Experiment 1
The DC Machine

ECEN 4517
R. W. Erickson and D. Maksimovic

The purpose of thisxperiment is to become familiaith operating principlesequivalent
circuit models, and basic characteristics of a dc machine. Dc maeh@reest commonly
used incontrol and servomechanism, \asll asindustrial, applicationsThe applications
range from small permanent-magnet ohotors at a fraction of &Vatt in consumer
electronics, to large industrishunt dcmachines having a separate fieldhding. The
machine used in this experiment is a representative of an industrial dc(oragenerator)
with a rated power of tens of kilowatts.

The basic dc machine with separate field winding contains #atseofinput/output
terminals, represented schematically here as in Fig. 1.
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Fig. 1. Symbols used to represent the field winding, armature winding, and
mechanical shaft of the dc machine.

The purpose ofthe machine is to conveelectricalenergy tomechanicalenergy (motor
action), or vice-versa (generator actioMyhen operated as generator, it is usually
desirable to regulate the dc output volt&geWNhen operated asmotor, it isoften desired
to control the shaft speed, position, or torque.
In general, the mechanical power of a rotating system is
Pmech= Tw = (torque) (speedl 1)
In MKS units, we have
(Watts) = (Newton-meters) (radians/second) (2)
In theUS, weoften measure shaft speed in revolutions rpgmte (rpm), and torque in
foot-pounds or ounce-inches. Appropriate unit conversions must then be made.
The “business winding” of anynachine is called tharmature. This is where the
power flows. In a dc machine, the electrical power flowing into the armature is



Pelec= Vala 3)
To the extent thalosseswithin the machine can bénored (i.e., by approximating the
efficiency as 100%), this electrical power is converted into mechanical power:
Vala=Tw 4)
This is the objective of the machine. For the defined polariti¥’g ahdl,, and the defined
directions ofT andw shown in Fig. 1the machine operates as a mottren Pyechand
Pelecare positive, and as a generator wRga:.nrandPgec are negative.

1. Basic relationships in the dc machine

The basigarts ofthe dc machine are diagrammedFiy. 2. The stationary part of the
machine is called the stator. The field winding is normally placed on the stator. A dc current
through this field winding induces a fluxin the machine, which flows througthe stator

iron, acrosghe airgap, throughthe rotor iron, acrosshe airgap,and back to the stator

iron (Fig. 3). In small dc motors, the field winding is often replacegdynanent magnets

on the stator. Such motors have only one electrical port (the armature); the relationships are
exactly the same as described here, except that thefeklfixed value. In machines with

a separate fielvinding, the fieldwinding currentl; is an additional variable that can be
used to adjust the machine operation, as discussed below.
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Fig. 2. Basic elements of a dc machine: stator with field winding, rotor with
armature winding and commutator.
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Fig. 3. Field current;induces fluxgin the machine.

The relationship between the field winding curremind the total fluxp depends on
the B-H characteristics of the iron amdr gaps.The actualkelationship is sketched faig.
4, and the following linear approximation, Fig. 5, is often useful:
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Here, N/, is the magnetomotive force due to the figthding current, and] is the

equivalent reluctance of the magnetic plaththe flux ¢. This approximation ignores the

hysteresis and saturation tfe stator andotor
iron, and it statesthat the flux ¢ is directly ¢

(5)

A

proportional to the field current. This
approximation is usefufor understanding the
behavior of the denotor. However, it does nc 10

fully predict the machineoperation, such as th Nl
observed behavior of the self-excited generator

v/ )

Dc machines can be constructedh the a

field winding connected inseries with the

armature, in parallel with the armature, or
4, Relationship between field

available separately. In cases whethe field F1g. winding current, and total fluxg.



winding is connected in parallel (“shunt”) with t ot
armature(as in thislab experiment),the shunt
field windingstypically consist of manyturns of
relatively smallwire, and typicallyls << I,. Since 10

seriesfield windings mustconduct the armatur >

current,thesewindings consist of a few turns ¢ M
much larger wire. In any event, the purpose of
field winding is only tocreate theflux @ in the
machine; itdoes notparticipate in the electro-
mechanical energy conversion. Fig. 5.  Approximate linear

The armaturavinding consists of turns of \r,all?éf?gsrm?egeﬁ;,v;i?ei?g gnd
relatively largewire on the rotor. It is connected ﬁ’ztrllj:rz)tigrl]\lfl);tﬂh.e stator and rotor

via commutatoibrushes tdhe stationary frame of
reference. As sketched kig. 2, the commutatobrushesconnect to whicheveturns of
wire are physically at the top and bottom of tbéor. Asthe rotor turns,the commutator
brushesconnect to different taps itihe rotor armaturewinding. The effect ofthis is to
rectify the voltage, such thst, andl, are dc.

Whenever there is a
flux ¢ and the shaft is .
turning, then a voltage is
induced in the armatur

winding. This voltage E is s -

called the *“back EMF,” :_ —

“speed voltage,” or y

“generated voltage.”  Its II |

origin can beunderstood by
considering Fig. 6.

Let's examine the e 7

total flux passing througr k . ;.[ i' .!I //
one of the turns of the |:_ — JJ '

armature  winding. As
sketched irFig. 6, there are
two flux lines passing
through the turn when the
turn is nearthe top of the

t iti As th t Fig. 6. When the shaft rotates, the flux passing through the
rotor, position a. As the roto armature winding turns changes.




Fig. 7. Hence, whenever the shaft rotates and the field winding is

excited, a voltag& = Kgw(called the “back EMF” or “induced

EMF”) is induced in the armature winding.
turns, the flux decreases to orime (position b), zero lines (positiorc), oneline in the
opposite direction (position d) or —1 line, and -2 lines (position e). Thulse astor turns
the flux through the armature windings changes.

We know from Faraday’taw thatwhenthe flux @um passing through a loop of

wire changes, then a voltage is induced:

d urn
v="d (6)

Hence, agllustrated inFig. 7 there is a voltagd induced in the armaturevinding,
proportional to theate atwhich the flux in eachturn changes. Itan beseen that, if the
shaft speed is increased, thgpn will change more quickly anél is increased. Also, if the
total flux ¢@is increasedthen @,m andd@,/dt will be proportionallyincreased. Sde is
proportional to the shaft speadand the total fluxp:

E =Kow (7)
whereK is a constant of proportionality that depends on the machine construction.

If the armature winding is connected to an external circuit, then a clycamtflow
in the armaturevinding. As depicted inFig. 8, this current splits irhalf: ;1. flows
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Fig. 8. When armature curreff flows in the presence of flug(i.e., in the air gap
between the rotor and stator), a torque is produced which tends to cause the rotor to
turn.

through the windings on the left side of the rotor and flows on the right. Ican be seen

from Fig. 8 that, orthe rightside oftherotor, the conductordie in the airgap where a
magnetic field is present (due to the ftgxWhen a current flows in the armatwending,

there will be a force induced in thesenductors, proportional time cross product of the
current and the flux densi()f X B) . Since the current on the right side flows ittte paper

and theflux is directedleft-to-right, thenthe force is directedownward. Asimilar thing
happens to the conductors on the left side of the rotor in tigaajexcept that the force is
directedupwardbecause the curreflows out of thepaper. As aesult of thesdorces,
there is a torque on the rotor, which is proportional to the armature cyragck o the flux
@

T=Kda (8)



The constant of proportionality K iBq. (8) isidentical to theK in Eq. (7). This must be
true because the electrical input power is

Pelec = laE = laKpw 9)
The mechanical output power is
Pmech= Tw=Kg@aw (10)

The dc motorconvertsthe electricalinput power tomechanicaloutput power. Equating
Egs. (9) and (10) shows that the two constants of proportionality are the same.

2. An equivalent circuit model for the dc machine
We can construct equivalent circuit models which describe the properties noted in Section 1
above, and which can be solved to find hitw dc machine will behave in a giveincuit
or system.
The fieldwinding isbasically aninductor. If we usehe linear approximation of
Fig. 5, then the inductance of the winding is

Ni@ N?
L.= = (11)
f If D
with
N 12
(p:ﬁflf ( )

Usually, the wire used to windthe field winding has
significant resistance. We can model this as a series re:  +

Rs. A suitable equivalent circuitor the field winding is L N, I
vV =5

therefore as shown in Fig. 9.
The major feature of tharmature, as discussed R

the previous section, ithe back EMFE = Kgw We can
model thisusing adependent voltagsourceE. We may Fig- 9. Field winding

equwalent circuit.
also wish to model the Thevenin-equivalent outpt
resistance of the armatuf,, by placing a resistance in series viiths shown irFig. 10.
Severalsourcescontribute to thigesistance, includinghe resistance of the commutator
brushes, the resistancetbe coppemire, and aneffect R
known as“armature reaction” inwhich the armature + ° " |
current causethe air gapotal flux to be reduced. In ¢

. : . \Y t 1 E=K
well-designed machindghe voltagedrop 1R, is small 2 — o
compared tde underrated conditions, anchenceV, =
E. °

Fig. 10. Armature winding

equivalent circuit.



\

\

0

I

I

J

Speed

w

J

to remaind_er
of mechanical

system

Dc machine torque

T

Fig. 11."Equivalent circuit” for mechanical connection of dc machine shaft.

The last part of the equivalent circuit is the mechanication of thesystem,
sketched in Fig. 11. The motor develops torfjueKqgl ;, which pushes itthe direction of
rotation of theshaft. Forgenerator actionl; and T change polarities, anthe torque
opposes the rotation of the shaft. A key point here is that, dorea ¢, the shaft torquer
and the armature currelgtare directly proportional. This is often used in servo applications

where it is desired to contrthhe torque rather than the speed: the armature is driven by a
current source rather than a voltagmirce,and the resulting torque is proportional to this

applied current.

Armatureo 0

Fig. 12.Dc motor with shunt field winding and no mechanical load.

3. Solution of a simple system containing a dc motor
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Let usnow consider amnloaded dc motor witshuntfield winding, as in Fig. 12This
connection iused inExperiment 1. Tanderstandhe behavior ofthis system the first
thing that we should do is to replace the armature and field with their equiciaterns, as

in Fig. 13.
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Fig. 13.Equivalent circuit for the network of Fig. 12.
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Now, let us solve this circuit, to find the shaft speeds a function of the applied
armature voltag®/, and field current;. Since there is nmechanical loaqother than the
small friction of the bearings and the resistance of the air to rotation eh#f@, the only
torque on theshaft isthe motor torquel. Hence, when thisorque is positivethen the
shaft accelerates according to

T=3d0 (13)

whereJ is the moment of inertia of thehaft,andduwydt is the angular acceleration of the
shaft. Equation (13) is simply the rotating form of Newton’s IlfEaw ma. More generally,
if there are other mechanical torques on the shaft, then

J %—f[" = the sum of all torques on the shaft (14)

When the motor idirst started the shaft accelerates. Eventualthe shaft speed reaches
some steady-state speed #melsystem comes to equilibrium. At this steady-stieed,
the acceleratiodw/dt is zero, and hence the torglie K@l is also zero. Thigmplies that
the armature curremy is zero in steady-state for this example with no load.

From the equivalent circuit, we can find an expression.for |
_V,-E_V,-Kaw

I, 15
R R (15)
If 1 =0, then we must have
V,=E=K@w (16)
We can now solve faw:
_Va (17)
w= qu
Now eliminateg in favor ofls, using the linear approximation of Fig. 5:
V, V. 0O
w=—2& =3 _ = 18
N, )T (KNf) (18)
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Fig. 14. Relationships between the shaft speednd the armature voltayfg and field currents,

for the unloaded dc shunt motor.



So theshaft speedw is directly proportional to the armature voltagg and inversely
proportional to the field curremt, as shown in Fig. 14.

Hence it is possible to contrtthe speed ofthe dc motor by varying either the
armature voltage or the field current. It c@ro be seethat the fieldwinding must not be
disconnected: iy - O, then the shaft speed tends to a very large value.
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PROBLEMS

1. A shunt dc motor is driving a mechanical load at 1200 rpm witbrque of 10Newton-meters. The
armature resistance is @ and the dc voltage applied to the armature is 125 volts. Find:

(a) the armature current
(b) the back EMF
(c) the motor efficiency

2. You are given the series-wound dc motor system illustrated in Fig. 15.

| Series field
n
——» 000 ——
\ \ Load
Vin C_) Armature 0 | | ) torque
A/ A/ TIoad
Speed Dc machine torque
w Tinotor Mechanical load

Mechanical shaft
Fig. 15
(a) Sketch the equivalent circuit for this system.
(b) Solve your equivalent circuit, tderive ananalytical expression for how the shafieedw
varies with load torqueT,,q in equilibrium. The input voltage/,, and the motor

parametersy;, R, N;, K, andO aregiven. All other quantitiesire unknown, and should
not appear in your equation relatiogandT,, .



3. Adc motor, wheroperated unloadefiom a 250Vdc sourcewith 0.5 A shuntfield current, has an
armature current of 1 A. The shafteed is1800 rpm. Thearmature resistance tifiis machine is

0.1Q.
1.0A
05A
S.hunt \ No
250 V field Armature 0 | mechanical
A/ load
RS 1800 rpm
Mechanical shaft
Fig. 16

(a) Even when there is nexternally-applied load torquethe motor must still supply
mechanical power to the shaft, because)dfittion in the bearingsand (i) windage, or
the resistance of the air to rotation of the shaft. Under the conddestsibedabove,find
the power loss due to windage and friction, and the effective load torque causedidye
and friction.

(b) It is desired toregulatethe shaftspeed to be aonstant 1800 rpmtegardless othe load
torque. This is to be done by controlling the shiiglt currentl;. Whenthe mechanical

load torque iSLO0 N-m, to what value should tlfield currentl; be adjusted t@btain a
shaft speed of 1800 rpm?

Experiment 1
Pre-lab assignment

Direct Current Shunt Motors

1. Read sections 1 to 3.
2. Do problems 1 and 2.
3. Read the laboratory procedure.

This assignment is due from each student at the beginning of the lab session.



