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Introduction

Mlcroprocessor technology has afforded us the opportunity to
re-examine the basic requirements of motor protection. Traditional
fault detection needs had to be fulfilled, and insulation temperature
restrictions dictated their wusual constralnts However, new
innovations in setting procedures, data storage and access, alarm
practices, and the nature and scope of protection practices were open
to careful review during the development of the MPR, Motor Protection
Relay.

With the logical power of the microprocessor, even the simple
process of determining what to do when tripping is called for
required new analysis. Do you close a contact? Open a contact? Do
both? Do you always seal the trip, never seal the trip, sometimes
seal the trip? Flexibility of application dictated our final choice.

Traditionally only a single RTD (resistance temperature detector)
has been connected for relaying purposes. The power of the
microprocessor allows essentially continuous examination of several
RTD's at various points in the motor.

Another key difference from traditional practice made possible by
the hardware employed, was more careful tailoring of heating and
cooling response and allowing tripping characteristics to be adaptive
to previous loading conditions.

A protection engineer is generally given limited information to
work with in establishing protective characteristics desired for a
particular motor. He knows permissible continuous allowable
temperature rise, full load current, locked rotor current,
permissible locked rotor time and possibly accelerating time. He may
even be blessed with a complete thermal damage time curve for the
motor derived from a combination of science and the motor designers
best estimate. From this fairly restricted viewpoint, the user must
develop settings for complete protection of the motor. The relay
described here allows a wide choice of settings and functions.

Locked Rotor Protection

With the rotor blocked, losses in a motor are divided between the
stator and rotor in accordance with the relative resistances of the
stator and the 60 hertz resistance of the rotor. Extreme heating
takes place, particularly in the rotor, and this locked rotor
condition can be tolerated for only a very limited time. This time
varies w1th the level of voltage applied to the motor terminals. It
is an I%t 1limit. The operating time of the protective device,
then, must have a characteristic that follows an I“t function and
have the ability to be set for all reasonable values of permissible
locked rotor time over the range of expected locked rotor current
values.



Thermal Protection Without RTD's

The heating associated with motor loading can be approximated by a
consideration of I 2=I 2+K12 where I, is stator positive sequence
current, K is a weighting factor to describe both the increased
rotor voltage generated by the counter-rotating flux associated with
negative sequence current and the increase of rotor resistance due
to skin effect in the rotor bars at 120 hertz minus slip frequency.
I, is stator negative sequence current in per unit of rated full
load current.

s

Using Iy as a criterion for tripping allows the motor to be
protected throughout the full range of stator current with and
without unbalance. The time-current characteristic is a constant
Iz“t relationship as shown in Figure 1. The curve position is
set for the locked rotor condition, slightly below the permissible
(full-voltage) locked time. Also, it is cut off at the current
pickup level chosen by the user, typically 115% to 125% of full
load.
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Fig. 1 Typical MPR Characteristics.



Positive and negative sequence currents are defined as:
= 2

3Ipq = Ip + alg + a In
- 2

3Ip0 = Ip + a®Ig + alg

where Ip, Ig and I~ are phase currents and "a" 1is operator

1/120.

The normal analog process for extracting 31,94 from the three
phase currents 1is to rotate T by 120°, I~ by 240° and add
both to I,. Using digital technigues we can take a sample of
I,, add tﬁat to a sample of I taken 120° later, then add the
sum to I~ taken 240° later, giving the instantaneous value of
31,4, that existed at the time of the I, sample. Figure 2
describes this process. A similar process may be used to extract
3Ip, from the individual samples of I,, Iy and I~ that are
taken at 5.55ms intervals.
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Fig. 2 Sum of Samples Taken 120° Apart Equivalent to I, + alg + a?lp Taken at Sy

The weighting factor used with I, allows the exaggerated
heating effect associated with I, to_ be taken into account. A
conservative wvalue for K is 230/(I;p)“- This large value allows
tripping to take place when the motor is in jeopardy even though all
three phase currents are less than full load level.

Thermal Protection With RTD's

Where the machine is equipped with RTD's (resistance temperature
detectors), highly refined protection can be applied. The RTD is an
excellent indicator of the average temperature of the insulation of
the stator winding because of its proximity to it. It is influenced
by the recent loading history, the effects of ambient temperature
and ventilation wvariations in a manner similar to that of the motor
insulation itself.



Six winding RTD's (along with 4 bearing RTD's and 1 load casing
RTD) can be used with the MPR relay. Copper (10 ohm), platinum (100
ohm) or nickel (either 100 or 120 ohm) RTD's can be accommodated,
with the only restriction being that they must be the same type in
any particular group. Any trip temperature can be set from 10° to
190° to cover the full range of continuous temperature levels
allowed for insulation classes likely to be encountered.

The relay is intended to be used with 3 wire RTD's. Figure 3
shows how this configuration is used to assure a high degree of
accuracy in measurement. A precision current is circulated by the

microprocessor from point A through the RTD, returning to point C.
The resulting voltage drop is measured. Then the same current is
circulated from B through the two leads and back to point C.
Voltage is again measured. By subtracting the latter voltage from
the former, simple V/I calculations allow the RTD resistance to be
calculated by the microprocessor and the corresponding temperature
to be stored or displayed. The error associated with the resistance
of the leads is removed and no concern need be given about the
temperature variations of the leads. Simple translation from
resistance to temperature is made possible by a knowledge of the
physical properties of the particular material used for the RTD.

MPR

RTD

Fig. 3 Example of Connection to 3-Wire RTD’s.

An alarm level is set by the user 2° to 20°C below the
selected trip temperature to alert an operator to the need for
unloading the motor to avoid tripping. If the temperature indicated
by the RTD exceeds the trip setting, the motor is removed from the
line immediately. Tripping is, of course, delayed for this case by
the time required for the temperature of the motor and the RTD to
rise to a dangerous level.

For the locked rotor case, the RTD temperature is inadequate
alone. For such high currents, there 1is a recognizable delay
between the rise in insulation temperature and the rise in RTD
temperature. Therefore, “IH—sensing" is used to complement the
RTD temperature measurements. A much higher setting for current
pickup of the I, element may be used in this application. This
allows the RTD to provide moderate-overload protection and the Iy
characteristic to provide locked rotor and unbalance protection.
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The heating (and cooling) algorithm for the MPR relay was chosen
so that the rate of rotor heating is related to Iy and to stator
temperature, as indicated by the RTD resistance. I;° feeds an
accumulator up to the level identified by the 1locked rotor time
setting and the locked rotor current setting, where tripping
occcurs. The RTD temperature establishes the starting level in the
accumulator, thus acknowledging previous 1loading history. The
analog equivalent of this is described in Figure 4.
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Fig. 4 Analog Equivalent of Thermal Algorithm.

For prolonged steady state operation, there is a fixed
differential between the RTD temperature and the equivalent rotor
temperature determined by the algorithm. Tripping will result when
excessive temperature is recognized for either the stator or the
rotor.

A shorted or opened RTD is recognized by the fact that its
resistance 1is determined to be outside of the "reasonable" band.
Detection of this, causes the display to flash off and on. The RTD
that is in trouble is identified in the "Function" display and EEEE
in "Value" display indicates the measured value to be out of bounds.
"Resetting” removes the EEEE error message, the faulty RTD is no
longer sampled and other RTD's continue to be sampled. Whenever
power is removed and restored, the faulty RTD is again sampled, and
the error message is displayed to acknowledge the RTD deficiency.

Phase Reversal Protection

Reverse rotation of a motor can produce disastrous effects on
the driven 1load. Immediate recognition of the occurrence and
corrective action is mandatory in such cases. One cause of reverse
rotation is reverse phase sequence of the supply, often produced by
the exchange of two phase leads. This is readily detectable by an
exanmination of the sequence of "positive-going" current in the three
phases. Phase sequence ABC is normal. Detection of phase sequence
ACB (detected twice for security reasons) is sufficient cause for
immediate tripping with "Phase Reversal' indication.




Jam Protection

"Jam" is referred to as any phenomenon which causes binding
action of the motor, of the bearings, or of the driven load
resulting in excessive torque requirements and overcurrent in the
motor. This is detectable by the relay but must be differentiated
from other phenomenon that produce overcurrent.

High current is not recognized as a possible "Jam" condition
unless the motor has been up-to-speed. The motor is determined to
have been up-to-speed only if current in excess of 20% of full load
has persisted for twice the "Locked-Rotor Time" setting. During
starting, high current exists for only the time required to
accelerate the load. This time invariably will be less than twice
allowable 1locked rotor time. Starting current then, 1is prevented
from causing an incorrect sensing of "Jam".

Another high current case that must be screened out occurs when
the motor "contributes" to a nearby fault. This will last for only
a few cycles for an induction motor. The "Jam Time Delay" setting
must be chosen to override this.

Thus, if the motor is up-to-speed and experiences current in
excess of the "Jam" setting (0.7 to 12 times full load) for a time
in excess of the Jam delay (1 to 10 seconds), tripping occurs and
the "Locked Rotor/Jam" LED becomes illuminated. No other targets
are lighted for this condition.

Leoad Loss

Load loss refers to the sudden reduction of shaft load caused by
such conditions as the shearing of a drive pin, shaft breakage or
loss of prime on a pump. Any such condition requires immediate
recognition and taking the motor off-line to eliminate or minimize
damage to the driven load.

Detection, with security, requires recognition of the difference
between no load following the application of load (lecad loss) and no
load preceding the application of load. This function is not usable
in applications where the motor can have its load removed without
the motor being taken from the line. This function can be easily
selected or deleted in service by simple push-button action and
observation of the display.

A minimum operating load level is selected by setting a current
value for this function. If the motor current exceeds 20% of full
load current, a reasonable approximation of exciting current, and it
persists for more than twice locked rotor time, the motor is
presumed to be loaded. If current now reduces to a value between
the minimum load setting and 20% of full load current and this
persists for the pre-set load loss delay, this is identified as locad
loss and tripping takes place. If the motor were to have been
simply removed from the 1line, the stator current would have
immediately dropped to zero, a level being easily distinguishable
from exciting current level.




Fault Protection

Faults are somewhat more prevalent in motors than other power
system devices, probably because of the violent manner and frequency
with which they are started. Ground faults are more likely than
phase faults, but both types are expected and must be detected and
cleared. Instantaneous phase and ground settings can be chosen,
independent of one another, and also phase and ground fixed time
delays can be set independently.

Ground current is usually sensed in motor protection using a
"doughnut~type" ct, surrounding all three of the phase conductors,
but residual current may alternately be used. The "doughnut-type®
ct scheme may also be used in a phase differential arrangement where
a 6-lead motor is involved as shown in Figure 5. This allows
comparison of current "in" with current "out" of each phase
winding. If they differ, of course, there is a phase or ground
fault present in the winding and sensitive detection (0.1 to 1.0
amps) is possible.
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Fig. 5 Phase Differential Current Inputs.

All of the overcurrent units have a "speed-up" circuit to
provide faster operation in the event the current 1level is well
above instantaneocus pickup. This allows a much higher wvalue of
current to be sensed sooner by the microprocessor for currents above
this level.




Value and Setting Display

It is useful to have access to information regarding the status
of various quantities in the motor. By selecting a function number,
1 through 19, by "Raise" and "Lower" buttons, various quantities may
be identified and displayed. These are % load current, phase
current, RTD temperature, percent of trip value for ground current
and phase differential.

The remaining function numbers that may be selected, 20 through
56, allow trip levels, alarm levels and operating options to be
chosen and entered into non-volatile memory. Each function may be
disabled as the application dictates.

Hardware Architecture

The performance and versatility of a microprocessor allows for
the design of a relay which can provide several protection functions
for motors. Using techniques of converting real-time analog signals
to digital data for calculation by a microprocessor, yields a
complete protection system which is uniquely tailored to motor
operating conditions.

Figure 6 shows a block diagram of the microprocessor motor

protection relay. Inputs to the relay are switched by multiplexing
circuitry (MUX), fed to the analog to digital (A/D) converter, then
output directly to the mnicroprocessor. The microprocessor controls

this multiplexing, as well as the setting module, the
display/indication module and outputs to the trip and alarm relays.
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Fig. 6 Microprocessor Motor Protection Relay Block Diagram.




Phase currents, ground currents and phase differential currents

are supplied to individual current transformers. RTD input 1is a
voltage level, proportional to the resistance of the RTD, and,
hence, temperature. Each of the signals is mnultiplexed and

individually analyzed by the microprocessor.

The heart of the relay is an integrated circuit "chip-set",
shown in Figure 7. It consists of a Westinghouse custom 1linear IC,

an A/D converter and an INTEL 8-bit microprocessor. The custom
linear IC performs several functions: 1. Multlplexes the analog
phase current signals, 2. provides an autoranging gain to control
the current input signals, 3. provides a reset function to the
mlcroprocessor during power-up conditions and during the
microprocessor's self-diagnosis routine, 4. regulates the power
supply voltage.
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Fig. 7 Integrated Circuit Chip Set.

The interface between the microprocessor and the settings,

display/indication and outputs is shown in Figure 8. The setting
function of the microprocessor relay provides the capability to
tailor the relay to the motor characteristics. Through the use of

pushbutton switches, parameters can be programmed for each function
of the relay, including primary full load current, ct ratio,
frequency, types of RTD's, as well as trip and alarm levels and time
delays. Each of these values are stored in a non-volatile memory
until changed through a setting procedure, and are retained on
"power-down" of the relay.

écss'r
T o seLECT
cmeser
QRESET |
T cypaise
LED
" chuonm| =
SETTINGS DISPLAY/INDICATION 1
TRIP %-.
O 2
UTPUT
— MICROPROCESSOR ), AR N
‘

Fig. 8 Settings, Display/Indication and Qutput Functions.



The display/indication module includes a vacuum fluorescent
display interfaced with the microprocessor through two
microcontroller display drivers. Through the use of pushbutton
switches, shown in the photograph of the relay in Figure 9, each
motor operating value, shown in Table 1, can be displayed by
incrementing or decrementing to each function.
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Fig. 9 MPR Microprocessor Relay.
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FUNCTION VALUE DISPLAY UNITS

00 LloadCurrent...................... % FLC
01 Phase ACurrent................... Amps

02 PhaseBCurrent................... Amps

03 PhaseCCurrent................... Amps

04 MaxRDTTemp .................... °C

05 RTD 1 WindingTemp ............... °C

06 RTD 2 WindingTemp ............... °C

07 RTD 3 WindingTemp............... °C

08 RTD 4 WindingTemp............... °C

09 RTD 5 WindingTemp ............... °C

10 RTD 6 WindingTemp ............... °C

11 RTD 7 Motor Bearing Temp ......... °C

12 RTD 8 Motor Bearing Temp ......... °C

13 RTD 9 Load Bearing Temp .......... °C

14 RTD 10 Load BearingTemp ......... °C

15 RTD 11 Load CaseTemp ............ °C

16 Ground FaultCurrent .............. % Trip
17 Phase ADiffCurrent ............... % Trip
18 PhaseBDiffCurrent ............... % Trip
19 Phase CDiff Current ............... % Trip

Table 1 Motor Operating Values.

When a trip has occurred, the value of current or temperature
that caused the trip will remain in the display until reset. LED's
provide indication for trips and alarms. Trip LED information is
also stored in a non-volatile memory and retained until reset.

Trip and alarm signals from the microprocessor are fed through
buffers to the output relays. The normally energized alarm relay
will drop out for an alarm condition and the trip relay will pick up
when trip action is called for. The trip output is an electrical
reset relay with two form-C contacts. Three trip modes are
selectable. Where conventional dc tripping is desired, the "normally
open" contact closes for a trip condition to energize the breaker
trip coil, and the reset coil is energized automatically by the
microprocessor when the trip condition is removed, resetting the trip
relay (Mode 3).

Where ac control is used, the normally closed contact is caused
to open for a trip condition, causing the contactor to dropout. For
3-wire ac control, no provision is included for automatic restart.
The trip relay stays operated until the relay is reset (Mode 1). If
automatic restarting is desired when the motor "cools down" and
2-wire ac control is used, Mode 2 is selected.

A s:Lgnal input to initiate a motor emergency restart will reset
the IZt tally of motor heating in memory to a half-level point,
allowing a restart of the motor with the premise that it is a "hot"
start. The trip relay, LED and value display will also be reset.
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Through integration of a microprocessor, its support hardware
devices and software programming techniques, a programmable
multifunction relay has been developed to provide the complete motor
protection relay shown in Figure 9.

Unigue Characteristics

Unigue characteristics made possible by the use of the
microprocessor are:

1. Examine continually the temperature of all RTD's, not just
the one determined to be hottest.

5. Minimize error in RTD reading by sampling technique and
subtraction.

3. Allows all types of RTD's to be accommodated with the sane
relay.

4. Display many readings, not just a limited few, all on the
same display element.

5. All protective functions in small space.

6. Disallow invalid settings.

7. Allows external reset (to half trip time for a given current
level) to allow emergency restart with possible sacrifice of

insulation life.

8. Provides several self-checking functions. Failure of
self-check causes the alarm relay to dropout.

9. Retains current magnitude at time of trip or temperature at
time of trip.

10. Detects faulty RTD.

11. Retains target information following loss of power to the
relay.

Conclusions

This paper has described the MPR motor protection relay which
incorporates the logic for detecting all of the well recognized
malfunctions that can occur to a motor as well as providing easy
access for setting, indication and display. It easily provides
several functions that are difficult to achieve by conventional
methods such as "Jam" and "Load Loss" and, further, it provides
several functions uniquely suited to the microprocessor.
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