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I. INTRODUCTION 

Michael Faraday is well known for his discovery 

of electromagnetism and for developing the first 

electric motor. William Sturgeon, Joseph Henry, 

Andre Marie Ampere, and Thomas Davenport built 

on Faraday’s discoveries to further develop direct 

current (dc) motors. Nikola Tesla was the first to 

invent the alternating current (ac) motor that is 

commonly used today in industry [1]. Since the 

invention of the electric motor, engineers have 

discovered numerous uses for this valuable tool. 

Today, electric motors are used in every industry, 

accounting for more than 50 percent of the 

electrical load in the United States. 

Most industrial consumers can attribute more than 

85 percent of their electricity bill to electric motors 

[2]. Electric motors play an important role in the 

world as we know it. Without them, many 

conveniences we take for granted would not be 

available. Therefore, it makes sense that every 

effort should be made to provide adequate 

protection and monitoring of these valuable 

assets.However, despite the acknowledged 

importance of motors, there is a tendency to ignore 

the data available from modern motor protection 

relays. 

Many companies prefer to simply replace a failed 

motor with a spare rather than repair the failed 

equipment and thus feel that analysing relay data is 

not worthwhile. There are several good reasons that 

exist for replacing a failed motor rather than 

repairing it. The first, and most common, is the 

reduced downtime. In most cases, it is significantly 

faster to replace a failed motor. Because the cost of 

not operating is typically the largest cost associated 

with a failed motor, it is logical to aim to minimize 

the downtime. 

Although the cost of purchasing a new motor is 

often greater than the cost of repairing a failed 

motor, the new cost is typically only 1 to 5 precent 

of the total life-cycle cost of the motor [2]. This 

small percentage can cause the incremental cost of 

purchasing a new motor to be overlooked in the 

decision-making process. 

Further amplifying this point is the fact that the 

efficiency of a particular application can often be 

increased by purchasing a new motor. Motor repairs 

typically lead to a loss of up to 2 percent efficiency, 

while purchasing a premium efficient motor or 
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more appropriately sized motor could improve 

efficiency by as much as 5 percent. This can 

translate into significant savings over the life of a 

motor [3]. 

In the rush to get the process operational, valuable 

data available from motor protection relays are 

often ignored and valuable lessons are missed. A 

survey conducted by Thorsen and Dalva found that 

approximately 80 percent of the reported motor 

failures listed “not specified” as the root cause of 

failure [4]. 

Knowing the root cause of a failure may not allow 

us to prevent a reoccurrence of the failure for every 

case listed. However, it is safe to say that by 

reducing the number of unknown root-cause 

failures on a system, we can apply improvements to 

reduce the number of failures and thus reduce 

costly downtime for a plant. 

This is true because not all motor failures begin in 

the motor. The root cause of the problem may not 

be located in the motor at all. Therefore, replacing 

the motor is like applying a bandage rather than 

correcting the issue. It is important for us as 

engineers to solve the real problem, or it will 

surface again, resulting in more motor failures and 

costly downtime. 

In addition, relay misoperations do occur. 

Analysing event data from these cases can lead to 

improvements in the security of a scheme, thus 

preventing future misoperations and unnecessary 

downtime. 

Therefore, the purpose of this paper is to 

highlight the value of analysing the event report, 

starting, and trending data provided by 

microprocessor-based motor protection relays. Data 

from real-world cases are presented and lessons 

learned from each case are discussed in detail to aid 

users in the application of motor protection relays 

and the analysis of data from their own system 

II. MOTOR DIFFERENTIAL PROTECTION 

SCHEMES 

This application note applies to Vamp 265, 

Vamp 300 and WIMO 

A. Differential protection using 6 CT’s 

In this application mode the settings in VAMP 265 

relay’s menu SCALING should be set 

as described in the following section. 

a. CT settings 

Here the motor high and low side primary and 

secondary CT ratings are set according To the 

actual CT ratios. 

 

 
Figure 1 VAMP 265 connected as a motor 

differential protection using 6 CT’s 

b. Transformer Settings 

Here the motor name plate settings must be 

calculated using below formula: SMOT= IMOT x 

UN x √3 

where: IMOT = motor nominal current, UN = 

motor nominal voltage, SMOT = motor nominal 

power 

Given settings in VAMP 265 relay: IL Side 

Nominal Voltage = UN, I’L Side Nominal Voltage 

= UN 

Transformer nom Power = PMOT, Transformer 

connection group has to be set as Yy0. I0 

compensations have to be set OFF. 

c. Settings of the differential protection 

ΔI> 87 function shall be enabled for differential 
protection. ΔI> pick-up setting range is user 

selectable from 5 % to 50 % . Slope 1 can be set to 

5 % IBIAS for start of slope 2 can be set to 3 x IN 

Slope 2 can be set to 50 % 

If CTs are saturating at through faults, the Slope 2 

settings must be changed accordingly. ΔI> 2nd 
harmonic block enable can be set OFF (disabled). 

ΔI> 2nd harmonic block limit can be disregarded 

and the factory default setting can be left intact. 

B. Motor differential protection using flux 

balancing principle 
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Figure 2 VAMP 265 connected as a motor 

differential protection using 3 core balance CT’s 

connected using flux balancing principle 

In this application mode the settings in VAMP 265 

relay’s menu SCALING should be set as described 

in the following section. 

a. CT settings 

CT Primary and CT Secondary settings shall be set 

according to the actual core balance CT ratios. CT’ 
Primary and CT’ Secondary settings can be 

disregarded and the factory default settings can be 

left intact. 

b. Transformer settings 

Here the motor name plate settings must be 

calculated using below formula: SMOT= IMOT x 

UN x √3 

where: IMOT = motor nominal current UN = motor 

nominal voltage SMOT = motor nominal power 

Given settings in VAMP 265 relay: IL Side 

Nominal Voltage = UN I’L Side Nominal Voltage 

= UN 

Transformer nom Power = PMOT Transformer 

connection group has to be set as Yy0. I0 

compensations have to be set OFF. Settings of the 

differential protection 

ΔI> 87 function shall be enabled for differential 
protection. 

ΔI> pick-up setting range is user selectable from 5 % 

to 50 %. 

Slope 1 can be set to 5 % IBIAS for start of slope 2 

can be set to 3 x IN Slope 2 can be set to 50 % 

ΔI> 2nd
 harmonic block enable can be set OFF 

(disabled). 

ΔI> 2nd
 harmonic block limit can be disregarded 

and the factory default setting can be left intact. 

III. MOTOR DIFFERENTIAL 

PROTECTION 

Differential protection of induction motors 

provides very sensitive protection against internal 

phase -phase and internal phase-ground faults. 

Motor needs to have six winding leads brought 

outside to install either one set of three phase CT or 

two sets of three phase CT depending on the design. 

One set of motor leads are brought out on the line 

side (U1, V1, W1) and the other set is brought out 

on the neutral side (U2, V2, W2). Differential 

protection relay (87m) provides the fastest and most 

reliable protection against internal faults and is 

often used as the first line of defense. Standard 

overcurrent protection relay settings have to be set 

above the locked rotor starting current to avoid 

nuisance tripping during motor start. This leaves the 

motor vulnerable to internal short circuits. This is 

where differential protection excels because the 

relay can be set very sensitively to capture low level 

faults in the motor. 

Commonly, differential protection is used for large 

(>2000HP) medium voltage motors or large motors 

that are very critical or expensive. 

There are three styles of motor differential 

protection. 

1. Core Balance Type 

2. Current Summing Type 

3. Biased Differential Type 

A. Core Balance: In this method, two wires from 

the same phase are routed through the same CT 

which is usually located inside the motor 

termination box. The CT is then wired to a 

protective relay that has instantaneous function (50). 

This relay when activated can either directly trip the 

motor or send a signal to the motor relay to trip the 

circuit breaker feeding the motor. 

Below is picture of motor differential relay using 

core balance method. Phase conductors (black) 

enter from the top and passes through the 50:5 core 

balance CT and land on motor terminals (U1, V1, 

W1) inside. Conductors from motor neutral side 

(U2, V2, W2) is wired through the same 50:5 CT 

and is terminated on a neutral bar. Other 

components seen in the termination box are for 

motor surge protection. 
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Figure 3 Core Balance Type CT 

B. Current Summing: 

In this method six CTs are required. One set of CT 

is for the phase leads on one side of the motor and 

the next set covers the phase leads on the neutral 

side of the motor as shown in the figure below. 

 
Figure 4 Current Summing CT 

C. Biased Differential: In this method six CTs are 

required. One set of CT is for the phase leads on 

one side of the motor and the next set covers the 

phase leads on the neutral side of the motor as 

shown in the figure below. The main difference 

between this and the current summing method is 

that different ratio CTs can be used on the opposite 

sides of the motor (if needed). The CT ratio 

mismatch can then be compensated in the 

differential relay. 

 
Figure 5 Biased Differential CT 

D. Why motor neutral should not be grounded? 

With large motors with six leads (U1, V1, W1) and 

(U2, V2, W2) a common question is whether the 

star point of the motor can be earthed/grounded. 

The start or neutral point of the motor is not 

recommended to be grounded because: 

*Grounding the neutral provides a path for external 

ground fault currents to flow through the motor 

winding. 

*Any circulating zero sequence ground currents in 

the system will now have a path back to source 

through the neutral of the motor. This leads to 

additional and unnecessary heating of motor 

winding. 

*From a protection perspective, grounding of motor 

neutral provides no additional benefit plus it causes 

lot of harmful effects as listed above. 

The relays used in power system protection are of 

different types. Among them differential relay is 

very commonly used relay for protecting 

transformers and generators from localized faults. 

Differential relays are very sensitive to the faults 

occurred within the zone of protection but they are 

least sensitive to the faults that occur outside the 

protected zone. Most of the relays operate when any 

quantity exceeds beyond a predetermined value for 

example over current relay operates when current 

through it exceeds predetermined value. But the 

principle of differential relay is somewhat different. 

It operates depending upon the difference between 

two or more similar electrical quantities. 

IV. RELAYS 

A. Motor overcurrent differential relay (Device 

87)Motor overcurrent differential 
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protectionmeasures the current flow into a load and 

compares it to the current measured on the neutral 

side of the motor. A current difference is detected 

as a fault. These schemes can be technically applied 

to any motor load, but often are applied to large or 

critical motors only where damage could be costly 

or replacement difficult. 

Three general recommendations for applying 

differential overcurrent protection are as follows: 

With all motors 750 kW and above used 

on ungrounded systems. 

With all motors 750 kW and above used on 

grounded systems where the ground-fault protection 

applied is not considered sufficient without 

differential protection to protect against phase-to-

phase faults. 

With smaller motors, especially at voltages above 

2400 V, although justifying differential protection 

for large motors (i.e., 1900 kW and above) is easier. 

 
Figure 5 – Two different protection techniques are 

used to carry out differential motor protection 

Phase differential over current relay 

Phase differential over current relay is used to sense 

low-level phase faults and to quickly remove the 

motor circuit before extensive damage develops. 

This scheme uses six identical CTs (i.e., one pair 

for each phase) and three relays (i.e., one per phase). 

The CTs should be sized to carry full-load current 

continuously and to not saturate during an external 

or internal fault (see Figure 2). The currents from 

each pair of CTs circulate through the relay-

restraining windings under normal (i.e., no-fault) 

conditions For a fault in the motor windings or in 

the cable, the CT secondary currents have different 

magnitudes and/or polarities, and the differential 

current from each CT adds to the other and operates 

the Device 87 to trip the motor circuit breaker. 

While sometimes applied to delta-connected motors, 

this scheme is usually used with wye-connected 

motors. Note that wye-connected motors are much 

more common than delta-connected ones in the 

larger horsepower ratings. With the wye-connected 

motor, three of the CTs are normally located at the 

starter (or motor switchgear) and the other three in 

the three phases at the motor winding neutral. 

 

Figure 6 – Conventional phase differential 

protection using three percentage differential relays 

(one shown) 

B. Self-balancing differential using window CTs 

Three window (or steroidal) CTs are normally 

installed at the motor. One CT per phase is used 

with the motor line, and neutral leads of one phase 

are passed through it so that the flux from the two 

currents normally cancels each other in the CT. A 

winding phase-to-phase or phase-to-ground fault 

results in an output from the CTs of the associated 

phases. That current operates the associated relays 

(see Figure 3).The CTs and relays would normally 

be the same as the CTs and relays used for zero-

sequence instantaneous ground overcurrent 

protection (see 3.1 Instantaneous ground-fault 

protection) with the relay set between 0.25 A and 

1.0 A pickup. Therefore, this differential scheme 

usually has a lower primary pickup in amperes than 

the conventional differential scheme because the 

CT ratio is usually greater with the conventional 

scheme. 
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Figure 7– Self-balancing differential protection 

(one relay shown) 

This differential scheme has a slight advantage over 

the scheme in Figure 2 in detecting ground faults. 

For motors installed on grounded systems this 

difference is significant because most faults begin 

as ground faults. The usual objective of motor-fault 

protection is to remove the fault before the stator 

iron is significantly damaged.With the CTs located 

at the motor, this scheme does not detect a fault in 

the cables supplying power to the motor. A fault in 

these cables would normally be detected by the 

over current protection For large motors, 

coordinating the supply phase-over current 

protection with the motor over current protection is 

often a problem. The presence of motor differential 

protection is sometimes considered to make this 

coordination less essential. In this regard, the 

conventional differential is better than the self-

balancing differential because the motor cables are 

also included in the differential protection zone. 

Hence coordination between the motor differential 

and supply phase-over current relays is complete. 

As with zero-sequence ground-fault over current 

protection, testing the overall CT and relay 

combinations is important during commissioning. 

Current in a test conductor should be passed 

through the window of each CT. Because normally 

the relays do not carry current, an open circuit in a 

CT secondary or wiring to a relay can be discovered 

by this overall testing. 

C. Transformer Differential Protection 

A Differential System can be arranged to cover a 

complete Transformer. The underlying principle of 

such a protection scheme is shown in the figure 

below. 

 

Figure 8 Differential System of Transformer 

The General Idea behind the Differential Protection 

is that the CT's on the primary and Secondary side 

must transform the respective Line currents to the 

same value. For the Bias Coils in the relay to 

function without any damage, this transformed 

current may lie between 1A and 5A. Hence the 

function of the CT's is to transform the line currents 

to the same magnitude and phase under normal 

operation of the Transformer.  Should some 

imbalance occur within the Transformer, such as 

Interturn Faults within the Windings of the 

Transformer or Faults on the incoming or outgoing 

feeders to the transformer, the Line Currents are no 

longer at the balanced value. Thus, the transformed 

current at the relay coils is no longer the same at 

both ends, but different. This causes an imbalance 

within the differential relay, and as a result, some 

protection mechanism will be operated, so as to 

isolate the Transformer and protect it. 

V. BASIC CONSIDERATIONS FOR 

TRANSFORMER DIFFERENTIAL 

PROTECTION 

A. Line Current Transformer Primary Ratings 
The rated currents on the primary and secondary 

sides of the transformer depend on the Line 

Current. This current will be an inverse ratio of the 

primary or secondary voltages. Consequently, the 

line current transformers should have primary 

ratings equal to or greater than the rated line 

currents of the power transformer to which they are 

applied. Standard primary ratings will usually limit 

the choice and availability of the Current 

Transformers that are used.  

X

87

RELAY

TRANSFORMERCURRENT 

TRANSFORMER AT 

PRIMARY WINDING

CURRENT 

TRANSFORMER AT 

SECONDARY 

WINDING
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For Example. 

Consider a two winding, 11kV/132kV, 30MVA 

Power Transformer.  

The rated line current on the 11kV side of the 

Transformer is:  

Irated = MVA / Line Voltage  

          = 30000000 / (11000)(sqrt 3)  

          = 1574.59A  

Thus, choose a CT with a primary rating of 1600/1.  

The line current on the 132kV side of the 

Transformer is:  

Irated = 30000000 / (132000)(sqrt 3)  

          = 131.22A  

Thus choose a CT with a primary rating of 200/1.  

Notice that in both cases, the current that the Bias 

Coils in the relay see is 1A at both ends. Any 

deviation of this 1A will causes an imbalance 

within the relay, which will consequently cause 

protection to operate and isolate the Transformer.  

B. Current Transformer Connections 

In certain configurations of Power Transformers, 

the CT's must be connected such that they 

compensate for phase differences on each side of 

the Power Transformer. For a WYE-DELTA 

connected power transformer, the phase shift is 30 

degrees. So a CT must be able to compensate for 

the phase shift on both sides, such that the resultant 

current that is seen by the relay in of Equal Phase 

and Magnitude.  

So, for a DELTA-WYE connected power 

transformer, in order for the phase to be to be the 

same at both the primary and secondary CT, the 

CT's must be connected as WYE-DELTA. By 

doing this, the resultant phase that is seen by the 

relay is effectively Zero. (Similarly, for a WYE-

DELTA connected power transformer, the CT's 

must be connected as DELTA-WYE).  

With the configuration of CT's shown, the zero 

sequence current flowing on the star side of the 

Transformer will not produce current outside the 

delta on the other side. Thus, the zero sequence is 

eliminated on the star side by connecting the CT's 

in a Delta connection, and that on the delta side is 

connected as star. Also, by connecting the CT's as 

shown, the phase shift of 30 degrees is removed.  

Finally, for the CT's connected in delta, the 

secondary ratings must reduce to 1/(sqrt 3) times 

the secondary rating of the Star connected CT's. 

This is to balance the currents on the delta side with 

that of the star side of the power transformer.  

C. Magnetising Inrush Conditions 

Magnetising Inrush produces current input to the 

energised winding which has no equivalent on the 

other sides of the transformer. The Inrush appears 

as an imbalance, not distinguishable from a fault. 

To prevent this, several methods have been 

employed:  

D. TIME DELAY  

This is a transient phenomenon, and as a result, the 

stability of the transformer system may be 

maintained by providing a small time delay after 

switching on the transformer. The use of an 

instantaneous kick fuse diverts most of the current. 

Under transient conditions, the fuse does not blow. 

Under faulted conditions, the fuse blows and 

thereby allows the relays to operate.  

E. SECOND HARMONIC FILTER  

Tests have shown that the magnetising inrush 

current has a high second harmonic content. 

However, this component does not exist in fault 

currents. As a result, the CT's must be sufficiently 

large such that the harmonics produced does not 

delay relay operation.  

The filter uses a circuit which extracts the second 

harmonic current. This differential current is then 

applied to another circuit which applies a 

restraining quantity, sufficient to overcome the 

operating tendency due to the whole of the inrush 

current which flows in the operating circuit. In 

effect the second harmonic component is used to 

prevent the relay from operating under transformer 

energising conditions.  

F. BUCHOLZ RELAY  

This relay is used to protect Oil Immersed 

Transformers. The relay comprises two floats 

contained in an enclosed housing located in the pipe 

from the transformer tank to the conservators.  

Any fault in the transformer causes the oil to 

decompose. generating a gas which passes up the 

pipe towards the conservator tank, and thus trapped 

in the relay. In the case of a heavy fault, bulk 

displacement of the oil takes place. In a two float 

relay, the upper float responds to the slow 

accumulation of gas due to mild incipient faults. 

The lower relay is deflected by oil surge caused by 

major faults. These floats control contacts, which in 
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the first case generates an alarm, and in the second 

case, causes isolation of the transformer.  

 

VI.EXPERIMENTAL RESULTS 

 
Figure 9  Induced Draft Fans (ID FAN STMKS900-

8L-TH  5400KW) Motor M-n & I-n Curve 

 
Figure10 Induced Draft Fans (ID FAN STMKS900-

8L-TH  5400KW) Motor Efficiency vs output 

power & power factor vs output power  

 
Figure 11  Induced Draft Fans (ID FAN 

STMKS900-8L-TH  5400KW) Motor Thermal 

Capability curve 

 
Figure 12 Induced Draft Fans (ID FAN 

STMKS900-8L-TH  5400KW) Motor Speed vs 

Time curve 

 
Fig 13  Induced Draft Fans (ID FAN STMKS900-

8L-TH  5400KW) Negative sequence curve 

An induced draught fan (ID fan) is provided to 

maintain a negative pressure in the furnace by 

sucking the products of combustion from it with a 

slight positive pressure at the discharge end vis-à-

vis the bottom of the chimney/stack. This positive 

pressure, assisted by the stack effect of the heated 

chimney (∼120°C), causes the flue gas to leave the 

chimney and mixes it with the surrounding 

atmosphere. Dampers, automatically controlled, are 

also a part of the SG plant that maintains the 

approximate furnace draught within a safe margin. 

VII. CONCLUSIONS 

Since the invention of the motor 180 years ago, 

we have been using this great tool in numerous 

applications. Today, ac motors are critical to the 

operation of power, industrial, and manufacturing 

plants. A false trip or, worse, the failure of a motor 

can halt a major process, costing thousands or even 

This paper presents several real-world events to 

illustrate the lessons that can be learned from the 

stories told by event data. Protection schemes and 

operating practices can be improved based on these 

lessons to reduce outages and damages. This makes 
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operations safer and more reliable, leading to less 

downtime and lost revenue. 

REFERENCES 

 
[1] J. D. Jenkins, “The Development of the Electric Motor.” 

Available: http://www.sparkmuseum.com/MOTORS.HTM. 

[2] J. O’Brien, “How Much Do Electric Motors Really Cost?” 

Pumps & Systems, June 2009. Available: http://www.pump-

zone.com. 

[3] E Source Companies LLC, “Making Motor 

Repair/Replacement Decisions,” 2009. Available: 

http://www.mge.com/business/saving/ madison/m_01.html. 

[4] O. V. Thorsen and M. Dalva, “A Survey of Faults on 

Induction Motors in Offshore Oil Industry, Petrochemical 

Industry, Gas Terminals, and Oil Refineries,” proceedings of 

the IEEE Petroleum and Chemical Industry Conference, 

Vancouver, Canada, September 1994. [5] S. E. Zocholl, AC 

Motor Protection. Schweitzer Engineering Laboratories, Inc., 

Pullman, WA, 2003. 

[6] R. C. Scharlach and J. Young, “Lessons Learned From 

Generator Event Reports,” proceedings of the 63rd Annual 

Conference for Protective Relay Engineers, College Station, 

TX, March 2010. 

[7] J. L. Blackburn, Protective Relaying: Principles and 

Applications, 2nd ed. Marcel Dekker, Inc., New York, 1998. 

[8] Westinghouse Electric Corporation, Relay Instrument 

Division, Applied Protective Relaying. Westinghouse Electric 

Corporation, Newark, NJ, 1976. 

[9] S. E. Zocholl, “Applying SEL-501 Motor Protection With 

SelfBalancing Differential,” SEL Application Guide (AG95-

33), December 1995. Available: http://www.selinc.com. 

 

 

http://www.ijetjournal.org/
http://www.mge.com/business/saving/

