 2.000 120 Input 2, Frectangular format | D1, 02 Equations
| 12 | |isingle phase entry suificient) Tag Angle Input 2, £ Comparator 1399 150 A | 09993 06763[012A2C | 08982 17308 13986 1200)
| 1a | [Current @ input1.Ph A 10 [ Input 2, B Comparator 1333 &0 E | 09393 05763|Dt2B-2A | 13985 0.0000 13355 0.0)
| 20 | |Current @ nput i, FhE 10 120 Input 2, C Comparatar 1359 60 C | 00000 -11538|O4IC-2E 08993 17308 13985 -120.0)
| 21 | [Current @ nput.PhC 10 120 Effective Restraint (Largest Restraint z Slope) D22A-2B | -19985 0.0000) 19985 1800
| 22 | [INJECTED CURRENTS AT INPUT 2 & Comparator 0.600 D22E-2C | 09933 17302 19985 GO
[ 2a | Tag Angle B Comparstor 0.600 D22C-24 | 0.9933 17308 19995 -60.)
| 2¢ | [Current @ input2,Ph & 5 160 C Comparatar 0.600 Convert Festraint to Rectangular format
| 25 | [Current @ Input 2. FhE 3 30 Mag. Operate Current (Restraint 1 - Restraint 2) W i
| 26 | |current @ inputa, PhC 5 -0 & Comparator 000 Inputl A 20000 0.0000
| 27 | B Comparator 0.001 E 10000 17321
B C Comparatar 000 [+ 10000 17321
| 2 | Trip? [ Op>MPU? & Op>Restraint?) npuz A 3965 0.0000
a0 A Comparator No B 08993 17308
El B Comparatar No [ 09393 17308
| 32 | C Comparator No Sum Fiestraint to find Operate Current
| 33| b iv Mag
34 Sum | 18.zA D00 00000 0.0015
[ | 1B.2E | 00007 00013 0.0015
E3 IC.2C | 00007 000 00015 ||
L& |
| 3 | -
4 4 » w|{ B7T Testing 87T-Diff Calcs-Tsec ¢ CDS Testing /CDS220-Diff Calcs-Tsec /4 CD5220-Diff Cales-Ipti / CD5240-Diff Calcs-Tsec f Use | 4| | LIJ_‘

Figure 17b - BE1-87T Differential Calculations - Arbitrary Isec
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A E c [u] | F G H I o 3 i 15 M o d
. | |[BE1-CDS, Testing With 2 Single Phase Current Sources |

3 | | This sheet predicts targets on the BEI-CDS2z0 when testing with two single phase test sets, with the relay set at user’s final settings.
—~ Enter data in yellow elds only. Fange cells besome red if bad data is entered. Blue cells are caloulated by the spreadsheet.

+ - wihile most directly applicable 1o the COS220, this spreadsheet oan be used to analyze the CDS240 if one mentally compans stes For the winding numbers and doss not use the aduanced compensation schemes in the COS240,

5 | |~ Thespreadshest expects one to understand compensation tha the relay is using and enter net compensation, not the ¥imr or CT configuration. See I chapter

5

i BELAY SETTINGS Range

3 Mominal Amp Rating of Inputs. 5 Sorl Intermediate Calculations:

9 Use Max, or Aug. Restraint? m Mord 87 Phase:

10 | |27Phase Min Fickup [MPU], per unit 05 010,00 MMlessages appear below if certain | 87Fhase EFfective Tap = Tap setting £ sqrt[S] i DAE or DAL compensation is used.

| |Phesessiope _ _ _ __ ___I__3__ T5-60. steps of | unsupported setings are selected | input | Effestive Tap for 87Ph cales: 0o Hence, 1 10T is (amps).| 400
1z Input 1 Tap 2.0-20 0r 044 Input 2 Effective Tap for &7Fh cales: SSZS Henee, 1 MOT is [ampe] 693
12 | |Input 1 Compensation [see I Chpt 3) [] v, DA, DAL Trip Lewels (amps] Tax Restr. Aug, Restr.In Use:
14 | |input 1 “Growund Source selested? _ _ [ m _ Y When inoreasing input 1,3 Slope is enceeded at: G154 5597 B
15 | |InputZTap ¥ 2020 0r 044 ‘When decreasing input 1, % Slope is enceeded at: 2500 2809 2600

16 | |input 2 Compensation [see I Chpt 5) dab ¥, DA, DA ‘When increasing input 2, % Slope is exceeded at: 0853 | 3867 10853
17 | |inpur 2 "Ground Source” selected?_ [ m EA] When decreasing input 2, > Slope Is exceeded at 4503 4864 | 4503

18 | | 750 Min Fickup (MPU), per unit [X] 010100 When inereasing input 1, Min Operate is enceeded at 000 E000 | E00D

18| |87Gnd % Slape 20 1560, steps of 1 ‘When decreasing Input 1, Min Operate is euceeded at: 2000 2000 | 2000

20 | |'which input #is lg is compared to? z Torz ‘When increasing input 2, Min Operate is exceeded at: w38z | w038z 10382
21 | |Phase CT Ratio for Inpur 2 300 ol When decreaging Inpur 2, Min Operate is eyceeded ar: 3464 3464 | 3454

22 | |Ground CT Ratio 100 Mol #7 Neutrak:

23 | | 87h Tap. lg Input side 600 See cellnotes Phase tap to be usedin 57M caloulations (= tap Setting of selected phase]

24 | | #7H Tap. Phase Input side 200 See cell notes above Trip Levels (amps} Tolax Fiestr.| Aug. Fiestr_In Use:
25 | | MULTIPLES OF TAF [MOT] FOR TEST 1 ‘When increasing input 2, % Slope is exceeded at: Z500 2444 | 2500

26 | | 87PHASE TEST when decreasing input 2. % Slope s exceeded at 1500 1536 1500

27 | |Suggest repeating test at 0,1, % and 5 MIOT. Selecting 0 MOT means the spreadshest gives min. pickup. Higher ‘When inereasing input Ig, % Slope is exceeded at: 7500 7.333 7500

2% MOT might be tested but max. continuous rating of relay is 204, When decreazing input 19, 4 Slope is exceeded at: 4.200 4.909 4.200

23 INITIAL CURRENT INJECTION ¥ALUE FOR PHASE TEST Whenincreasing input 2, Min Operate is exceeded at: 3.000 3.000 3.000

0 Initially inject into Input 1 (amp): ENE] “When decreasing input 2, Min perate is enceeded at 1000 1000 1000

A Initially inject into Input 2 [amps): £.928 ¢ 120 When inereasing input 1g, Min Operate is enceeded at: 8.000 4.000 8.000

32 TEST SET CONNECTIONS AND EXPECTED TARGETS When Input lg, Min Operate is erceedad at: 2.000 2.000 3.000

33 | | dumper non-polarities on each relay input together. Connect polarityinon-polarity of the (wo test set sources to

31| | Test #1(87PH-A) Fielay Ph & Pol. | Fielay Ph & Pal.| Fielay Ph C Pol. [ FelaonEel

26 Felay Input 1: Test $et 1 Pal, =Y Tezt $et 1 MonPol. | NG, PHASE DIFFERENTIAL TESTS

E Fislay nput 2 TectserzPel | T Tectse2 Moot | TRIP DCCURS AT THESE CURRENTS: Az Found

a7 Fhases that give targets at trip level: FPhase £ Phase C [ Nominal 4= Farge. Test{ Test & Test 3

3 | [Test# 2 (@ePrie) Fielay P A Pol.| Felay PR E ol | Fielan Ph C Pl | Feelay Horbal Inere asing Input T current 6.5 B 7 a0

kL] Relay Input 1: Tezt sn 1HanPal, Tc.t Tet1Pal M., H.C. Decreasing Input 1 current: E .92 02

40 TR o0z O | o 1 -y Tt 2P } 5ot e Increasing Input 2 current: 023 03

H Fhases that give targets at trip level: Pha A se Decreasing Input & current: |_34E 3 [i]

42| [Testwz(@iPrC) Tl A Pl | ey PhE T [ PP Pol | el Terr el GROUND DIFFERENTIAL TESTS

43 Felay Input 1: N.C. Tezt Sck 1MonPol| TestSeriPol. TRIP OCCURS AT THESE CURRENTS:

44 Fielay Inpur £t gat 2 Pol. | Tart 50 2 e [Mominal o Fange A5 Found

45 Fhases that give targets at trip levek Phase T Increasing Input g current: 00 360 B A36

46 | [FwmTEST Decreasing Input lg curent: 00 0 78 5T

47 INITIAL CURRENT INJECTION ¥ALUE AND TEST SET CONNECTION \ncleaslng Input 2 current: [] 2.8 212 ! ]

43 Initially inject int Input Ig [amps]: ] Input 2 eurrent: 0 05 108

43 Initially inject into Input 2_any phase, but 180 degrees out of phase with lg: Z00 all lsted bt GUMTents are DEloN He ManmIum GoMHNUCUS ratng oF te relay [Z0A].

i} -
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Figure 17c - BE1-CDS, Testing with Two Single Phase Current Sources
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IBE1 -CDS220, Differential Calculations for Arbitrary Isec
3 | This sheet predicts tripping of a BE1-CD5220 for a set of arbitrary user-defined CT secondary current inputs
- Enter data in yellow fislds nly, entering only datalisted in the "Range” cell Fiange cells become red if bad datais entered.
-~ The spreadsheet expects cne to understand compensation that the relay is using and enter net compensation, not the $Imr configuration, See I chapter 3.
4 | |- This sheetis for analyzing the effest of CT secondary cuments being injested inta the relay. This is not analyzing effect of primary current on relay. Mate the CT Fiatiois not enteredin
this spreadsheet [except for the purpose of calculating the 870 Tap).
- This sheet supports DAC, DAB, and "Ground Source” compensations of the COS220.
- Rl the relay expects curment reversal across the simr, 50 balanced currents are shifted by 150, 180, or 150 degrees in most applications. For instance, for balanced 3 phase current,
current at Input 2 should be shifted by 130deq if sfmris -, +50deg for 8 DAB-Y kfmr, and -160deg For a DAC-Y ki,

5
5
7 | [RELAY SETTINGS Fange CURRENTS AT RELAY INFUT 1 Effective Festraint (see coll notes)
8| [Fominal Amp Fating of Inputs 5 5ol Mag. Angle o Compens.
3 | |Rest.= Ma or Aug. R of Tap? (] Mo A Input1,Fh & & 0.0 & Comparatar 0700 Input 1 Fieal ima
10| | #7Phase Min Pickup [MPL). per unit 0.25 0.0-100 Input 1. PhE [] 0.0 B Comparatar 0.000 Eiase current after tap [alsa = Wye com|
| |Phasesestope | _ 35 _| fe0stepsatt | |inputiPhi & 180.0 C Comparater 0700 18 2000 o
12 | [inputiTap E) 2020 or 144 CURRENTS AT RELAY INPUT 2 Gid Comparatar 0.762 B 0.000 [
13 | |input 1 Compensation fsee 1M Chpt 3) ¥ ,DAE, DAL hiag. Angle = 2000 o
14 | |input 1 "Ground Source” sslected? n v Input 2, Fh & 7.62 180.0 Calculated o 0.000 [
15 |nJ|;|Fz_TaF __________ —ag 202001 144 Input 2, PhE 0 30.0 Mag. Operate Current (Rest. 1-2) DAE Compensation
16 | |nput 2 Compensation (see I Chpt3) | dab .DAB,DAC | input 2, Ph = [] 0.0 & Comparator 0.000 & =Bl 1155 [
17| |input 2 “Ground Sourse” selected? _ [ _n_ . CURRENT AT RELAY INFUT IG B Comparatar 0.000 ' =[B-Cisan3 1155 o
1g | |37Gind Min Fickup (MPU), per unit 0.2 0.0-100 C Comparator 0.000 ' =[C-)tsqris 2303 [
18 | | #7Gnd % Slope 20 16-60, steps of | Current @ input g Gnd Comparatar 0.000 OAC Compensation
20 | | Whichinput # s Ig compared to? H 1234 Input CurrentiTap [ = current A =[A-C)tsqre 2308 [
21 | | Phase CT Ratio For input 2 400 Mol Mag Angle Trip? (Op>MPU? & B =[B-A)isqn3 1168 o
22 | | Ground CT Ratio 200 Mol Input 1,Ph A 2000 04 Op> Restraint?) C'=[C-E)fsqrtd -1155 .00
23 | |57M Tap, Iz Input side 4.00 See cell notes Input 1, Ph B 0000 00 87Ph-A Ho ' - lo compensation
24 | |57N Tap, Phase Input side 200 See aboue nputt,Phe _ 2000 1800 7B Ho &= Ao 2000 o
5 Input 2, Ph & 2000 180.0 87T Ho E'=Eo 0.000 [
25 Input, FhE 0.000 00 &7 Ho C-Cio 00 0
il inpur 2 o _ [ 2000 00 Gray cells below are not actually part of
22 Inputl # 870 ig tap 30 00 Felay does nat do ubtraction in o
] 3l Input 2 878 Ph tap E 1800 DAE - 1o Compensation
a0 Fhase Currents after deltalwye compensation A= Adab'- 1o 1165 00
E Mag. Angle E'= Bdab'-In 1155 o
a2 Input 1, A Comparator Z000 00 C'= Cdab'-In 2309 0
1 Input 1, E Comparater 0,000 00 OAC - 1o Compensation
34 input 1, C Comparator _ _ [ 2000 180.0 &= Adac'-Io 2303 o
£ Input 2, A Comparatar Z000 B0 E'- Bdar'-In 1158 o
6 Input 2, B Comparatar 0,000 00 C'= Cdac'-In 1168 o
E7) Input 2, C Comparatar 2000 00 Input 1, aiter compensation
o A 2000 [
] 3 0.000 (TR
4 4 v w|{ B7T Testing / S7T-Dilf Calcs-Isec £ CDS Testing %, CD5220-Diff Calcs-Isec . CD5220-Dif Cales-lpri { CD5240-Diff Cales-Tsec f Use | 4| | [

Figure 17d - BE1-CDS220 - Differential Calculations for Arbitrary Isec
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|BE1-CD$220, 3 Phase, Differential Calculations for Arbitrary Primary Currents
This sheet predicts tripping of a BE1-CD5220 for a set of arbitrary user-defined primary (i.e., linej current inputs
Enter data inyellow fields only, entering only data listed in the "Range” o=l Range cells beoome red if bad data is entered.
The spreadshest snpects cne to understand sompensation that the relay is using and enter net compensation, not the Kime sonfiguration. See IM chapter 3.
-- This sheet is for analyzing primary line currents. This sheet includes the effect of the CT connections.
-~ Fiecall the relay expects current reversal across the =Fmi, so balanced currents are shifted by 150, 180, or -150 degrees in mast applications. For instance, for balanced 3 phase
UMTent, eurtent at Input 2 should be shifted by 190deg i s is Y-, 150deg for 3 DAB-Y 1hmr, 2nd -150deq For a DAC-Y fmr.
RELAY SETTINGS Range FPRIMARY CURRENTS AT INFUT 1 ) . Intermediate Calculations
Effective Restraint (see cell notes) = -
Maminal &mp Rating of Inputs 5 Garl Mag. Angls CT Ratio and Delta Connection EFf(
Riestr. = Ma. or Avg, Mult, of Tap? M Mot £, Input 1. Ph & 119 0.0 A Comparatar 0406 Input 1 Feal Imag.
#7Fhase Min Pickup (MPU), per unit 025 0.10-100 Input 1, Fh B 1225 -119.5 B Comparator 0397 ) 2375 0.000
Phasesilope _ _ __ ___ _[__35 _ | 50 stepsoil | |InputtPhC 1.7 1188 | |CComparator 0,354 [ B0 | 2666
Input 1 CT Riatio a0 Ktoilner of1 | |PRIMARY CURRENTS AT INPUT 2 Gind Comparatar 0.020 [ 1486 2668
Input 1CT Cannection ¥ ¥.0AB,05C | |Input2, Pha 1205 151.0 DA CT connection
Input 1 Tap 2.7 20200104+ | |input 2. PhE 1218 200 Mag. Oparate Curront (Rest. 1:2] 12 4483 2665
Input 1 Compensation (zee IM Chpt 3) ¥ ¥, DAB,DAC | |input 2. Fhe 1149 -86.5 ] -0.042 5332
| input 1 “Ground Source selested? [ _ . CURRENT AT IG (GROUND INPUT) A Comparator 0.057 [= 4441 2666
Input 2 CT Riatio 40 Wtotinor of 1| | Current @ Input I 49 & Comparator 0.037 OAC CT connection
Input 2 CT Cannection ¥ ¥, 0AB, DAC C Comparator 0.084 ) 4441 -ZEEE
Input 2 Tap 44 z0-20or0.4-4 | [CT Secondary Currents Gnd Comparatar 0,000 IE 4483 -ZEES
Input 2 Compensation (see M Chpt3) | dab ¥.0AB,DAC | |Input 1Pk A 2375 00 [ 0.042 5332
|input 2 "Ground Source” selected? [ _ .M Input 1. Ph B 3063 a5 Trip? (Op>MPU? & Tap. Delta. and lo Compensation E¢
#7Gind Min Pickup [PU], per unit 0.2 0.10-100 _ 3043 [ Op>Resuaint?) Inpur 1 Fieal Imag
27Gnd % Slope 20 16-60, steps ot 1 5.021 151.0 F7Ph-A Ho Base current after tap division [alsa = Wye o
‘which input # i Ig compared to? 2 12 Input 2, PhE 5.075 230 &7Fh-E Ho 14 110z 0,000
Graund CT Ratio 80 Ktatlner.of1 | |inputz, PhC 4788 835 F7Ph-C Ho =] -0.559 0387
BN Tap, |y Input side E.00 See cell notes | Input lg 05125 1460 570 Ho Ic -0.543 0987
S Tap, Phaze Input side 2.00 See aboue Input CurrentiTap [ = current in MOT) Caleulated lo 0.000 0.000
Input 1, Ph A 1102 0.000 DAE Compensation
Input 1, Fh B 1134 -19.500 A'z(A-B)sqr3 0353 0570
Jirput LPRC 1127 118800 &' =(B-Clisqrt2 -0.008 A0 —
Input 2, Ph & 1141 161.000 C'=[C-A)tsqrtd -0.950 0.570
Input 2, Fh & 1153 23.000 DAL Compensation
Jrput2,Phe 1088 -82.500 A'=(A-Clsqrta 0350 0570
Input Ig # 871 I tap 0102 -148.0 B =(B-Alisqrta -0.959 0570
3o, Input & # 37H Fh tap a0z 322 ' =(C-B)dsqrt3 0.003 11400
Fhase Currents after deltalwye compensation ¥ -lo compenzation
Input 1, & Comparator 1102 0.000 A= o 1102 0.000
Input 1, B Comparator 1134 -19.500 B'=Elo -0.559 0887
| input 1. = Comparator __| 127 113500 C'=Crlo 0543 0.357
Tnput 2, A Comparatar 1153 173330 Giray eslls below are not actually part of COZ
Input 2, & Comparator 1107 53.237 Felay does nok da "l subtraction in comb ¥

4 v w|{ 87T Testing £/ S7T-Diff Calcs-Isec £ CDS Testing £ CDS220-Diff Calcs-Isec ), CDS220-Diff Calcs-Ipri  (CD5240-Diff Cales-Isec f Use

Figure 17e - BE1-CDS220 - Differential Calculations for Arbitrary Primary Currents
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IBE1 -CDS240, 3 Phase, Differential Calculations for Arbritrary Isec

This sheet predicts targets on a BE1-CD5240 relay for a set of arbitrary user-defined secondary currents
- Enter data in yellow fislds only. Elue cells are ealoulated by the spreadshest,
-~ The sheet reproduces the differential calculations of the BEI-COS240 to assist in determining if 3 trip should oecur For 3 given current defined by the user,
- This sheet does not support the analysis of virtual ourrents at this time.
- Fiesall the relay enpects current reversal across the simr, 5o balanced currents are shifted by 150,180, or 160 degrees in mest applications. For instance, for balanced 3 phase cument, current at Input 2 should be shifted by 180deq if
sfmir iz -, +150deq for a DAB- xfmr, and -150deq for a DAC-Y sfmr.

RELAY SETTINGS (Red range cell fa.

Haminal Amp Rating of Inputs

Fiestr. = Mas. or Avg, Mult. of Tap?

Mo of #7Ph inputs (se¢ Fiange notes)

7Phase Min Pickup (MPU], per unit

Fhase % Slope

Input 1 Tap

Input | Delt Comp. (5% IM Chpt 3]

Input 1 "Ground Source” selected?

Input 1 Swap: 4= 2

Input 2 Tap

Input 2 Delta Comp. {see IM Chpt 3]

Input 2 "Ground Source” selected?

Input 2 Phase Suap: &= ?

2 bad data) Range
5 Sorl
m Mor
. 234
0.25 010-100
5 | Fmsan
202000044
y | v.08B.0AC.ODAE
n v
a AB.C
il [N -
2.7 Z020ar0at
dab | v.DAB, DAC, DOAE
n [
a AB.C

Input 2 Polriy Fevers3l?
Input 2 Tap

04

Input 5 Delta Comp. {see IM Chpt 3]

Input 2 "Ground Source” selected?

Input 3 Phase Suap: &= ?

Input 4 Tap

Input 4 Delta Comp. {see IM Chpt 3]

Input 4 "Ground Source” selected?

Input 4 Phase Suap: & ?

47Gnd Min Fickup (MPU), per urit

&7Gnd % Slope

Whichinput # is Ig compared to?

Phage CT Ratio for Input 4
Ground CT Ratic

BN Tap, |y Input side

ST Tap, Phaze Input side

dab Y. DAE, DAC, DDABE
n N
A AEBC
N [ -
? 20200t ]
dab Y. DAE, DAC, DDABE
n N
a AEBC
n N
"oz T oo Y
20 1560, steps ol |
4 1234
400 Mol
50 Mol
16.00 Sez celinates
200 See sbove

CURRENTS AT INPUT 1

Current @ Input 1, Ph A

Current @ Input 1, Ph E

Current @ Input 1 Ph

CURRENTS AT INPUT 2

Current @ Input 2, Ph A

Current @ Input 2, Ph B

Current @ Input 2. Ph C

CURRENTS AT INPUT 3

Current @ Input 3, Fh &

Current @ Input 3, Ph B

Current @ Input 3. Ph C

CURRENTS AT INPUT 4

Current @ Input 4, Fh &

Current @ Input 4, Ph B

Current @ Input 4. Ph C

Current @ Input Ig

M 4 v m|{ 87T Testing / S7T-Diff CalcsIsec £ CDS Testing / (CDS220-Diff Calcs Tsec 4 CDS220-DIff Cales-Ipri3,CD5240-Diff Cales-Isec / Use | 4|

Figure 17f - BE1-CDS240 - Differential Calculations for Arbitrary Isec
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Current, Per Unit of Tap:__ Mag, Angle Effective Restraint (see

Mag. Angle Input 1, Ph £ 0.000 0.0 cell notes)

o 0.0 Input 1, Pk B 0.000 -1200 A Comparator 10.000
] 1200 | rpwiFhc 0.000 120.0 E Comparatar 0.000
0 120.0 Input 2, Ph A 0.000 0o C Comparator 0.000

Input 2, Fh B 0.000 -1200 Gind Comparator 0.000

Mag ange | lnpwzpne_ [ oom 120.0
[ 0.0 Tnput 3. Ph & 0.000 0.0 Mag. Operate Current
o -120.0 Input 3, FhE 0.000 -120.0 [(Rest. 1+2:3+4)

[ 1200 | fnpuaphc_ _ [ oon | fe00 A Comparator 0.000
Input 4, Fh A& 0.000 oo B Comparator 0.000

Mag. Angle Input 4, FhE 0.000 200 C Comparator 0,000
] 0.0 Jpwa Fhe_ 0Lono 1200 Gind Comparator | 0.000
0 1200 Input I ¢ 57H Ig tap 0.000 180.0
0 120.0 o Input ¢ 878 Ph tap 0.000 0.0 Trip? (Op>MPU? &

Phase Restraint, after compensation Op>Restraint?)

Mag. Angle Input 1, & Comparator 0.000 0000 A Camparator Mo
0 0.0 Input 1, B Comparator 0.000 0.000 B Comparator No
[ -120.0 | |input1, C Comparater_ | 0.000 0.000 C Comparatar Mo
0 120.0 Input 2, & Comparator 0.000 0.000 Ground Comparator] Mo

CURRENT AT IG (GROUND INFUT) Input 2, B Comparator 0.000 0.000
Hag. Angle | Jinput 2, C Comparator_ 0000|0000
0 180.0 Input 3, & Comparator 0.000 0.000
Input 2, B Comparatar 0.000 0.000
Input 3, C Comparator__ | 0000 | 0000
Input 4, & Comparator 0.000 0.000
Input 4, B Comparatar 0,000 0.000
Input ¢, C Comparatar 0.000 0.000

S



Conclusion

This paper basically is a short review of the concept of transformer differential relaying and the
theory of operation of Basler differential relays. Likely, the most important thing to be learned
from this is that there are tools available to assist one in testing relays, especially when testing
at the user’s final settings. See the references below for these tools. Note that they are available
for free download at the Basler Electric web site.
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