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These experiments deal with transformers, direct curreant machines,
cross field machines, synchronous machines, asyrnchrcncus machines,
and the speed-torgye curve of an induction motor. (HN)
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General

. The first two lab periods will deal with transformers and are designed to
reinforce theory you have had in previous courses. They will also give you time
to reach a level o sophistication in your machinery lectures that will allow mean-
ingful lab work on machines.

The lab procedures and details of what and how you will perform in" the
lab are purposely vague. You will be told what, in general, y8u are to do. You
will design the experiment and make up a plan to be followed in the lab in order to
‘obtain the data you will need. . ¢ |

The "data you will need" is that data necessory for you to do an onalysis
: of behavior based on thetheoretical approach and compare it with the behavior you
observe in the actual machine. The comparison of theoretical and observed results

most include conclusions and explanations, if possible, of discropancies.
3
' The plan referred to above will be occomplished prior to coming to the lab,
It wi|| include not only what but how you will proceed. You must have connection
d|09ro\m§l resistor or rieostat ratings, instruments (including ratings) that will'be vsed,

etc,. . A

The laboratory plan will be .entered in a non-loose leaf type notebook.
Data obtained as well as the writd up of what you do,observations and conclusions will
also be kept in this book. Do not remove pages or erase if you make mistakes.
Merelyline through the erroneous data, ' .

The reason for this is to encourage you to do neat work and to think before
you act, It is the customary procedure in industry. Patents, court litigation, etc.
may depend upon the lab notes you maintain while working in inddstry,

: Yo must obtain the lab instructors’ Okay on your plan Qefore proceeding
with actual lab work. Ve

/



* TRANSFORMERS
Experiment 1

- Lr_gnsformer Ratio ;Ond l_’_g_'ority

e it v Wt o S e—

] ' The object of this experiment is to study the various connection ratios of
- transformation\that can be obtaired with a multiple winding transformer.

The relotive polaritytof the windings in a transformer must be known before

proper series or parallel connections can be made. Such connections are used because

I the primary or secondary sides of a transformer often have two windings, or because it
may be desirable to make auto-transformer conmections.

Two coils are connected cumulatively when they magnetize the common part
of the coils in the same direction, and differentially when the directions of magnetiza-
tion are opposite. If these coils are connected in series, with only one of them
energized, the voltage appearing across the combination is equal to the algebraic sum

“ of the two coil voltages. Applying this idea, the relative polarity of the variouss
windings .of a transformer can ‘be determined by the use of a voltmeter.

Proceed with the experiment as follows: |

1. _Dmﬁ‘[o diagram showing the windings of the transformer with their
terminal markings, and obtain all name plate information.

2. To determine the varicus turns ratios, energize one winding of the
transformer with its rated voltage and measure the voltages induced
in the remaining windings. ' '

3. By the method explained above, det\e_rmine the relative polarity of
all the windings. ‘

-

4, Energize the transformer at reduced voltage (i.e., 110 volts on the

220 v side), and insert a fuse wire in one of the input, lines. Record
4 ' the voltages appearing. across the output terminals when the two secondary
windings are connected as follows:

a. Series cumulative,
b. Series differential,
c. Parallel cumulative, ‘and

' © N d. Parallel differential.
" In the report, show a digram indicating the turn-ratios and polarities of
all windings. Also, discuss the results of Part 4, . !
[ ]
\ ' ~J
o 5
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TRANSFORMERS (Cont'd)

I~

Experiment’ 2

. | The Transformer Equivalen} Circuit

The purpose of this experiment is to determine the equivalent circuit of the
fransformer. When this is done, one may calcylate importa quantities associated
with transformer. operation, such as voltage regulation, efficiency, ahd phase shift. ~
The same transformers as were used in the previous experiment will be studied here,
so that all the name-plate data-should be known.

+

As one step in the proceaure, the winding resistonce of both the high and
low voltage sides should be obtained. To do so, apply DC and measure the proper
voltage and current, with the latter approximately equal to rated value. Devise
a scheme for securing rated current. Keep in mind that-if these readings are taken
at the beginning of the experiment, they correspond to the resistance at ambient

temperature, and operating temperature.

-

o

‘ With the high side of the transformer excited, take tl;?'necessory data for
_an open-circuit test, at roted voltage, and for a short-circuit test at 50, 100, and
150 per cent of rated current. As a check, excite the low side and take similar
open and short-circuit data.

-~

T When.toking the short circuit data, start with a very low applied voltage,
since very high currents will otherwise occur on, short circuit. Be sure to use current -
transformers throughout. '

Before coming into the laboratory, the student must prepare circuit
diagrams showing the proper instruments and their position. -Since high currents may
flow, it will be necessary to use current transformers with the ammeters and wattmeters.
‘As always, shorting switches must be used.

i U The report of this experiment should include at least the following:

1. Calculate the copper losses in each winding under no-load and
full-load conditions and discuss these.

2. Calculate the core loss from the no-load data,
3. Tabulate: the following in per cent of fhﬂr rated values; no-load
current and power, core losses, and full-load copper losses on both

sides of the transformer.

4, Calculation of the exact equivalent circuit parameters, based on
the tests for both the high and the low sides.




Using the approximate equivalent circuit, calculate the voltage
regulation for the following load conditions:

a. Rated load at unity power-factor,

‘b. Rated load at 0.8 power-factor lagging,

c. Rated load at 0.8 power-factor leading.

CalcJlate the efficiency at the three values of current used in the
short-circuit test, assuming the power factor conditions given in 5,
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INTRODUCTORY COMMENTS
MACHINES AND TORQUEMETERS

The majority of the experiments in this course will utilize the "universal”

.machine type of equipment and a few introductory comments are in order. A schematic

diagram of the M-G set is qttached. Each of the laboratory sefs consists of two
{dentical machines. The mo%hines have a torquemeter unit in the coupling between
the machines and a tachometer at each end. The oulput of the torquemgter is fed
to a torquemeter exciter and read-out box. Connection is made by a foﬁ-pmng
plug. One tachometer is & permanent magnet, single phase, alternating current
generator operated over the linear portion of the magnetizing characteristic. There °
are some a.c. voltmsters calibrated in rpm for use with this.- In some of our work
we will be recording speed. We will then use the other tachometer; a small
permanent magnet type d.c. generator whose induced voltage is proportional to
speed. Soms notes on calfbration of the torquemeter and the tachometer will be
presented in what follows.. |
we

Each Universal machine consists of wirtdings on the stationary member, or
stator and the rotating member, or rotor. The windings on the stationary member are
designated fy-f, and f3-f,. These windings are concentrated windings and the mmf
resulting from these windings acts along the same axis. Each of these windings is

ted 120 volts d.c. Thus the two windings can be placed in series by interconnecting

"fy and f3 and excited from a 240 volt d.c. source. The windings on the rotor, or

rotating member, are distributed, The windings are tapped at 120° intervals and brought
out through slip rings to terminals My, Ms, and Mg3. The ather end of the rotor has

a commutator and brush arrangerment and the winding is brought out from the brushes
through® terminals marked Ay and A, If we excite the slip rings’ with an a.c. voltage
of 3 phase, a revolving magnetic field is established. If the revolving field rotates

"backward at rotor speed, it is stcionary with respect to the field established by the

winding designated Fy...F4. H we excite jthe rotor through the terminals Ay and Aj
with ‘d.c., the commutator serves a switching function and allows proper direction

of current flow through the armature inducters, When the machine is rotating, the
commutator switching renders the resylting field stationary, The magnetic field
associated with this stationary fi Is in quadrature with the field established by

the winding of the stator. us we have a machine which can be operated on either
a.c., or d.c., depending’ppon the external connection. It should be noted that,
when operated as an a.c. Wnachine, it is "inside out" compared to conventinal a.c.

machines. ) ] ¢
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When we operate the.machine as a d.c. motor, we must either use a d.c. ,
starter or reduced voltage d.c. on the armature in ordemeop in-rush currerk within
a reasonable value. After the initial in-rush of current, the motor stgrts gaining speed

and the counter emf, wl yei¢ - 7 develops. This serves to limit the curfent However, .

at 0 r.p.m. the resistance of the circuit is very low and a very high in-rush current
would be experienced. The d.c. starter has the effect of putting full supply voltage
across the field, or stationary winding ip this machine, and inserting a resistance in
series with the armature, or rotor. As the motor comes up to speed, the resistance

in the armature circuit is gradually decreased until eventually it is qll removed.’ The
other choiceis that we start with a yery low value &f adjustable voltage across the
armature and gradually increase it as the armature comes up to speed.’ You will . |

note that a d.c, starter is built into the terminal panel and the leads are markéd
Ly, Lo,A and F. - : o | -

/-

Schematically, the starter diagram is as shown below:

e -T :
.

(i B

[

‘l .
. u A

N In"this ‘Qarter, _the moweable arm, S, is held in. its ccw position (off) '
by § spring.! When S is moved to Sted I#1,.’;three _circuits are closed. Thd first
Legds: from L thrieugh R, .throughithe armatuce to L. The second from L1 through

F to the shunt figld*to L, ar_\d"the-‘ithi%d from L1 through fhe electremagnetic holding
coil, M, to Lh. Astthe mol‘gl“'sp&qu up, arm S is advanced to cut out Ry in steps
until Full line.Voltage‘is acrosy. the wrmature, The resistance Ry 4s small rélative _
to the resistance of ths holding™ coil and” fhe‘sh}“t" field.\ When all of R is cut out,
arm S is held in positian, at the final std by the"electromagnetic holding cail ‘
attracting. the"soft irgn p"ief?t?s on S. If the voltage trom t"he,_sdljrce falls to a low ‘
valve or off tompletely, S i¥\released and the motor is disconnected. This feature

is referred to as' "undet voltage protection" .

A
» »
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N
.' The machine rating is as follows:
{ " poles: 2 |
speed: 3600 rpm mox. . : N
, . field rating (each field): approx. 250 ohms SN
- . 0.4 amperés
£ - - N |
: armature rating: .
~ - On A,C. (terminals M|,M2,M3) _J\
150 volts, 6.7 ‘amperes per terminal
o ._ On D.C. (terminals Aq,Ag)
‘ . 240 volts, 1.2 amperes
\. : To o}:emte as an induction motor, connect the fields in parallel (F, .to.F3;
Fp to Fy) and qcross a 1000 ohm resistor. ( ) '
: " On the front of the pa there are four circuit breakers - two on the

left and two on the right. One on eac side is mdrked a.c. and one is marked
‘d.c. . Thewa.c. gircuit breaker is in series with the terminals My, Myand M3 and
o the d.c. gircuit breaker is in series with terminals A} and Aj.

These machines are rated 1000 voltamperes. Therefore all your laboratory

S -m\ing' should make note of this and you should choose power supplies, meters,

resistors, etc. to insure .that the rating -is not exceeded, on a continuous basis .
Howevér, it may be desirable ‘to go as high as 150% of rating for short times.
The laborgtoty instructor will discuss this in detail. -

1Y

\
. * RN DY
. L]
AN
~ ~ < ¢
A - ]
~
. . .
’
. . ~
~ T v N [ !
~ oy . ¢
! o s ‘ :
S‘ ~ 2
‘m - » A
M S . -
Y ¢ hid )
I - - N . .
L) - ~ ?
. o . © - . ]
. “!1 A Es 3 ] , Py
. -
N Sy
L3
. - - L.
b N * - v . ¢ .
. . - B
- - -
N ¥ - . '
. - ¢ [
ih et N\ " oy '
) * . . f a 14 \
! - v * d
- LR . > Pl
<, Tl - .
.- ~ ~ v .
N . el - " - .
. 3 N »
O . " o N ® -~
N n .
© ¢ \‘\_ s ! »
. -
o / Yy
»
.. -&e . -
’.
¥
“ .
! !
. .
- R
«d N \\
" L)
i > \._ . Pe 4
.. ‘5
{ e
) ) - L2Y ‘ ,
< () ,
« * b



S _— . 4 . ,' : o \ . 8
© TACHOMETER CALIBRATION

It is permissible to bbserve spaed by using one of the calibrated a.c.
voltmeters marked in thousands of r.p.m. If the speed is to be recorded, it will
. be necesary to use the d.c. tachometer with the recorder. In this case i will
be necessary. that the d.c, tachometer is calibrated and thid is best done by using
the a.c. meter as a speed reference or by ‘using a_strobotac., This. would result
in a conversion factor relating recorder input ‘voltage, or divisions, per r.p.M).,
or thousand r.p.m. You must use a f)lter, as described below, to filter out the
noise voltage. y '

. Aoy —— - —— en

TORQUig TER CALIBRATION

Various read out devices can be used. If a pen recorder, or CRQ, are
used, the output of the torquqmeter must be filtered. The general filter has
fo||owing configuration., -

o,.w\w?—wujt/vm/vf-]—*‘w*o - |
S T J 2ok “/‘—JL\‘ Zook > S <o 'S or '
J&"w’( o.f/u{ regowclef*

; N Y

Qe 3

l

Sosut

NOTE: If a voltmeter read-out is used, the ihput impedance must be greater than .
20K ohms per velt. Appropriaté ranges are 0-1.5/0-5 volt d.c. The
* black terminal may be connected to.the lab ground to reduce pick-up.

The torquemeter should be calibmted before each experiment, using the
following procedure: -
1 | -'
1. The Torquemeter should be allowed to warm up for about 10 minutes
before it is used.
» 1 )
2. For most |oborot'o'ry experiments, the "gain" adjustment knob should
be set at maximum, i.e.,’ turned fully clockwise.

.

3. The bias knob should then be adjusted jo that the read-out meter
has any suitable voltage peading for zero torque, preferably zero
voltage,

4, At zero torque, it will be found that the Torquemeter reading
varies, with rotor position, over a range of about 1 0.03 volts
due to bearing friction induzed torques. The reading for zero

! torque should, therefore, be determined by hand turningt the
rotor in both directions and selecting the maan value.

Q e . 71
~ ® x ’

»
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Insert the rotor lock bar on one side of the torquemeter element

and the weighted rod on the other in the holes pmvidoa. Read

the meter and the scope to determine a scale factor, i.e., so

many ft.-lbs. per volt, of division., The devices will then read

linearly over a range of ¥ 8 ft. lbs, (within 5%).

If, for any reason, the gain setting s ch'onged the bias voltage
for zegp torque must be readjusted and the calibration of the
torquemeter must be ropooted »

-NOTE: A gain of approximately 0.3-0.5 volts ber ft.-lb, should be obtained.

—_
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o DC_MACHINES -
- » ‘ ' - (' i ‘
) . : . Experiment 3 , ;%’ R
_‘ - o Obtaining ‘Machine Parameters jf ) ; .
- m:, ' | The object of the next three oxporirgbnts will be to compare obse rved

performante of an actual d.c. machine with the performance one would predict-
from the linearized equations derived in the lecture and using values of machine
parameters, or constants, determined from test results. '

, " In order to do a mathematical analysis, you will need information on the
' various resistances, inductances, the friction and windage loss, and the moment of -
_inertia. )

Measurement of Resistance and Inductance .

PN L The resistance as mesasured between the armature terminals of a DC machine

.l - is, composed of two distinct components: one component is the resistance of the copper

'_ " winding, and the other is the combined resistdnce of the carbon brushes and the brush
v contact. The resistance of the copper is independent of current density and' hence is

* constart (provided the temperature is constant). Except for very low or very high

~ current densitites the resistance of the carbon varies approximately inversely as the -
. current density. Typical voriations of these component resistances with respect to

. current density, together with.the sum, are shown by the curve immediately below.

Y, ! | *
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The fact that the total armature resistance drop under changing load condi-
tiqps is variable makes ‘it desirable to sépomte this drop into brush and copper compo-
Q%. If the resistance of the carbon burssh in contact was inversely proportional to
the urmature current, the brush drop would be constant regardless of armature current
and the brush drop line would be horizontal when plotted against current. However,
this drop is not constant. The variation fot a typncol machine under running condi-

tions. is shown immediately below,

- J.\)O\\U%Q . ' | ,// N
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The Institute of Electrical and Electronic Engineers standards state that
thé total positive and negative brush drop (carbon brushes with pigtails attached)
isJo be taken as two volts. One volt is for the brush set to which current is in
th\&ormqture and the other is for the brush set through which current-leaves, This

d.indicate that the brush drop for all machines is two volts. Such .is not the
case, however, under typical operating conditions of brush pressure and temperature
the combined drops for positive and negdtive brushes may opprooch as high as four
volts. The brush drop current obtained with the machine running is also different
from that obtained with the armature stationary., The test circuit for measuring
the brush drop is as follows: '

¢ .
> : ’
» ' .
4
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The voltage drop across the armature terminals and the. voltage drop across
the copper winding for” the univeral type mathines was measured with the armature
stationary for various valuas of armature current ranging from zero to about 125% of
rated full lsad current. The winding was allowed to come to ‘thermal equilibrium
before beginning the test so ?at the temperature chang#s during the test were
negligible. This was accomplished by passing current through the winding for a
period of time prior fo the test. The rotor was blocked so # did not tend to -
accelerate under the influence of residual magnetism. The test information obtained

was: .
.~V Vo ,
C2 7.6
4 14.2
6 21.8
7 24.3
8.7 29.6 |

!

&£

. From this information, calcylate ry, armature circuit resistance and a more
or less constant value of voltage drop across the brushes to subtract from the applied
nvoltage. _The net voltage is the voltage that is actually impressed across the armature

of the moto

%Vorioc, rathed than o DT supply, and energizing the' same kind of circuit (as used.
dr resistance mepsurement) from a 60 cycle source. From readings V, and Iq it should

[

“ -
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be possible to calculate the impedance of the armature circuit. Based on the infor-
mation taken from the resistance measurements, you can-then calculate the 60 cycle
inductive reactance. This capn be then converted into henries of inductance.

The a.c. readings were: (at 60 cps)

'o. -V
1.0 20.3
From this information calculate I |
¢ In c;rder to determine rg and Lk, a step voltage was impressed on the

winding Fy-Fy (note that this is only one of the two field windings). The circuit
used for this measurement was as follows:

r
/ _ \?\ .‘:1 !
_E‘"* ———— ~————-—-——ov/\,\/\rf5)’2f\jp
- Mg by R
| . \
100 (W - . ‘ Reco\p\ er |
)‘\MA}_W,————-___.._W_- _..,-A.__'—AL ———‘-———*L*‘O o

= ) ey e b v
" e e e T \ g

[

Data obtained from the recording is:

' time, seconds Vv,

——— . s e s et

0.04

0.08 5

0.15 6

\ 0.24 7
0.32 8.

0.40 8

. oo 9

From this datg, find re, L.

Y
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The above should be dccomplished prior to coming to the laboratory. The
* lab instructor will discuss the physical configuration of the machines before you
. commence. lab work . :

in this lab period, you will m;osure the friction and windage . torque

(mechanical), the moment of inertia of the set, and the value of L 4.
%
. Measufomont of Fri'cﬂon and Windage

The torquemeter measures torque transmitted via the shaft which connects
the two machines. If the field of one machine is unexcited or unenergized, the
torque measured as the speed is varied from zero up to, sdy, 2000 rpm will enable

. you to plot Te ., as a function of speed This information will be necessary when
you determine ], the moment of inertia. For this "no load" test, connect the
machines as shown.
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Speed is varied by varying the externcl rosmors. Increasing the resistance
in the armature circuit tends to slow the ‘driving machine down, increasing resistance
in the field circuit speeds it up. From the steady state performance equations you -
should be able to figure this qut! ‘ '

17 I
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Measurement of Inertia ‘

If you hqve measured T¢,,, @), you can assume that the totof Teiwy (w) (for the
two machines) is twice what you measured for the single unit (the ‘mochinas‘ore Tdentical).
Now, if you have one machine driving thegcomplete set ahd you deenergize it, it will
coost to a stop. The Tg,\ () is the torqué that ‘calles it to retard in speed.
Mathematically, for this situation; . s

dw ‘
J i =
dt r Tf-fw () O

or
Terw
/TS

Aw
for small increments of @, If you recordw (t) after deenergizing, you can find Ty and,
from Tf+w corresponding to w over the interval, calculate J. '

~ Measurement of L j

The d.c. shunt. connected machine corresponds to a ‘generalized machine
except there is no G winding nor is there a D winding. The F winding corresponds
to_the field winding and the Q winding corresponds to the armature winding. The
"generalized equations beécome, from (111-99) through (111-108):

' dif
Vf = rfif L Lf _a-f— ’
‘ di
e Y _a .
v. =r i t1L ""l—df‘f

Q aa a dt

where the subscript "a" is used (for &Pmature) rather than q.

If the field current is constant,

r

N 1. = VF
Po=
f
. | "t
" and if the arpnature circuit is on "open circuit", i.e., i, = 0.
. ‘1] v .
. : =w | j -
. Va. df'f o |

Thys by measuring w , v, and i we can obtain L 4. This is to be done
for values of w corresponding to the range from as slow as possible up to around
2000 rpm. - ~ -



_ DC_MACHINES (Cont'd)

Experiment 14

Transient Behavior of the DC Shunt Motor
ki .

‘ Based on the machine data you have obtained thus for, you can ob/r'\ the
theoretical performance of the d.c. machine connected as a separately excited shunt
motor energized by a step function voltage impressed on the armature. We cannot
obtain a step function of voltage using o d.c. starter box because it inserts resistance
in steps. We cannot imoress rated line voltage because of the high inrush current.
In order to keep the inrush current to an acceptable value (5-8 times rated) we will
_energize the machine with reduced voltage. We obtain this reduced voltage by
\ means of rectification of a three phase supply We will use, for the supply, the
3 phase, 4 wire 120 volt (line-line) supply in the lab, Qur rectifier, a half wave,
3 phase, ‘rectification connection, is. as follows: ' ‘

.®n

~IN1203 A Jloc;le rect: ‘?\’erﬂg..‘

-
: o e AN_,_
rlmse R . .
(.o»\ “_k_~' yan I B )
VY - \_ © ) ]>‘ N .

s“&\(?J Y4 “~——-~-l>l\—- . d.c.

,,1%—
4

The lNlZO@gA rectifiers are rated as follows:

' max. peak.reverse voltage - 300 volts
max, forward current ' 12 amperes average
; * max. | cycle peak surge current - 240 amperes
) forward voltage drop at 12 umperes 1.35 volts

o

-

Note that each phase rectifier will conduct current only when the potential

" of that particular phase is greater than that of the other phases. As that phase voltage
decreases, the next phase voltage will be incteasing and the current will transfer to
the increasing phase when the increasing phase voltage exceeds that of the previously
conducting phase.  This can be shown graphically as follows: '




. . Y
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.. 2 :

/
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>

PAGE 16a ™SKETCH OF THE SCHEMATIC DIA&RAM FOR THE UNIVERSAL
MACHINE MG SET" REMOVED DUE TO OVERSIZE.

3
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The rectifier in phase a conducts during the period:

vc.$~v0 and until vq $‘. Vb

conduction ends when:

f { | | | V. sin ot =V sin (wt - 120)

m
or: P
¢ . - sin wt = sin w t cos 120-cos w t sin 120

3, 3
- $in wt=-—;— coswt

Now; ’ P
sin 150° = 1/2; cos 1502 = - .
oﬁd:

3.1 _, "3 /3
('2")('2') = (- E—)(* 5)

-

The rectifier conducts for 150° - 90° = 60° be.yond the maximum value of

phasé a. By symmetry, it conducts 60° before the maximum. Thus each rectifier

conélucts~-f9r 120° of each cycle. The average voltage (d.c.) cart be cdlculated as:

£ S

@~ | - 27




E’{")l ’ . ' ‘
Ay

5n/6
3 33 33
- - 4 =3 5
Vdc average s "/(‘) Viax Sin wt dlot) === Vo =0 V2 Y
, |f the line to line voltage is 120, the Hno-neutm' voltage is 1_39 and the
average, valve of d.c. voltage is: > /31
'53
-g- el X -129 ~ 80 volts ‘s
K%} T
f + The. peak inverse voltage is a very important rating of diodes thot must be -

observed, In order”to determine the peak inverse voltage that will be impressed upon

the diodes’ in thi nnection, note that when the rectifier in phase a is conducting,
the voltage on the anode in phase ¢, for example, is negative. This is inverse, or
reverye voltage. ' ‘

. Its magnitude Is;

Inverse voltage = v, - v

i

- | " = V"An wt =V, sin (wt - 240) '

to find the maximum, or peak, denoted as PIV:

N \
d(lnv.gi_t_s\/o‘ ge) = Vp, cos wt =V cos (wt - 240) =0

m

or

L] B ~ cos wt = (cos ut)(cos 240) + (sin wt)(sin 240)

gcos wt=-§§-sir{d>t

from whie‘h:‘-tonwt = -/3 : o | \

“and ¢

wt = 120°
R Usings this valua/ - .
PIV =V,,"3

o
.Note that we will have a ~r|pp|e vohuge of fundamental frequency which
“is three times that ‘of the supply frequency.

.
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\ Grounding Precautiogs

~
-

.In using the recorder to record various variables which wej desire, it will
be necessary to be careful in connecting the “ground'§terminal of t:le Jecorder to
make certain that we do not connect two supposed "grounds" which are octua||y at
different potenh(ﬂ

In order to compare actual transient performance with theoretical performance,
you should write and solve the theoretical equations using parameters from Experiment 3.
In this period we will obtain the actual performance. The supply and recorder should
be connected as follows: (Grounded low signal circuits are required for noise consider-

ations).
. .
3 P\mu © / ‘““"‘D‘T
\('..LZ\:L-LO-*\ / —t ' 240 d c '
ot D m oy
¥ ducer
#g_?:;}mr ?\WT d.c. *w(«ow&(ev\

. R ?? ’erm«med‘ Magquelt- cexciled aeuewfor)
> O reco e
P}Q“J 0 mv /> j:j 1 \irn \'ecc\rcleb (U(f/
T v lmeler ‘ $ilter
ta (1) - ‘
s . _A“TL___, } To V‘eu)wcjeb .

TS ()

At t=0, with all resistance removed from the field of the motor, close the

rectifier supply switch and recordw(t), i (t), T(t), and Vd.c* Plot both the

experimental and theoretical resultsfon the same sheet; account for discrepancies.. -




~ DC_MACHINES (Cont'd)

- Experiment #5

N~

- DC Shunt f\‘twdy State Speed-Torque Characteristic

LConnect the motor to the regu%}r 250 volt supply (watth "grounds" on
your instrumentation) through a dq starting box and with b variable rheostat (say
0-10 ohms) in series with the armdture and a 250 ohm rhegstat in the field circuit.
Connect the other machine as a generator and arrange to load it by connecling a
load bank across its terminals, Then make several runs to determine the steady state
speed-torque characteristics of the motor under various situations. For example,
moke runs with both rated and decreased armature voltage, with and without
external armature resistance and with various values of field current.

Use your imagination in devising the exact situations you will efamine.

‘The main idea is to see the effect of varying the various parameters on the steady )
state speed-torque characteristic of the motor. Compare your test results with

analytical results, o '

Always make certain that the field circuit is energized when connecting
the armature to the supply. Also, note that the staiting box cannot be used when
reduced voltage is impressed. .Why (2) Discuss these points in your:lab report.

(lt is appropriate at this time to consider further the problem of grounding
and ground connections involving the lab power supplies and instrumentation,

The lab voltage system is as follows:

& - . 1 '}
B ) .
} VS i S
§~ - 250, ., s :
4 J: + 5 cho\r&eh
= } 12y ~ . .
. /
. - - / . When these |

Towo Tevmimek | © ‘Ju,-t hl B
120" Live ~lane ave b"‘l‘dl“! ;/M _
[(r 3?“\& e’ Y !A)\\.""t. The 5 V_‘“'! L_g____,'_ﬂ__,_,,_';__‘
N - J ©wmpw it
%_ = Gomn armwdu’ !
: § i I ‘ | - *
4 ST e tightug cira b T e e
. ond “wallsultet- o “__J

}
o
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-

(. If it is desired to record field current of a d.c. machine, such as one of our
lab motors, some means-must be devised to energize the ,armature and starting box from.
250 v (because that is the rated voltage of the holding coil in the starter) and yet have
" a grounded supply (125 v) to- the field circuit. This can be done with machines which
~, have two shunt fields normally connected in series with 250 v. Connection is made

to LI,L2 and A. This puts 250 v on the starting box holding coil. The field

windings are paralleled and connected between L9 and the "center tap" or ground of

the d.c. supply. Since we are working with low level signals into the recorder, the

grounded input connection is desirable to reduce "hum" / Such a connection is shown
below: :

STavrlev A
N\
[

£x Terna]

| . L , ‘ Kesis/er

Lo T e Y ﬂe__eJ |

;1:0 | - Conlro/
st |

Yo Cre d ckLV‘V‘Ql‘j‘ - ) ‘$

\”tccvdeln »

*..
.7
- .

‘It is. often necessary to exercise ingenuity in arranging instrumentation.
It is always necessary to exercise caution in connecting grounds!

e
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(\ . DC MACHINES (Cont'd)
¢ Experiment to - . -

The DC Shunt Connoctod Goneratqr

‘This experiment will enoblo you to see how the machine behaves when .
connected as' a generator. Conpect one machine to run as a separately excited d.c.
motor to be started through a starting box. The other machine will be connected as
a separately excited d.c. generator with provision to adjust ge‘hgmtor field current.
Obtain steady state characteristics of terminal voltage vs. load current as load is
varfed from zero up to a value which yields about .150% of rated load curredt,
_Examine the effect of various field excitations, etc. Also, connect up and ¢ cord
transient data pertaining to_the switching on of f\;ll load when the machine (: ‘
initially unloaded. Use your imagihation in designing your experiment so that.you
can obtain dat which you can .compare to analytical analysis and from which you
can dra% meaningful conclusions,

<.

G
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. CROSS FIELD MACHINES

st

- Experiment t7

N

vy b Determining the Transfer f_upfjlgq__gf_ the Arn)plidyna

B FHaem
. ot

This pb'rﬂon of the laboratory work- will concern itself with a "cross
field" machine (metadyne) which is compensated and goes under the trade name

. "Amplidyne". The block diagram for the Amplidwe‘ is based on equations (V-27) "
through (V-30). It is: ¢ . .

3 . . “

1 . “\,f(q’ ‘ et - Xs. . _‘_<J *I; K N Va t
] - ne(V *Tgs) g | ! A Ro(1#Tes) Tus)
*: R
N
T e Lo d
| Ro
b °‘
The transfer function for the Amplidyne is, from the block diagram:
‘ “e . ™
‘ la(s) KDKqQ 1
S g g v R) T TR
where: :
fy = -———-; T mm —eee—————
| - v T re | RL *ory

This##ansfer function was obtained under the assumption that:

a) _the transformer voltages induced in one winding by current change in
anpther winding are negligible.

b) the time constants associated with the d,q, windings are negligible.

We can determine the transfer function for the output voltage as a function of

| » T v |
inpu% voltage by multiplying the function 3 ® by ) which is the transfer
. ' : f a
" function of the load. In our lab work, we will use a pure resistance for load,

1

27
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i.e. L =0, Thls will result in T) = 0 and we will not mask excopﬂons to the

1,(s) \

assumptions we made in deriving our function ——. Wa will be able to see how

y V’(s)

closely our linearized simplified model fmnsfpr functidn approximates the actwal:

transfer function. Thus: ¢ -
‘ ' Vf(S) fqrf (] +. T',J)

¢

, In the steady state, for mff <<1 and sknusoidal driving funcﬂon this
ratio approaches the value:

VQ( iw) '|

W << ==

=K',
Vf(iu) : ! _or Tf

e

Recatl from control theory that, if wTF << 1, there is negligibl—;s phase
shift (or very nearly 180° shift) and thus the ratio of fhe instanfaneous values is
also _t_he ratio of rms valves.

Thet:éfor
Vq r}ns
JEUSP. DU, a, KI
Forms
Togfind the power galin,” note that )
t P ' va rms
ower output = — T
ufp RL
2
Power mput = __f_r'l“_?
, f
2
o Varms 'f 2'f
Power gain = — > = K R
L Ve L
rms

To obtain the value of T¢ (and other time constants actually present within

the machine) we will obtain dofa necessary to make a Bode plot. :

First, the connection diagram to achieve this will be indicated. We will

then discuss the Bode plot theory. -

i The connection diagram is as follows:

24
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.volts) we will be able to obtain v
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/ / Ty
' } SR Hﬁw\(ﬂ -padfay" o
) 'fuuc,hou -
Fo F”-S‘-mn%’ %-tmd’h
i . ¥ HP z02B

To vecovder. R N SN } T3 recordu
¢

> 1 awd fov uolt- _ Vi | and/or
vw-t_f}w ':]‘;’ MUMI&#
L _ v /
' Aw\‘“tl%ht S ~

3

e

The Ampliayna is rated 250 volts, 500 watts output. Therefore rated load

is 125 ohms. The function generator will go down to 0.01 hz and can provide either
square, triangular or sinusoidal wave forms. We will use sinusoidal because that is

" the form upon which the theory of the Bode plot is based. After obtaining a calibra-

tion on the set up (so many divisions of recorder deflection corresponding to so many
(jv) and v(w). This enables us to make the Bode
plot and determine the value of K?cmd the time constant(s) of the machine. We will
examine the response in the frequency range from 0.1 to 40 hz, in accordance with
the following theory. - .

Recall that, -from circuit theory, if the driving force is a sinusold we can
obtain the relaﬁonshup between input and output of a device by replacing s in the
transfer function with jo. The transfer funcﬁon then becomes ®

va([w) _ K!
vf(iw) Mt Te

. Suppose in general we have a transfer function
- KO +1Ty9
(1 ] TN+ § Tq0)

?9

W) =
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This ip a épmblex variable expression which can be written: .

L 4
&

W(j) = IW(ju) | Mo ’
| - If the input to the system Iis: Co \
l‘ & - | ‘w) ‘ r(lwl Ej 0(\. 3/’ | r.

~and the ovtput is:

S e ica .
then: | ' _ |
e L -
L - Wii9 e
can be writteh as: -~ co .
\ ' (B =)

S T
€ = |W(ju)l €
[ '
The ratio of the magmtude. of output to input is the .magmtude lW(iw)I
> and the difference in phase angle, i.e., the phase shift is equal to the phase apgle
associated with the system itself, '

The relationship between the magnitudes can also be expressed as (for the
general case above): <

20 |og'0 -(Jj)' = 20 logyq | W(jw)l

’ , o | K Vl+(T'u)2

= 20 |oglo' j— — '\
' 2
/i (T) A s (13@2

By definition, the term on the left side is system gain in decibels, We
will abbreviate this as -

20 legyg lg%gl |

Then:

S 2
- '0'0910 [T+ (T3w) ].



R
. We can obtain the valus Ggb, by plotting ir.\dividg‘all ferms on the right
side and graphically adding them.The graphical plot will be system gain in'db as
the -ordinate against. logygw. 20 log)gK is independent of , and plots as a horizontal
line. Thus::

A\ Y2

&

-" A\) ‘ ! ' ' : . . x

L

J | . EE l:zohg..,K

3

. Qog.g Rt

~ “

-

For the other terms, hote that
10 log, i 1+ (T]ul))?]» 0as w+ 0
> 20 logyq 0Ty asw =

{

On a log @ scale, 20 log “’.TI is a straight line of slope 20 db per
décade (unit of 10) of log w. It intersects the zero db axis at:

/
[ & /
b, 7 :
-+ Q\VPon\\Mojtlu/\
. o\cif_u:gl S-le‘(x © 20 Jb,‘dec.m(e
e — ﬁ“*).ooo
Wn L § C .
. b\rcq\(Yo\w\/ e mT‘ S en - Ll
> T
« N - ’ .
- db
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The plot for the other terms would be similar oxcopt the slope would ¢
be - nogoﬂvo mthor than positive’

If we had an dxporimd’n’ml responss curve, as shown bolow, we could
vse the above dovelopmom to "wodc backward" and obtain the tranifer function.‘

~
i ~ [\

Fay | - R :
. \“*Q: - ?.()AL/&LC.aL( ‘
I

I(} > .
d N ' mb . (L)q_
A + - Y‘“

y - \ ‘ o :
] | L ‘ — ’ "g\o‘er—%“)/-l,ealncla .

»

___db«.

We would consider the actual curve to be oomposed of four separate
and distinct curves, thus: | : l

<

I o ;
7/
'd
Vd
“t
) e i e e - - —_— - - . — - _— —
Vd
oL, . '.,
e :'Bc,.:__.._—:uf"‘:‘ _____ A @
&) - Tl
LN oy ¢ (AP
AN ~
~ AN
12
. N N
N . AN
i i)
\ AN

.~!

I

» T2 “a
-= _'

Ty =w,

After determining the values Ty T2 T3 and K we can write the transfer
function! Thus, we can use this technique to determine the transfer function of the
amplidyne. o ‘ ‘

32
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. In our experimontol s@t-up, vsing a pure resistance for a load we would
expect only 1 break point in the frequency response curve if our assumptions were
completely correct. If we determine that there are additional breakpoints, we
can determine the time constants we are neglecting. Discuss this completely in
your report of this lab work, What is the time constant we are neglecting?

. -
- . +
.
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: SYNCHRONOUS MACHINES
| Exp'ﬁrlmoﬁt 8 | . ’

Alternator Parameters

© The squations which describe the synchronous altemator in the steady )
state are: _ . -
Via * 1o +“] X4 —“'qu'q = | E
- and ( : | ) ,
R A
Ef = il ’
/7 :
" where ( o ‘ .
- Vig = terminal voltage, .rms | _‘
el . - 14 = armature current = |y + | 'q' - ‘
r = armature resistance 1
Ilg = d axis component of I e e
Iq = q-axis component of I ' ‘
Xq = direct oxis synchronous reactance =wly - ¢
‘-,-_3_' : ‘Xq = qbodruturg axis synchronous reactance = “Lq h
- ‘ Eg = excitation volhée ‘
i = field current S \/
w = angular velocity of the rotor ' -
Lye © mutual inductance between d coil and field coil
Note that the parameters required are: ;
L4, Lq, rand Ly .




¢
s r ‘ [

& . + . '
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The Institute of Electrical and Electronic Engineers Publication flis, =
March 1965, entitied, "Test Procedures for Synchronous Machines" detailsy various
test pracedures for determining these, as well as other parameters. In general ,
only the details of the test are presented in this publication. Therefore some
theory will- be developed here. in order to aid. the student in making the tesh.

The armature resistance can be obtained by measuting ‘the IR drop across
the winding when the winding is energized from a djrect currenf source. The current
value used should be that of approximately rated value and the winding should be . ,
brought to thermal equilibrium before the readings to be used -for calculation are
token. .The resistance, as measured, can be corrected to the resistance at a
specified temperature by conventional procedures. -Note that the lab machines
are delta connected. The apparent resistance, R, and the phase resistance,

r, are relqted by: _ . 2
R. = r(2r) o
AL 2r
or: B
: 3 Ry
r =."‘§"‘"

*~

€

" L, is obtained from the "open circuit saturation curve", If the armatu e
is on "open circuit", |, l4 and |, are zero and, from the steady state equations,.

L 2 Vi, ) L
df = o
“ig
! .
"« _ The "open circuit saturation curve" is & curve of armature terminal ‘voltage

(on bpen circuit) as a function of field current when the machine is running (being
driven) at rated speed. |f saturation were not present, this curve wo uld be dstraight
line. However, saturation ‘is present at higher values of field current and the curve
does bend over reflecting the effect of saturation. ’ N

~ : .

Wiring Diagram 8-1 depicts the cennection diagram used to obtain this
characteristic as well as to obtain the "short circuit saturation curve".

The figure below shows typical open circuit and short circuit saturation
curves. |f saturation was not presept, i.e,, no iron, only air, the open circuit
curve would be straight, There'forx a straight line extension of the actyal open
circuit characteristic is referred to as the "air gap line". ’
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The short circuit saturation curve is obtained by driving the machine.
being tested at rated speed with the armature short circuvited and recording armature
and field current for field current values over the range from zero to 125-150% of ' .
rated valve. Note that readings are taken for short circuit currents in the steady
state, i.e., after any transients associated with the change in i have decayed out.

| . o If Xq >>r, lg lags Ec by 90° and I, = l4. Also, on short circuit,
e Via = 0. Therﬂore . ‘ .
N A 2
and _
e L 1 |
La = 2717 .
/2 d

Since the open circuit saturation curve is E¢ for a specific if, and the
short circuit saturation curve is |, for a specific excitation, the .ratio -

o~ E¢
X

in the typical curves. The values shown would represent an ynsaturated value of X
because the level of excitation is below the "knee" of the saturation characteristic,

36
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_ Section 3.05.35 and. 3.05.50 in IEEE #115 gives details on conducting
the tests, SectIOn 7.Y5,:10 discusses the determinoﬂon_ of L4y from these chomcterisﬂcs.
Section 7,20.05, .10, .15 and .20 give details on the test procedure
« for obmin{ng L The most common method of determining L, is use of the "slip test"
~In this' test, the mc:chino is driven mechanically at a speed sl ghtlx different from
synchronous speed with its field winding open arf 'with balanced polyphase voltages
of the correct phase sequence (same direction of rotation of the armature as for
the ﬂeld) applied to the armature,
In order to reduce reluctance torques and permit very small slips, the
opplned voltage should be a fraction of the rated voltage. Wiring Diagram 8-2.
shows the connection diagram to be used for this test. ’

Because of the slip between the revolving armature field and the
excitation field, the armature mmf wave glides slowly past the field poles (at
slip speed). When the armature mmf wave is in line with the axis of the field
poles the impedance of the machine i the d axis impedance and is a maximum,
One quarter of a cycle later, the axis are in quadrature and the impedance
equals the q axis impeddnce and is a minimum. If recordings, or oscillographs, of
armature current and terminal voltage are obtained, the ratio of X /Xd is obtained.
Lq can then be determined from:

L =1y ( ) “
X ! . -
: d

The values of the transient and subtransient inductances and time constants
as required for transient response analysis can be determined from the short circuit
currents recorded as a function of time. References in IEEE #115 for these quantities

are:
X 7.25
X' 7.30 |
X 7.35
T 7.65 .

| T, 7.70 .
. T 7.75 |

T 7.80 :
T, 7.85

* The laboratory instructor will demonstrate sudden short circuit tests and
recordings of armature current as a function of time will be made awvailable.

A

~N
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Fa

In this lab period, obtain data necésso_ry to dotprn‘{ne r, Lgs Lq and .
L . v . )
df° , ,

In the lab report, calculate the parameters r&quired for steady state
analysis and from the sudden short circuit recordings furnished by the instructor,
calculate X'} and Xye* o
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e B ' SYNCHRONOUS "MACHINES

Experiment 9

o

Synchronous Alternator and Motor Characteristics '

Voltage Regulation

§

Arrange to -drive the synchronous machine as an alternator driven by a
d.c. motor. Connected rated ohmic resistance load across the terminals and adjust
the field excitation so as to obtain rated terminal’ voltoge. Make certain the
“i  machine is driven at’rated speed. Observe the voltage, current, and excitation.
" Switch the load off, bring the speed back to rated, and observe the terminal voltage.
The observed voltage regulation can be calculated as

" ) 0

% Volt. Reg. = Vi t1oad ~ Viyll load

; Veoll load

Compare this valve with the value you calculate using machine paramsters
measured in Experiment 8.. \

Synchronous ‘Motor Ex&:itoﬁon Chomc}eristic‘s

Connect the machine to run’ és a synchronous motor driving a d.c. genemtor.
The scheme will be to maintain constant power load on the shaft of the synchronows »
motor while the excitation on the motor is varied from minimum {and still maintain
synchronism) to. maximum value (all ‘external resistance removed). Do this fer at =
least two values of constant shaft’ power, Read and ‘record dvc. generator power oulput,
synchronous motor line current, field current, and terminal voltage. The data obtained -
can be plotted as "Vee" curves, These. curves illustrate the very important characteristic
of the synchronous motor whereby, the motor appears to the source as being either
inductive, resistive, or capocftuve-(ippendung upon field excitation and load.

Discuss this in your report'.“
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ASYNCHRONOUS MACHINES
Experhﬁont 10 |

Asynchronous” Machines as Frcq;nncy Converters

This experiment Is deéign’ed' to demonstrate the relationship of the revolving
rotor and stator flelds in an asynchronous machine. . Recall from the lecture theory that
the rotor and stator fields must be stationary with respect to each other. Speed voltages
are induced in the rotor of magnitude: '

. .
' . \ L LA A A .
vl"'o.tor - vstator , ( (9-1)
and of frequency
=0 ' -
frotor fro,l'or (9-2)
where
¢
w T w :
stat mech
o = glip =, ST (9-3)
. Ystator
'aﬁd
w = angular velocity
with the subscript notation denoting rotor, stator or mechanical speed.
. From (9-3):
+ . =
° wskﬂqr " “mech  “stator (9-4)
‘Now: - | | .
. = S 4mof o _ 4"frot9_|: 9-5
- ST . T 0 Wstator | p P . (9-5)
- From (9-5): . ’ ’ |
. 7 Wgtator T Wootor (9-6)
Therefore, ffom (9-6) and (9-4)
\ (] rotor (] mech = wsk:tor (9_7)
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Sincew,_, s the speed of the rotor fleld with respact to the rotor, the net speed
of the rotor field with respect to a stationary reference, i.e,, the stator, is Oator’
* the fields are staﬂpmry with respect to one cm.thor.

If we energize the stator from a constant froquoncy source, the stator
field revolves at constant angular velocity. If we drive the rotor at various mechanical
speeds we can verify the relationship in (9-7) by checking ‘the frequency of the voltage
induced in the rotor. In order to prevent the induction, or asynchronous machine,
from developing a torque and to permit driving it at some desired speed, we must leave
the rotor open circuited, Actually, this configuration has been used commerically
as a froquoncy changer | :

v+ et o S e ey

The connection dlaqrom for investign ting fho rotor voltogo-froc]uoncy
relationships is shown in Figure 9-1. The d.c., drive motor should be vorlod from
as near zero as possible to maximum sgfe sgped in each direction of rotatjon or the
direction of rotation of the induction machine stator can be reversed by interchanging
two phase leads. The idea is to vary slip o~ over the range 0.2 to 2% and observe
the rotor voltage and frequency. Frequency is measured by means of the Lissajous
figure on a cathode ray oscilloscope. Rotor voltage can be measured by a voltmeter
with appropriate frquency response.

In your report, discuss the phenomena observed and display graphically,
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Experiment 11 S

The Spud-Torque Curvo of,on lndugtlon Motor

In tho lecture, the approximation to t he. spood-tcrquo relationships of the
induction motor is drived as:.

2 Tm
T m
Om . o
G 1o
m

where

Tm = moximum, or "breakdown", torque . _ \

om = slip at which Tm occurs

T = torque at any slip, o,

This approximation is based on the assumption that stator resistance can
be neglected in the stﬁdy state behavior.

ln this lab exercise, connect the Westinghouse universal machine as an
induction mator (refer to the schematic 6f the machine), Energize the machine
from the 120 V, , 60 cps, 3 phase source and record speed and torque after obtaining
suitable colibration of the transducers. From the data obtained,- calculate the constants
in the approximation above and plot the aopproximation on the same sheet as the
actual observed characteristic is plotted in order to evaluate thg validity of the . ,

approximation for this machine.
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