THE FOUR-TERMINAL NETWORK METHOD OF PREDICTING SINGLE-FHASE
INDUCTION MOTOR PERFORMANCE CHARACTERISTICS FROM TEST DATA



THE FOUR-TERMINAL NETWORK METHOD OF PREDICTING SINGLE-FHASE

INDUCTION MOTOR PERFORMANCE CHARACTERISTICS FROM TEST DaTa

By
HARWON %EEDER, JR.
Bachelor of Secience
Oklahoma Agricultural and Hdechanical College
Stillwater, Oklaiioma

1948

Submitted to the Depariment of Electirical Engineering
Oklahoma Agricultural and ilechanical College
In Partial Fulfillment of the Reguirements
for the Degree of
MASTER CF SCIENCE

1949



ii

APPROVED BY: AUG 24 1949

Cnvt Lnen

Chairman, Thesis Committee

236602



iii

PREFACE
In this country there are primarily two types of transmission

systems, the three phase system, and the single phase system. One
third more copper is required for single-phase transmission as
compared to three-phase transmission for a given amount of power
to be transmitted a fixed distance with the same line loss. Or
stated in different terms: for a given line-to-line voltage and
a given amount of copper, the three-phase, three-wire system is
more efficient than the single-phase system (or any other type of
transmission system). Industrial requirements call for three-
phase power almost exclusively. Single~-phase motors displays less
satisfactory characteristics than three-phase motors, but, neverthe-
less, single-phase motors have become useful in a wide field of
applications. Part of this demand for single-phase motors is
because of the rapid growth of single-phase supply to large rural
areas which formerly had no electric service of any kind. Part
of the demand may also be atiributed to builders of post-war homes,
who are demanding an ever increasing application of eleciric motor
power to new and better home appliances. This growing demand has
established the importance of single-phase motors despite its
handicaps.

The Department of Commerce Census of Manufactures for 1939
reveals that sales for the year in question were as follows:

Single-phase motors, 1/20 hp and over, 5,870,722 units,
valued at $44,166,285.

Polyphase induction motors, 1 hp and over, 365,58) units,
valued at $33,688,725.

These figures do not include synchronous motors, nor rail-

way and vehicle motors. In 1939, a pre-war year, single-phase
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motor sales composed over 50% of the total sales of alternating-
current motors.

Single-phase motor theory is much more difficult than that of
the three-phase motor, and lacks the beauty of symmetry enjoyed in
three-phase motors. Because of its increasing importance and the
lack of any unified theory, the single-phase motor has been ap-
proached from practically every angle in the field of predicting
performance characteristics.

In any method of predicting single-phase motor performance
characteristies, it is of prime importance that an equivalent
circuit be drawn, which will give an electric representation of the
single~phase motor under all load conditions. The choice of an
equivalent circuit, and its associated solution, is the basis
from which all prediction characteristics must be taken.

Since the single-phase motor may be represented by an electric
network, it is then a rather simple matter to analyze it as a four-
terminal network and solve for the general network constants A, B,
C, and D. Transmission lines have long been considered as four-
terminal networks and analyzed in terms of the general constants:
however, the application of the four-terminal network method to
electric motors has been made only recently. It is a method which
attacks the problem of motor analysis by an entirely different
approach and is an improvement over many of the so-called "con-
ventional methods."

Mr. Tarboux gives an excellent treatment of the four-terminal
network method as it applies to induction motors in general, but

he points out the fact that there is considerable work to be done,



especially concerning circle diagrams for single-phase motors.t

Since his work is so generalized, and is developed from the stand=-
point of design data, there is room for improvement in the develop-
ment of more specific single-phase motor cases. It is the purpose
of this thesis to improve on the four-terminal network method of
predicting single-phase motor performance characteristics, especi-
ally from the standpoint of using the data from blocked-rotor and
no~load tests rather than from design data.

It is the hope of the writer that the material presented in
this thesis may be of some value to those interested in predicting
performance characteristics of single-phase induction motors, and
that it may prove beneficial to vthers interested in research

along these lines,

1;5. 6. Tarboux, Alternating-Current Machinery.
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CHAPTER I

In the predictioh of single-phase motor characteristics it is
of prime importance to set up an equivalent circuit or network to
represent the actual motor as nearly as possible. Since all per-
formance characteristics are based on the choice of an equivalent
circuit and the solution of that circuit it is important to re-
view a few of the basic network théorems.

THEVENIN'S THEOREM

Thevenin's theorem is primarily used when the network reac-
tions are to be analyzed at a particular pair of terminals and thus
is frequently referred to as a "two-terminal network". The
theorem can be stated in several different ways of which the fol-

lowing is typical:

At any particular frequency any linear network of bilat-
eral elements viewed from any two terminals of the net-
work can be replaced by a generated voltage Eo and an
impedance Zj in series, where Ep is the open circuit
voltage measured across the terminals in question and Zj
is the impedance of the network viewed from these same

terminals with all generators replaced by their internal
impedances.l

RECIPROCITY THEOREM
The reciprocity theorem may be stated as follows: In a net-
work composed of linear bilateral circuit elements, if any source
of emf, E, located in the i th mesh, produces a current, I, in
the k th mesh, the same source of emf, E, if placed in the k th
mesh will produce the same current, I, in the i th mesh.

The ratio of the emf, E, in the i th mesh to the current, I,

luyril b. Reed, Alternating-Current Circuit Theory, p. 358.




in the k th mesh is called the transfer impedance, Zjk. Thus,
if the transfer impedance Zjx is equal to the transfer impedance
Zxy, the network is said to be fully reciprocal. This also implies
that the circuit is absolutely linear and bilateral.

FOUR-TERMINAL NETWORKS

In general, a four-terminal network may be defined as any
electric circuit composed of resistances, inductances, and capa-
citances where there is involved only one pair of energy input
terminals and only one pair of energy output terminals. aAny such
network connecting two pairs of terminals can have its electrical
characteristics expressed in terms of four network constants, A,
B, C, and D.

It has been shown by various uaysz that the voltages and
currents in such a network, where power flows from the sending
end to the receiving end, can be expressed in terms of the net-
work constants by the equations

Vg = AVp + BIp (1)
Ig = CVp + DIp (2)
where

Vg is the voltage at the sending end

Ig is the current at the sending end

V, is the voltage at the receiving end

I, is the current at the receiving end.

Only three of the four network constants are independent

however, since by the reciprocity tneorem, the relation AD-BC=1l

2J. G. Tarboux, Alternating-Current Machinery, p.l-2.



exists for all reversible bilateral networks. Mr. Tarboux gives
a proof of this relationship in his book on alternating-current
macninery.3

In a network where current and voltage measuremenis can be
obtained at both the sending and receiving ends it is a relatively
simple matter to obtain the network constants. From equation (1)
the value of the constant A is obtained by opening the circuit at
the receiving end, i.e., when Iy = O. Under this condition eyua-

tion (1) gives

&
i ok
Vg
and equation (2) gives
c w1l
Ve

The constant B can also be obtained from egquation (1) if the re-
ceiving end is short circuited, i.e., when Vg = O, This gives
v
B T ol

Iz
and egquation (2) gives

I

D=-—E-

From the above solutions for the network constants in terms
of the currents and voltages, the network constants obviously have
the following significance.

"A is the voltage impressed at the sending end per volt at

the open-circuited receiver. It is a dimensionless voltage ratio.

3Ibid, p.6.

4The subscripts "s" and "r" used in equations (1) and (2)
will now be changed to 1 and 2 respectively and will be used
throughout the rest of this paper.



"B is the voltage impressed at the sending end per ampere in
the short-circuited receiver., It is the transfer impedance used
in network theory. It is also equal to the voltage impressed at
the receiving end per ampere in the short-circuited sending termi-
nals.,

“"C is the current in amperes into the sending end per volt
on the open-circuited receiver. It has the dimensions of admit-
tance.

"D is the current in amperes into the sending end per ampere
in the short-circuited receiver. It is a dimensionless current
ratio."®

Although the constants A and D are dimensionless ratios, they
should not be considered as pure numbers. Since all voltages and
currents are complex quantities, all of the constants will also be
of a complex nature.

It is obvious from the above discussions that certain modifi-
cations and assumptions will have to be made before the four-
terminal network analysis can be made to apply to single-phase
motors. Despite the fact that the output of a motor is mechanical
energy instead of electric energy, motors still qualify as having
only one point of energy input &and only one point of energy output.
The single-phase induction motor may be represented electirically
by an equivalent circuit in which a variable resistance repre-
sents varying load conditions. 1In sucih an eguivalent circuit the

receiving end represents the rotor circuit. Since neither current

5ﬁest1nghouse Electric and Manufacturing Company (Central
Station Engineers), Electrical Transmission and Distribution
Reference Book, p. 101.




nor voltage measurements can be made on the rotor circuit, the
network constants must be evaluated from the measurable values of
input current and voltage.

Due to the presence of iron cores in most motors, the diffi-
culty of non-linearity is encountered because of the saturation
effects of the iron. However, if special care is used in apply-
ing the general equations for the determination of the network
constants, this factor will be eliminated. Fortunately electiric
motors generally operate at practically constant voltage, the range
of any voltage variation being, usually, rather small, so that the
constants may be obtained for average operating conditions. In
setting up an equivalent circuit certain assumptions and modifi-
cations necessarily have to be made and these usually are of such
a nature that the effects of non-linearity are negligible.

In the ordinary four-terminal network the looking-in and
looking~-back impedances may be found by the use of a bridge cir-
cuit or by the ordinary voltmeter-ammeter method and the network
constants evaluated from the resulting readings. However, these
methods obviously are eliminated in motors by the fact that the
receiving-end circuit (the rotor) is inaccessible. Conseguenily
it is necessary to use the volimeter, the ammeter and the wati-
meter in the input circuit only. Measurements, whenever possible,
should be made at the normal operating voltage of the motor and
not at the rated current. Short-circuit tests at rated voltage
will approximate more nearly the normal operating conditions than
tests taken with rated current. Mr. Tarboux discusses this point

in the following manner:



It is incorrect to make short-circuit tests at only
rated current, because at rated current there is no
assurance that the magnetic circuits are operating at
rated flux densities. In fact, there is no absolute
assurance that such is the case at rated applied voltage.
For special accuracy, the induced emf's of the circuit
should be computed and a short-circuit test should be
made at the rated induced emf, since induced emf's are
generully proportional to flux density and thus_.serve as
a measure of the degree of magnetic saturation.

For small single-phase motors, the difference between the
induced emf and the rated applied voltage will be small, especi-
ally in the difference in magnitude of the induced emf and the
rated voltage. Blocked-rotor tests at rated voltage will not pro-
duce excessive and damaging currents for single-phase motors, and
thus may be safely used.

SOLUTION OF THE CIRCLE DIAGRAM

In order to determine the necessary information for the con-
struction of a circle diagram for any motor, an equivalent circuit
must be set up which will approximate the motor behavior. In the
four-terminal network methnod of analysis it is very important to
make the proper choice of an equivalent circuit, since the network
constants are obtained from circuit parameters. If design data
is to be used to obtain the circult parameters, the exact equiva-
lent circuit may be used. Figure 1 shows the exact eguivalent
circuit of the single-phase induciion motor. However, if test
data is to be used, the exact equivalent circuit will have to be

modified and an approximale equivalent circuit used, such as the

e juivalent circuit shownin Figure 2. This may be done so that the

6Tarboux, op. cit., p. 12.
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Figure 1, The exact equivalent circuit for the single-
phase induction motor.
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Figure 2. The approximate equivalent ciromit for the
sipgle-phase Induction motor,



the error involved will be small enough to give results of a de-
sired accuracy, even when the performance characteristics are to

be predicted. Whenever the exact equivalent circuit is modified

to the extent that all shunt windings (Zoand Zg in Figure 1) are
moved so as to be directly across the input veoltage terminals,

and the solution by the use of the network constants will be little
improvement over conventional solutions. When more complicated
circuits (such as Figure 1 or Figure 2) are to be solved, the four-
terminal network method gives a straightforward and much shorter
way of obtaining the equation for the input current and, subse-~
quently, the circle diagram.

Tarboux, in his treatment of the equivalent network for the
single-phase induction motor, determines the network constants in
terms of design data rather than the data obtained from the ordi-
nary blocked-rotor and no-load tests.’ Since there has been no
appreciable work done along these lines by the four-terminal net-
work method, it is the purpose of this thesis to attack the problem
of the four-terminal network solution of single-phase induction
motors from the standpoint of laboratory tesis which may be per-
formed with a minimum of equipment and time. A circle diagram
will then be construcied in terms of the network constants, which
can be obtained from the test data, and from this circle diagram
a calculation sheet will be set up so that the complete performance
of a single-phase induction motor may be obtained with a minimum
expenditure of time and effort.

The equations expressing the relationship of the voltages and

7Tarboux, op. ecit.



currents in four-terminal networks were previously given as
Vy = AVg # BIg (1)
I, = CVy ¢ DI, (2)
From these basic equations an equation of the input (stator)
current can be obtained in terms of the general constants, the
applied voltage, and the load impedance. In all of the equations
used in tnis derivation the guantities are understood to be com-
plex.
From equation (1)

VvV, _ BI
B K. Jos. (3)

From Figure 2 Vg = Io2p (4)

it ik (s)

Giving Zrlg

Vi
AZp + B

(6)

Oor 12

Substituting this value of I, into equation (4) gives

ViZp
AZg + B

(7

V2=
Using equations (6) and (7) in equation (2) gives
v
c ( Vizr )

v
Pl % e OO D ( ) | s

Iy'®

AZg + B

If both the numerator and the denominator of the right hand

member are multiplied by A, equation (8) becomes
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vi(aCZg + 4D)
I, =
L

Adding and subtracting BCV; in the numerator of the right
hand side, and rearranging
ViC 2 v1(AD - BC)

9

I, =

From the reciprocity theorem the relationship AD - BC = 1
holds true if the circuit is bilateral. The application of tais
relationship to single-phase motors has been discussed previously,

Using this relationship in equation (9) gives the input current as

Vi
A(AZg ¢+ B)
Vi
F. Y
L L (10)

LR
T A

"

1 v,
1 ol

Another method of approach freguently used to obtain the
same results will be presented so that it may be compared with
the writer's method given above .89

The input admittance, Yl. of a four~-terminal network is de-
fined by Y; = I;/V3. By substitution from equations (1) and (2)
the input admittance may be written

CVg # DI,
Y -

SN (1)
aVp , Blg

BTarhoux. Op. ecit.

9Elactrical Engineering Staff of Massachusetts Insiitute of
Technology, Electric Circuits, pp. 492-3.
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If both the numerator and denominator of the right hand side

are divided by 1,, equation (11) becomes

C=— t D

But £z Iy

CZR + D
Then LYy = {12)
AZR + B

Carrying out the division indicated in equation (12) gives

D- - AD - BC
: n A
AZp t+ B

>

But since AD - BC = 1, then

1
Ag

+ B (13)
R %

_ ¢
¥, T -
1 Afz

The input current can then be obtained by

And substituting equation (13) for ¥

Vi

. s Ag
1" A ZR ; E
A

I

wilch is identiecal to equation (13). This is probably a
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more elegant development, butl noi any nore rigorous than the Jirst
method.

It wight be weil 10 menvion again that ithe newvwork constanis
Ay By, C, and D are all complex quantities and musi be used as
such in eguation (10).

Eguation (10) gives the input current, in terms of the nei-

work constanuvg, as

.
1= zig *'aéi;"n
4 g * E
_ )
Let K* = G/ (an admittance) {a))
) .
Ev = 1/3, (a complex ratio)(b))-(14)
_ )
K = X3 # jip = B/A  (an iampedance) (c)i

Then equation (10) becomes

i - ]
S S P AL TS 4 KoV 4
Zp t K 7R £ (K] # JKp)

Since K, + JK, gives an equivalenl impedance (evaluated from

- B/A), then Kl must be an equivalent resistance and Kz an eguiva=-
lent reactance.

The load impedance, Zp, is considered to be 2 varying resis-
tance whose value depends upon the speed of the rotor. The
grouping of the resistive components and the reactive componsnts
into two separate parts in tne denowminator gives
K,

Ip 28V 4 = e
(zg 1 B1) » JXp

(15)




13

From equation (15) it can be seen that the input (stator)
current is composed of a constant component, K'Vl, and a variable
component,

1Y
K Vl

(z2g + K3) 4 JKg

K -
et r——— re K
7 QH' wher is

a vector constant, and either # or N is varied while the other

If a vector quantity, R, is given as R =

(¥ or M) remains constant, then the locus of the vector guantity,
ﬁ, is a c¢ircle.

The value of Kz, the equivalent reactance, is considered to
be constant as are K" and Vj.

Thus if only the variable ﬁortion of eguatien (15) is con-
sidered, its locus is a circle whose center is not at the origin.
The analytical eguation of a circle whose center is not at the
origin is given by the eguation

r< {

)

= (x-n)2 s (y - k)Z

where
r is the radius of the circle
x and y are the coordinates of any point on the circle
h and k are the coordinates of the center of the cirecle

Consider the variable portion of eguation (15)

o7,

It (15-a)

“Zn t K1) ¢ 3Kz

Where I' is a vector guaniity which represents the rotor
current.,
\ If Zg = oo, which can be obtained when the rotor is rotating

at synchronous speed (the only way this can be accomplished in an

~ induction motor is by driving the rotor with another machine),
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equation (15-a) reduces to zerc. If (Zg + K;) is equal to gzero,
equation (15-a) becomes

7,

W

These two conditions represent the minimum and maximum values

I' =

of I' respectively, Since the locus of the vector I' is a circle,
the diameter of ithe cirecle will be

R,

Ky

diameter =
2
If the voltage reference is chosen as jV;, then the diameler

will becoune Xifﬁn) and the radius will be V1 (). However, the
Kz BK,,
2 2

vector K" is equal to 1/A2 from equation {(14-b).
Let 1/4% = 1/4%8/6
The coordinates of the center of the circle (h,k) then can be

evaluabed as

v
h 1 Cos £
s

Kzﬁ. »

kK = __Y_L___Sin 4
2K 42

The circle which represents the locus of the rotor current, I',
is shown in Figure 3. The diameter of the circle is seen to be
tilted by the angle, 6, which is easily determined from the net-
work constant, A, There is considerable coniroversy among differ-
ent writers aboul wheilher or not the circle diagram should be
tiled, and, if so, whether 1t should be tilted upwards or down-
ward, The ease with which this problem is handled by the four-
terminal network method adds to the effectiveness and adaptability

of this m:tnod as compared to other methods of analyses.
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Figure 3. The oircle disgram representing the looune of
the rotor current of a single-phase lndugtion motor,

.Tigura 4. The circle diagram representing the loéus of
tha gtator current ef a single-phase 1nduct10n motor.

o
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1f the constant vector K'V; is added to eguation (15-a),
the center of the circle will be displaced by an amount egual to
the magnitude of K'Vy from the original coordinates (h,k) and in
the direction of the vector K'Vlc The same results can be ob-
tained by moving the original axes in ihe direction of ~K'V1,

The cirecle wiich represents the locus of the input current

as obtained from eguation (15) is shown in Figure 4.

FOUR-TERMINAL NETWORK METHOD - DESIGN DATA

Since the four-terminal network method is just as easily
applied to complicated networks as to the more simple networks,
it thus is an ideal metihod of attacking the exact eguivalent cir-
cuit of the single-phase motor when the design data is known or can
- be obtained. This approach to the single~phase motor is ade uately

covered in Mr. Tarboux's book, aAlternating-Current Machinery. In

order to make a valid comparison of ihe four-terminal network
method put forth in this thesis with the work done by Mr. Tarboux,
his work on tne single~phase induction motor will be given in
brief form.lO
The equivalent circuit oblained from the theory portrayed by

the double-revolving-field theory is given in Figure 5.11 From

this equivalent eircuii the parameters are gliven as

10Tarboux, op., e¢it., pp. 316-336.

llthe same equivalent circuit is obtained by the cross-
field theory bearing oui the conclusions of V. Karapetoff, Jr.,

in his paper "On the Equivalence of the Two Theories of the
Single~phase Motor® given in the A.I.E.E., August, 1921, p 640.
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motor.
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Figure 5. Egquivalent-rotating~-field circuit diagram of
a ' single-phase motor,
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Figure 8.  an egulvalent circuit for a single-phase
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L LI (an
Yp 2{2-8) 2 '

1/Ym = the exciting impedance of the main magneiic circuit.

&
E B
]

= primary-winding resistance

s
=
b

= primary-winding reactance

»
ot
!

rog = secondary-winding resistance
Xpe = secondary-winding reactance

Zge = Tge * JXge
. Ng - N

g = = slip
EE

Solving for the impedance between points a and b gives

ZpZp
2y + B2p

dap ©
and similarly, the lmpedance betwesn points b and ¢ is
7 = mn
bC 7 ee——
2y * Bip

adding 2,y and Zye gives
ZZp | Zaln

8¢ T I, F 2%, I, ¥ 2

_ ZgPLyHZnZnlytin 2y o
ac 8 e
Zy" #20p(2# %) AABNZ
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or in terms of admittance

Zm{2n+2p) #42p2p

+ (19)

- 1
Zn

Equation (19) represents a parallel cirecuit of Zgy and Zg in

which

Zp(Z,#2,) #42,2
7o = 2 ’a’lp " 2on%p (20)
ZigtentZ

p
But, from the initial definitlons of the several impedances
used in equation (20), the following are obtained:

rz.e”",j‘,x%eﬂ ( 2=g )

8{2~1)

FoeP-Xps28(8-8)42 jXpeT s

2p2n (22)

n

48(2-3)

Using equations{22) and (21) in eguation {20) gives

a2 . s !
Foe “t2ploptdXpelze

Zg = Jxg. T .
' Zp8(2-8)4rpgt jxges(R-3)

§t

or Zg ° ejxge; t ng (23)

where

3 .
Toe *Zmrze+gxzer2e

2g

Zis(z-s)+r25+;x s(g-s)

m )
If the impedance, Zg, is changed to an admittance, Yg, and
the equation rearrvanged, the result is
s(2-s) , (1-5)®
Tze ToetdXgetip

Yg = (24)




By further manipulation, eguation (24) may be given in the

fornm
5(2-8) (J320+Zm) y
i eyt (25)
r2e<r2E*3x28fzm) FogtdXge?dy

Equation (25) represents itwo parallel admittances Y, and T4

where Zg = /¥, = ro. + Jxz, + 24

< Zge t In (26)
and ; '
, =1 - rze(YZe*sze*zm)
d ‘fE g{2-s) (nge+zm)
r23<zae+zm)

12

: (27)
8(2-8) (Zgtixce)

By considering equations (19), (26), and (27) along with the
circuit given in figure 5, the eguivalent circuii shown by Flgure 6
is obtained.

The general network constants may be obtained from Figure 6 as
Zl(zzefzzm+qx29)*Zm(szZZe*sze)

gy

A=

w
¥

- Lpg? iyt dXzg

¢ = »
2, (Zzo+2,)
- ZptdXoe
D= m’i 2e
Zm

By considering Figurs 6 under no-load (s=o) and blocked-rotor
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(8=1) conditions, it is obvious that the parameters Z;, Zge, and

Z, cannot be found from the conventional blocked-rotor and no-load
tests. However, they may be obtained from the design data provided
the values of rotor resistance and inductance are converted into

primary terms (rge and xpg).

FOUR-TLHIINAL NETWORK THEORY - TEST DATA

The exact equivalent circuit shown in Figure 1 resembles the
egquivalent circuit used by Mr. Tarboux, which is shown in Figure 6.
The network constants obtained from the solution of the egquivalent
circuit of Figure 1 are:

B = 21 + 212pYo * Zp
C = Y, # Y ¥gZp # ¥
D= 1 ;)L YOZg

These constanis, like the constants resulting {frowm the solu-
ion of Figure 6, cannot be oblained from the no~locad and blocked-
rotor tests, nor from any praciical laboratory tesis. Conseguently,
1f the test data is to be used to evaluate the general network
consvanbs, an approximale eguivalent circull must be drawn. This
equivalent circuit should eliminste all "complicating parameters®,
and still approximate the actual motor behavior with the desired
acecuracy. |

The parameters of ihe exact equivalent circult of ¥Figure 1
are defined as:

Z1= Ry # JX3 = stator winding impedance

Z23= Rg ¢ 3X2 = egquivalent rotor windiug impedance

2o= Ro + jXo exciting impedance of the stator circuilt
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Zg = Rg+ jXg = rotor exciting impedance in the speed axisl®

2
Zp = i equivalent load impedance
% e

The rotor exciting impedance in the speed axis is the "compli~-
cating parameter®™ of the equivalent circuit. It is usually neglec-
ted (or absorbed by the other parameters as constants) which would
result in the approximate equivaleni circuit given in Figure 2,
where Y, = 1/Z, = the exciting admittance of the stator circuit.
The parameters of Figure 2 may be obtained from the no-load and
blocked~-rotor tests if certain assumptions are made. Consider the

data obtained from these tests as the following:

Blocked~Rotor Test - Vy, Iy, Wy

No-Load Test - Vn. In' w..

The resistance of the stator winding, Ry, should also be mea-
sured, either by the "IR-drop" method or by the use of a resis-
tance-bridge.

From the blocked-rotor test the equivalent impedance, Zg,

and the equivalent resistance, Rg, may be found by

v ~\
2e =TE T

and =™ 78
s

Under blocked-rotor conditions the total resistance, R, is equal
to Rl F Rﬂao s, but since Re is much larger than Rz. the total
2 He

resistance is assumed to be given by Rg = Rij# Ry from which the

Xg = S2(Xp+ Xg)



value of Rg can be obtained.
Since Zg = Res JjXe then the value of the eguivalent reactance

can be found by

Xe = Vzez - Rez ®
Aassuming that the eqguivalent reactance of the rotor is equal to
the reactance of thes stator, then X3 =z X3 = .5Xg. The stator and

rotor impedances become E& = Ry + J&%3= 23 491 fj‘
Zp = Ry r dXp= 2, /52 .

The vector quantity I, will be determined when the phase angle
1 wh

8, is found. From the no-load test, & = Cos
Valn

« 1f the

voltage vector jV¥; is taken as thg reference vector, then the no-
. . N =41 PR, /90~
load current vector, In, will be egual to Ing O-en,
By applying Kircanoff's law, the voltage, V , may be deter~

mined by

vase  mmm

[ I

(V,/82) - (1,/99-65)(21/51)

From which the exciting admittance of the staivor cireunit, Yo, may

be found as ?g: Eé,
Vo

Thus all of the network parameters of the approximate cguiva-
lent circuit shown in Figure 2 may be derived from the daia of the
no-lecad ana blocked-rotor tests. By solving the circuit given in
Figure 2 the general network constanis may be oObltained in terms
of the neiwork parameters,'zi, Zé, and'?o.

41l of the quantities are vector gquuniities unless otherwise
noted.

By use of Kirchhoff's laws
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I, = Ix#1g
1254V 5
v OY 0

o
o
"

but i

i

Yo(IpZatVg)

1127+12,4V,
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- (28)

(29)

(30}

(&)

Substituting the value of I, from eguation (31) into eguation

(29) gives

Il - YQ(IBZva2)+IZ

(32)

Substituting equation (32) into equation (28) and expanding,

the result is

Vi

| &

Comparing equation (33) with equaticn (1) gives

A

ZlY0+l
B

21+2142Y¥ot2g

Rearranging eguation (32) gives

Ip = Val¥o)#Ig(2Y 1)

A comparison between eguations (36) and (2) shows

C =Y,

D = Zéyofl

23(IatI02oY (#V Y () #1204V
VolZ 1Y o# 134102142127 o#25)

(33)

(34)
(35)

(36)

(37)
(38)

4n interesting point is broughit out about the constant com=~

ponent, K'Vy, of eyuation (15) if 1% is evaluated in terms of

the above test data,

E' « 0 = Yo
Bal

< I

¥ = n

Vn-1pZy

——



xd)
[#3]

Giving In
K'Y = Vn-in2y = iﬁ
Vn-InZ2;
K, = Ylin
Vi

But the no=-load test is taken atl rated voliage giving

v v

n~-"1

Then i
h'Vl = In

There actually 1s a slight discrepancy between the actual

value of Vl(C/A) and the value of no-load current, I since the

n’
value of Vl(C/ﬁ) should correspond to the no-load current only
when S = 1. This could occur in induction motors only by having
the rotor driven al synchronous speed by another machine. The
no-~load current, I,, would have iis tip on the circls slightly
above tne point where V1(G/A) would be, but the error due to this
discrepancy will be negligible in comparison to theerror in ob-
taining the test data itself. Therefore, the vector Vl(C/&) and
the no-load current are assumed to be equal, both in magnitude
and phase angle.

The other components, K and X"Vy, of eguation (15) also may
be ovtalned in teras of the test data.

SOLUTICN OF K.

K-B/n

Substituting the values from equations (34) and{(35) into the

above gives - 21421251 o+2g
RN
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But
I
Yo = n
Vn-1n2;
. I ded
Z;+ =2 - g+ Zg
K - Vn"InZl
Ziln
Va~InZy
2 2y V1020542920420 (V=1,27)
Vn
: Vo -
But Z142g= Zg
Therefore
2
K = Zg - in%l1
Vn
Since K' = In/Vq
Then K= 2¢ - K'le
SOLUTION OF'K“VI.
K'Y, = vy
1T =
A

Substitution from equation (34) gives

Vi . Vi

< , 2 2
(Y1) 2% “22,7041

K“Vl -

But
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Giving

Ke Vl Vl .

 2g.% 1.2
I,%,% BlnZ)
(Vq=In23)° Va~Ind)

VilVp-1421)8

1]

In?21 %4221, (Vy~Ip2 ) +(Vy =121 )8

vl(vnz-zvnxnzl-znazlﬁo -

1

—
Vn

_aviInzy | iIn®z®

=V

0

However, in single~phase motors the no-load test is practiecally
always made at rated voltage, i.e., V3 = V. If this is the case
then _ T 8p. 2

| Ky = Vi-2Inzi- 2B “1
Vi

but K' = EE;_
Vn
and

1"

thus e _ , ‘
K"Vy = Vg-InZ3(1+4K'Zy)



28

CHAPTER 11
After the network constants have been evaluated in terms of
the data obitained from the no-lead énd blocked-rotor tests, it is
necessary to draw the circle diagram or to use a calculation sheet,
which is based on the circle diagram, in order that the performance
curves may be plotted from which the motor performance under any
load condition may be obtaineqd.

MOTOR PERFORMANCE IFROM THE CIRCLE DIAGRAM

A circle diagram based upon ecuation (15) is given in Figure 7

where _
PR = diameter of circle = Kévl
Kz
OP - no-~load current = K'Vl
Of = blocked~rotor current

In the eircle dlagram construcied for three-phase and single-~
phase motors where there is no tilting of the circle diameter, the
division of the in-phase component of the blocked~-rotor current is

handled in the following manner :
Iz%Ry

(1,2-1,%)R;

rotor copper loss
stator copper loss

When the circle diameter is tilted, there is no length on the
¢onventional circle diagram wihich represents the stator c¢opper
loss. Thus the location of the point L must be done by different
methods when then c¢ircle diagram is tilted. The method of locat-
ing L proposed in this thesis is a relatively simple and siraight-

fbrward method. The length h*'L' can be obtained by the equation
- 2 .
_ (12-1,2)Ry
Vi

RILY




L V1

Figare: 7. Cirele diagram of a sin

calculation sheet.

-

gle-phase induction motor used %o obtain the

64
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The horigonial projection from point L' to the line represent-
ing the in-phase component of the blocked-rotor current locates
the point L. The length fL then represents ﬁhe’rotar copper loss
during blocked-rotor conditions. The division of fK into the rotor
and stator copper losses can be somewhat simplified by two assump-
tions: (a) that the in-phase couponenis of both the rotor and the
stator lie along the same line, and (b) that the guantity (Ihz-lna)
is equal to 122. Under these two assumptions the location of L
is determined by the eguation LK = (R3/Re)fK.

For small single-phase motors (less than 1/2 HP) these assuup-
tions are valid and the errors introduced will be negligible. For
larger single-phase motors the errors will be appreciable. Based

on the data of a 3-hp motarl

» the errors introduced by using the
avove-mentioned assumptions exceed 13%. This error could hardly
be called negligible. Whenever ihe term "neglgible" is applied
to a situation, it limplies that an error is involved, bul supposes
that ithe rror does not affect the result to a greater degree ithan
can be tolerated. Thus the gquestion of whether or not certain
assumptions can be made or certain parameters neglected is not
properly met unless the maxlimum magniiude of the error involved
is specified.

Because of the angle of tilt of the c¢ircle diameter, it is
also necessary 1o measure the power outpul along a line perpen-
dicular to the x-axis while the power input is measured along a
line perpendicular 1o the circle diameter.

For any value of stator current,; Oa, the performance charac-

1Pucnstein, A. F. and Lloyd, T. C., alternating-gurrent
Machines, p. 638 (Motor#s).
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teristics may be represented by ithe following guantiities on the
circle diagram (Figure 7): |

Power input to siabor = ae x V3 (Waiis)

Torgue = ae x V; (synchronous Watts)

Useful powsr output = ab x V5 (Watts)

Power factor = Co0s @ = ae/Oa. {as a decimal fraction)

Efficiency = ab/ae {as a decimal fraction)

EXAUPLE
An example will be given of a typical solution of the circle
diagram for a single-phaseé induction motor based upon the eqguations
derived from the approximate equivalent circuit shown in figure 2.
A #-hp, 115 volt, single-phase, 60 cycle, 4-pole, split-phase
motor shows the following test results:

(a) Blocked rotor. Main winding.

Iy = 14.1 ¥y = 115 Wy = 1100 Ry = 2.42 ohms
(b) No~load. HMain winding.
In = 2.8 Vn = 115 Wn = 61l.6

The vector Vy = 115/90 will be taken as the reference vector.
Wy

Cos Gb = = - _1;100 = +B879
Vi, 115){14.1)
Oy = 47.3
Cos @, = n 61.6 = »191
InVn {2.8)(115)
8, = 79.0
Thus I, = 14.1/90-6p = 14.1/42.7
and Iﬂ - 2.8/90-Qn = and ll.O

_Vp _ 115/90
Z, = 2= = 8.15/47.3
° T T, Ta.17a2.7
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2y
woooa 3 LU T

C =
D=

-n
e

K'Y,
=

Ry = "&bz 1100 . 5.52
10 (14.1)%

R, = Re-R) = 3.10
X, = 243-R,2 - | 8.158-5.52% = 6.0
Xy = X = 5% = 3.0

Zy = R1#3X) = 2.424J3.0 = 3.86/51.1
Zo = Ratig = 3.104J3.0 = 4.31/44
Vo = Vp-InZy

115/90 ~ (2.8/11.0)(3.86/51.1)= 105.58/92.74

Y, =B = 28050 . oze5/-81.74
Vo  105.56/52.74 =

21¥0t1
(3.86/51.1)(.0265/=81.74) + 1
1.091/-2.76
: 21721257 o #25
(3.86/51.1) # (3.86/51.1)(4.31/44)(.0265/-81.74)+4.31/44
(2.42$33.0) ¢ («4343.10) +# (3.10£33.0)
5.95#36.10 = B.53/45.8

Yo = .0265/-51.74
Zo¥otl = (4.31/44)(.0265/-81,74)#1
1.0904-3.07 = 1.0925£3.88

. OV) o (.0265/-81.74)(115/30) _ 5 5/13,0

A - (1.091/-2.76)

This gives a good check on the ecalculations because it has

previously shown that K'Vy ic squal to . the value of In.

Ky = V1, 115/89 = 96.8/95.5
5

A% (1.091/-2.76)%2



33

K = Kj#jkg = B = 8:53/45.8 _ 4 g3/48.56

7.83 Cos 48.56 = 5.17

K

"

7.83 8in 48.55

5’ . 38

1]

Kz

' Kuvl - 96.8/9505

Diameter of circle = = 16.6/5.5
K 5.38/90

Now, in order to find the stator current, it is necessary only
to assume a value of rotor speed (as a fraetion of the synchronous
speed) and solve equation (15).

Assume 5 = .98

52 ,

it

=KWy ¢ __ V2
= {ZR+K1)+JK2

-
o

(36.5¢5.17)7 058

L K]

2¢8/11.0 F 2.3/88.2 = 4.02/45.1
The circle diagram for thls example is glven in Figure 8.
From tals circle diagram the c¢ther performance characieristics

may ke measured.

"

Py = Power output = ab x V3 = (1.955){115) = 224.5 watts

it

Pj = Power input = ze x V; = (2.86)(115) = 329.0 watts

T =.Torque = a¢ X Vl = (2.17)(115) = 250 synchronous watts
PF = Power factor = ae/0a = 2.86/4.02 = 71.%, |
Efficiency = ab/ae = 1.955/2.86 = 68.4%

S = Rotor speed = ab/ac = 1.955/2.17 = .95
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Comparative Values

Py I %P %EfT. S
From Circle Diagram 329.,0  4.02 71.3 68.4 293
From Test Data . B34.0 4,10 71.0 67.0 .96

A comparison of these values Lo actual test values shows

that the maximum error doesn't exceed 2.0%.

CALOULATION SHEHT

Since it is the purpose of this thesis Lo predict the ¢harag-
teristics of single~phase induction motors from test data by the
four-terminal network méthod, the discussion would not be complete
without a performance sheet which ntilizes the prineciples of the
four-terminal network method,

any authors abhor the calculation shset method of determin-~
ing motor performance because of 1lis purely mschanlical nawure and
also because the significance of tine guantiiles involved are diffi-
cult %o picture witnout the aid of a circle diagram. It does not
enable them o follow througzsh the calculations with the usual
physical interpretation. Nevertheless, the analytiecal method has
the advantages of beling a much faster and a more accurate method
and is accepted as tie method for determination of motor charae-
teristics by many companies,

An ideal ealeulation sheet contains no vectors; requires’only
one slide-rule operation per step; contains no large numbers nop
any small numbers; and has few steps. It is, of course, impossible
to satisfy all of these ideal characteristics. For example, if

vectors are resclved into scalars this means that for every vector
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there will be two sealars thus increasing the number of calculations,
The following calculation sheet has been set up with the above ideal
_charaéteristics in mind and patterned somewhat after the three-phase
induction motor calculation sheets which are frequently used.2’3

The ealculations upon which a calculation sheet are based must
have an assumed starting point, A sheet can be set up with assumed
values of power outpuit, current input, or rolor speed and all of
the other characteristics may be obtained from tnis>assumed,value.
It is not even necessary to begin with an assumed performance
characteristic. The galculation sineet may begin with assumed values
of the "gcentral éngle" (the angle bounded by the diameter of thé
circle and a radius to the input current vector) and the charac-
teristics may be obtained from it.

In deciding which characterisiic should be assumed from which
a calculation sheet may be constructed, the faector of whether the
characteristic is or is not a linear function of the output power
should be considered. If the characieristic is a linear funciion
(or nearly so) of the output power, four or five egually spaced
values of power output, from no-load to 125% of rated load, may
be obtained. This will give a better distribution of points for
the plotting of tine performance curve.

Since the input current does not vary linearly with the out-
put power, it would be difficult to obtain equally spaced values

of power output. This point can be illustraled by considering the

BCalculation sheet by Professor C. F. Cameron - Oklahoma
Agricultural and ilechanical College

3'%f‘?ayrm J. Horrill, "The Apparent Impedance Method of Cal-
culating single-phase Hotor Performance," Electrical Engineering,
1X, (December, 1941) 1037 (Transactions)
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§-hp motor used in the previous example. At rated load the motor
draws 3.5 amps from the iine. If the gnarter~load point is desired,
it eunnat be obtained by taking 254 of 3.5 amps (.9 amps) since ihe
no-load curreni was found (o be L.B aups. HNeither can the solution
be gotten by taking 25% of the difference between ihe full-load
current and the no-load current and aﬁding tais to the no-load
current. This would give a value of .85(2.6~2.8) ~ 2.8 = 2.0 amps,
which is the eurrent input at about 40y of rated load.

The method of assuming values of power output would be the
most logical approach, but the caileulations for obtaining the other
characteristics in terms of tiue output power are Loo long and
conplicated to be of any practical use. The method of assuaming
values of ine "eentral angle” has the disadvantage of there being
no way of knowing the range of the "eceniral angle® from no-load to
125 of rated load. However, tiiis objection is not too great
for single~phase induction motors as the range of the "ceniral
angle® 1s fairly constant for small motors.

Zince the robtor speed, S5, ls practically a linear function
of power oubput, up o about 1504 of rated load (and freguently
ap Lo 2004), thnere is no difficulty in obtaining four or five
egually spaced values of power oulpuil for pletting purposes. The
motor name-plate data will furnish the full-load speed, Nfl’ from
which definlie values of 8§ can be obtalned %o give the values of
25%, 504, 754, 1004, and 1285% of full load. Jyor example; if itlis
degired to find tae characieristics ats nearly 75% of full load,

s o Ng = - 75Qig-Ngy)

the vaiue of 8 eould he Tound as & = where
Hg

Ng = syncaronous speed and Ngjy = fuli-load speed. The corres-

-

ponding wvaine of power output for thls value of 8 will be very
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close to 75% of the full load value.
The following calculations are based, therefore, upon an

assuned value of S, The load impedance can be found by

2
2y = S"Rp
1-3%8

Fguation (15) gives the stator current in terms of the net-
work constants and 2Zg. The network constants are obtalned from the

no-load and blocked rotor test data, and will have the general

values of
"Wy o= V1/90 T =¢
. % Eéé
l = 1 e -ﬁ = B
== =S — "z
A a : A

Equation (15 could be re-written, in terms of the magnitudes

and angles of the veclor quantities, in the following form

c C
I) = Vip Cos(8044)4iVy= Sin(904F )+

‘z; Coa(QOfﬁ)ijl 3in (90#4)
A% 42 } (39)

(ZR+€. Cos ¥)#+iB sin &
: A

or
1 = (mfgjn) # rijs (40)
xAJy
where

m = V1{(C/a) Cos (904 f )
n = V3(G/Aa) 8in(90x )
r = Vlng Cos(90£4)



8 = vl/az Sin(9044)

x = 2y + (B/A)Cos ¥
y = (B/4)Sin ¥

Rationalizing equation (40) gives

Iy = (mpjn) + (rx#syl4il{xs-ry)

Let u = x%y%
thus .Tl = [% +=(rx+sz{] 4 jfn f,(XS~rz%] {41)
" ~

The magnitude of f& is

i = dlﬁ t grxfsgz]z }-[h f—(xs-ry)]z
u oo
And the phase angle of<Tl with reference %o ?ﬁ is

.1 @ # {rxtsy)
2 = Tan. ‘ u__
n + {(xs-ry)

u

The power factor is then found as ihe Cosine of &.

By referring to¢ Figure 7 the imput current, Iy, iz made up
of vectors OF and Pa. By conparison with equations (40) and
41)

-ry)
n

Pa = (rxssy) + jixs
)

or the length of Pa is equal to 1 u(rxfsy)g + (xs-ry)z

u
thus Pet = (rxisy)
u
and ag' = {xs-ry)

u
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am—d -1
8g = Tan™ ™ Pe' = Tan™* (rx#sy)
ae' SX~ry

By trigonometiry
ad = Pa Cos(ogtsd)
and Pd = Pa 2in(egts)

In the triangle Pfh!

fh' = Iy Cos @b~ln GCos Qn
Ph!' = 3b S;n Gb-ln Sip Gn
and PE = Uan'>3+(fn«>2

-1 .
& = Tan = Fh!
fh'

Then fX = Pf Cos(§ #4)

The length h'L' represents the stator copper loss and can be

found Iy 2 2
y h'L°' - (Ib “'In )Rl
Vi
Thus fLY = fht-h'L!
ang fi. - fL!
Cos Z

This locutes point L.

Considering triangles Pbd and PfK, the line bc and cd may be

found by the following relations:

bd = Pd Cot(& +4)
be = bd (fL)
(fK)

The power output, Py, is obtained by multiplying the gquantity

ab by the applied voltage, Vi, gi?ing

Pg = V3 x ab z Vl(ad-bd)
The torque, in syncironous wabtlts is found as

T = Vi x ac = Vy{ad-cd)



The torque 1n oz-ft may be obtained by the eguation

T = 112.8(ad-cd)V;
Ng
where Ng = synchronous speed.
The power input, in wattis, may be gotten from
Pi:aex\fl
The efficiency is given ag the ratio of power output to power
input, or

Effo - ;é'_?.
a

411 of ihe performunce characteristics thus obtained are
based upon an assumed value of rotor speed. From these calcula-
tions the single-phase induction motor caleculation sheet shown
in Figure 10 is set up so that the performance curves may be
plotted from the results. Before ithis calculation sheet can be
used, certain preliminary calculations must be wmade to obtain the
necessary constants which are used in the calculation sheet.
Figure © shows tnhe preliminary calculation sheet which must be
used in conjunctioﬁ with the caleculation sheet of Figure 10, 4ll
values ziven on Figure 9 are constant for a particular motor and
are determined from the no-load and blocked-rotor test data. In
Figure 9 all vector guantities are indicated either as 2 or as Z/8.
30 that the accuracy of the caleulation sheet may be illus-
trated, the no-load and blocked-rotor test data of the same motor
given in the example is used in the calculation sheet of Figure 10.
The resulting values are ploitted as performance curves in Figure 11
and compared with performance curves from a normal load test. All

calculations were made with a slide-rule. If greater accuracy is
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o, = e, = 90-8, =
Ze 2Vp/Ip = Reg = wb/Ibz W Rg® Rgrily- &

'y
|

X] = X2 = .5Xe =

ety

21 /81 = Ri+jXy = Zg /82 = Ro#jXp =

u
.tﬂ
+
[
te
@
|

Yo =T NV, = vl(c/.q)ggoté = I, /9-0q =

1]

m = I, Cos(90-9,) n = I, Sin(90-9) =

K' = (In/Vp)/=8n = = K'Z71% = K'2,%/803-09 = ______
K za = -Z-.-K'-Z-la - y-K sinf = e
1+Kl'z"1 = 14K'21/81-0p = -I-n-Z-]_ = In21/904(91-9n) =

T,.Z,(14K'Z;) = K"V 1/9048 = Vo-TZ1(14K'Z;) =

r = K"V,Cos(9044) = 8 = K"V,8in(9044) =

fh' = IpCos Oyp-I,Cos 8, = Ph' = IpSin 0y-1,8in 9,=
&= Tan~1(Pn')/(tn') =

e et s D i

Pt = |(fn')3+(Pn')2 =
§#6 = ____ Cot( &§+84) = ____ 5 R P
fK = Pf Cos(g§+6) = __  h'L* = Ry(I,B-1 &)/

A/S/2=7ZTg#l = ______ L = (fh'-h'L')/Cos 4 =

1 et

Figure 9. Preliminary calculation sheet.



CallULATION SHEET
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2. (RES2)/(1-5%)

K Cos 8+
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« x(5)

O

Ty Ry ()
; n+

@)

F‘i = V]___X®

I s 2+@ jy“'

(QC)‘; 9)= Tan"1'® / _

PuF. ® Sin(80-9)

P = (D@ -

A : Tdn-l @/@

ad = @ % SIRCA S8

" Pa = (1) x Cosla -8)

vd 2 (@) x Cot(B#p)

el = x . fK-FL) /K

Po. = Vil (:)-(:) ) 4,

T = (112.8/86)¢ (1) - (9)
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; Figure 10, Calenlation sheet for single-phase induction
‘ notors. -
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desired, tables may be used for trigonometric functions and loga-
rithms used for multiplication and division. The resulis obtained
by thne slide-rule, nowever, are sufficienily accurate for most

situations as is shown by ihe curves of Figure 11.

CONCLUSIONS

The four-terminal network method presented in this thesis is
based upon tne approximate equivalent circuit of the sisgle-phase
motor. Since single-phase motors are relatively small in size,
the shunt branch representing the rotor execiting branch in the
speed field has paritly been combined with the other parameters
forming the approximelbe equivalent circuit walle the rest has been
neglected eatirely. This modification of the exact eguivalent
circuii wae made in order that all of the network constants A,

B, ¢, and © c¢ould be evaluated in terms of data obtained from ihe
no-load and blocked~rotor vests.

The four-terainal network method very definltely iandicates
that the circle diagram should be tilted upwards for more accurate
results. DBecause the circle diameter is tilted, precautions should
be taken tc¢ remember that the stator "added" copper loss should
be in phase with the applied voltage perpendicular to the x-axis)
winile the rotor copper logs is f degrees ahead of the applied
voltage (perpencdicular to the diameter of the circle). It hasg
been shown that the error in assuming both the stator and rotor
copper losses t¢ be in phase and perpendicular to the eircle
diameter may be guite large for larger single-phase motors. For
smaller motors the errors due 1o these assumpitions may be neglec-

ted depending upon the accuracy desired for the predlction charac-
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teristics. If greater accuracy is desired, these errors must be
corrected for in the calculauvions.

The application of the four-terminal network metnod to motors,
especially to single-phase motors, is a fairly new field of approach
to the solation of the eguivalent circuits of motors. The aspects
of the application of this method certainly have not been fully
explored in the field of predieting motor performance.

The method presented in this thesis for the prediction of
single~-phase induction motor characteristics from test data is
essentially a simple, but accurate solution of the approximate
equivalent circuit. From this solution either a eircle diagram or
a calculation sheel may be used in order ito obtain the motor per-
formance characteristics. Since tuere has been no work done in
applying the four-terminal network method to an eguivalent cir-
cuit of a single-phase motor from the stand point of test data,

a calculation sheet is consiructed based entirely upon data wiich
can be gotten from the no-load and blocked-rotor tests. This
provides a means of determining the performance curves of a single-
phase motor from whieh the behavior of the motor can be predicted.
The accuragy of the caleulation sheet has been shown to be very good
even when using a slide rule for ihe calculations. Greater accuracy
may be had by the use of tables and an ordinary calculating macihine.
The célcuiétion sheet gives a much faster methed of obtaining the
performance curves than the cirele dlagram, and, iln addition, is a
more accurate method.

As compared wo the calculation sheet developed by MNr. Veinott,4

4c. a. Veinott, "Pefformance Calculations on Induction Motors®,
AIEE Transactions, Volume 51 (September, 1942}, 743-755.
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the calculation sheel presented herein reguires only twanty-fivé
calculations (after the constants are determined) while Mr. Veinott's

sheet contains thirty-eizht steps.
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