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Abstract—This paper evaluates the advantages of using the
slip-based thermal model with data collected from an actual
field installation. The paper presents information on motor
starts before and after installation of the new motor protection
technology. Improvement claims are based on the first order
thermal model, enhanced with the calculation of slip and rotor
resistance to improve accuracy of its starting element. This
improved accuracy calculates more precise per-unit rotor tem-
perature, allowing longer start times than other methods. The
new model uses current, voltage, and algorithm to calculate
slip and rotor resistance from motor apparent impedance. The
evaluation includes a start report from a field installation.

I. INTRODUCTION

One troublesome area in motor protection is protecting the
start of an ac motor coupled to a high-inertia mechanical load
without prematurely tripping it offline.

Traditionally, solving this difficulty involves the use of a mo-
tor-mounted speed switch in the starting protection scheme.

This approach generates mixed responses from owners of
high-inertia load applications from complete acceptance, to
reserved acceptance, to complete rejection of speed-switch
usage.

The most frequent reasons given by those who oppose the
use of speed switches in start protection logic are the follow-
ing:

e Once the speed-switch contact changes states at a pre-
set speed, there is no way of knowing that the motor
continues accelerating towards its rated speed.

¢ Reliability of speed switches.

e Additional cost of speed-switch assembly and mainte-
nance.

This paper presents field results from high-inertia starting
motor installations where the motor protection relay has a
unique slip-dependent thermal model.

The slip-dependent thermal model foregoes the need for a
speed switch, yet offers start protection without false tripping
during the starting process.

To maintain a practical flavor, this paper avoids detailed
equation development. Thorough development of the equa-
tions is discussed in the paper “Optimizing Motor Thermal
Models,” [1] authored by the designer of the slip-dependent
thermal model, Mr. Stanley E. Zocholl.

Il. OVERVIEW OF THE FIRST ORDER THERMAL MODEL

Fig. 1 illustrates the first order thermal model. The major
components of the model are listed below:
o Heat Source. Heat flow from the source is Ir watts (J/s).
e Thermal Capacitance (Ci) represents a motor with a
thermal capacity Ci, to absorb heat from the heat
source. The unit of thermal capacitance is J/°C.

¢ Thermal Resistance (Ri) represents the heat dissipated
by a motor to its surroundings. The unit of thermal resis-
tance is °C/W.

e Comparator compares the calculated motor pu tempera-
ture with a preset value based on the motor manufac-

turer’s data.
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Fig. 1 First Order Thermal Model

The qualitative analysis of this model states that heat pro-
duced by the heat source is transferred to the motor, which in
turn, dissipates the heat to the surrounding environment.

The quantitative analysis is defined by a first order linear
differential equation similar to a parallel RC electrical circuit
and is:

fr-co- 2w (1)
at R,
Where:
I’r = Total heat flow (W)

C % =Heat flow into motor (W)

Y = Heat flow into surroundings (W)

th

The solution to this equation is of no relevance to the topic
at hand; however, it can be found in [1].

A further step was taken in refining the above thermal
model. Motors are comprised of two major components—stator
and rotor.

The stator produces a rotating magnetic field (at line fre-
quency) in the air gap and induces voltage in the rotor bars.
This induced voltage, in turn, produces current flow in the rotor
bars. The rotor current produces a magnetic field of its own.

The rotor magnetic field is at 90° to the air-gap magnetic
field, thus generating torque tangential to the rotor surface,
producing rotational force, which turns the shaft.

Because the construction of the stator and rotor is different,
so is their thermal characteristic.



To accommodate this major difference in stator and rotor
thermal properties, the first order thermal model was refined
into the following two elements:

e The starting element protects the rotor during the start-

ing sequence.

e The running element protects the stator when the motor

is up to speed and running.

Transition from one element to the other was set at 2.5
times the rated full load current of the motor. The high-inertia
starting solution, using the slip-dependent thermal model, af-
fects the rotor element design only. The stator element is not
discussed in this paper.

lll. APPLYING FIRST ORDER THERMAL MODEL TO
MOTOR STARTING

Starting an ac motor is regarded as an adiabatic (lossless)
process.

Starting deposits an immense amount of heat (up to one
hundred times the rated heating) in rotor bars. Also, the dura-
tion of the starting sequence is magnitudes shorter than motor
thermal time constants. Thus it is regarded that any heat de-
posited in the rotor will not dissipate to the surroundings during
the starting sequence (it will dissipate later when the motor is
up to speed and running).

If we apply this assumption to the first order thermal model
depicted in Fig. 1, we are effectively saying that the thermal
resistance of the motor during starting is infinity (R = ).

Substituting this condition into (1) yields:

du U du
r=C +—=Cy-— W 2
th t 0 th dt ( ) ()
Rearranging (2):
|2
du=—--:d4t (°C)
Cth

The thermal capacity of the motor is a physical attribute and
does not change. Motor resistance is assumed to be constant
at this point. Convert the above expression to pu quantity by
substituting the following:

r=Cy, =1pu
Thus:
du="Fdt
Integrating the expression:
[du=[PP.dt=P[dt
The solution to this general integral is:
U=t (pu°C) (3)

Motor manufacturers supply thermal limit information as
part of motor data.

The starting thermal limit is expressed in terms of the maxi-
mum time (motor safe stall time) that corresponding locked
rotor current can be applied to a motor.

Applying this to (3):

I=1gs (pu locked rotor amperes)
t = T (safe stall time, seconds)
(pu °C) (4)

Incorporating all of these changes to Fig. 1 results in the 1’
element of the first order thermal model as illustrated in Fig. 2.
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Ry = 0

If we were to plot the pu temperature response of this
model versus the line current of the motor, the response curve
would be a straight line, as illustrated in Fig. 3.
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Fig. 3 I’t Starting Element Response Curve

Please note that this model keeps the rotor resistance con-
stant at Rv, which occurs at stand still (S = 1.0) and is consid-
ered 1 pu.

IV. HIGH-INERTIA STARTING

The 1%t starting element performs well except for high-inertia
starts.

High-inertia start is a start where the time to accelerate a
motor up to rated speed is equal to or longer than its specified
safe stall time.

When trying to use the above starting element in high-
inertia cases, the starting thermal limit of IPlra - TsTaLL is
reached before the current drops below 2.5 - FLA, resulting in
premature tripping of the motor as shown in Fig. 3. This would
occur during every start. In other words, the motor cannot be
started successfully. Solution? Speed switch.

As noted in Section |, the reluctance of some customers to
use speed switches led to the development of a starting ele-
ment that dispenses using a speed switch in a motor starting
logic scheme, while providing complete protection during this
critical period.



V. INDUCTION MACHINE EQUIVALENT CIRCUIT

At the dawn of the twentieth century, an engineer and in-
ventor named Charles Steinmetz came up with an equivalent
circuit for induction machines. It is still the only equivalent cir-
cuit used today and is illustrated in Fig. 4.
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Fig. 4 Induction Machine Equivalent Circuit

A closer look at the circuit reveals several interesting obser-

vations that might not be obvious at first glance:

e The stator and magnetizing branches are always con-
nected across the supply voltage, thus exposed to line
frequency at all times. The numerical value of stator im-
pedance is fixed.

e The rotor branch is not connected to the line voltage.
Instead, it is exposed to the voltage induced by the air
gap magnetic field. This voltage frequency depends on
how fast rotor bars cut the magnetic field. The numerical
value of rotor impedance varies with the induced volt-
age frequency. This frequency is the difference between
the electrical frequency of the line voltage and the me-
chanical rotational speed of the rotor/shaft assembly.
The difference is called slip and is denoted S.

e Rotor impedance is slip-dependent.

e A fact that is not evident from examining the equivalent
circuit is that magnetic flux (and thus current) distribu-
tion in the rotor bar varies with rotor speed.

e At stand still, only approximately one-third of the rotor
bar’s cross section conducts rotor current.

e At rated speed, most of the rotor bar’s cross section is
used.

e This fact influences rotor resistance, R; .

o Rotor resistance at standstill is approximately three
times larger than at rated speed.

e R is speed-dependent and is denoted R((S) in Fig. 4.

e This particular phenomenon is the key ingredient that
makes the slip-dependent thermal model possible.

VI. CALCULATING MOTOR SLIP

Let us calculate the input impedance of the induction ma-
chine equivalent circuit. After calculating and separating it into
its real and imaginary components, the real part represents the
input resistance of an induction machine.

Motor input resistance R is:

R=RS+Rf(S)
A-S

(pu Q) ®)

Where:
R = Measured motor input resistance
Rs = Stator resistance
R/(S) = Rotor resistance
S = Motor slip
A =1.2 (empirical constant)

Reference [1] shows the detailed derivation of R. It also de-
rives the expression for R(S) in terms of maximum rotor resis-
tance Ry, which occurs at standstill (S = 1) and normal rotor
resistance Ry, which occurs at rated motor speed (S = rated).

The expression is:

R(S)=(Ry-Ry)-S+Ry  (puQ) (6)
Substituting (6) into (5) and solving for S yields:

S- R ™)
A-(R-Rs)-(Ry -Ry)

Two quantities are required by the slip-dependent thermal

model in order to calculate fixed parameters Rs, Ry, and Ry:
FLS = Full load slip
LRQ = Locked rotor torque (at S = 1)

When FLS and LRQ are entered as set points, the algo-
rithm automatically calculates Ry and Ry and stores them in
nonvolatile memory.

The moment the motor is energized, the relay takes the first
snapshot of motor input impedance Z, extracts the real com-
ponent R, and calculates Rs.

The equations for Ry, R, and Rs are:

LRQ
- Q 8
T (8)
‘S 1.FLS
Ry=—3%—=—7—=FLS (puQ) ®
lFLa 1
RM
RS:R_121:R—0.833~RM (pu Q) (10)

Now slip is solely a function of motor input resistance R.
R is measured and updated every 4 ms.
S is calculated every two line frequency cycles.

A study using 2,250-hp induction motor data illustrates the
relationship between motor input resistance R, motor slip S,
and rotor resistance R/(S).
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Fig. 5 Motor Input Resistance During Starting
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Fig. 6 Motor Slip During Starting
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Fig. 7 Rotor Resistance During Starting

Figs. 5, 6, and 7 clearly illustrate the close dependence of
rotor resistance R/(S) on motor slip S that, in turn, is extracted
from motor input resistance R.

VIl. MODIFYING THE STARTING ELEMENT

The final step in establishing the slip-dependent thermal
model is incorporating the slip-dependent rotor resistance
R/(S) into the heat source of the thermal model shown in
Fig. 2.

As mentioned before, the standard starting thermal element
assumes a constant rotor resistance of 1 pu across the entire
speed range from stand still (S = 1) to rated speed at rated
shaft output (S = FLS). That value is Rw.

Let us express the slip-dependent resistance value R/(S) in
terms of its maximum value Ry and substitute it into the heat
source equation:

(11)

Breaking (11) down into positive- and negative-sequence
components accommodates motor heating due to balanced
current heating (positive sequence) and heating due to any
current unbalance that might be present (negative sequence).

_p.Ral8) p ReS)
L =" 2
Ru R

Replacing the heat source of Fig. 2 with (12) gives rise to
the slip-dependent thermal model shown in Fig. 8.

Wrora (puW) (12)
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Fig. 8 Slip-Dependent Starting Element

The response curve for this modified starting element is
shown in Fig. 9.
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Fig. 9 Slip-Dependent Starting Element Response Curve

Comparison of the standard starting element response
curve to the slip-dependent starting element response curve is
shown in Fig. 10. It clearly shows that because of the decreas-
ing rotor resistance as a motor accelerates, rotor temperature
is not a linear relationship, resulting in the ability to facilitate
high-inertia starts without premature motor trips.
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Fig. 10 Comparison of Starting Elements Response Curves



VIIl. FIELD REPORTS

A field case was selected to demonstrate the slip-
dependent model effectiveness.

The case motor is a 1,000-hp, 4-kV induction machine. The
motor electrical parameters are:

e SF=1.15

e FLA=126A

e LRA=6¢+FLA

e TsraL = 10 seconds

e FLS =0.0055 pu (1,790 rpm)

e LRQ=0.8pu

Motor starts are captured by the motor protection relay for a
fixed period of sixty seconds at a programmable sampling rate
from 0.25 to 5 cycles. The last five motor start reports (MSR)
are saved in nonvolatile memory. A 5-cycle rate was used in
these reports. MSR reports record the four currents, three volt-
ages, motor slip, and rotor thermal capacity used. The length
of the MSR report shown in Fig. 11 was shortened.

Fig. 11 shows the MSR data from stand still up to rated
speed.

nsr

u]

HI INELTIA
MEE: 20060531

Date: 0870272005 Time: 10O:16&:02
Time Source: Internal

FID O0{-300-3133-W0-Z001001-DEOOE0ERL

Start Date 0&6/0Z7Z00&
Start Time 10:14:37.324F
# Starts 7
Start Time (=) z0.E
Start TCU (%) 79
MaxCurrent (4} &ld
MinVoltage (V) 3303
CYCLE Ia IE ic N WAE VEC VoA TCURTE  SLIP
(&) LAY (&) [#:8) [R4] [t [308] (%) L3
L.o0 B1lE &ld Bl3 u] 3311 23082 23132 1&.9 loo.0
&0, 00 €03 €10 €10 a IBEE 221L F2E0 zl.8 94,9
1z0. 00 605 =]} s05 u] 3328 3322 3326 26.9 93.3
lg0.00 601 &0Z s00 u] 33323 2327 2330 21.7 a7.&
Z40. 00 £ag Lag Lan a 2341 233 2240 6.2 22.32
300,00 530 53z 531l u] 3337 3336 3340 40,7 77.8
260,00 L3=1) =t=3r) £a7? u] 3349 2344 2FEL 447 0.0
4Z0. 00 582 533 58z u] 3359 3353 3360 43. 5 667
480,00 877 E77 E77 u] 3387 3354 3FE0 EZ.0 &0.3
E40. 00 E71 Bz E71 u] 3387 2363 2IET EE. 3 EE.4
&00. 00 568 568 567 u] 3376 3373 3373 53.4 s0.0
&&0. 00 L1-%cH EEd 134 u] 3373 3373 3380 61.3 47.0
70,00 EED =) LEg a 2385 2372 338c &40 41.2
780,00 555 555 554 u] 3395 33391 3337 65,5 37.3
240, 00 EEE EEZ EEZ u] 3398 2395 2393 62,7 24.1
500, 00 L4 E47 Lde a 240z 2399 2405 -] Za.¢
960,00 541 543 S4l u] 3407 3405 3411 TE.9 £5.9
10z0. 00 £37 537 E3L u] 3418 2412 24182 4.7 ZL.E&
10&0. 00 528 530 LED u] 3432 3430 3433 G 3 17.0
114000 £lg El3 Els u] 3dEd B4EE 3465 77.8 1.0
1z00. 00 408 404 406 u] 3695 2691 2699 8.9 2.5
1za0. 00 7 23 27 u] 4020 4013 40zZE 73.0 0.5
13z0.00 =1 a8 96 u] 4021 40z1 40z4 78.7 0.5
Fig. 11 1,000-hp MSR

Fig. 12 is a pictorial representation of Fig. 11, where Imotor
is the average of IA, IB, and IC, and TCURTR is the rotor ther-
mal capacity. Fig. 11 illustrates that a machine with a safe stall
time of 10 seconds is successfully started in 21 seconds with-
out exceeding the rotor design temperature limit. Only 79% of
the temperature limit was reached.
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Fig. 12 1,000-hp Pictorial MSR

IX. CONCLUSIONS

1. The slip-dependent thermal model tracks the motor
temperature more accurately than the It model, thus
facilitating high-inertia starts without the use of speed
switches.

2. ALWAYS check with the motor manufacturer to en-
sure that the motor in question is suited for a high-
inertia starting application.

3. Ensure that the combined inertia of the rotor/shaft as-
sembly AND the connected load is within motor ac-
celeration capability.
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