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ABSTRACT

Four-wire Wye connected a.c. power systems exhibit
peculiar steady-state fault characteristics when the fourth
wire of three-phase induction motors is connected. This
type of system is used to provide additional motor redundancy
on power systems of spacecraft such as the Space Shuttle
Orbiter. In the event of the loss of one phase of power
source due to a series or shunt fault, currents higher than
anticipated will result on the remaining two phases. This
is due to the magnetic coupling between phases of the motors.
This report develops a theoretical approach to compute the
fault currents and voltages. A FORTRAN prcgfam is also

developed and is included in the appendix.

ix
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1,0 INTRODUCTION

1.1 BACKGROUND OF PROBLEM

The a.c., power systems on spacecraft differ in many respects
from those of aircraft systems. Whereas aircraft generally use
engine-driven alternators as the prime power source, spacecraft
generally use d,c. sources such as fuel cells or solar cells.
The a.c. power is then derived from some form of static inversion
device, As an example, the Shuttle Orbiter spacecraft utilizes

. threc single-phase static inverters phased together to provide

a 115-volt, 400 Hz, 4-wire Wye power system. This 4-wire system
has the advantage that it provides a capability to operate
polyphase induction motors after the loss of any one phase. ;
Certain precautions must be observed, however, in the application
of a system of this type, and an understanding of its fault
characteristics is essential. The Orbiter system will be used

as an example throughout the remainder of this thesis.

1,2 STATEMENT OF PROBLEM

N AT, A A SR RSeS|

The purpose of this investigation is to develop a model,

using both analytical and empirical methods, to determine per-

formance characteristics of the system during series and shunt

faults, It is not intended as an exact or generalized model

since several simplifying assumptions are made. The model is

expected to be sufficiently accurate to permit a system designer

.- o — T

or operations engineer to perform load and redundancy management

studies.
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Figure 1 shows a simplified schematic of one string of

an a.c. system, This diagram depicts a series fault simulated
with an open switch. One example of the serias #ault is the

i0ss of one of the three single-phase inverters. A shunt .
fault is shown in figure 2, A phase-to-neutral short circuit

is shown on phase A of sub-bus 3. The single-phase circuit

breaker protecting this phase has openad. For the purpose of
this analysis, the circuit breaker is assumed to trip properly
and clear the fault from the source. This type of fault is

of concern only on those sub-buses using single-phase breakers
as opposed to three-phase breakers, since a three-phase breaker

would clear all three phases.

Both of these faults are o«f concern for a system of this

D T o T Ry v ST I L Py PO

type because of the magnetic coupling between phases of the
three-phase induction motors, In case of a series fault, the

motors will continue to run on two phases and, through

B

generator action, will supply power to the non-motor loads
connected to the various sub-buses. This will add additional
load to the two remaining phases and possibly overload the
inverters or trip the circuit breakers. As stated previously,
the shunt fault is of no concern on those sub-buses using

thivee-phase circuit breakers. For sub-buses using single-phase

breakers, the situation is similar to the series fault. Due
| to the mzgnetic coupling between phases, the two remaining
phases will continue to supply current to the phase-to-neutral SR

fault. Depending on the number and size of motors connected,
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the two remaining phases could be overloaded and trip circuit
breakers. A secondary concern of the series fault is the mag-
nitude aﬁd phase of the voltage on the faulted bus. This is a
concern if the equipment connected to this bus could be damaged

by low voltage. The model to be developed will enable one to
compute these voltage and current parameters for various loading
conditions. It will also permit isolation of one motor of varying
horsepswer and computation of its starting current with and without

other motors running,

1.3 REVIEW OF THE LITERATURE

Methods for the analysis of unbalanced polyphase systems have
been known for many years. In 1918, C. L. Fortescuel! showed that
any three phasors, Qa’ Qb’ and Qc’ which are unsymmetrical in
phase and/or magnitude, can be resolved into two sets of balanced
(symmetrical) three-phase phasors and one set of three equal
phasors. The set of three equal phasors, an, Qbo’ and Qco’ is
commonly referred to as the '"Zero Phase Sequence' set. The two
balanced thres-phase phasors are commonly referred to az the
"Positive Phase Sequence" set and the '""Negative Phase Sequence"
set. The positive phase sequence set rotates in the counter-
clockwise sense and the negative phase sequence set rotates in
the reverse (clockwise) sense. For the remainder of this report,
phase quantities will be referred to as "ABC'" quantities or as the
"ABC" domain., Sequence quantities will be referred to as '"ZPN"
quantities or as the "ZPN" domain., Fortescue defined an

operator '"a'" where:

a o cos (2m\ + jsin (27 and a%2 A cos (4n\ + jsin (4n=
3 3 3 3
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Two useful properties of the phasor operator "a" are:
1+a+a?2=0
a . a% =1

He then developed a transformation matrix [C] where:

1 1 1
e =fs)- g
a a

which when applied to the "ABC" quantities, transforms them

into "ZPN" quantities as follows:

Q, Q
Q Qe
Similarly, the inverse of the [C] matrix,
1 1 1
(c-!1 ={1 a? a
1 a a2

could be applied to "ZPN" quantities to transform back into

the "ABC" quantities:

Q Q,
Q| = [cileq,
QC Qn

The factor (%) in the [C] matrix permits working with single-
phase quantities in the "ZPN" domain; however, recent authors
such as P. L. Alger? have suggested vhat the transformation
should maintain power invariance iu both domains and they
suggest using a factor (1/v3) in both the [C] matrix and its

inverse [C-!]. Either approach is acceptable if properly
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used; however, the earlier version as suggested by Fortescue
is used in this report., Numerous other technidues have been
proposed and used successfully for the analysis of unbalanced
systems. The symmetrical component method, however, is the

most widely used technique.

2.0 THEORETICAL DEVELOPMENT

2.1 SYMMETRICAL COMPONENTS

The first step will be to show that the positive, negative,
and zero sequence components are uncoupled and therefore can
be represented by three single-phase equivalent circuits. This
is frequently done in the literature for the positive and nega-
tive sequence. The zero-sequence is generally omitted because
of the fact that induction motors are usually operated "3-wire"

and zero-sequence currents cannot flow.

Figure 3 is a schematic diagram of an induction motor
showing back EMF terms and coupling between stator phases.

Kirchoff's voltage equations will now be applied to this

circuit:
Va = (Rg *+3X)T, - (GX )T, - (X )T, + E'y
Vp = ~0OX I, + (Rg + X )T, - (GX)I + E'y EQ. 1
Ve = -0X)I, - XTIy + (Ry + JX)I . + E'c
or in matrix form:
—Vaq ?Rs * X, “iXg “iXe ] ’I-a- ”E'aj
Vb = -jxC (Rs + jxs) -jxc . Ib + E'b EQ.
Vef L % e R r X)) ) (B
7

o9




where:

|E'al = |E'yl = |E'(| 4" Magnitude of back EMF's
jxC 4 Mutual reactance between stator phases
g =(RS + jXS); Z. = (0 + jxc)

The primitive impedance matrix can be written as follows:

,‘"}
Fzs o i) a
| (z,] = |-z, I, -l EQ. 3
~Z. -2¢ Zg

The symmetrical component transformation is now applied to 3
equation 2. The transformation matrix {C] was defined in section

1 and is shown below for convenience to the reader:

1 1 1 1 1 1
e =(3f1  a a2 [c-l]=11 a2 a
1 a? a 1 a a?

Equation 2 in simplified form is written as follows:

[}rabf;‘; N [Zp] * [Tapcd 4'Ei'ab(:] EQ. 4

The transformation of a set of voltages or curreats from the

S S

L | ek e i ST

e ia a aa

"ZPN'" domain to the "ABC" domain has been shown to be as

g eh a3 e

ad =[] - 1]

Substituting for the "ABC" terms in equation 4 gives the

following sy+cem of equations in the "ZPN" domain:

(€11 1V, n) = (2,0 0C7H ]+ 1T, 1+ C ] (B, ) EQ: 5

T

Multiplying both sides of this equation by [C] gives:

Voond = [C]°[Zp]'[C'1]'(I B yon] EQ. 6

zpn

zpn

2pn




Now the expression [C]-[Zp]-[C'lj can be evaluated:

- . h

1 1 1 2 -2 -Zc 1 1 1
1 . z ®le - ] 2 =
(3) 1 a a Z. ZS e 1 a“ a
2 - - 2
} a a | Zc Zc Zs 1 a a
1 1 1] (222  (a2+a)+(32)  (a%a)+(Z,-2)
1 a a?| . (24-22) azzs-(h-a)zc azs-(1+a2)zc =
2 - - 2 27 .
3. at a | (ZS ch) aZS (1+a )Zc a Zs (1+a)Zc
Zs-22, 0 0
0 (ZS+ZC) 0
L 0 0 (Zg+2,)
Equation 6 can now be written as follows:
i‘vz z, 0 0 Iz] E',
= 0 . 4 .
Vp 0 Z, Ip E p EQ. 7
Vo 0 0 Z, I E',
where: Z, = zero sequence impedance

Z, = stator impedance for positive and negative equivalent

circuits. (See figures 5 and 6.)

Since the impedance matrix in equation.7 is diagonal, it
can be concluded that the sequence circuits are uncoupled and
can therefore be represented as three separate single-phase
circuits. Textbooks on classical induction motor theory2,% show
that the back EMF terms E'p and E' can be represented as fictional

rotor impedances multiplied by the positive and negative sequence

rotor currents:
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E'P ) (zzp)'(lzp)
E'n = (Zpp) (Tpp)
where:

Z2p 4 Rotor impedance to positive sequence current

Z2n A Rotor impedance to negative sequence current

Furthermore, since zero sequence currents are all in phase,
they do not contribute to the rotating air gap flux and there-
fore B'z = 0, Also, since the power source generates only
balanced positive sequence voltages, Vz and Vn are zero. After
substitution, matrix equatien 7 can be written in the following
form:

0 =(Z,)(I,) + O

Vo = (21 (1)) 4 (2,00 (1,) EQ. 8

0 = (Z1)(Iy)) + (Z,0-(1,.)
From inSpectioﬁ of equation 8, the zero sequence equivalent
circuit can be drawn. This is shown in figure 4. Equivalent
circuits for the positive and negative sequences are available
throughout the literature and simplified versions shown in

figures 5 and 6 ave generally accepted as adequate,2,3

2.2 EQUIVALENT CIRCUIT OF MOTORS

For convenience of input to the computer, the non-motor
loads will be expressed as volt-amperes and the computer will
compute the equivalent resistance value., The motor loads will

be expressed as total connected horsepower. The computer will

11
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ol moeea



o AAM— M___ o N
R X Note: This circuit is not
2 required for 3-wire
-1 motors since Zero
2 sequence currents

cannot flow.

-

IR 2 PP




g e e e i s O SIIRIEE. o 35 0o

then compute the equivalent circuit parameters for this motor

load. This is an approximation, and assumes that the equiva-

lent circuit parameters are inversely proportional to motor

horsepower. This is assumed to be adequate for purposes of :
this analysis and is supported by Clarke?® for motors up to

5 horsepower.

The circuit parameters for the equivalent circuits shown -
in figures 5 and 6 can be computed from blocked rotor and no-

load test data plus d.c. resistance measurements:

R, = Measured d.c. resistance in ohms 3

P
R; = ( br - Rq ohms

I, 0? :
V., V2 P\
Slpy ) 2 br
X; = X, for class "A" motors? }
x = [V . |
m 7§T§i- - Xl)o ms %
i

where: Py, Iy and V.. are, respectively, the total power
input, line current, and line voltage measured with the rotor

blocked.

I and Vni are the line current and the line voltage g

nl
at no load.

Zero sequence parameters can be measured by connecting

the three-phase windings in parallel and applying single-phase

voltage from line-to-neutral, in which case we have
, . ) J

z2, = 3. (V /3°) - . .
I /e°




An alternate method is to connect the three-phase windings
in series and apply a single-phase voltage, in which case we

have
7 = V /8

An empirical method is used to obtain the equivalent
circuit parameters used for this study. Several 400 Hz air-
craft-type motors were tested to obtain a typical set of
equivalent circuit parameters. These included a Sawyer
motor (.125 hp), three IMC motors (.125 hp, .25 hp, and
.5 hp), and a Westinghouse motor (.67 hp). These motors are
assumed to be typical of other motors in this general size
and class category. The parameters for these motors were
measured in the labbratory and average values are listed
below: (Note: The following values are normalized to a

common base of 0.75 hp.)

Ry = 1.86 ohms; Ry = 3.34 ohms; X; = Xo = 4.9 ohms

Xm = 50 ohms; R, = 3.2 ohms; Xz = 3,22 ohms

These parameters will now be expressed in per unit (PU) values
(i.e., normalized with respect to some base value). A single
string of the Orbiter a.c. system will be used as the base
value,§

Base volt-amperes = 750 VA (single-phase inverter rating)

Base volts = 120 volts (phase-to-neutral)
Base amps = 750/120 = 6.25 amps
Base impedance = 120/6.25 = 19.2 ohms

14




Per unit values for this motor are as follows:
Ry = 1.86/19.2 = ,097 PU; Ry = 3,34/19.,2 = ,174 PU
X; = X, = 4,9/19.2 = ,256 PU; Xm = 50/19,2 = 2,605 PU;

R, = 3.2/19,2 = ,165 PU; X, = 3.22/19.2 = ,168 FU

The computer will calculate these parameters for eveiy set of
input values of connected horsepower (CHP). As an example:
Primary resistance for any size motor = R;(.75/CHP)
Where: R; 4 Stator resistance in PU
.75 = Horsepower of test motor

CHP 4 Connected horsepower

2.3 ANALYSIS OF SERIES FAULT

The series fault previously shown in figure 1 can be
analyzed using methods outlined in the Westinghouse Transmission
and Distribution Reference Book.* For purposes of this study,
the series fault condition shown in figure 7 is adequate since
line impedance is less than 3% and can be neglected. Westing-
house shows that the positive, negative, and zero sequence
equivalent circuits can be interconnected as shown in figure 8

to analyze the series fault in the "ZPN'" domain.

It will be more convenient to analyze this interconnected
network if the motor equivalent circuits are reduced to their
simplest form. Figure 9 shows how the positive sequence circuit

can be reduced. Figures 10 and 11 show the negative and zero

'sequence circuits in reduced form.

15
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Positive Sequence Circuit Reduction Equation:

2 & 00+ 35X /7 (s ixe)

- EQ. 9
Zp 2 + 22p

Negative Sequence Circuit Reduction Equation:

Zyn & Q0+ 35X 7/ (fB2sy ¢+ 3%l

L EQ. 10
’n 21 * I,

Zero Sequence Circuit Reduction Equation:

Z, = R, ¢+ sz EQ. 11
Sin.~ the non-motor loads are resistive with no coupling
between phases, the positive, negative, and zero sequence
equivalent circuits are identical and the impedance of the
single-phase equivalent circuit is:

Zy =R + j0 EQ. 12

where: R = (Base Volts)2/VAC/Base Impedance

VAC 4 Volts-Amperes-Connected

Figure 12 shows the simplified '"ZPN" equivalent circuits
for the motor and non-motor loads interconnected for the series
fault. This circuit can be reduced further as shown in figure
13, where impedances are defined as the following parallel
combinations.

3 Zps Iy Zl//zp
' lns & 1//Zg
| Z;s & /12,

18




FIGURE I3 - REDUCED INTERCONNECTION DIAGRAM - SERIES FAULT
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This is the circuit which will be analyzed to obtain fault

currents in the "ZPN" domain for the series fault:

Ip = Eap{Zns t zzs] — EQ. 13
(ZPs°zn4 ¥ (Zps"zﬂ * (zns'“zﬂ

I; - '(Eap'zzs_ _ EQ. 14
(zps°zns) ¥ (Zps'“zs) ¥ (zns°‘zs)

I, = - (Eap*Zns) EQ. 15

(zpégzns] +-(zps'r‘:‘z:s) * (Zns'zzs)

ZPN voltages across the fauit are as follows:

Vo = Vo Vyp = Bap - IpZne EQ. 16
Vo = Vin~Vyn * "IntZn EQ. 17
Vp o= VigVy, = mIeT EQ. 18

Eap is defined as the positive sequence input voltage to phase

"A" of the equivalent circuit. This voltage is obtained by

applying the [C] transform to the balanced input voltages:

E, 1 1 1 B
B =[«.1r)- 1 a a?2| . |E EQ. 19
P K] b ‘ )
2
En 1 a a EQJ

where: E_ = 1/0° PU; E, = 1/240° PU; E_ = 1/120° PU

Therefore:

E, 1 1 1] 1/0°
E, _1 a? aJ 1/120°
-~ [age° + 1/240° + 17120°] [ o
=(.}) 1/0° + 1/360° + 1/360°/= [1/0°
' 1/0° + 1/120° + 1/240‘: 0

o I o T N -




g T T LT G R T T e, s e e

It can be seen that the single phase value for Ep « 1/0° PU.

This is the value to be assigned to Ea As could be expected,

po
Ez and En equal zero since the input voltages are balanced.

The ZPN voltages and currents will now be transformed back

into the '"ABC" reference frame. Using the inverse transformation

[cT1}:

-

Eaa' 1 1 1 Vz
Ebb' 1 a? a . v > Voltage drops EQ. 20
. P across series
E_ ' 1 a as vV
L ¢cc - ! _n ) fault.
o o \
Ia 1 1 1 I, :
» System currents
Ib 1 av ap -’ Ip sfrom source, EQ. 21
2
Ic } a a _In }
I.+2,)
I (1,2, EQ. 22
= T, 701) )
"sz"
Iom (I5°21) >motor EQ. 23
Lptel currents.
I (In*Z1) / EQ. 24
(Z, 20
Iam 1 1 1 Izm ""ABC"
2 .
Ipm 1 a2 a Ipm >motor EQ. 25
2 currents
_}cm_ 1 a a Inm /
1 1 I )
al a am ""ABC"
Ibl Ib - Ibm >resistive load EQ. 26
currents.
JCIJ I Tem ) .
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vam va fﬁaa' "ABC" voltages

me = Vb - Ebb' at motor and EQ. 27
load terminals.,

Vem Vc lscc'

This completes the analysis of the series fault. A FORTRAN
program is shown later to solve the above equations on the

computer.

2.4 ANALYSIS OF SHUNT FAULT

The method of solution for the shunt fault (figure 2) will
be different from the one for the series fault since the
terminal voltage on the faulted phase will be zero. The shunt
fault is actually a simultaneous series/shunt fault since the
circuit breaker on the faulted phase is assumed to have been
tripped. The period of interest for this fault is after the
single-phase circuit breaker has tripped. The fault is assumed
to be a zero impedance short circuit to neutral; therefore, no
current induced in the phase "A" motor winding will flow in the
resistive load. This simplifies the problem by permitting
separate computation of motor and load currents and then super-
imposing these to obtain system currents. Figure 14 is a
simplified diagram showing terminal voltage and current flow
for the shunt fault., It has been shown that the motor can be
represented by three independent equivalent circuits in the
"ZPN'" domain. These are shown in figures 9, 10, and 11, If
the applied voltages to each of these equivalent circuits are
known, the "ZPN" and the "ABC" currents can be computed. The

"ZPN'" voltages are computed as follows:

i

e ks ke A mais



‘ ‘

r fIc ¢c '-"'-"'-———---—.
2 o 1., | -——— | ,Motor

| 2 R . Icm |

5 Iy Qb " :

© >

@ L‘ Iy, | i

> L= |

i 4 P | bm |

Ia a . | i

N — E; !r\rv~ﬂv::1 1 :

I 1 ‘S . :

LQ.: : : Iam | i

R G NS G GWw SN0 Gmk GuY. GRS "

=

1

Fhase to neutral
_short circuit

IC = ch + Icm Va . 0
' = Toy * Tom v, = 1,/-120°
I, = 0 | v, =1 Az

‘‘‘‘‘‘
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v, 1 1 1 Va
Vol = (%) 1 a a¥ . |V, EQ. 28
2
LVn 1 a< a Vc
Sample Calculation: '
v, 1 1 1 0
1 L . -
vl = (3 r 2 1/-120°
(-]
Vo -1 a a 1/120
1/-120° +  1/120° 1/180°
= (3] [age o100 | = (Y200
2/-120° + 1/120° 2/180°
Therefore:
= .L i
v, F) + j0
= 2 1
Vb (3) + Jo
= -2 j
Va P'] + 30
The "ZPN" currents are computed as follows:
\'s
I, = z EQ. 29
Z T—-
z
I, = Vp EQ. 30
P
1. = _'n EQ. 31
zn
NOTE: Zp, Zn’ and Zz are computed using equations 9 through
11.
24
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ABC motor currents are computed as follows:

" B 'j i
Iam 1 1 1 I;T
= 2 .
Ibm 1 a a Ip EQ.
E cm | [l a a 2 LIn _

Since the resistive loads are not sensitive to voltage

unbalance, load currents can be computed in the ABC domain.

Va

Ial = ._z..l__ = 0 EQ.
Vb

Ib1 = ._z.r_. EQ.
VC

Ic1 - —z-—l EQ.

The system currents are as follows:

1, = 0 EQ.
I, = Ipp * Iy, EQ.
I, = I+ I EQ.

This completes the computations for the shunt fault condition,

2.5 TWO-PHASE STARTING

The series fault analysis assumed all the motors on the
system were lumped together and running at the same slip. This
did not permit the separate computation of starting current for
one motcr when other motor and non-motor loads were operating.
A minor change in the circuit equations for the series fault
was accomplished to permit separate computation. An analysis
of this sort is of particular interest sincé the operating
motors supply current, through generator action, to the dead

phase of the motor being started. Since this current is in

25
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the proper time phase relative to the oth»r two phases, it
assists in the starting of the motor. In generating this
current, however, the other motors demand more current from
the bus. The computer program to be described later computes
bus currents and voltages, currents to the motor being started,
currents to the other operating motors, and currents being
generated on the dead phase by the other operating motors,
Figure 15 shows the current generated in the dead phase of
the operating motors and being supplied to the test motor
being started and to the non-motor loads. As the size of

the non-motor increases, its current demand increases leaving

less current available to start the test motor.

5.0 COMPUTER ANALYSIS

3.1 PROGRAM DESCRIPTION (SOPSFS) '
A FORTRAN program is developed to calculate system currents,
motor currents, non-motor currents, and bus voltages. The pro-
gram is set up -to permit computation of up to 10 values of slip,
10 values of connected horsepower, and 10 values of non-motor
loads., It is only necessary for the user to put in values for
slip, connected horsepower, and connected volt-amp;res of non-
motor loads. 1t is written in FORTRAN IV language. The compu-

tations, which basically involve the solution of equations 1-38,

f take place within three nested do-loops. A listing of the
FORTRAN program is included in the appendix. The program is
designated SOPSFS (Shuttle Orbiter power system,fault

simulation). -
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3.2 FLOW DIAGRAM FOR '"SOPSFS"

START
"SOPSFS"

 — a———

DECLARATION
AND

DIMENSIONING
OF

L__XfRIABLES

i

7 READ
INPUT DATA

T (10-120) ﬁ




anp,

K=1, NVAC

——

DO 500

B - G S D WD @ B & ® &

J=1, NCHP

DO 500

A E L EE XY

CALCULATE
SERIES
FAULT

PARAMETERS

500

|
|
|
]
|
|
|
'
'
|
]
'
'
B '
|
'
'
'
|
|
'
\
!
'
L

|

CONTINUE
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DO 800

K=1, NVAC

W

DO 800

J=1, NCHP

DO 800

I=1, NS

L

CALCULATE
SHUNT
FAULT

PARAMETERS

- TTTTTETY

F NEE—

PRINT SHUNT
FAULT

RESUfZi—_J

(800)
r>
800

CONTINUE

e @ W A S G © & o

p® o = & & -------1
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3.3 PROGRAM DESCRIPTION (SOTPMS)

The SOTPMS (Shuttle Orbiter two-phase motor starting)
program is an extension of SOPSFS and permits separation of
one motor (test motor) from the group of lumped motors. This
permits the test motor to be operated at values of slip different
froin the other motors. As a result, calculations can be made
with the test motor at zero speed while the other motors are
operating at full speed. Operation of this program requires
the user to put in values for horsepower and slip for the test
motor, horsepower and slip for the other lumped motors, and
volt-amperes of the non-motor loads., As presently configured,
the outputs are bus currents, test motor currents, lumped motor
currents, non-motor load currents, and bus voltages. These
currents and voltages are complex and are printed out in rectan-
gular coordinate form. The following example illustrates the
use of the program. l

Assume the loss of phase "A" inverter on AC-2, Calculate
the starting and running current of a 0,5 horsepower motor
when no other loads are connected to the system and when other
motor and non-motor loads are connected., This example simulates
the starting current of a cabin fan under various conditions of
system-load. It shows how the generated current from other’
operating motors on the bus can provide starting current to
phasg "A" of the cabin fan and thereby improve its starting

performance.
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STARTING & RUNNING CURRENTS FOR SERIES FAULT

TEST TEST
NON-MOTOR MOTOR INVERTER MOTOR MOTOR
LOAD (VA) LOAD (HP) AMPS (@B) AMPS (@B) AMPS (PA) REMARKS
0 0 9.7 9.7 0 Starting
0 0.5 13.4 9.0 2.4% Starting
200 0 10,5 9.7 o5 Starting
200 0.5 14.3 9.1 2,3% Starting
0 0 5.2 3.2 0 Running
0 0.5 6.25 3.1 0 Running
200 0 4.9 3.8 1.1 Running
200 0.5 7.8 3.4 .6 Running

Of particular interest here is the test motor phase "A"
current, Values marked "*"' are supplied to the test motor
from the other ﬁg%ars running on the bus, This current assists
the test motor in starting. When the test motor gets up to
speed, it is acting as a generator, along with the other mctors,

in supplying current to the non-motor load,

3.4 COMPUTER RESULTS

Figures 16 through 20 are graphs, plotted from computer
data, of system current in phase "B'" versus non-motor load in
volt-amperes for various motor loads. The fault is placed on
phase "A" and the phase "B" system current is plotted. Phase
"B" was chosen to plot since it is consistently higher in
magnitude than phase "C" and therefore represents the worse
case condition. Since the ordinate of these curves is in per
unit current, a horizontal line at the 1.0 point represents
the full load line for phase "B.,” The dotted line represents

the current anticipated on phase "B" during a series fault if

32
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the magnetic coupling between motor phases is neglected. It
takes into account the additional current required to supply
the mechanical load from two rather than three phases, plus
the additional current due to the higher slip. Examination
of the curves shows that a significant error could result if
one does not consider the coupling when making a load analysis.
For example, figure 18 shows that the system, under balanced
conditions, can handle 0.5 horsepower motor load plus an
additional 600 volt-amperes of non-motor loads per phase. If
coupling is neglected (dotted curve) during a series fault,
one would erroneously expect the system to handle the 0.5 horse-
power motor plus 415 volt-amperes of other loads when in fact
it could handle only 347 volt-amperes of other loads. FémilieS‘
of curves for other motor loads are shown in the other figures.
Figure 21 gives a family of curves for various motor loads
showing the current generated by phase "A'" of the motor during
a series fault. The current is again plotted versus volt- |
amperes of non-motor loads and shows current increasing as loéd
increases. This is what would be expected since increasing
load represents decreasing impedance., This plot vividly illus-
trates the problem addressed by this analysis; that is, the
non-motor loads connected to the bus represent an additional
load to the remaining two/phases because of the generating
action of the motors. Figure 22 shows the generated current
in phase "A" as a function of motor horsepower during a shunt
fault, This could be considered the limiting case of the series

fault since the shunt fault really represents a zero impedance
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load. Another parameter of interest is the voltage on bus "A"
during a series fault. This represents the voltage, generated
by the connected motors, impressed on the non-motor loads con-
nected to bus "A" and could be a problem if these loads are
sensitive to low voltage. A plot showing the magnitude of this
voltage as a function of volt-amperes connected is shown in

figure 23.

4.0 CONCLUSIONS AND RECOMMENDATIONS

4.1 CONCLUSIONS

Whereas 4-wire a.c. systems offer the advantage that
3-phase induction motors will start on two phases, their per-
formance during fault conditions must be taken into account.
In order to predict this performance, one must take into account
the magnetic coupling between phases of the motors. This
coupling can result in overloads on the system as well as
undesirable voltages on the faulted phase. A method has been
presented to estimate the magnitude of these voltages and
currents quickly and easily for series and shunt faults. For
example, it has been shown that the non-motor-load capacity
of the Space Shuttle Orbiter system is approximately 16% lower
than would be anticipated if coupling were not considered.
It has also been shown that there exists a practical upper limit
on the size of motor loads that will tolerate a shunt fault,
For example, on the Orbiter this upper limit is less than 0.5

horsepower.
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4.2 RECOMMENDATIONS

The program as developed does not permit reactive non-
motor loads nor does it permit impedance-to-neutral type shunt
faults, These features should be incorporated in later versions
of the program, The addition of distribution system (source)
impedance would be a useful feature also. It was not included
in this version since the distribution impedance for most

spacecraft is very low (3% or less voltage drop at full load).
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