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Calculation of Transient Torques on Motors During a
Residual Voltage Motor Bus Transfer

Murty V.V.S. Yalla

Abstract—To maintain a critical process upon loss of primary
motor bus power, the petrochemical industry depends largely on
residual voltage transfer, ignoring phase angle and closing the
backup source when the motor bus residual voltage has decayed to
30%. To assess the consequences of out-of-phase residual voltage
transfers, a transient simulation program models a bus with three
motors of various sizes, inertias, and impedances. The three motors
are loaded around 80% with fan, pump, and compressor loads
to calculate the peak transient motor current and torque upon
closure of the backup source breaker. Pre-transfer events and
conditions produce an initial phase angle between the primary
and backup sources, and the simulation reproduces the resultant
residual voltage transfer closing angle and its effect on the peak
transient current and torque. Individual motors exhibit positive
and negative torques, oscillating from induction generator to motor,
and the peak-to-peak torques are also recorded, as they can impact
the motor shaft stress.

Index Terms—Fast transfer, in-phase transfer, main-tie-main,
motor bus transfer (MBT), residual voltage transfer.

I. INTRODUCTION

N CRITICAL industrial process applications where electric

motors are used, any loss of electrical power source can shut
down the plant process, causing millions of dollars in losses.
Generally in these applications, a backup source of power is
provided and the motor busses are transferred from the primary
source to the backup source in order to keep the process running
without any interruption. ANSI/NEMA Standard C50.41-2012,
Polyphase Induction Motors for Power Generating Stations
states “Induction motors are inherently capable of developing
transient current and torque considerably in excess of rated
current and torque when exposed to out-of-phase bus transfer
or momentary voltage interruptions and reclosing on the same
bus. The magnitude of this transient current and torque may
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range from 2 to 20 times rated ... subjects the motor (including
the motor windings) and driven equipment to transient forces
in excess of normal running values. Accordingly, each bus
transfer or reclosing reduces the life expectancy of the motor
by some finite value...” [1]. Industry standards define motor
bus transfer (MBT) synchronous methods, which will limit the
amount of transient current and torques to safe limits. IEEE
Std. C37.96-2012 IEEE Guide for AC Motor Protection defines
in-phase transfer as “An open-transition method wherein the
close command to the new breaker occurs at a phase angle in
advance of phase coincidence between the motor bus and the new
source to compensate for the new breaker’s closing time” [2].

However, the majority of the MBT applications presently
in use today are based on a technique called residual voltage
transfer which IEEE Std. C37.96 defines as “An open-transition
method wherein the voltage magnitude at the motor bus falls
below a predetermined level before the close command is issued
to the new breaker. There is no supervision of the synchronous
condition between the motor bus and the new source” [3].
ANSI/NEMA C50.41 encourages this method, stating that “A
slow transfer or reclosing is defined as one in which the length
of time between disconnect of the motor from the power supply
and reclosing onto the same or another power supply is delayed
until the motor rotor flux linkages have decayed sufficiently so
that the transient current and torque associated with the bus
transfer or reclosing will remain within acceptable levels...”
[1]. It further states that this “can be accomplished by a time
delay relay equal to or greater than 1.5 times the open-circuit
alternating-current time constant of the motor” [1]. This is the
time for the self-generated voltage to decay to 22.3% of rated bus
voltage or 26.8 Vac on a 120 Vac VT secondary. ANSI/NEMA
C50.41 adds that to “limit the possibility of damaging the motor
or driven equipment, or both, it is recommended that the system
be designed so that the resultant volts per hertz vector between
the motor residual volts per hertz vector and the incoming source
volts per hertz vector at the instant the transfer or reclosing is
completed does not exceed 1.33 per unit volts per hertz on the
motor rated voltage and frequency bases” [1].

The purpose of this article is to study the individual peak
transient motor current and torque immediately following the
closure of the alternate source breaker using the residual voltage
transfer method. A commercially available transient simulation
program is used in this article to model three motors of vari-
ous sizes, inertia, impedance, and loads to calculate the peak
transient motor current and torque. Individual motors exhibit
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positive and negative transient torques, oscillating from induc-
tion generator to motor, and the peak-to-peak torques are also
recorded, as they will impact the motor windings, bearings,
couplings, gear box, and shaft torsion. The effect of different
breaker closing phase angles on the peak transient current and
torque are studied by varying the initial phase angle difference
between the backup source and primary source. The initial phase
angle is varied to achieve different resultant closing phase angles
after the residual voltage limit setting has initiated the alternate
breaker close command. The transient peak motor current and
torque are calculated and reported in per unit (pu) with nominal
motor current and nominal torque as base quantities. The study
will assess the consequences of out-of-phase residual voltage
transfers. Conclusions will be drawn as to the severity of the
resultant individual motor torques and currents that will allow
a determination if levels have been exceeded that could cause
cumulative damage and loss of life to motor windings, bearings,
couplings, shafts, loads, source transformers, and cabling. Based
on the levels of torques measured, the efficacy of the closing
criteria found in ANSI/NEMA C50.41 will be brought into
question.

II. DYNAMIC CONDITIONS PRIOR TO AND DURING
BUS TRANSFER

The justification for the selection of initial phase angles to
achieve different resultant closing phase angles is found in IEEE
Std. C37.96. Of particular note, and not really acknowledged by
some in the industry, are the phenomena described in IEEE Std.
C37.96 clause “6.4.8 Events that occur or conditions that exist
immediately prior to opening the initial source breaker” [4],
and clause 6.4.13 on the transient effects upon disconnection of
motor loads immediately after opening this breaker, but prior to
the closure of the alternate breaker [5]. This throws out industry
paradigms that allow an immediate simultaneous transfer or
require a fast transfer be completed within a certain number of
cycles. Both assume that the initial phase angle between the
motor bus and the new source started somewhere near zero
and would thus complete the transfer before the angle has a
chance to increase to a damaging level. However, under these
phenomena, the initial phase angle between the motor bus and
the new source may be nowhere near zero. ANSI/NEMA C50.41
acknowledges the effects of these phenomena in clause 14.3
stating, “test conditions should account for any phase angle
difference between the incoming and running power supplies”
[6]. The IEEE Std. C37.96 Dynamic Conditions During Bus
Transfer are defined as follows [7].

A. Events That Occur or Conditions That Exist Immediately
Prior to Opening the Initial Source Breaker

1) Faults on the Initial Source

“...will effect a dynamic change in the phase angle just prior
to transfer. It is important that dynamic phase angle changes be
recognized by the MBT system.”

2) Condition of the Alternative Source

*“...determine that the events that triggered the transfer (such
as a fault on the initial source) have not also affected the alternate
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source to the point where it is unsuitable to transfer and continue
to supply the motor bus.”

3) Out-of-Step (OOS) Generator Trip

“The 78 relay is typically programmed to trip when the
generator’s internal EMF phase is between 120° to 240° relative
to the power system. This large internal power angle causes the
phase angle across the startup breaker to move to higher than
expected values ... the motor bus voltage will jump quickly to
a new phase angle due to the out-of-step angle of the generator
internal voltage.”

4) System Separation between Incoming Supply Sources

a) Different supply voltages can “result in a substan-
tial voltage phase angle difference between the two
sources” if “load flow characteristics” vary between
two supply systems or if the “systems become sepa-
rated.” Abnormal system operation “can cause a large
standing angle between the two sources to the motor
bus” due to the “loss of an autotransformer that ties the
systems together” or to the “opening of breakers at a
ring bus or breaker-and-a-half substation.”

b) Loading of the supply transformers and the “reactive
losses that result will cause a voltage phase angle shift
between the two sources.”

5) Supply Source Transformer Winding Phase Shift

“... there could be an inherent phase shift (30°), between the
main and alternate source based on the transformer configuration
of the two sources.”

B. Transient Effects Upon Disconnect of Motor Loads

“... the characteristic of induction motors whereby they ex-
hibit an essentially instantaneous phase shift upon disconnect of
motor ... This effect is additive to conditions occurring due to
other causes...”

But fortunately, given all of these phenomena, an open-
transition transfer, which disconnects the motors prior to closing
the alternate source, allows the motors to spin free and rotate
back through synchronism where the alternate source breaker
can always successfully be closed by the synchronous in-phase
transfer method. On the contrary, the residual voltage transfer
method simply sends a breaker close command when the motor
bus voltage drops to 0.3 pu, ignoring the phase angle between
the motor bus and the alternate source, so the closing angle could
occur anywhere from zero to +/—180 degrees.

III. MOTOR MODEL DESCRIPTION
A. Induction Motor Model

The induction motor model used in this article uses a station-
ary reference frame for the stator variables and a synchronously
rotating reference frame for the rotor variables. The voltages
and currents from the simulation are transformed from instan-
taneous values in the abc system to dgq frame using the Clarke
transformation. The dg equivalent circuits are given in Fig. 1(a)
and (b). The stator core losses are ignored here to simplify the
circuit representation.

In Fig. 1, the following variables and parameters are used:
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Fig. 1. dg model equivalent circuits of an induction motor. (a) d-axis and
(b) g-axis.

V: voltage; I: current; R: Resistance; L: inductance; ¢: flux
linkages; w: synchronous speed; w,: rotor speed; (s): parameter
dependent on slip.

The following notation is used for various subscripts:

d: direct axis; ¢: quadrature axis; s: stator; r: rotor; m: mutual.

The flux linkages are given by the following equations:

©qs = Lgiqs + L@ qr; Pds = Lsias + Lt ar (1)
¢ar = Ll'qr + Linlgs; @'ar = L'vi'ar + Linias  (2)
Ly = Lig+ Ly; L'y = L, + Ly, (3)
The voltages are given by:
Vs = Rsigs + dpgs /dt + wspas %)
Vas = Rsias + dwas/dt — wspgs %)
Vig = Rid'q +d o /dt + (ws—wi)ar (6
Vige = Rvi'qr + d g, /dt — (ws — wy) @ @)

The electromagnetic torque (7) is given by:
3 . . 3 . )
P (Pasiqs — Pqsids) or P (Pqri’dar — @ari’qr) or

3 . .
Eme (quzldr - stZ/qr) (8)

where p is the number of pole pairs.

B. Slip Dependency

The magnitude and frequency of the voltage induced in the
rotor at any speed between the extremes of locked rotor (100%
slip) and synchronous speed (0% slip) are proportional to the slip
of the rotor. The ratio of rotor voltage to rotor current, identified
as V! and I respectively, in Fig. 2, gives rotor impedance, which
changes with slip. The dependency of rotor impedance to rotor
speed is not a linear relation. The best way to demonstrate this
dependency is to use tabular form as shown in Fig. 3 [8].
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Fig. 2. Electrical circuit representation of an induction motor.

C. Rotor Parameter Calculation

For the purpose of calculating rotor parameters with slip de-
pendency, the following induction motor circuit representation
shown in Fig. 2 is used.

Induction motor impedances can be calculated and extracted
from the torque-speed curve, power factor speed curve and motor
efficiency curve:

Pmech = T+ Wy (9)

Pelect = I - V]! cosb, = I> - R, (s) (10)

where 6,. is the angle between rotor voltage and rotor current.

L=V, /(Rn+j Xm) 11)
V=1 (R (s) +j X' (s)) (12)
I=1I, — I, (13)
Pmech = 1) * Pelect, Where 7 is the motor efficiency (14)
wr=(1-38) -ws (15)
Zm = [(R'r(5) + 5X1(5)) | (Bon +J Xm)] + (Rs +J )((16))

n- Ry (s) I3
(1—s)~ws-[1+w :

The shaft torque, 7 =

Rim+j Xm
a7
I = Vs
TR () X7 (9) | (B + 5 Xon)] + (Rs +J Xs)
(18)
P.F. =cos (LVy — ZI5). 19)

It is not possible to determine all motor parameters with
(17)—(19). Using numerical approximation is the best approach.
In this article, a numerical software has been used to calculate
the induction motor parameters. An example of this modeling
is shown in Fig. 3 [9].

D. MBT One-Line Diagram Model

The model of a simple industrial power system consists of
two independent power sources, Main 1 (primary) and Main 2
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4000 Hp Motor data Circuit parameters Calculated slip dependency
250 - 600 (refer to Fig. 2) parameters
-=Torque in% -+Power Factor (PF)in % ——Currentin % R =0.66% Slip (%) | R (%) | X (%)
b 100.00 | 3.40 2.23
¥ 500 X =15.06% 90.00 | 3.38 | 3.06
i R =4043% 80.00 | 333 | 3.04
8 m 70.00 | 320 | 4.77
s 400 X =383% 60.00 | 2.91 | 5.59
S R (I = 3.4% 50.00 | 2.50 | 6.41
S1s0 2 r( ) ° 40.00 | 215 | 7.22
" o2 X (I =2.23% 30.00 | 1.79 | 8.37
£ z 20.00 | 1.43 | 9.87
= 0
3 % | R(=056% 10.00 | 0.86 | 10.94
§1°° X (fl) = 11.92% 9.00 0.86 | 11.46
L 200 ' 8.00 | 0.86 | 11.98
7.00 | 0.86 | 12.41
6.00 | 0.84 | 12.53
50 | 100 5.00 | 079 | 12.29
400 | 074 | 11.95
3.00 | 0.69 | 1161
2.00 | 060 | 11.42
0 . ; . . . : . " - 0 1.00 | 057 | 11.76
0.0% 10.0% 20.0% 30.0% 40.0% 50.0% 60.0% 70.0% 80.0% 90.0%  100.0% 0.56 0.56 11.92
Speed 0.00 | 0.54 | 12.10
Fig. 3. Motor parameter estimation modeling.
Primary Backup transfer scheme to initiate closing of backup source (Main 2)
Source Source breaker when the motor bus voltage drops to 0.3 pu voltage.
- L»\L»J LA.I.AJ - IV. TEST AND MEASUREMENT METHODOLOGY
A. Initial Angles Chosen to Produce Different Closing Angles
Main 1| |N/C Main2| [N/O In this article, the initial angle (voltage angle of Main 2 with
Motor Bus respect to Main 1) at time of Main 1 breaker opening, is varied in
30-degree steps in order to simulate a real system with residual
voltage transfer closing at various angles. In every case, the
peak positive, peak negative, and transient peak-to-peak torques
have been measured. The motor bus voltage decays after the
Motor A Motor B Motor C separation of source #1 based on the combination of open circuit
Fig. 4. MBT one-line diagram model. voltage time constant of the three motors. Each of the three mo-

(backup), and three motors (A, B and C) of different sizes and
loads. Fig. 4 shows the one-line diagram of the power system.

E. Motor Model Characteristics

Each motor is modeled based on available motor data, as
three motors with different sizes and loads have been chosen
to represent an example of an industrial power system. Motor
A is a 4000 hp, 4-pole machine, at 4 kV, loaded to 76.9% of
full load, connected to a 2500 kW compressor. Motor B is a
1500 hp, 2-pole machine, at 4 kV, loaded to 85.2% of full load,
connected to a 1000 kW induced draft fan. Motor C is a 500 hp,
6-pole machine, at 4 kV, loaded to 78.8% of full load, connected
to a 300 kW pump. The motor bus is supplied via 13.8/4.16 kV
(20 MVA, Z = 5%) transformers T1 and T2.

In order to simulate the realistic condition, the motors are
running on primary source (Main 1) at normal condition, and at
transfer initiate ( = 0.1 s), the primary source is disconnected
from the motor bus. The system is equipped with residual voltage

tors can be in generation mode or motor mode depending upon
inertia of the motors. A negative torque indicates generation
mode and a positive torque indicates motor mode.

B. Transient Peak-to-Peak Torque

The transient peak-to-peak torque is defined as the difference
between the positive peak and the negative peak torque the
motor experiences (shown in Fig. 5) during various operating
conditions such as motor starting, short circuit, and the MBT.
The electromagnetic torque can be positive (motor mode) or
negative (generator mode). When the motor changes from gen-
erator mode to motor mode during the transfer, the reversal of the
torque from negative to positive can result in very high transient
peak-to-peak torque. This can create stress and fatigue on the
shaft and the couplings causing mechanical damage. This is the
reason the transient peak-to-peak torque is also reported in this
article along with peak positive and peak negative torques.

C. Method to Determine Closing Angle

During the MBT, the motor bus frequency drops from nominal
frequency; however, the backup source (Main 2) frequency
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Fig. 5. Transient peak-to-peak torque.

New Source Voltage Angle (NSVA) = 89°,  Closing Angle = MBVA-NSVA = 123°
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Fig. 6. Closing angle calculation.

remains the same. This difference between the two frequencies
(slip frequency) will cause the phase angle between the motor
bus and the backup source to change continuously. In this article,
the closing angle is calculated based on angular difference
between these two waveforms at the moment of closing. The
phase angle between the motor bus and the new source is mea-
sured from the closest positive-going zero crossings respectively.
One full cycle of the respective waveforms prior to closing is
considered as 360° for each of the waveforms. The concept is
shown in Fig. 6, closing angle calculation.

V. SIMULATION TESTS PERFORMED AND RESULTS

Before proceeding with the residual voltage transfer simu-
lation tests, the currents and torques resulting from three other
cases are simulated for purposes of comparison with the residual
voltage transfer results.

A. Short Circuit Torque During Three-Phase Short Circuit
on Motor Terminals

During normal operation, a motor converts electrical energy
into mechanical energy. During a short circuit condition, the
system voltage will decay. A stable voltage supply no longer
exists. The rotating magnetic field in the rotor will attempt to
support the reduced voltage condition by becoming a power
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source. The motor is now providing additional current into the
faulted electrical system. This phenomenon is called “motor
fault contribution.”

Severe short circuit torque (SCT) is produced within a running
motor when a fault occurs on the motor circuit. The energy
stored in the motor’s magnetic field causes it to act briefly
as an induction generator, feeding high current to the fault,
accompanied by a high transient torque. If that torque is great
enough, it can overstress the attachment of the motor to its
foundation or damage shafts and couplings in the drive train.
Based on industry practice, a typical value of maximum SCT at
the shaft or motor base is six times rated torque.

B. Motor Starting From Stopped Condition

An induction motor experiences high stator current and torque
during motor starting. Motors are designed to sustain this condi-
tion for short periods of time. In this example, the motor starting
parameters (lock rotor current and breakdown torque) are also
reported in order to compare the transient currents and torques
during the bus transfer.

C. In-Phase Transfer (After 10 Cycles)

Pursuant to ANSI/NEMA C50.41 [6], the fast bus transfer
can happen only during the first 10 cycles of losing the power
supply. However, it is not always possible to perform the transfer
during this short window due to a possible large initial phase
angle difference between the backup source and the motor bus
voltage. Usually after 10 cycles, the motor bus frequency drops
considerably to generate a fast rotating phase angle difference
between the motor bus and the new source. In such a condition,
the circuit breaker (CB) closing time must be taken into account
while issuing a close command to achieve CB closing at zero
phase angle difference. This bus transfer can happen even after
10 cycles and can transfer the motor bus smoothly. Fig. 7 shows
such an in-phase transfer.

D. Residual Voltage Transfer

The residual voltage transfer is performed when the decaying
voltage on the bus reaches 0.3 pu without any consideration with
respect to phase angle. The method described in Section IV-A. is
used to simulate various closing angles for the residual voltage
transfer. An example of the waveforms for the residual voltage
transfer is shown in Fig. 8. The peak current, transient peak-
to-peak torque, positive and negative peak transient torques for
various closing angles are shown in Table I and Figs. 9-11.

VI. DISCUSSION AND CONCLUSION FROM
SIMULATION RESULTS

A. Discussion of Residual Voltage Transfer Results

When the primary source of power is disconnected from the
motor bus, the motors start decelerating, and as a result, the bus
voltage and frequency gradually decays. In the simulation ex-
ample, during the deceleration period before closing the backup
source of power, the Motor B (1500 hp fan) acts like an induction
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Fig. 7. Voltage waveforms during an in-phase transfer.

TABLE I
RESIDUAL VOLTAGE TRANSFER VERSUS MOTOR START AND IN-PHASE TRANSFER

Normal][In-Phase
Closing Angle 25.47| 55.47| 85.47| 115.47| 145.47| 175.48| 205.47| 235.47| 265.47| 295.47| 325.47| 355.45| Start | Transfer
Motor A Peak Current 536| 546| 6.44] 7.44| 854 859 905/ 869 7.63] 6.90] 555 522 470 344
Motor B Peak Current 7.60] 8.98] 10.68] 1228 13.73] 13.49] 13.98] 13.07| 11.26] 9.04] 7.96] 7.05| 6.28] 454
Motor C Peak Current 6.28] 6.81] 802 927] 1062 1074] 11.44] 11.05] o988 9.0 737 639 585 388
Motor A Negative Peak Torque -0.87| -2.06] -3.09| -365 -3.56| -2.88] -1.88] -0.88] -0.17| 0.00[ 0.00[ 0.00] 0.0 0.00
Motor B Negative Peak Torque -2.43| -4.04 -5.17 -5.43| -4.74| -3.40 -1.93( -0.78| -0.49| -0.49 -0.49 -0.94] 0.00 -0.49
Motor C Negative Peak Torque -0.53| -2.09| -3.60| -457| -474| -406] -2.80] -1.41] -0.33] -0.10] -0.10] -0.10] o©0.00] -0.10
Motor A Positive Peak Torque 308 327 342[ 348 328 282 251 206] 179 227 247 272 180 295
Motor B Positive Peak Torque 4.66 4.94 5.03 4.87 4.54 4.26 3.87 3.51 3.30 3.76 4.22 4.47] 3.24 4.04
Motor C Positive Peak Torque 355 3.82] 385 376 365 332 282 251 229 257 280 314 225 336
Motor A Transient Pk-to-Pk Torque | 3.95]  5.33] 6.52] 7.3 6.83] 570 439 294 197 227] 247 272 180 2.95
Motor B Transient Pk-to-Pk Torque 7.09 8.98| 10.20( 10.30 9.28 7.66 5.80 4.29 3.79 4.25 4.71 5.41 3.24) 4.53
Motor C Transient Pk-to-Pk Torque | 4.08] 591  7.45] 834 839 7.38] 562 393 261 267 290 324 225 346
Resultant pu V/Hz 071] o0.85] 1.03] 119 129 133 131] 122 108 o091] 075 0.66 0.345
12 1 —Backup Source Voltage (pu) generator (indicated by the negative torque) due to a large inertia
1 | . | —Motor Bus Voltage (pu) of its fan load, supplying electrical power to Motor A (4000 hp
08 /\ /\ compressor) and Motor C (500 hp pump). Even though the bus
06 \ l \ I \ / \ / \ voltage and frequency are the same on all three motors, the speed
- \ I \ I \ I \ and resultant slip are quite different. Referring to Table I, the
s - /\\ I )(\ I \/\ \ l \ peak current, peak positive torque, peak negative torque, and
g 02 \\ I / \ \ I A \ \ I \ peak-to-peak torque occur at different closing angles and the
2 0 T T T T T T 1 corresponding pu V/Hz.
02142 |1R3 [ /104 g%//l' 258 Sass m%ﬁ%#ecl' i The peak inrush current on all three motors occurs at a closing
-0.4 angle of 205.47° (pu V/Hz of 1.31) while the peak positive,
0.6 4 | | | | | | negative, and transient peak-to-peak torques occur at closing
08 | angles in the range of 85.47°-145.47° (pu V/Hz in the range of
. 1.03-1.29). Considering any peak-to-peak torque above twice
T - B the breakdown torque for each motor, we arrive at the following
-1.2

analysis from Table I. The peak-to-peak torque stayed above
Fig. 8. Voltage waveforms during a residual voltage transfer. 4.1 pu (twice the breakdown torque of Motor A) for 50% of the
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Fig. 9. Graph of peak current versus closing angle.
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Fig. 10.  Graph of transient peak-to-peak torque versus closing angle.

cases for Motor A, stayed above 6.6 (twice the breakdown torque
of Motor B) for 50% of the cases for Motor B, and 5.5 (twice the
breakdown torque of Motor C) for 50% of the cases for Motor C.
Hence, using the ANSI/NEMA C50.41 pu V/Hz limit of 1.33
as a measure to determine if the transient torques and currents
exceed the design limits is not of much use as very high inrush
currents and torques can occur at V/Hz levels ranging from 0.71
to 1.33 pu.

Reporting the transient peak-to-peak torques, in addition to
peak positive and peak negative torques, is important due to the
cyclic nature of the shaft torque. The actual cyclic shaft torque
can be larger than the electromagnetic torque (the worst-case
peak-to-peak electromagnetic torque of 10.30 pu occurs on
Motor B at a closing angle of 115.47°) causing mechanical
damage depending upon when the motors are reconnected and

the magnitude and polarity of the electromagnetic torque im-
mediately after reconnection. The shaft torque when the motor
is disconnected can be additive or subtractive to the electro-
magnetic torque developed after motor reconnection, causing
large cyclic torques (peak-to-peak) which can cause mechanical
vibration and damage to the shaft, couplings and the gearbox
(if any). If the peak shaft stresses exceed the yield strength of
the shaft material, then immediate cracks or breaks in the shaft
may occur. Below this level, the length of time before cracking
occurs is dependent upon the magnitude of the cyclic torques
and the number of cycles, which occur each time the motor is
disconnected and reconnected [10].

It is also important to look at the peak current experienced by
the motors during residual voltage transfer. As detailed in Table I,
the worst-case current (around 14 pu) occurred on Motor B with
a closing angle of 205.47°. These high currents can cause both
thermal as well as mechanical damage to stator conductors and
their insulation. High currents can also cause tripping of motors
due to the operation of motor instantaneous overcurrent protec-
tion relays and may cause tripping of the feeder and transformer
overcurrent protection relays during residual voltage MBT.

B. Discussion of Comparison of Currents and
Torques—Residual Voltage Transfer Versus Motor Start

As can be seen from Table I, in all of the cases, the peak cur-
rents and peak-to-peak torques observed during residual voltage
transfer on all motors are greater than the motor start currents
and torques respectively. In particular, in the majority of cases,
the currents during transfer are well in excess of six times rated
current, which is generally specified for across-the-line motor
starting.

C. Discussion of Comparison of Currents and
Torques—Residual Voltage Transfer Versus In-Phase Transfer

The in-phase transfer case reported here has to rotate through
a significant angle to pass through zero degrees for a smooth
synchronous close. The transfer takes more than 27 cycles,
which is much more than the 10-cycle fast transfer window
specified by ANSI C50.41. However, the bus voltage at the point
of transfer is at 62% compared to 30% for a residual voltage
transfer. The low bus voltage at 30% increases the probability
that low voltage motor contactors may drop out during a residual
voltage transfer. The frequency of the bus during the in-phase
transfer reached 56.818 Hz and the corresponding pu V/Hz is
0.345 compared to worst-case residual voltage transfer where
the frequency is 53 Hz and the corresponding V/Hz is 1.33 pu.

The transient torques experienced by the motors during an in-
phase transfer are provided in Table I. The peak-to-peak torque
in the case of in-phase transfer is less than one-half of the peak-
to-peak torque during worst-case residual voltage transfer for all
three motors (A, B, and C) simulated. The peak currents during
in-phase transfer are lower than the motor start currents and,
in all cases, lower than residual voltage transfer. This indicates
that an in-phase transfer is a much better transfer method and
can be successfully applied instead of a residual voltage transfer
method when the fast transfer method is not a viable option due
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to a large initial angle between the motor bus and the backup
source.

D. Discussion of Comparison of Currents and
Torques—Residual Voltage Transfer Versus
Motor Short Circuit

Referring to Table II, the peak-to-peak torque developed
during the residual voltage transfer is higher than the severe SCT
in 33% of the cases. For example, the worst-case peak-to-peak
torque during residual voltage transfer for Motor A is 7.13 pu
versus a SCT of 5.70 pu, for Motor B is 10.30 pu versus a SCT of
8.68 and for Motor C is 8.39 versus an SCT of 6.76. As the nature
of these torques is cyclic or pulsating, this could generate high
mechanical vibration resulting in possible cumulative damage
to the motors and any mechanical equipment connected to them.

As described before, motors are usually designed to tolerate
the currents and torques during short circuit on their terminals.
This design criterion is based on the fact that the faults occur
infrequently (fault-tolerant capability), not the normal operating
criteria. As can be seen from Tables I and II, in 67% of the
cases, motors are experiencing higher than short circuit currents
during residual voltage transfers. High currents passing through

the motor conductors cause high mechanical stresses on the
conductors, fixed in stator slots by wedges, and held in end
windings by a combination of epoxy, blocking, and lashings.
This mechanical stress can result in damage to the insulation
surrounding the stator conductors and, over time, it can cause a
short circuit in the stator windings.

The graphs in Figs. 9—11 give a clear picture of the range of
the currents and torques caused by residual voltage transfers,
well in excess of those caused by a three-phase short circuit of
all motors and many times a normal motor start or an in-phase
transfer.

E. Best Curve Fit—Motor Transient Transfer Torque and Peak
Current Versus Closing Angle

The peak current and transient peak-to-peak torque values
in Table I and the corresponding graphs of the peak current and
transient peak-to-peak torque for Motors A, B, and C against the
twelve closing angles in Figs. 9 and 10 resemble a sinusoidal
function with an offset.

A least squares (LS) curve fit technique is used to find the best
curve fit for the transient peak-to-peak torque and the peak cur-
rent with the following equations which represent a combination
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TABLE II
RESIDUAL VOLTAGE TRANSFER VERSUS MOTOR SHORT CIRCUIT
Short

Closing Angle 55.47| 85.47|115.47|145.47|175.48| 205.47 | 235.47| 265.47| 295.47 |Circuit
Motor A Peak Current 5.46| 6.44| 7.44| 854 859 9.05| 8.69| 7.63] 6.90] 5.90
Motor B Peak Current 8.98| 10.68| 12.28| 13.73| 13.49| 13.98| 13.07| 11.26| 9.94| 9.55
Motor C Peak Current 6.81| 8.02| 9.27| 10.62( 10.74| 11.44| 11.05| 9.88| 9.00| 7.50
Motor A Negative Peak Torque -2.06| -3.09| -3.65| -3.56| -2.88| -1.88| -0.88| -0.17| 0.00| -4.03
Motor B Negative Peak Torque -4.04| -5.17| -5.43| -4.74| -3.40| -1.93| -0.78| -0.49| -0.49| -6.46
Motor C Negative Peak Torque -2.09| -3.60| -4.57| -4.74| -4.06| -2.80| -1.41| -0.33| -0.10] -5.38
Motor A Positive Peak Torque 3.27| 3.42| 3.48| 3.28| 2.82| 251 206 1.79| 227 1.67
Motor B Positive Peak Torque 494| 5.03| 4.87| 4.54| 4.26| 3.87| 3.51 3.30| 3.76] 2.21
Motor C Positive Peak Torque 3.82| 3.85| 3.76| 3.65| 3.32| 282 251 229 257 1.38
Motor A Transient Pk-to-Pk Torque 5.33| 6.52 7.13| 6.83| 5.70| 4.39| 294| 1.97| 2.27| 5.70
Motor B Transient Pk-to-Pk Torque 8.98| 10.20| 10.30| 9.28( 7.66| 5.80| 4.29| 3.79| 4.25| 8.68
Motor C Transient Pk-to-Pk Torque 591 7.45| 8.34| 8.39| 7.38| 5.62| 3.93| 261 2.67| 6.76

of a sinusoidal function along with a linearly varying offset as TABLE III

follows: LS CURVE FIT PARAMETERS
Tp_p(8) = (Or +Ar &) + Ap sin (5 + o) (20) Motor

. LS Curve fit A B C

Ip(0k) = (Or1 + A1 0x) + Ag sin (0 + 1) 1) parameter

where Tp_p : Transient peak-to-peak torque in pu Or, pu 4.08 6.64 4.56

Ip: Peak motor current in pu A, pu/rad 0.0796 0.05 0.194

0y: Closing angle at index k in radians A, pU 27 3.35 3.36

k: Index k (1 to 12). denqtes k-th v.alue of § . . degrees 276 126 344

Or: foset of the sinusoidal function for Tp_p in pL} (radians) (-0.482) (-0.22) (-0.6)

Ar: Linear constant of the offset for Tp_p in pu/radian

Ar: Amplitude of the sinusoidal function for Tp_p in pu Oy, pu 7.22 11.1 8.95

aT: Phase angle of the sinusoidal function for Tp_p in radians A, pu/rad -0.044 -0.082 | -0.0135

Or: Offset of the sinusoidal function for Ip in pu Ay, pU 1.957 3.365 2.54

o Amplitade of he sinasoidal foncion ot T n aydegress | 1074 | 951 | -1103

) (radians) (-1.87) | (-1.659) | (-1.92)

ar: Phase angle of the sinusoidal function for Ip in radians

The LS curve fit, with a sinusoidal function plus linear offset
using (20) and (21), yields the parameters shown in Table III.
These parameters depend upon various factors including type of
motor (compressor, pump, fan, etc.), motor impedances, inertia,
and initial loading.

The delta voltage, the difference between the motor bus
voltage and the new source voltage just prior to the residual
voltage transfer breaker close, is related to the breaker closing
angle. The RMS values of delta voltage and the square of the
delta voltage are calculated for each of the breaker closing angles
using a period of one half-cycle of the delta voltage just prior
to closing. Fig. 12 shows the graphs of instantaneous and RMS
values of delta voltage along with instantaneous values of motor
bus voltage and new source voltage. For a given load, using
(17) and (18), the stator current is proportional to the voltage
applied to the stator, now altered by the delta voltage at close.
The motor torque is proportional to the vector product of stator

and rotor currents from (8) which in turn can be approximated
to be proportional to the square of the applied stator voltage.
Assuming the magnitude of the motor bus voltage is constant
at 0.3 pu and the new source voltage is 1.0 pu, the delta voltage
varies approximately from 0.7 to 1.3 pu due to the decay of motor
bus frequency and the resulting variation of angle between the
motor bus voltage and new source voltage from 0° to 360°. The
RMS value of the delta voltage can be represented by a sinusoidal
function with an amplitude of 0.3 pu with an offset of 1.0 pu.
Figs. 13—15 show the graphs of positive peak torque, negative
peak torque, and transient peak-to-peak torque, for Motors A,
B, and C, respectively. In order to see the effect of negative peak
torque on the LS curve fit values, the negative peak torque is
inverted and plotted. These plots also show the LS curve fit,
linearly varying offset, the sinusoidal function and the delta
voltage square. The linear offset O is shown in the middle
of these plots and the sinusoidal function is in the bottom of
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Fig. 13.  Graph of Motor A transient peak-to-peak torque versus closing angle.

these plots. The sum of linearly varying offset and the sinusoidal
function, denoted as LS Curve Fit of PPT, provides the best curve
fit for the transient peak-to-peak torque by minimizing the sum
of squares of the error between the data points of peak-to-peak
torque and the LS curve fit plots.

The following observations can be made from these graphs.
The variation of the peak positive torque versus closing angle is
small; hence, the sinusoidal component of the transient peak-to-
peak torque is mainly coming from the negative peak torque.

From the LS curve fit of transient peak-to-peak torque versus
closing angle graphs, the sinusoidal function has a similar shape
as the delta voltage square versus closing angle graphs shown
in Figs. 13—15 and plotted on the alternate Y-axis. As discussed
earlier, the torque can be approximated to be proportional to the

Graph of instantaneous, RMS, and square of RMS value of delta voltage.
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Fig. 14.  Graph of Motor B transient peak-to-peak torque versus closing angle.

square of the delta voltage. The offset Ot can be considered
as a result of the offset of the sinusoidal function of RMS
delta voltage squared. The amplitude of the sinusoidal variation
of the peak-to-peak torque can be considered as a result of
the amplitude of the sinusoidal variation of the delta voltage
squared. Now from Figs. 13—15, the maximum value of the
sinusoidal function is occurring at an angle of (90-a7). This
can be calculated as 117.6° for Motor A, 102.6° for Motor B,
and 124.4° for Motor C. The linear offset constant A 1 is small
for Motors A and B and can be ignored. For Motor C, A 7 needs
to be included when using (20) to calculate transient peak-peak
torque at different closing angles.

Figs. 16-18 show the graphs of peak motor current for Motors
A, B, and C, respectively. These graphs also show the LS
curve fit of peak current, the linearly varying offset, and the



6114

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 56, NO. 6, NOVEMBER/DECEMBER 2020

® Peak-to-Peak Torque (PPT)
----- Linear offset
—— Negative Peak Torque (inverted)
—&— Delta Voltage square

===-LS Curve Fit of PPT with Sinusoidal+Linear
= - Sinusoidal
—= - Positive Peak Torque

r1.8
8.0 r 1.6
. L
g- ’/ 1.4
£ 6.0 1 ] veveenee[ 12
g / essessesempenesees pesevssese
3 4 casssessseseses \ F1
z . N
S 4.0 I 0.8
E L 0.6
é 2.0 r 0.4
= F 0.2
3
& 00 —— T T T T T T T T T 0
s go 60 90 120 150 180 210240 270 300 330 360 0.2
[ . . N -
E 2.0 1 Closing Angle in degrees . 1l 04
= N .
S -7 r -0.6
-4.0 {Least Squares (LS) curve fit with sinusoidal and linear offset parameters: [ -0.8
Offset, O;= 4.56 pu; Linear constant, A;=0.194 pu/radian L
6.0 Sinusoidal Amplitude, A= 3.36 pu;Phase angle,a = -0.6 radians or -34.4° 12
Fig. 15.  Graph of Motor C transient peak-to-peak torque versus closing angle.

Delta Voltage square in pu

-==-LS Curve Fit of PC with sinusoidal+Linear

® Peak Current (PC)
----- Linear offset = - Sinusoidal
—&—Delta Voltage
0 A = 15
8.0 4 1.2
6.0 0.9
3
(=3 3
c o
= £
§ 4.0 4 0.6 2
5 £
2 g
=
% 2.0 4 o D— 03 g
.- = 5
§ re S [=]
. N
& 00 ————————————— 0.0
30 60 9( 120 150 180 210 240 270 300, 330 360
il Closing Angle in degrees -+ __
.-
-2.0 1 - °F 03
Least Squares (LS) curve fit with sinusoidal and linear offset parameters:
Offset, O, = 7.22 pu; Linear constant, A,=-0.044 pu/radian
4.0 Sinusoidal Amplitude,A,;=1.957 pu;Phase angle,a, = -1.87 radians or -107.4° 0.6
Fig. 16.  Graph of Motor A peak current versus closing angle.

® Peak current (PC)
«e+eeLinear offset
—#— Delta Voltage
16.0 - =

===-LS Curve Fit of PC with Sinusoidal+Linear
= - Sinusoidal

r 1.49
14.0 4 I 1.31
12.0 F 112
10.0 I 0.93
3 8.0 L 075 5
£ o
% 6.0 I 056 =
$
s ]
5 4.0 F 037 £
o - - o
= - >
£ 20 4 oo >4 Fo019 g
E e = s
X 00 r T v T T T T T S T 0.00
g 30 60 ~ 90 120 150 180 210 240 270 “S00 330 360
-2.0 ot ~ I -0.19
- Closing Angle in degrees =~
-4.0 I -0.38
Least Squares (LS) curve fit with sinusoidal and linear offset parameters:
-6.0 {Offset, O;= 11.1 pu; Linear constant, A, = -0.082 pu/radian -0.56
Sinusoidal Amplitude,A,=3.365 pu;Phase angle,a; = -1.659 radians or -95.1°
-8.0 - -0.75
Fig. 17.  Graph of Motor B peak current versus closing angle.

® Peak current (PC) ===-L8S Curve Fit for PC with sinusoidal+linear

«+«eeLinear offset =« Sinusoidal

—a— Delta Voltage

12.0 4 r 1.

10.0 1.15

8.0 0.92
2
£ 6.0 4 069 2
e £
3 40  0.46 2
5 4
2 20 ol - l 023 B
x . S e
3 ’, N
o . .

0.0 T . — . T . T —— T 0.00

30 60 .90' 120 150 180 210 240 270 300~ 330 360
’ Closing Angle in degrees S
-2.0 4 st 95ng J “~f-0.23
-
Least Squares (LS) curve fit with sinusoidal and linear offset parameters:
a0 | Offset, O, = 8.95 pu, Linear constant, A, = -0.0135 pu/radian 0.46
) Sinusoidal Amplitude, A, =2.54pu; Phase angle,a; = -1.92 radians or -110.3° .
Fig. 18.  Graph of Motor C peak current versus closing angle.

sinusoidal function. From the LS curve fit of peak motor current
versus closing angle graphs, the sinusoidal function has a similar
shape as the delta voltage versus closing angle graphs shown in
Figs. 16—-18 and plotted on the alternate Y-axis. As discussed
earlier, the motor current is proportional to the RMS value of
the delta voltage. The offset OI in (21) can be considered as a
result of offset of a sinusoidal function of RMS delta voltage
(see Fig. 12) and the amplitude of the sinusoidal variation of the
peak current (A ;) can be considered as a result of the amplitude
of the sinusoidal variation of the delta voltage.

In Figs. 1618, the maximum value of the sinusoidal function
is occurring at an angle of (90-a ). The angle at maximum inrush
current can be calculated as 197.4° for Motor A, 185.1° for
Motor B, and 200.3° for Motor C. The linear offset constant Ay
for Motors A, B, and C in (21) are very small and can be ignored
keeping the offset constant without causing any appreciable
error.

For residual voltage transfers, the minimum peak inrush cur-
rent occurs at a closing angle near 0° (or 360°) which coincides
with the lowest delta voltage displayed in the graphs in Figs. 16—
18. These peak inrush current magnitudes and delta voltages can
be compared with those of the in-phase transfer method which is
designed to assure a closing angle of 0°. As Table IV documents,
the motor bus voltage during a residual voltage transfer is 0.3
pu, which results in a delta voltage of 0.7 pu, and the motor bus
voltage during the in-phase transfer is 0.62 pu, which results in
a delta voltage of 0.38 pu. Therefore, the delta voltage during
a residual voltage transfer generating the minimum amount of
peak inrush current is 84% higher than the delta voltage during
an in-phase transfer with a 0° closing angle. Figs. 16—18 show
a strong relationship between the peak inrush currents and the
delta voltage, confirmed in Table IV where peak inrush currents
during a residual voltage transfer are 52, 59, and 65 percent
higher than those of an in-phase transfer. Therefore, the lower
delta voltage during an in-phase transfer is the main factor in
reducing the peak inrush currents even though the bus voltage
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TABLE IV
RESIDUAL VOLTAGE VERSUS IN-PHASE TRANSFER
Peak Inrush Currents (PC)
In-Phase | Residual .
Residual
Transfer | Voltage
Voltage
Motor Transfer PC % >
AV = .38pu| AV = .7pu In-Ph;se
@ Close | @ Close
Motor A 3.44 5.22 52%
Motor B 4.44 7.05 59%
Motor C 3.88 6.39 65%

is much higher than the bus voltage during a residual voltage
transfer. These results demonstrate that the in-phase transfer
method is far superior to even the best 0° phase angle close
by the residual voltage transfer method, which has only a 1 in
360 chance of ever occurring.

F. Discussion of Residual Voltage Transfer Results Related
to Industry Standards

For years, ANSI/NEMA C50.41, Polyphase Induction Motors
for Power Generating Stations, clauses 14.2 and 14.3 [11] have
stipulated that the following.

1) A slow transfer can be performed if the closure of the
alternate supply breaker “is delayed until the motor rotor
flux linkages have decayed sufficiently so that the transient
current and torque associated with the bus transfer or
reclosing will remain within acceptable levels ...” Specif-
ically, it maintains that “Slow transfer or reclosing can be
accomplished by a time delay relay equal to or greater
than 1.5 times the open-circuit alternating-current time
constant of the motor.”

2) A fast transfer must occur “within a time period of 10
cycles or less.”

3) All transfers can be completed at or below 1.33 per unit
volts per Hz on the motor rated voltage and frequency
basis.

The many simulation results with significantly out-of-phase
residual voltage transfers clearly demonstrate that even below
30% voltage, the motors experience damaging multiples of rated
torque. The ANSI/NEMA C50.41 advice that “Slow transfer
or reclosing can be accomplished by a time delay relay equal
to or greater than 1.5 times the open-circuit alternating-current
time constant of the motor” is wrong. Torque is NOT within
acceptable levels at large close angles, even at low voltage.

Clearly, the in-phase transfer in this study produced results
well within the acceptable motor torque rating and yet the
ANSI/NEMA C50.41 Standard of 10 cycles or less would reject
this transfer. This study demonstrates that the “10 cycles or less”
criteria must not be applied to the in-phase transfer method, as
it may take more than 10 cycles for the motors to rotate back
into synchronism and complete a synchronous transfer. Thus,
the arbitrary 10-cycle limit must be ignored or risk blocking
an otherwise perfectly good transfer. When an immediate fast
transfer is not possible due to a large initial angle, the in-phase
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transfer allows the motors to rotate back into sync at the com-
pletion of the transfer. With the in-phase transfer method added
as a synchronous method of “fast transfer” per the definition of
C50.41, this 10-cycle restriction can be eliminated. Moreover, in
the fast-moving world of MBT, 10 cycles (167 ms) is an eternity
and never was a safe limit for the C50.41 fast transfer. Even at
the medium inertia frequency decay of 20 Hz/s (Ryg), with zero
initial slip frequency (S;yy7), the angle movement (A@) in 10
cycles (T), per the equation A@ = 360(S;n;1 + 0.5RsTT, is a
dangerous 100°. And this does not take into consideration that
the initial phase angle may be nowhere near zero.

The pu V/Hz calculation depends on only three values at
closure compared to the new source: the bus voltage difference,
the bus frequency difference, and the phase angle difference.
But since the pu V/Hz calculation ignores current, it cannot
possibly address the torques that motors are experiencing. The
results of the study confirm this as significantly out-of-phase
residual voltage transfers with closures at damaging multiples
of rated torque are all given passing grades equal or less than
1.33 pu V/Hz. Therefore, the use of the 1.33 pu V/Hz limit, and
the fundamental metric itself must be eliminated as a criterion
for the safe transfer of motor buses.

From the study results, residual voltage transfers have more
than 33% probability of producing unacceptable high torque to
motors greater than SCT, resulting in cumulative loss-of-life,
motor fatigue, and potential early life failure. Residual voltage
transfers provide the least opportunity for maintaining continuity
of critical process motor loads, as the motors on the bus will have
coasted down significantly in speed, possibly coupled with the
jarring effect of a large phase angle at breaker closure which also
affects shafts, couplings, and loads. This can subject the motors
and loads to high inrush current and associated torque, lengthy
undervoltage causing motor trip or dropout, and necessary load
shed if the new source cannot reaccelerate all the motors simul-
taneously or if the transfer would cause excessive plant voltage
dip.

Acknowledging these significant problems, some in the indus-
try have elected to only perform dead transfers, waiting until the
motors have stopped and then restarting the whole process. This
strategy is extremely expensive and opens up exposure to the risk
of having to perform an unnecessary complete shutdown and
restart of the process. There is no need to resort to such extreme
measures since synchronous fast and in-phase transfers always
occur at much higher voltages, at much lower slip frequencies,
and coupled with the synchronous closure, provide a far gentler
transfer than the “blind” residual voltage method. Safe transfers
can be performed rapidly and seamlessly with no effect on the
process.

VII. CORROBORATING PRIOR WORK

In a 2017 IEEE PCIC paper [12], a new torque ratio criteria
was developed to provide a measure that could be used to assess
individual transfers. This MBT metric uses the voltage and
current signals to calculate the power drawn by the motor and
the corresponding torque ratio between the peak air gap torque
after the transfer and the air gap torque, under steady-state load,
prior to the transfer. The paper analyzed 36 live, online transfers,
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and graphed torque ratio versus @ Angle at Close and observed
a high correlation confirming one of the results of this study.

Furthermore, residual voltage transfer where the phase angle
and slip frequency are ignored can produce dangerously high
torques as significantly out-of-phase residual voltage transfers
were recorded with torque ratios of 11.31 and 13.83, further
confirming the results of this study.

This article confirmed with 32 live, online transfers that
synchronous fast and in-phase transfers always occur at much
lower torque ratios than the “blind” residual voltage transfer
method.
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