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INTRODUCTION

This manual is your guide to the first electroreisoratory in the elec-
trical engineering program. It is assumed that bmgleting the first elec-
tronics laboratory course you are familiar withibasdectronic measurements
and instrumentation, as well as with elements td daalysis, presentation of
results, and reporting. Professional engineeriagtpare requires using proper
experimental methods and procedures. They inclatd®my good measure-
ment techniques, but also proper recording of@évant information, pre-
paring tables and graphs, etc. AlImost as impodanibtaining good data is
their proper presentation which often determinescass in this laboratory
course as it does in engineering practice. Uponpbeton of the first labora-
tory course you should be very familiar with effeetlaboratory practices
and professional style data presentation. Theybeila great asset in your fu-
ture.

The experiments in this lab manual are designedite the student
practical experience in working with DC and AC aits operating in steady-
state and transient modes, with three-phase atcantd with nonlinear cir-
cuits. The laboratory will complement and suppbg theory taught in the
lectures, and should help the student to applkmmsviedge of electrical en-
gineering.

Every week before lab, each student should readtbedaboratory ex-
periment and work out the various calculations, &#tat are outlined in the
guide.

During experimental work in laboratory a studenbvwdd observe the
following rules:

1. Return parts and jumper wires to correct bins wien are finished
with them.

2. Do not put suspected defective parts back in ths.lfsive them to the
Lab Technician for testing or disposal.

3. Report all equipment problems to Lab InstructoLap Technician.

4. Most experiments have several parts; students altgshate in doing
these parts as they are expected to work in group.

5. Each student must have a laboratory notebook. Bebook should
be a permanent document that is maintained ancesaad properly,
and that contains accurate records of all lab sessi

6. Laboratory and equipment maintenance is the redmbtys of not
only the Lab Technician, but also the students.oAcerted effort to
keep the equipment in excellent condition and tloekwag environ-
ment well-organized will result in a productive ssafe laboratory.



Safety in the Laboratory

To minimize electric shock hazard, the experimearts designed for
low-voltage; however one should never assume {latre circuits are safe.
Few milliamps of current through the body can libede For your safety you
must follow safety rules particularly:

» Turn off power before working on circuits.

* Know the location of emergency power-off switch.

» Make sure that the transformers and equipmentplagged into utility
lines,have no exposed wiring. Check with the instrudtgou are not cer-
tain about theprocedure.

Laboratory Notebook

The laboratory notebook is a record of all worktp®ing to the ex-
periment. This record should be sufficiently conbplso that you or anyone
else of similar technical background can duplithteexperiment and data by
simply following your laboratory notebook. Reconrgegything directly into
the notebook during the experiment. Do not usetderpaper for recording
data. Do not trust your memory to fill in the dé&tat a later time.

Guidelines for Laboratory Notebook

State the objective of the experiment.

Draw the ciruit digram and mention the values gfstnces etc. which are
used.

Make a note of all the measuring instruments yote hesed.
Mention the formulas used.
Create a table and write down the readings, inotyithe units.

Show all your calculation neatly and SYSTEMATICALLDo this is an
organized manner.

Attach graph if any.

Be concise. Complete sentences are not necesskmygaas the context is
Clear.

If mistakes are made, they should not be erasesi.hhacket them and
make a short note explaining the problem.

Make entries as the lab progresses; don't assumeayofill it in later. The
instructor will ask to see it during the lab.



« Draw the figure using pencil before you come to ldde so that you can
make corrections to it in case you need to do serhging and redrawing.
This will ensure tidy and neat work.

* Prepare the READING TABLE using pencil and ruledamot just by
sketching lines. Sketching gives rise to crookeedi and gives the lab
notebook a haphazard look.

General Lab Report Format

Following the completion of each laboratory exezais Electrical Engi-
neering courses, a report must be written and dtdofior grading. The pur-
pose of the report is to completely document theigies of the design and
demonstration in the laboratory.

Reports should be complete in the sense thatfallmation required to
reproduce the experiment is contained within. \Wgituseful reports is a very
essential part of becoming an engineer. In bothdeméc and industrial envi-
ronments, reports are the primary means of commatiait between engi-
neers. There is no one best format for all techmegaorts but there are a few
simple rules concerning technical presentationsclwishould be followed.
Adapted to this laboratory they may be summarirethé following recom-
mended report format:

* Title page

* Introduction

» Experimental Procedure
* Experimental Data

» Conclusions

Detailed descriptions of these items are givenvelo
Title Page:
The title page should contain the following infotroa

* Your name

» Course number (including section)
» Experiment number and title

+ Date submitted

* [nstructors Name



Introduction:

It should contain a brief statement in which yoatesthe objectives, or goals
of the experiment. It should also help guide thedez through the report by
stating, for example, that experiments were dorth thiree different circuits
or consisted of two parts etc. or that additiorstglations or data sheets can
be found in the appendix,

or at the end of the report.

The Procedure:

It describes the experimental setup and how thesunements were made.
Include here circuit schematics with the values@hponents. Mention in-
struments used and describe any special measurgreredure that was
used.

Results/Questions:

This section of the report should be used to ansamgrquestions presented
in the lab handout. Any tables and/or circuit deags representing results of
the experiment should be referred to and discusspldined with detail. All
guestions should be answered very clearly in papgiform. Any unan-
swered questions from the lab handout will resuloss of points on the re-
port. The best form of presentation of some ofdat is graphical. In engi-
neering presentations a figure is often worth niben a thousand words.
There are some simple rules concerning graphsigaces which should al-
ways be followed. If there is more than one figuréhe report, the figures
should be numbered. Each figure must have a cafaltmwing the number.
For examplejFigure 1.1: TTL Inverter”

Conclusion:

A brief conclusion summarizing the work done, tlyeapplied, and the re-
sults of the completed work should be included hBraa and analyses are
not appropriate for the conclusion.

Notes

« Any drawings in the report done by hand must besdeith neatness, us-
ing a straight edge and drawing guides wherevesiples Free hand draw-
ings will not be accepted.

* It is your responsibility to obtain the instruc®signature and to include
the signed sheet with your final experiment report.

« Each student must submit an individual report base@n individual ef-
fort.



Laboratory exercise No. 1
INVESTIGATION OF A TWO-MESH DC CIRCUIT

The objective of the exerciseExperimental verification of Kirchhoff's
laws, superposition principle, and the linear refathip theorem.

Theoretical Background

Kirchhoff's current law.The algebraic sum of currents in a node of elec-
trical circuit is equal to zero. The currents flogiinto the node are usually
taken with negative sign, and the currents floweng of the node are usually
taken with positive sign:

> 1=0.

Kirchhoff's voltage law.The algebraic sum of voltage in a contour is
equal to the algebraic sum of electromotive for@es.f) in this contour. In
the left-hand part of the equation voltage dropsssthe elements should be
taken with positive sign if the direction of thentour tracing coincides with
the current direction in the element. In the rightid side of the equation the
e.m.f are positive if arrows of e.m.f sources cmlaavith the direction of the

contour tracing:
Y IR=>E.

Equations for currents are independent for all sadea circuit except
for one node. Equations for voltages are indepearderll contours of plane
(planar) circuit except for the external contour.

Superposition principleThe current in any branch of a linear electrical
circuit including several sources can be represeagethe sum of currents
generated by each source.

Linear relationship theorem\When one parameter af linear electric
circuit (e.m.f, resistance, or current) is changad; other two parameters of
this circuit (currents or voltages) is bound byiredr relation of the form
y=ax+ b.

Electrical Circuit

To perform the experiments of exercise the elecircuit represented in
Fig. 1.1 is used. Sources of electric power arei@ctator batteries internal
resistance of which is small in comparison with tesistanceR , R,, and

R, so the batteries can be considered as sourcesidf &, and E, .



Fig. 1.1

As e.m.f. sources, the battery should be taken with controlled output
voltage. E.m.f. of sourc&, does not change in all experiments.
With the use of key¥, and K, these sources can be switched on or off

the circuit or substituted kyconductor with zero resistance.
Before starting experiments voltages generatethéysources of e,m.f.
should measure by voltmeters. The voltageEpimust be set according the

variant of the exercise given in Table 1.1.

Table 1.1
Variant 1 2 3 4 5 6 7 8
E \ 5 6 7 8 9 10 11 12
R Q 100 150 220 100 150 220 100 220
R, Q 150 100 100 220 22C 150 220 100
R, Q 220 220 150 150 100 100 15p 330

While assembling the circuit a special attentioousth be paid to the po-
larity of e.m.f sources and measuring instruments.

Review Questions

Study theoretical material and answer the followangstions:

1.In which way should the contours be chosen to makiependent the
Kirchhoff's equations of the circuit?

2.In Fig. 1.2 a schematic circuit diagram is preseifbganches are shown by
lines, nodes by points). How many independent egosishould be writ-
ten for this circuit according to the Kirchhoff'sicent and voltage laws?

3.In Fig. 1.3 the circuit under investigation is shmowithout meters. For this
circuit write the equations according to Kirchheffturrent and voltage
laws.
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Fig. 1.2 Fig. 1.3

4.What are the rules of sign definition in Kirchhaffturrent and voltage
laws?

5.What is the essence of superposition principle? daw one verify this
principle using the circuit drawn in Fig. 1.1? Gars principle be applied
to calculation of powers?

6. Explain the superposition principle using the dircliagram shown in Fig.
1.3. Write the equations for analytical verificatiof the superposition
principle (prove the equivalence of the equati@mrswo currents).

Experimental Investigations
1. Measuring the circuit parameters.
Using the multimeter as a voltmeter measure theagelof the sourc&, and
set e.m.f. ofE, according the variant of exercise (Table 1.1)allnexperi-

ments the value of this voltage should be fixednfyshe multimeter as an
ohmmeter measure resistand@s R,, and R,. The obtained results write

down to Table 1.2.

Table 1.2
E E, R R, R,
V V Q Q Q

2. Experimental verification of the first and seddfirchhoff's law and the
superposition principle. The corresponding eleatrigrcuit is presented
in Fig. 1.1.

Experiment 1.E.m.f. E is switched on,E, is switched off. KeyK, is

churned upK, is churned down.
Experiment 2EMF E, is switched onK, is churned up.
Experiment 3The both sources of EMF are switched on.
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Write down the readings of the devices to Table Ih.3he fourth row of
the table write the sum of readings obtained ireexpents 1 and 2. Compare
this result with the readings of devices takenxpegiment 3.

Sum up values of currents measured in experiniertsand 3 according
to the Kirchhoff's current law. Write down the réisto the right column of
the table. Requirements of the Kirchhoff's curreaw should be met in all
experiments.

Calculate the sum of voltages across the paskweeats in the left and
right contours of the circuits for all three expeents. The results should be
equal to the voltages of e.m.f. sources.

Table 1.3
Voltages
e.?ri.f. Reading of devices  Results of calculations
sources
Experi- |U, | U, | | L, | 1, [DIRA | DIRE) | DI
ments 'v v |mA | mA |[ma| V V mA
1 E| O
2 0| E
3 |E|E
Calcula- E|E Validation of superposition
tions 2 principle

3. Verification of the linear relationship theordon currentsl, and|,. EMF
E, is varied,E, remains constant.

Experiment 4Change the polarity of e.mE; (the sourcee; is connected to
the circuit) and write down the measured curremfBable 1.4.

To the same table write the results of experim@rdaad 3 (Table 1.3). Draw
the dependence df, on |, by the data in Table 1.4. Note that this depend-

ence is linearl;; =al , +b) and calculate the coefficienisandb.

Table 1.4.
No. U, U, |, l, Notes
V V mA mA
4 -E; E, Coefficient of the equation
3 E]_ E2 |3 =al 2 +b
2 0 E2 a=...,b=...

4. Draw general conclusions to the laboratory a@gercin the conclusions

11



you should point out the fulfillment of the objeats. Explain the discrep-
ancy between theoretical and experimental dataich gdiscrepancy has
been registered.

Laboratory exercise No. 2

INVESTIGATION OF AN ACTIVE TWO-TERMINAL CIRCUIT AND
EXPERIMENTAL VERIFICATION OF THEVENIN'S THEOREM

The objectives of the exerciseExperimental verification of Thevenin's
theorem and calculation of equivalent circuit pagtars.

Theoretical Background

Thevenin’'s Theorem states thaany linear circuit containing several
voltages and resistances can be replaced by gisgke voltage in series with
a single resistor (Fig. 2.D). In other words, it is possible to simplify any
liner circuit, no matter how complex, to an equérdlcircuit with just a sin-
gle voltage source in series with a resistance ected to a load as shown
below.

Norton's Thereom (Fig. 2.1,c) is identical to Thevenin's Theorem ex-
cept that the equivalent circuit is an independrmtent source in parallel
with an impedance (resistor). Therefore, the Nomguivalent circuit is a
source transformation of the Thevenin equivalemudi.

a gy Jias i
| |
L o | L
:} : : ] L
b o __1} S b
a b C

Fig. 2.1

In Thevenin representationme.f. of the equivalent circuit (equivalent
generator) is equal to the voltage between pabtseasured in the open-
circuit mode (resistanc&; equals infinity), while resistance of the circisit

equal to the relative resistance between pahtét should be noted that re-
sistance of e.m.f. sources equals zero and resestaficurrent sources equals
infinity). Then the equivalent circuit is represestaccording the scheme in

12



Fig. 2.1,c, the current of the sourc&, can be found as a short-circuit cur-
rent (R =): J; =l =E;/ R
Parameters of equivalent generator can be founerementally by

measuring the voltage across the load and cumehtiload for two different
resistances oR . It is so called the method of two loads. The rpodsibility
to find the parameters of the generator is meaguha short-circuit current
(R = 0) and open-circuit voltagdR( = «).

Calculation of generator parameters in the methiotivo loadings is
performed according the following equations:

EG=U2I1_U1|2; &zuz_ul’ (2.1)

|1 |2 |1_|2

whereU, andU, are readings of the voltmeter corresponding to lveals,
and |, andl, are reading of amperemeter corresponding to e saads.

Parameters of the generator also can be calcutatedf short-circuit
and open-circuit regimes as

EG =Uoc' RG = Uos/ Isc (2.2)
whereU . are readings of the voltmeter in the open-cirmwde ( = 0) and

| are reading of the voltmeter in the short-cirendde U, = 0). Calcula-

tion of the load current can be performed accordimgequation (for circuit
in Fig. 2.1b):

| = Eo 2.3)
R+ R
or by
J
| =— & (2.4)
1+R /'R,

(circuit in Fig. 2.1,c). Here R =U,_ / | is the resistance of loadR, is the
resistance of equivalent generator, apd- | ...

Power dissipated in the load and the coefficiergfb€iency are the fol-
lowing:P, = 1’R_andn =R /(I,E).
Their values depend on ratio B, and R, .

The external characteristic of the generdtgf = f(l) is the depend-
ence ofU_, and| . This characteristic allows one to find graphigatie cur-

rent and voltage of load. To do so we need to dhewolt-ampere character-
istic of the loadR_ (U, =R I) in the same axes as the characteristic of the

generator. The point of intersection gived.ysand|, .

13



Electrical Circuit
The circuit diagram is drawn in Fig. 2.2.

! —AM———(A
HONEET ér) -
| |
S —

Fig. 2.2

The part of the circuit marked by a dashed lingesgnts an active two-
terminal element including source of e.nkf= 15 V and resistorfk , R,,
R,. Parameters of these resistors should be takem Ti@ble 1.1 in accor-
dance to the variant of exercise.

As a load the variable resist®y = 0+ 1000 Ohms should be taken. DC
current and voltage on the output of the two-pelaments are measured by
voltmeter with permissible limit of 20 V and by aermeter with limit of 200
mA.

When the switctK is opened, the open-circuit regime is realizetha
circuit (I = 0). Closed switch and zero resistance of loag gis the short-
circuit regime U_ = 0).

Review Questions

1. Write down the equations which allow one to caltailhhe parameters of
the equivalent generator out of open and shortitiregimes.
2. Assuming that the parameters of the circuit in Big.(E, R, R,, andR;)

are known obtain the formulae for calculationgf and R; .

3. Show analytically that the maximum power dissipatedhe load is ob-
served whenR = R,.

Note. For maximum poweg% =0.

Experimental Investigations

1. Measure actual values of resistis R,, andR; and the voltage of e.m.f.
sourceE. Write down the obtained values of parametersaiold 2.1.

2. Build the electrical circuit according to Fig. 2Measure voltag®,,, cur-
rentl andl; in short-circuit and open-circuit modes.

14



3. MeasureU,,, |, andl; for six different resistances of load. Measurements
should be done with equal intervals of load changes
4. Calculate e.m.f. of the equivalent generator asctance of the generator.
Calculations should be done
(a)using the measurements in short-circuit and opexuiti modes
(Eg. 2.2):
(b)according to the method of two loads (Eq. 2.1).
Results of calculationf; u Rg) write down to Table 2.1

Table 2.1

E=... V R]_:...Q R2=Q R3= L Q

- 1 | | |Uwp| R |Es|Rs|IN(R/RG) P n
Experiment = TmAl v [Q |V Q| - W %
Open-circuit 0 00 00 0 100

1

2

6
Short-circuit 0|0 -co 0 0

5.In all experiments calculate values of the loadoading Ohm's law,
power P dissipated in the load, efficiency coefficient and function
In(R_/ R,). The results write down to the Table.

6. Draw external characteristic of the generaddgy=f(l) and CV characteris-
tic of the load. Define graphically the value ofrraunt in the load and
voltageU,, across the load. For the same load calculatertureescording
Eq. 2.3. Compare the results.

7.Using the data from Table 2.1 draw the functidhs f[In(R / R)] and

n(1). Find out the resistance of load correspondingpéomaximum power.
8. Using the parameters of the circuit R;, R;, andRy) calculate analytically
e.m.f. Eg and the internal resistance of the generBgrCompare the data
with results of experiments.
9. Draw conclusions to the laboratory exercise.

Laboratory exercise No. 3
A CAPACITOR AND INDUCTOR IN AC CIRCUIT

Objectives of the exerciseTo measure experimentally parametera of
capacitor and inductor and to verify Kirchhoff’'sMain AC circuit.

15



Theoretical Background

In a real capacitor some losses (energy dissipatidghe form of heat)
are always present due to isolation imperfectioranalysis of electrical cir-
cuits sucha capacitor is represented asequivalent circuit with elements
connected in parallel. ParametgrandC of the equivalent circuit can be de-
fined.

In case of parallel connection &, L and C elements according to
Ohm’s and Kirchhoff's laws one can write the foliogy equation for the in-
put current in complex representation:

| =1+ + . =UY,
whereY = g— jb= yexp( jp) is the complex conductivity of the circug,is
the activep = Db, - bc is the reactive, anglis the whole conductivity;
@ = arctan(g/aC) is the angle of phase shift between voltage amcent,
b, = 1/(al) is inductive conductivity antc = «C is the capacitive one. Volt-
age across the capacitor lags in phase behindutinent (the angle of phase
shift is negative(-90°<¢ < 0, b = - bg).

A real inductance coil also has thermal losses imtrast to the ideal
one. The equivalent circuit for such an inductoussially represented &%
and L elements connected in series. These parametersecésund experi-
mentally using the readings of devices and a phdsgram corresponding
to the circuit.

In case of series connection®f LandC elements according to Ohm’s

and Kirchhoff's laws one can write in complex reg@etation the following
equation for the input voltage:

U=U.+U +U_.=1Z,
where Z = R+ jR= 2&xp@ ) is the impedanceR is the active resistance,
andX = X_ - Xc is the reactance of the circugt;= arctan(X/R) is the angle of
phase shift between voltage and curréft= «l is the inductive resistance
andXc = 1/(aC) is the capacitive one.

Current in the inductor lags in phase behind tbkage (the angle of
phase shift is positive, 0 g < 9C, X =X)).

Review Questions

1. Which physical phenomena are reflected in tha@vadent circuit of the
capacitor byg andC elements and in the equivalent circuit of the iriduby
RandL elements?

16



2. Define the limits in which can be varied the ghahift between voltage
and current at the input of the passive two-pdiament.

3. Write down Kirchhoff's current law for the cintsi represented in Fig. 3.1
and Kirchhoff's voltage law for the circuits repeesed in Fig. 3.2. The equa-
tions should be written both for instantaneous @nmdplex values of voltages
and currents.

Electrical Circuit

Electrical circuits including an active-capacitiaad active-inductive
elements which should be investigated in the laboyaexercise are drawn in
Figs 3.1 and 3.2 correspondingly.

By dashed lines in these pictures a capacitor patfameterg andC
and inductor with parameteR® and L are marked. Both circuits are con-
nected to a generator of sinusoidal voltage widgdiencyf and rms voltage
U which can be changed.

Table 3.1
Variant 1 2 3 4 5 6 7 8 9 10
U V 4 4.5 5 4 4.5 5 4.5 4 4.5 5
f Hz | 500 | 1000[ 2000( 1000| 500 | 500 | 1000 2000| 1000| 500
R, | | 330 | 150, 100 220 470 680 440 220 380 470
C | uF 1 1 1 1 1 0,47 0,47 0,4 0,47 0,47
R, | Q | 680 | 680| 1000 1000| 470 | 220| 220, 470 470 150
L {mH| 100 | 100| 100/ 100 100 4d 40 40 40 40

Values ofU andf as well as other parameters of circuits can bentak
from Table 3.1 according to the variant of the eis&. Measurements of cur-
rents are done with an amperemeter with limit d 80A and measurements
of voltage by a voltmeter with limit of 20 V.

17



Experimental Investigations

A) Investigation of an active-capacitive circuit.

1. Build the circuit shown in Fig. 3.2 with paramet chosen according the
variant of exercises (Table 3.1).

2. Set the frequency and the voltage of the gemesatd write down the pa-
rameters of the circuit to Table 3.2.

Table 3.2
f= Hz, w=2f= rad/ls, Ry = Ohms, C-= uF
Experiment Results of calculations

U |1 L, | 1L | & g C | l, I, |1 +1,
V. MA|mA| mA |grad] Sm| ptF | mMA| mA| mA| mA

3. Calculate the current through residg®rssuming that the initial phase an-
gle of input voltage equals zero. Draw phasorsheté current and voltage
along the axis of real numbers in a phasor diagf@aw other two currents

of the circuit in the diagram. Vectofs and |, form a parallelogram with di-

agonal represented by current Vertex of this parallelogram can be found
using a pair of compasses. After drawing the diagn@easure the phase an-

gle of currentl, and write it down to table 3.2.

4. Write complex values of all current in Table aril calculate parameteags
andC of the capacitor.

B) Investigation of an active-inductive circuit.

1. Assemble the circuit shown in Fig. 3.1 with paeters chosen according
the variant of exercises (Table 3.2).

2. Set the frequency and the voltage of the gemeeatd write down the pa-
rameters of the circuit to Table 3.3.

Table 3.3
f= Hz, w=2nf= rad/s, R, = Ohms, L= mH
Experiment Results of calculations
U |1 U U | & | R|L|U/|U|U,| U-+U,
V. |mA | V V |gad| Q mH| V |V |V \

18



3. Calculate the voltage across resi®passuming that the initial phase an-
gle of the input current equals zedg =U, = R,|. Draw vectors of these cur-
rent and voltage along the axis of real numbera phasor diagram. Draw
vectorsU, andU in the diagram. These vectors form a triangle argex of
which can be found using a pair of compasses.

4. Measure the angl® between the current and voltage of the inductdhén

diagram and calculate parameters of the indu®a@ndL). The obtained re-
sults write down tot Table 3.3.

5. Using the diagram calculate the complex rms eslof voltaged) , U,,
and U, and write the results to Table 3.3. Compare theevalf voltage

U =U, +U, with the corresponding value measured experinignta
6. Draw the conclusions to the exercise.

Laboratory exercise No. 4
WYE CONNECTION OF THE LOAD IN A THREE-PHASE CIRCUIT

The objective of the exerciseinvestigation of a three-phase circuit
with balanced and unbalanced loads. Revealingrifieence of neutral on
distribution of voltages in the circuit. Drawing ggor diagrams correspond-
ing to experimental results.

Theoretical Background

In a three-phase circuit with Y connection of thad line currents are
equal to phase currents and line voltages to tifieréinces of phase voltages:

U,,=U,-U, . In a balanced circuity, =+/3U .. Some voltage drop be-

tween neutral points of generator and load appeass unbalanced three-
phase circuit without a neutral wire. In this citgohase voltages are differ-
ent.

In a three-phase circuit with the neutral the aura the neutral is not
equal zero if the load is unbalanced, but all padtages are identical.

Note that we can use different expressions to cheniae the type of
circuit configuration:

The Wye =Y = “Star” connection.

Electrical Circuit

The electrical circuits investigated in this exseciare shown in Figs
4.1a (the circuit without neutral) and 4.1b (thesgit with neutral).
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The circuits are supplied by a three-phase genevatb balanced sys-
tem of e.m.f. The rms value of phase voltage isolisvand frequency is
50 Hz. Parameters of the load correspond to themnaof the exercise, they
are shown in Table 4.1. In balanced load resisibiskQ should be included
in all branches of the circuit. The load is changed phase known as a
“special phase”. In this phase we include resistorsesponding to the vari-
ant (Table 4.1), a capacitor and inductor. Alsoinuestigate the open-circuit
mode (the load in the special phase equals injinepd the short-circuit
mode Only in the circuit without a neutral).

a) b)
Fig. 4.1

In the circuit without a neutral we measure phasiégages with a volt-
meter with limits of measurements of 20 V. Phaseernts in this circuit are
calculated according Ohm'’s law. The voltage betweeutral points should
be defined with the use of phasor diagram. Alsdhie diagram we define
the current of the special phase when a capacitarductor is included in
the circuit. The phase angle of this current shdnddused in drawing of the
diagram corresponding to circuits with the samel laad zero wire.

In the circuit including the neutral we measure gghaurrents with a
amperemeter with limits of measurements of 200 fii#e current of the zero
wire should be defined out of the phasor diagram.

Review Questions

Study theoretical material and answer the followgugstions:
1. A load of what kind is called a balanced load?
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2. Write equations relating line and phase voltdges circuit with balanced
and unbalanced loads connected as a star.

3. Let's assume that we have a symmetric threeepbiasuit loaded by three
resistors. Draw the phasor diagram correspondingpigocircuit. Show the
shift of pointn (the neutral of the load) in the diagram if thadan phasé\
Is increased (decreased).

4. Draw the phasor diagram corresponding to unisalwircuit with a neu-
tral loaded by three unequal resistors.

Experimental Investigations

1. Measure the line and phase voltages of the givere-phase generator.
Write the values of these voltages to column “Nbtesables 4.2 and 4.3.

Table 4.1
Variant 1 2 3 4 5 6 7 8 9 10
R, | kQ | 47| 22| 47| 2,20 471 2,2 4 22 47 2,2
R, | Q | 680| 680/ 680 680 680 470 470 470 470 470
L |mH| 200, 140, 100 100 200 140 100 100 200 140
C | uF 1 (1,22/147) 1 |1,22/1,47| 1 |1,22/1,47| 1

Special

A | A | B | C | B | C | A | B | C | 4
phase

2. Assemble the circuit shown in Fig. 9al(the circuit without a neutral)
and measure the voltages in a balanced mode. Weteeading of voltmeters
to the upper row of Table 4.1. Calculate the raki6Jp.

Table 4.2
Experimental | Results of calculation| The load Notes
data of the Uph = \
Uy | Ug | Ue | 1y Is lc |Unn | Special
\Y V V. mMA mA| mA| V phase U = \Y
11Q Balanced load
Ry
R
L Unbalanced load
C
o0 Open circuit
0 Short circuit

3. Measure the voltages in the three-phase ciwetitout neutral with the
following loads in the special phase:
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a) decrease of the active load; residomn the special phase should be
changed for resistd?; > R;
b) increase of the active load; resiskiIn the special phase should be
changed for resistd®, < R;
c) inductive load. in the special phase;
d) capacitive loadC in the special phase;
e) infinite load (open circuit) in the special pbas
f) zero load (short circuit) in the special phasamove the resistor out of
the special phase and include in it a wire.
The results obtained in experiments 3 and 4 woterdto Table 4.2.
4. Calculate the currents in all phases. Writerdsailts to Table 4.2.
5. Draw phasor diagrams for all experiments (hewector diagrams should
be drawn). Begin the drawings with a triangle oklivoltages. In this case
the position of neutral poimt can be found using a pair of compasses.
6. Define the voltagé,y between neutral points of the generator and load
out of vector diagrams. The results write down &bI€ 4.2.
7. Assemble the circuit with a neutralwire and balanced load (Fig. 414),
and measure the currents. All currents should betical and the current of
the neutral is equal to zero.
8. Make all experiments as previousdxcept the short circuit (!) The ob-
tained currents should be written to Table 4.3.

Table 4.3
Experiments and calculations | The load of Notes
IA IB IC IN the Uph = V
mA mA mA mA | special phase U = \Y
R, Balanced load
R
L Unbalanced load
C
o0

9. Draw phasor diagrams corresponding to all erpamis (5 diagrams
should be drawn).
10. Analyze the diagrams and formulate conclusioribis exercise.
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Laboratory exercise No. 5

DELTA CONNECTION OF THE LOAD IN A THREE-PHASE
CIRCUIT

The objective of the exerciseinvestigation of a three-phase circuit
with balanced and unbalanced loads in delta commecDrawing phasor
diagrams corresponding to experimental results.

Theoretical Background

In a three-phase circuit with delta configuratidnradoad a line voltage
iIs equal to phase voltage, and line currents atmlew the difference of

phase currents, for examplé, =1 ,.—1.,. If a load is a balanced one,

HENE

Electrical Circuit

The circuit diagram is presented in Fig. 5.1. Threudt is supplied by
blanced three-phase generator with phase voltage \6fand frequency of
50 Hz. Line currents are measured by amperemeténslimits of 200 mA,
phase currents should be calculated according Olaw'sor obtained with
the use of phasor diagrams.

Ao—o [T~o @ ’
R
Bc—omx“c @ g R
fad
C"o—oxxx““‘c @ \

Fig. 5.1

In balanced load 1<k resistors R) are included into all phases. In un-
balanced load we include resistance or reactarioethie special phase. The
active load of a special phase is formed by restgtdesser thaR (R, < R) or
greater tharR (R, > R). Reactance is formed by an inductor or by capacit
Parameters of the devices are given in Table 5dovA that, we should
break a wire in the special phase (open circuid) lzneak a line.



Table 5.1
8 9 10
7 22 47 2|2

Variant 1 2 3 4 5 6 7
R, | kQ| 47| 22| 4,7, 2,2 4,7 22 4
R, | Q | 680| 680, 680 680 680 470 470 470 470 40
L |mH|200| 140 100 100 200 140 100 1p0O 200 140
C | uF 1 (1221147 1 |1,22/1,47| 1 |1,22/1,47, 1

special | p | gl ge | ca | BC | ca | 4B | BC | ca | 4B
phase

Fig.5.2

Review Questions

Study theoretical material and answer the followangstions:

1. Show line and phase currents in electrical cinpresented in Fig. 5.1.

2. Write equations relating line and phase currentdatanced and unbal-
anced circuits.

3. A phasor diagram corresponding to a three-phasmiitiwith balanced
delta connected load is shown in Fig. 5.2. Expleow we should change
the diagram if phas&B is broken.

4. Explain how we should change the diagram if a liveige A is broken.

Experimental Investigations

1. Measure all line voltages. The mean value cd¢hmmltages write down to
Table 5.2.
2. Build electrical circuit according to Fig. 5.hcameasure all currents of a
balanced load. Reading of the amperemeters wniendo Table 5.2.

a) reduce active load in the special phase ;

b) increase active load in the special phase ;

c) remove the load out of the special phase (breakphbeial phase);
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d) include an inductor into the special phase ;

e) include a capacitor into the special phase ;

f) break the line that is not connected with the sp@hase.
Results of all experiments write down to Table Ao write to this table
the values of currents calculated according Ohavis |

Table 5.2

|4 |5 lc L4z Ic lca U= (V) _
mA | mA | mA L mAa | mA | mA The load of the special
phase
Balanced active
Unbalanced activ®; <R
Unbalanced activ® > R
The load is exclude®RE «)
An inductor
A capacitor
The line is broken

3. Draw phasor diagrams corresponding to all erpanmis.
4. Analyze the obtained results and formulate agichs to the laboratory
exercise.

Laboratory exercise No. 6
INVESTIGATION OF SERIES RESONANCE CIRCUIT

The objective of the exercisetnvestigation of resonance mode in a cir-
cuit including inductor and capacitor connectedenies. Registration of cir-
cuit characteristics with different generator fregaies.

Theoretical Background

Resonance is such a mode of electrical circuitusiialg energy storing
elements (inductors and capacitors) in which plsdsi between the input
current and input voltage equals zero.

If a circuit includes inductors and capacitors cagtiad in series, at some
frequency reactive components of circuit impedatm®pensate each other.
In this case we obtain series resonance in theititcet's consider the sim-
plest circuit with only one inductor characterizadparameter® andL and
a single capacito€ (Fig. 6.1). If the circuit is supplied by a harmosiource

of voltageu(t) = U\/Esin(ai) and has the parameters
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2=RT X, X= X- %,

1 X
X =wL, X.=—, = arctan—
- ¢ aC ¢ R

a harmonic curreni(t) = 1/2sin (at — @) with rms valuel =U /z flows in
this circuit.

It is clear that the phase difference is equal ¢ zonly if X=0 or
X, =Xc, ¥LC=1. So to obtain resonance in the circuit wedrteechange
frequencya inductancel, or capacitanc€. For given inductance and ca-

pacitance the resonance develops at frequcz:u;;gg/—i
~Jie®

Rms values of voltage across the inductdy £ X, I) and across the
capacitor . = X.I) are equal in resonance, and for large qualityofac

Q:§>1 their magnitudes are much larger than the magaitfdhe input

voltageU.
Electrical Circuit
The electrical circuit of the exercise is showrFig. 6.1. The circuit is
supplied by a generator with alternating frequefhcyzﬁ. Changes of fre-
s

guency may result in changes of the generator g®jtan this case the rms
value of voltage should be tuned according the irements of the experi-
ment.

Fig. 6.1

The inductor is represented in the circuit as aivaaesistor and an
ideal inductor connected in series. This activéstasceR can be measured
by the ohmmeter while parameters of circuit elemesmould be chosen ac-
cording the variant of the exercise (Table 6.1).
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Table 6.1
Variant 1 2 3 4 5 6 7 8 9
U \ 6 6 6 6 5 5 5 5 1,8
L mH 100| 100{ 100 100 40 40 4D0 40 10
C uF 1 |0,47/0,22| 0,1 1 | 0,47 0,22| 0,1 1

Measurements of all voltages and currents are peed by voltemeter
with 20 volt limit of measurements and by amperemetith 200 mA limit,
correspondingly.

Review Questions

Answer the following questions:

1. What mode of electrical circuit is called resonanmele?

2. Which parameters we can change in the circuit showig. 6.1 to obtain
resonance?

3.How we can calculate resonance frequency for thmuitishown in Fig.
7.17? Calculate the resonance frequency for youawnar

4. How changing frequency and measuring the inputeciinn the circuit we
can tell that resonance is achieved?

5. Draw qualitatively phasor diagrams for the cirdunitFig. 7.1 correspond-
ing to frequenCieg = fres T < fres @nd f > fres

Experimental Investigations

1. Measure the active resistance of the inductors thighohmmeter. Calcu-
late resonance frequendy:s and quality factoiQ corresponding to the
variant of exercise. Write parameters of the ctramd results of calcula-
tions to Table 6.2

2. Assemble the circuit shown in Fig. 6.1 and regithierreadings of devices
with frequencyf = fres with two values of frequency greater tHags, and
with two values lesser thadaes With the second voltmeter measure the
voltages across the inductor and capacitor. Woterdthe obtained results
to Table 6.3.

3. For all frequencies calculate voltagés= Rl andU, = 6.28LI and phase
angle ¢ =+arccos, U . Positive sign in this equation corresponds to
frequencyf > fres, negative td < fres The results of calculations write
down to Table 6.3.

4. Using the data of Table 6.3 draw dependendet), ¢(f), U (f), and
Uc (). The last two graphs draw in the same coordiggdséem.
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5. Calculate currents and voltages in the circuit esponding to three fre-
guencies taken from Table 683<€ fres, f = fres andf > freg). The re-
sults of calculations write down to Table 6.4.

6. Draw three phasor diagrams corresponding to datalble 6.4.

7. Compare theoretical and experimental results aad dreneral conclusion
to the exercise.

Table 6.2
R L C Res Q
Ohm mH uF Hz —
Table 6.3
U f I UIND UR UL UC ¢
\ Hz mA \ \ V V grad
Table 6.4
U f X X y4 | W | U Ug | Ukn | @
V Hz Q Q Q mA V V V V grad

Laboratory exercise No. 7
INVESTIGATION OF PARALLEL RESONANCE CIRCUIT

The objective of the exerciseinvestigation of resonance in a circuit
with inductor and capacitor connected in parallRégistration of circuit
characteristics with different generator frequesicie

Theoretical Background

In resonance mode of a circuit the phase diffexdmetween the input
current and input voltage is equal to zero. Rescmama circuit with reactive
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elements connected in parallel is calstallel resonanceThe simplest cir-
cuit where resonance is possible to observe iscaitincluding an inductor
(parameter® andL) and capacitor®) connected in parallel (Fig 7.1).

If harmonic voltageu = Ux/zsin(a)t )is applied to this circuit, the current
i =1 \/Esin(al—gb) in it is also a harmonic function. Here

| =yU, y=\g’+bt, g=R %,, b= p- b
bCzaX:’ hNDzwL/ iND’ ZND:V ﬁ"‘(&) D‘Z’ ¢:arCtan(b/ g)

These equations illustrate the main property efrdfsonance mode: the
input current of the circuit has the same phasdeaag the input voltage
(¢ =0) and the imagine part of the input conductiveguals zerol(= 0).
Resonance in such a circuit is possible to obtgimdrying frequency of the
input voltage or by varying capacitance or indutsi@f elements. For a cir-
cuit with given parameteiR, L andC the resonance frequency is defined by
the equation

i—iz f :%_

LC 7 % o2&

In the resonance mode rms value of the currentimgnm the inductor
(o =Y /z,,) and in the capacitotd = wCU) can be much greater than the
value of the input current € Uy).

Okes =

Electrical Circuit

The circuit investigated in the current laboratemercise is shown in
Fig. 7.1. It's supplied by the source of sinusoidaltage the frequency of
which is possible to change by a switch labdteejuency Rms value of the
voltage can be changed with a switsimplitude In all experiments the mag-
nitude of voltage should be kept at 6 V.
A FA
T AT

~ GD ==

Fig. 7.1
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The inductor in the circuit is represented by actigsistor and ideal in-
ductance coil characterized by parametr@andL connected in series. Pa-
rametersC andL are given in Table 7.1, while active resistaRcef the in-
ductor should be measured by the ohmmeter.

Table 7.1

Variant 1 2 3 4 5 6 7 8 9

L | mH| 40 40 40 40 40/, 100 100 100 100

C | pF 1 0,47| 0,57 0,22 1,22 0,47 1 11 0,57

The rms value of input voltage is measured by vetenwith 20 V limit
of measurements, currents in inductor and capaertermeasured by am-
peremeters with limit of 200 mA. In this circuitetlturrent in the capacitor
can be calculated according Ohm’s law.

Review Questions

Study theoretical material and answer the questions

1. What is the difference between parallel and seassnance?

2. Write the equations describing the resonance modarcuits drawn in
Figs 7.1 and 7.2. Which parameters we can changbttn resonance in
these circuits?

3. How we can tell that the resonance mode is achiavede circuit if we
can measure only the input current?

4. Draw three phasor diagrams corresponding to tloaicin Fig. 7.1 if
f=1fres f < fres and f > fres

Fig. 7.2

Experimental Investigations

1. Measure the active resistarfR®f the inductor by the ohmmeter. Calculate
the resonance frequency and write this frequendyather parameters of
the circuit to Table 7.2.
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Table 7.2

L C Res

|0
3
I

uF kHz

2. Assemble the circuit shown in Fig. 7.1 and measureents and voltages
corresponding to five frequencies (for fres, for two values of frequency
f < fres and two value$ > freg). Current in the capacitor calculate ac-
cording Ohm’s law. Phase shift between the inputeru and voltage
should be calculate as
¢ =arcsin il
Co2

cl

The results of calculation write to Table 7.3
3. Calculate currents in the circuit for three valoéfrequency { = fres,
f < fres @and f > freg) USING equations given in paragrapeoretical back-
ground Phase shift between the input current and inpliage calculate as
¢ = arctani/g). In calculations assume that exact valued @R, L, andC are
given. The obtained results write to table 7.4 eochpare with experimental
data.

Table 7.3
U f | Ino o y
V kHz A A A grad
Table 7.4
U f be P y | linp lc ¢
V kHz | ohm'| Ohm | Ohmt | A A A grad

4. Draw phasor diagrams according to Table 7.4.
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5. Draw the functiong( f), I(f), Ino( f), andl( f) using the data from Ta-
ble 7.4. All functions of current draw in the saomrdinate system.

6. Compare theoretical and experimental results aad d@onclusions to the
laboratory exercise.

Laboratory exercise No. 8
EXPERIMENTAL VALIDATION OF SWITCHING RULES

The objective of the exerciseExperimental verification of switching
rules, calculation of energy dissipated at switghin

Theoretical Background

In circuits with inductors and capacitors very duigitial changes of
variables can be observed in some situations, &edward variables ap-
proaches slowly the steady-state magnitudes. Tpl$yranalysis of tran-
sients these short-duration changes can be viesvad mstantaneous process
with zero duration. But in this assumption we needgree with violation of
switching rules stating continuous changes of itidaccurrents and capaci-
tor voltages. At the same time Kirchhoff's rulesoshl be satisfied along
with the general rules of switching which can berfolated as follows:

The magnetic flux in an inductor just after switching y(0.) is equal to the
flux just before switching y(0.).

The electric charge in a capacitor just after swithing q(0.) is equal to the
electric charge just before switching q(0).

If a circuit includes only capacitors, we can clegggze switching by the fol-
lowing equations:

2q(+0) =2q(-0) or2Cuc(+0) =2Cuc(-0),
and for a circuit including only inductors :
>P(+0) =ZY(-0) orzLi (+0) =ZLi (-0).

At the beginning of transient process very largeedgtetically, infinitely

large) and very short (again, infinitely short) &8 of current develop in ca-
pacitors. Correspondingly large and short pulsesoitges develop in in-
ductors if such elements are included into a dir@tithe same time, we ob-

serve finite changes of energy stored in a capafith = C{{/2) or in an

inductor (,, = Li’ / 2). In assumption of instantaneous switching thegne
changes in a jump (this process is possible to“ttadl incorrect switching”),
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and the part of energy “lost” at switchingW = > W (-0) - >W(+0)) dissi-
pates in a form of spark between contacts of thechwr in wires of the cir-
cuit.

Electrical Circuit

The circuit investigated in the current exercisshswn in Fig. 8.1. The ca-
pacitor C; (100 uF) is connected to the direct e.m.f. source of bHsv
through key 1 (the key is in position 1), at thensatime key 3 should be
closed. Opening key 3 we disconnect the capaaiton fthe source, but its
charge conserves.

K d K
+ 0 clJ/, ; .J'JE; - - g /-) g \z\é o+
2 s ” 2
+ +
U, @D =, = (4 U,
o J l | ] J o-
Fig. 8.1

In the right-hand part of the circuit capacitor (10 or 470uF) is connected
to the second source of e.m.f. if key s in position ‘a” and key 2 in posi-
tion 1. The voltag&J, of the second source should be set accordingahe v
ant of the exercises, magnitude of this voltaggven in Table 8.1.

Table 8.1
Variant 1 2 3 4 5 6 7 8 9 10
2 3 4 3 2 3 4 5 2 4
U,, vV 6 5 6 7 5 6 7 8 4 8
10 7 8 11 8 9 10 11 6 12
14 10 10 14 11 12 13 14 10 14

Switching the key d” (actually, a conductor) from positioa™to posi-
tion “b” we connect two capacitors with different chargesl voltages. Such
an experiment allows us to validate the laws oftaving formulated in the
general form, stating conservation of the totalrghaf the system. The volt-
ages across the capacitors are controlled by D@neters \{ and \4 with
limits of 20 V. In this laboratory exercise eledyta capacitors are used, and
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in the circuit they should be connected exactlytas shown in the circuit
diagram (Fig. 8.1).

Review Questions

1. Formulate the laws of switching in the geneoaldnd write corresponding
equation for the circuit in Figs 8&andb.

2. Write the equation defining the total chargeapacitorsC; andC, before
switching (Fig. 8.1) assuming that voltages actbsscapacitors arg; and
U, correspondingly. Write the equation characterizing total charge after
switching when the capacitors have the same volitkdé.).

3. Write the equations for energy of capacitorghi circuit presented in Fig.
8.1 before \\M(0.)) and after switchingW/(0.)).

d " 11
E it i
- 1 5 EC) cl_l_ uft) _|_c'2
A !
a b
Fig 8.2

Experimental Investigations

1. Build the circuit shown in Fig. 8. 1 including cajttar C, of 10uF. Switch
key 1 K,) to position 1, key 2K>) to position 2, and close key R3). The
reading of voltmeter Y(voltageU,) write to table 8.2. In the first experi-
mentU, = 0.

2. Open key 3K3) simultaneously changing position of key “d” frd@&’ to
“b”. Write readings of voltmeter )registered right after the switching
(voltageU,) to Table 8.2.

3. Reconstruct the initial setting of the circuit,.j.eet keyK, to position 1,
conductor d” to position ‘a”, and redo the experiment with different volt-
agesU, taken from Table 8.1 according the variant of éiercise. Volt-
ages registered before and right after switchingevio table 8.2.

4. Redo the experiments wi@ = 470uF.

5. In all experiments calculate the total chargeapacitors and energy of
electric field stored in them before and after shiitg. Calculate the dif-
ference of energyAW) registered before and after switching. The result
of calculations write to Table 8.2.

6. Analyze the obtained results and draw conclissiorthe laboratory exer-
cise.
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Table 8.2

U= ...V Before switching After switching

C, = 100uF Uy, | Zg(0) | XWO0.) | Uc(0,) | 29(04) | ZW(O0,) | AW
V uC mJ V uC mJ mJ
0

C, =10uF
0

C, =470uF

Laboratory exercise No. 9
INVESTIGATION OF TRANSIENTS IN A FIRST-ORDER CIRCUI T

The objective of the exercisetnvestigation of transients in a circuit in-
cluding a capacitor and resistor (a first-ordecut). Comparison of experi-
mental and analytical results.

Theoretical Background

Transients are changes of currents or voltages aircuit from one
steady-state to other. Usually transients develgwéaching. Power of a real
source is always finite, so variables associatétd shanges of energy (cur-
rent of the inductor or voltage across terminalsaofapacitor) cannot be
changed instantaneously. Conservation of thesahlas is defined by rules
of switching.

Solution to the system of differential equationsaling the transient
mode of a circuit includes two components. The fsscalledthe forced re-
sponseof the circuit, and the secondtie natural responsef the circuit. For
example, a current can be written as a s(jyri . () +i¢).

The forced response of the circuit is calculatea ageady-state current
or voltage in the circuit after switching< «). The natural response is a sum
of exponential functions:

i)=Y Ae™
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obtained with different rootpy of characteristic equation. Here coefficients
A are integration constants calculated with the Usmaependent and de-

pendent initial conditions.

The equation describing the natural response imcaicwith only one
inductor or capacitor includes only one exponeritiaction and characteris-
tic equation has one root. For example, the nat@sponse for the circuit
drawn in Fig. 9.1a s the following:

i, (t) = Ae”.

The forced response for the circuit in Fig. 9.1@8igal by DC source is
equal to zeroif, (t) =0) because DC current does not flow through a capaci
tor. Before switching the capacitor has zero chaagd according to the sec-
ond rule of switching

Uc(0,)=U.(0.)=0

So

B

In this case changes of current and voltage o€#pacitor are described
by equations

0= 5expCYac) Uec® =U -iOR=U(1-expCYrc) . O-1)

Here p=‘%QC Is the root of characteristic equation and

r :}l/p |= RC is the time constant. This constant can be foutk the use
of a tangent line to the graph obtained experinigniéig. 9.1b).

i

= N~

Fig. 9.1
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The equations describing current and voltage ofiteeharge can be ob-
tained in the same way. They are the following:

0 =-=expC Yo Ue®) =Uexp(H4o) 92)

Fig. 9.2

Charge and discharge of the capacitor are investigaith the use of
the circuit shown in Fig. 9.2. The circuit is supdl from a DC source the
voltage of which is given in Table 9.1. Also inghable values oR andC
are written. Special attention should be paid &pblarity of capacitor.

Table 9.1
Variant 1 2 3 4 5 6 7 8
ul Vv 10 11 12 13 14 3 4 4
R | kQ | 100 122 133 147 200 22 22 33
C | uF | 100 100 100 100 100 470 470 470

Two voltmeters with 20 V limits of measurement areluded into the
circuit along with an amperemeter (208). The first voltmeter allows one
to control the voltage of the source, the secoritmeaier shows changes of
voltage across terminals of capacitor. Current lndrge and discharge is
measured by the amperemeter.

Before development of transients K€y is connected with point 1 (the
source is included into the circuit), k&y is closed. In this geometry of the
circuit voltage across the capacitor equals zerg@) = 0) and the current is

i.(t) =U/R. At the moment of switching ke, opens, voltage preserves its

maghnitude, and the current is still equal to theraf voltage and resistance
(i.(t) =U/R). So this formula gives us the current at thet fin@ment after

switching ¢ =0, ). After that the current and voltage should beasteged si-

multaneously with equal intervals of time (usu&lgeconds).
Then the capacitor is charged, K€yis switched to position 2. Now we
register discharge of the capacitor in the sameneraas it was done earlier.
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Review Questions

Study theoretical material and answer the questions

1. How forced response of the circuit can be calcdlaieng with independ-
ent and dependent initial conditions?

2. How the time constant can be found theoretically experimentally?

3. Calculate the root of characteristic equation, tiooastant, and the total
time of transients for the circuit used in your esments.

Experimental Investigations

1. Build the circuit shown in Fig 9.2 and measure via&ie of current and
voltage corresponding tb=0, . In this experiment ke¥, is closed, key

K1 is in position 1. Write the current and voltagd table 9.2.

2. 0penK, and measure currents and voltages in the ciratit @gual tem-
poral intervals. Write the obtained results to Ea®2.

3. Switch keyK, to position 2 and measure currents and voltageginf
charge. Write the results to Table 9.2.

4. Draw graphs of current and voltage (four graphs)and U_(t)), define

graphically the time constant for each graph, addutate the mean value
of the constant.

5. Calculate analytically the time constant as RC. Compare analytical
and experimental results.

6. Calculate values of functions.(t)and U_.(t) for moments of time

t=r,2r,%,4 ,5. Mark obtained points in the same coordinate sysie

the experimental graphs.
7. Analyze the results and write conclusions to therese.

Table 9.2
Experimental data Results of calculations
Charge Discharge Charge Discharge
ti(®) juc(t) | t [ i) Juc(t)] t i) |uc(®)] t | i) | uc(t)
S| WA |V s |pPA |V s | WA | V s | pA V
0
5
10
15
20
25
60
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Laboratory exercise No. 10

INVESTIGATION OF TRANSIENTS IN A SECOND-ORDER
CIRCUIT

The objective of the exercisetnvestigation of transients in a circuit in-
cluding capacitor, inductor and resistor connedtederies (a second-order
circuit). Comparison of experimental and analytiesults.

Theoretical Background

An example of a first-order circuit is given in Fi0.1. After switching
this circuit is described by the following equatienitten according the
Kirchhoff's voltage law:

oodi 1
U.+U, +U_.=iR+ La+Ejldt— E . (10.1)
/¢ AANA Y Y
R L
el 4
i)
Fig. 10.1

After calculation of derivatives in the left andyii-hand parts of this
formula we obtain differential equation of the sed@rder:
. 2
L LY (10.2)
dt dtt C
In solution to this equation is possible to obtaith classical approach,
the force response of the circuit is absent insthlation and form of the natu-

ral response depends on the rgmtandp, of characteristic equation:

R RY 1
=t | =] ——. 10.3
P2 =750 \/(ZLJ LC (10.3)

Here three variants are possible. The roots are:

1. Real, negative, and differenp(# p,<0). In this case we observe over-
dumped response of the circuit.

2.Real, negative, and identicalp(= p,=-0=-R2L) and critically
dumped transient process.

39



3.Complex conjugative root, ,=-0* ja,. give us underdumped re-

R . . ]
sponse. Her®d =— is the attenuation factor a =\/ LC) -9?2
p 2L mqree ( )

is the cyclic frequency of free oscillations.this case changes of current
are described by equation:

i(t) =Aexp(ot)cosly. t+a F E

exptdt )simg, . (10.4)

In Eqg. 10.4 the amplitude of oscillations is thédwing:

A:i

a’LreeL.
The current corresponding to underdumped respongaresented in
Fig. 10.2.

Fig. 10.2

To evaluate the rate of the current changes theedwmnt of oscillations
A is usually used. This parameter is equal to the od current magnitudes
at two moments of time taken with the temporalwaébetween them of one
periOd (I_Free):

__ M
I(t +TFree) .
The logarithmic decrement is also possible to oséhis purpose:
@ = In A = aTFree = TFree/ r Free*

Herer. .. is the time constant of the oscillation envelopig.(10.2). To

find the decrement experimentally we can use aoges of the first and sec-
ond periods:

A= I1m
I2m
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Review Questions

Study theoretical material and answer the questions

1. How is possible to write characteristic equatiomregponding to differen-
tial equation of the second order?

2. What types of transients are possible in a secoddraircuit including an
inductor, resistor, and capacitor?

3. How is possible to calculate independent and deg@niditial conditions
in a second-order circuit?

4. Give the definition of the oscillation decrementlaxplain how this pa-
rameter is possible to find experimentally.

Electrical Circuit

Transients in circuits including capacitors anduictors are so fast that
they usually cannot be registered with amperemedads voltmeters. But
repetition of the process allows one to obtainesentation of voltages in a
screen of oscilloscope.

Table 10.1

Variant 1 2 3 4 5 6 7 8

L mH | 10 10 40 40 40 40 100 100

C uF | 0,47 1 0,1/ 0,22 0,47 1 0,1 0,22
Rshunt | Q 22 22 100| 100 10Q 100 220 220

Electrical circuit investigated in this exercisest®wn in Fig. 10.3. The
circuit is supplied from a source generating regtgar pulses of voltage with
frequency of 200 Hz and amplitude of 8 V (Fig. 1R This voltage is
measured by a DC voltmeter with 20 V limits of me@asnents. Note that
amplitude of 8 V corresponds to the rms value & registered by the volt-
meter.

Parameters of the circuit should be taken from &dl0l.1 according the
variant of the exercisdyq is the internal resistance of the inductor. Vadtag
proportional to the current of transient processegistered by the oscillo-
scope connected in parallel with resid®af,n;

Experimental Investigations

1. Build the circuit shown in Fig 10.3. Values of Ry L, andC write
down to Table 10.2. Set the frequency of pulseslegu200 Hz and am-
plitude equal to 8 V.

2. Write the setting of oscilloscope (the time saal@nd scale of voltage,)
to Table 10.2. Calculate the scale of currentad ’my/ Rshrand write it
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to the same table. Copy the graph of current froendcreen of oscillo-
scope.

3. Using the graph of the current find the period stitbation Tg. and the
time constantr... (the time constant can be found with the usetahgent
line to oscillation envelope).

4. Measure amplitudes of oscillations correspondinghefirst k,, and sec-
ondl,, periods. Calculate decrement of oscillatianand logarithmic dec-
rement of oscillation®.

5. Calculate the attenuation factdr=r;._, cyclic frequency of oscillations

Free?

Wrroo = 277/ T .cand the integration constast= E/(w,..L) . Results of cal-
culations write to Table 10.2.
6. According to Eq. 10.4 calculate values of the auireg moments of time:

t =0, Trree/4, Trree/2, 3Trree/2, andTree and draw corresponding points in
the graph of current.

7. Analyze the results and write conclusions to therese.

it)

Uft)

Ut =C Uy

o ANN—2
l R St l t
i T
To oscilloscope
a b
Fig. 10.3
Table 10.2
Parameters E=8V |L= C= | Rehunt=
Scales m.=  ms/div|m,= ms/divim=  mA/div

Experimental results| Trree= Trree = 1= lom=
(data from the graph)
Results of calculations A = ®= o= W= A=
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Laboratory exercise No. 11
INVESTIGATION OF A NONLINEAR DC CIRCUIT

The objective of the exerciseExperimental investigation of nonlinear
elements. Application of Zener diode to stabilizgltage. Calculation of
equivalent characteristics of series-parallel catioe of nonlinear elements.

Theoretical Background

To analyze properties of nonlinear DC circuit weehéo know current-
voltage characteristics (CVC) of all elements ideld into this circuit. Such
characteristics obtained with DC currents are daskatic characteristics. If a
circuit consists of several nonlinear elements wlifferent types of connec-
tion, we can simplify it by representing groupsetdments by equivalent CV
characteristic.

For example, instead of several elements connéctseries we can in-
troduce an equivalent element with characterisbtained on the base of
Kirchhoff's voltage law:

UM =3U,0),

Here summation of voltages (points of the chargttey is done for several
chosen values of currents.

If elements are connected in parallel, accordingitchhoff's current
law we need to sum up currents with fixed valuegaitfages:

W)=Y 1,0).

Some nonlinear elements is possible to connestiah a way that the
registered changes of voltage in the circuit wdagdnuch smaller comparing
with changes of the input variables. Such a cirmuitalled a voltage stabi-
lizer. On the other hand, we can build a nonlir@eruit in which current in
some branch does not depend on resistance of thret This devise is
called a current stabilize.

Electrical Circuit

Electrical circuit parts of which are shown in Fid..1,a, b, c, andd is
used in the exercise. The voltage of the suppharged in the interval
U;=0+15V. The parain Fig. 11.1 is the common for all experiments.
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03 i

Oty

Fig. 11.1

To terminalsab of this part we connect a lamp (Fig. 11b},, Zener di-
ode and a lamgx), or the combination of these elements and adiresastor
(d). In corresponding experiments we can obtain C¥ratieristic of the
lamp U, (1,), of Zener dioda&J,p(l2p), and equivalent characteristic of the cir-
cuit Ug(lgg)- In the last two experiments we can also registerdependence
of voltage across the diode on the input voltdgéJ,) in the open-circuit
mode (Fig. 11.1¢) and with some load (Fig. 11.d). The resistance of the
load and the voltage of operation point are giveiiable 10.1. Currents and
voltages should be measured with DC amperemetdrsatmeters with lim-
its of 20 mA and 20V.

Table 11.1
Variant 1 2 3 4 5 6 7
R kQ 1 22| 168, 253 3,2 3,67/ 1,22
Uip \ 5 6 7 8 9 10 11

Review Questions

Read the theory to the laboratory exercise and angive following ques-

tions:

1. What element can be callednonlinear resistd? Describe the properties
of this element.

2. What laws are valid for nonlinear circuits?

3. How we can obtain equivalent CV characteristic @fesal nonlinear ele-
ments connected in series? In parallel?

4. Which element is possible to use for stabilizabbnoltage?

5. Which element is possible to use for stabilizatbeurrent?
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Experimental Investigations

1. Experimental registration of a lamp characteristiee circuit is shown in

Fig. 11.1,a andb. The points of characteristic should be registewgt
equal intervals of current variations. The largestsible current is 35 mA.
The results must be written to Table 11.2.

2. Experimental registration of Zener diode charasteri The circuit is

shown in Fig. 11.1a andc. The points of characteristic should be regis-
tered with equal intervals of voltage variationgeTargest possible volt-
age is 15 V. The results must be written to Tall2 1

3. Experimental registration of equivalent characterigor series-parallel

connection of elements. The circuit is shown in.Aif.1,a andd. The
points of characteristic should be registered wihal intervals of voltage
variations. The largest possible voltage is 15 Me Tesults must be written
to Table 11.2.

4.In the same system of coordinates draw the grapls), Uzp(lzp), and

Ueq(leg) according to data written to table 11.2. In thens system draw
the characteristic of the linear resistiy=RIr.

5.In the same system of coordinates draw the equnvalearacteristic of a

circuit obtained as a result of summation. Compameith experimental
characteristic.

6. Find in the graphs the curreris= lgq Izp, Ir and voltagesJy, Uzp, Ur

o

corresponding to the point of operation(voltade).

. Calculate static resistance of the circuit at theration point.

. Draw two curvedJ,(U,) obtained in the open-circuit mode and with the
load R. For each curve find the intervals of stabilizatend calculate the
coefficient of stabilization

_ AU, /U,

ker = AU, /U,

hereAU is variation of voltage in interval of stabilizatioUc), is the mean
voltage corresponding to this interval.
9. Write conclusions to the exercise.
Table 11.2
A lamp A Zener diode Series-parallel connection
U]_: U|_ = ||_ U]_ I= IZD U2= UZD U]_: UEq = IEq U2
V mA V mA V V mA V
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Laboratory exercise No. 12

AN INDUCTOR WITH FERROMAGNETIC CORE IN A CIRCUIT
OF AC CURRENT

The objective of the exerciseExperimental investigation of nonlinear
inductor.

Theoretical Background

Inductors with ferromagnetic cores are often useshodern devices to
amplify magnetic flux. Magnetic reluctance of femagnetic core depends
on the magnetic field strength. So an inductor with a core is a nonlinear
element characterized by Weber-Ampere characteyit).

If we assume thap=BSw and wi=HI (B is the inductance of magnetic
field, Sis the square of core cross-sectiois, the length of core), we obtain
the curve(i) similar to the functio8(H), called the magnetic curve of ma-
terial.

For ferromagnetic material these curves are passlobtain experi-
mentally. An example of the curve is shown in Aig.1. The inductor is in-
ertialess element, and if we apply sinusoidal g@t#o it, we obtain ahar-
monic current in its wires. We assume that theagdtis described by the
equation

u(t) = Uy, cosx).
In this case the magnetic flux can be found as
P(wt) = Judt= W, sin 1),
whereW,, = U, /o= U2 /wis the amplitude of magnetic flux.

Wiy LIEIF)

yf:*:::::::: P\
S R R |
5 T

D+ ! | =I. D*‘ Ll 1=

Tl —+ + — —— - — - Lo T

LIKF | el —r————*—————’;
e —FTT T

nf (oi)

Fig.12.1
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Electrical Circuit

To obtain the dependence of current on tifua) the circuit is used
shown in Fig. 12.2.

—®
A Inductor CV>
R Shumt
p— Y
I Cscilloscope 1

Fig. 12.2

The circuit is supplied by a source of sinusoidaltage with frequency
of 50 Hz and rms value of 24 V. As a nonlinear etduthe primary coil of a
transformer is used (number of tums= 300). The shunt is a linear resistor
so the dependence of current through it on fifwe) is the same as depend-
ence of voltage(wt).

Rms values of current and voltage is measured byaw@eremeter and
voltmeter with limits of measurements of 20@.rand 20 V correspondingly.

The oscilloscope scales for voltage and time shbeal chosen in such a
way that the curve fills the whole screen. The es@dlcurrentm in mA/cm
can be calculated as = 10°m, /(10Rshuny, Wherem, is the scale of voltage.

Review Questions

Read the theory to the laboratory exercise and angwe following ques-

tions:

1. Why the dependence of magnetic flux on currennaductors with ferro-
magnetic core is a nonlinear function?

2. How losses can be minimized in the core of induttor

Experimental Investigations

1. Build the circuit presented in Fig. 12.2. ResisR.: Should be taken
from Table 12.1 according the variant of the exsa&ci
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Table 12.1
Variant 1 2 3 4 5 6 7 8 9 10
Rshunt | Q| 47 | 57| 69| 80| 55 65 90 100 110 1p2

2. Switch on the oscilloscope. Draw half-wave of tledtage on paper. Cal-
culate the scale of current. This scale and readingoltmeter and am-
peremeter write to Table 12.2.

Table 12.2
) | m
V mA mA/mm

3. Calculate the amplitude of magnetic fM#y, and draw the sinusoidal func-
tion YP(wt) = Wy, sin (wt) with the same temporal scale as the scale ofecurv
obtained with oscilloscope. In the same picturendthe curve of current
I(ut) in a way shown in Fig. 12.1.

4. Draw Weber-Ampere characteristic of the induap@r) (the example is
given in Fig. 13.1).

5. Write conclusions to the exercise.
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Glossary

Attenuation factor — kosdpunrenT 3aTyxaHus

Balanced load— cummerpuunas Harpy3ka (00bI9HO B Tpex(a3HOi 1emnu)
Bipolar junction transistor —ounonsapHbIii TpaH3UCTOP

Branch —BeTBb (31ekTpHUuecKoii memnn)

Characteristic equation—xapakTepucTHUeCKOe YpaBHCHHE

Circuit diagram —cxema (3JeKTpHUYECKO#) LIEn

Connected in parallel- coeaunens! mapanienbHO

Connected in series €oe1uHeHbI OCIEA0BATEIHLHO

Core of the inductor — cepaeuHuk KaTyIIK:d HHIYKTHBHOCTH

Critically dumped transient process— kputrueckuii (rpaHHUYHBIH) ITepe-
XOJHBIN MTPOLECC

Current-voltage characteristic (CVC) — BonbT-amriepHasi XapaKTepUCTHKA
(BAX)

Delta connection of the load coenuHenne Harpy3Kku TPEYroJILHUKOM
(0OBIYHO B TpexdazHO ern)

Forced response of the circuit- npunyxaennas coctapistomnias (BeIpaxe-
HHE UCIIOJIb3YETCS MPH MATEeMATHYECKOM OMHMCAHUH TIEPEXOTHBIX MPOIIECCOB)
Fourier series—psa ®ypne

Full-wave rectifier — qsyxmosyneproaHbIii BBIIPSIMUTEIIb

Half-wave rectifier — ogHonomynepuoaHblii BEIIPSIMHUTEIb

Impedance— umnenaHc, KOMIUIEKCHOE COMTPOTUBIICHUE, ITOJHOE COMPOTHRB-
JICHUE

Natural response of the circuit—cBoboanas cocrapistomas (BIpaxkeHHe
UCIIOJIb3YETCs MMPH MATEeMATHYSCKOM OMMCAHMH MIEPEXOTHBIX POIIECCOB)
Neutral, neutral wire — neiirpais, HyeBoi mpoBoa (B Tpex(}a3HBIX ETsIX)
Node—ys3en

Oscilloscope- ocimmiorpad

Overdumped transient process- aneproandeckuii (3aTyXaronui) mepe-
XOJHBIN MTPOLECC

Parallel resonance- pe3onanc HampspKeHUI

Phase, initial phase- ¢a3a, nauanbnas daza

Phasor diagram— BekropHas auarpamma

Rectification — BeinpsiMiacHue (TOKOB)

Rectifier — BpimpsamMuTeInb

RMS, current (voltage) RMS— aeiicTBytoliiee 3HaueHue, ACHCTBYIOIICE
3HaYCHHUE TOKA (HAMPSKCHIS)

Root of characteristic equation— kopesp XapakTepUCTHUECKOTO YPaBHEHHUSI
Semiconductor— noaympoBoIHUK

Series resonance pe3oHaHC TOKOB
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Shunt —mysr

Source of e.m.f—ucrounuk IJ1C

Superposition principle — npuHIwI HajgoX)eHUs (CYNEpITO3UIINN)
Switching rules — 3akoHbI KOMMYTaIHH

The first Kirchhoff's rule, Kirchhoff's current law (KCL) —mnepBerii 3a-
koH Kupxroga

The second Kirchhoff’'s rule, Kirchhoff’s voltage law (KVL) — Bropoii 3a-
koH Kupxroda

Time constant—nocrosiHaast BpeMeHu (IepexoaHOro mpoiecca)
Transients, transient processes nepexoaHbIe MPOLECChI

Underdumped transient process- kosie0aTenbHbIN MepeX0HbINA IPOIECC
Wye connection of the loadtoenunenne Harpysku 3Be3a0i (B TpexdasHoit
1ICITHN)

Zener diode— crabunutpon
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