JTOJATKH
MPUJIOKEHUE 1
OBIIAE TEOPETUYECKHE MOJOXKEHUS

1.1. DaekTpuyeckue Henu MOCTOSTHHOIO TOKA

1.1.1. Ocnoeéuvie nonamusa inekmpuueckux yenei. Boavm-amnepnasn
XapaKkmepucmuka uoeaibHo20 U peanbHo20 UCHOYHUKA IHepeuu. 3akonvl Oma
u /[orcoyna-Jlenya.

DJIeKTpUYecKas Helb — COBOKYIHOCTh YCTPOMCTB M OOBEKTOB, KOTOpHIE
00pa3yloT MyTh AJIs1 ANEKTPUYECKOTO TOKA.

B oOmem ciyyae »sneKkTpuyeckas LENb COCTOMT U3 HCTOYHHKOB
AIEKTPUUECKOW 3Hepruu u e€ mnorpeduteneit (Harpysku). CTpyKTypHas cxema
nenu rmnokasaHa Ha puc. 1.1, rne M — wucroyHuk snexkrtpos3Hepruu, a II —
noTpedurens eKTpodHepruu. Kpome Toro, B 3JEKTpUYECKOM IeNH HaXOASTCA
IPOMEXYTOUHBIE AJIEMEHThl — MPOBOJHUKH, KOMMYTAllMOHHAs ammaparypa, T.€.
ANEKTPUUYECKUE anmapatbl (HAIpUMEp, BBIKIIOYATEIM U MPEJOXPAHUTENH),
peoOpa3oBaTeIM SHEPTUU — BBIIPSIMUTENHN, TPAHC(HOPMATOPHI U Jp.

| | MCTOYHMKAMH 3JIEKTPOIHEPIHH SBJISIOTCH,

TJIaBHBIM oOpazom, ANEKTPOTEHEPATOPHI
I/I I I MEPEMEHHOTO M TIOCTOSHHOTO TOKa, a TaKKe
akKymyJsTopbl  (OGarapern  WIM  XUMUYECKHE

| | UCTOYHHUKH), TEPMO- U (POTOJIEMEHTHI, COJTHEUHbIE
Pucynok 1.1 — CtpykTypHas Oarapey, NPUHUMAIOIINE paJAUOAHTEHHbI. Takum
cxeMma JIEKTPHYECKOl e~ 00pa3oM, HCTOYHUKU — DJIEKTPOIHEPTUUM —  ITO
npeoOpa3oBaTead HHEPruM  pa3HbIX BHUJIOB B

AIEKTPUYECKYIO.

IoTpeOuTensimm  JIJIEKTPOIHEPTUU  SBJISIOTCS  AJIEKTPOABUTATENH,
JJEKTPOJIAMIIBI,  JJIEKTPONECYH,  AKKYMYJSATOPBI,  KOTOPBIE  3apsDKAOTCH,
AJIEKTPOHAIPEBATENIM, TEJIECBU3MOHHAS W paJauoanmnaparypa, B YaCTHOCTH,
nepeaaronre paauoaHnTeHHbl U ap. Takum o0pa3oM, MOTpeOUTETN — yCTPOUCTBA,
B KOTOPBIX, HA00OPOT, SJIEKTPOIHEPTHUS MIPEBPAIIACTCS B SHEPTUIO IPYTUX BUIOB —
MEXaHHYECKYIO, TEMJIOBYIO, CBETOBYIO, U JP.

DileKTpUYeckass cxeMa — Tpaduyeckoe H300paKeHUE IIEKTPUUECKOM
LEMU, KOTOpasi COJAEPKUT YCIOBHbIE M300paKeHUsI €€ AJIEMEHTOB M MOKa3bIBaeT,
KaK 3TH 3JIEMEHTBI COCIUHSAIOTCS APYT C APYTOM.

PacueTsl anexkTpuYecKMX ILENe M MCCIECIOBAaHWE MPOLECCOB, KOTOPBIE
MPOUCXOMSIT B HHX, Oa3WPYIOTCS Ha Pa3HBIX JOMYHICHUSX H HEKOTOPOU
ujieaIn3aluu PeaibHbIX 0ObEKTOB.
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APPENDIX 1
BASIC ELECTRICAL THEORY
1.1. Direct current electric circuits

1.1.1. The basic concepts of electric circuits. Volt-ampere characteristic of an
ideal and a real voltage source. Ohm and Joule laws.

An electric circuit is a set of electric devices and objects that forms a path
where an electric current flows. At least an electric circuit consists of voltage
sources (electric energy sources, power supply) and an electrical component that
consumes electric power (so called load). The block diagram of an electric circuit
is shown in Fig. 1.1, where the S letter denotes a source of electric energy and the
L letter denotes a load. Moreover, an electric circuit has additional elements such
as electrical conductors, switching equipment, i.e., (for example, switches and
fuses), energy converters: rectifiers, transformers, etc.

Voltage sources include mainly AC

(alternative current) and DC (direct current)
S C generators as well as accumulators (batteries or

chemical origin sources), thermal and photovoltaic

cell, solar batteries, a receiving radio antenna.

Figure 1.1 —Theblock  Therefore the voltage sources are converters of
diagram of an electric

circuit various types of energy into electricity.

Examples of an electrical load are electric
motors, electric bulbs, electric furnaces and other heaters, rechargeable batteries,
television and radio, and other devices, in particular, radio antennas during
transmission, etc. Thus, the load is a device converting electricity into energy of
other forms such as mechanical, thermal, electromagnetic, etc.

An electrical (circuit, elementary or electronic) diagram is a graphic
image of an electric circuit, which includes the engineering symbols of the
electrical elements, and shows how these elements are connected to each other.

Calculation of electric circuits is based on various assumptions and some
idealization of the real objects.
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[Ton »nemMeHTaMu »HIIEKTPUYECKOW 1€MW TMOHUMAIOT HE (PU3UUECKH
CYILIECTBYIOIIME COCTABHbIE YACTU OJIEKTPOTEXHUUYECKUX YCTPOMCTB, a UX
UjcaIM3UPOBAHHBIC MOJICIIH.

DJieKTpUYecKass Uenb TMOCTOSIHHON0O TOKAa — IIelb, B KOTOPOM
AIIEKTPUYECKHUI TOK CO37aETCSI HCTOUHUKOM DJIEKTPUUYECKON SHEPTUH MOCTOSTHHOTO
HanpspkeHus. [lpu pacuerax cunraercs, 4To 3TOT TOK BO BPEMEHHU HE U3MEHSIETCS.

[Tporeccrl, KOTOpbIE TPOUCXOIAT B ICKTPUUECKON LIETH, OMHCHIBAIOTCA C
MOMOIIBIO TOHATHH 00 3JIEKTPUYECKOM TOKE, JIIEKTPUUYECKOM HAIMPSKEHHH,
anextpoaBrkyei cuie (3C) U 3eKTPUISCKOM COMTPOTHBIICHUH.

DaekrTpuueckuii Tok (OOo3HavaeTcst JaTMHCKOM OykBoud 1) -
YIOPSI0YEHHOE JIBKEHUE 3apsOKEHHBIX YacTHIl: JJIEKTPOHOB M HOHOB. 3a
HaIpaBlICHUE TOKAa TMPUHUMAETCS HampaBlICHUE TEPEMEIICHHS IMOJI0KUTEIbHBIX
3apsAoB, T.€. HAlpaBJICHHE OOPATHOE MO OTHOIICHHWIO K JIBMYKCHHIO AJIEKTPOHOB.

al R p 3HAuYCHHE TOKA PABHACTCS BEIMYMHE 3apsiia, KOTOPBIL
U OPOXOAUT 3a E€IWHUILY BpPEMEHU Iz?, rie Q — BenuuuHA

Pucynox 1.2 3apgna 3a Bpems t. MsmepsieTcst Tok B ammepax [A].

DJeKTpUUYeckoe HanpsikeHne U MeXay IByMsi TOYKaMH LIEMH — Pa3HOCTh
SIIEKTPHYCCKUX TOTCHIMAJIOB MEKAY OSTUMH ToukaMu. Hampumep, MexIy
ToukaMd a u b U=Ap=¢,—¢, (puc.1.2). Pa3HOCTb 3NIEKTPUUECKHX

IIOTCHIOMAJIOB PABHACTCA pa60Te, KOTOpasd 3aTpadyuBacTCA Ha IICPCHOC CAMHUYIHOI'O

W
MOJIOXKHUTEIBHOTO 3apsijia M3 TOYKM a B TOYKy D, a wuMeHHo, Ap=—.

Q

CoOOTBETCTBEHHO /IS TIepeHoca 3apsiaa BenmmunHoit Q tpatutcs padora W =UQ.

Ecnu noteHIman TOYKY a BBIIIE MOTSHIIMANIA TOYKH D, TO MIpH TaKOM KaK Ha
puc. 1.2 BbpIOOpe HampaBieHUsT HANPSDKEHHUS, OHO TMOJOXKUTEIbHO, a €CiH
NOTEHIMA b BbIIE @, TO OHO SBISACTCA OTpUIATEIBHBIM. HampsbkeHue
usMmepsiercs B Bosibrax [U] = [B].

Daexrpoasmxymas cuia (O/1C) E paBHsercs paboTe BHEMIHUX CHJI (CHII
HEKYJIOHOBCKOTO B3aMMOJICUCTBUS WJIM HEIJIEKTPOCTATHUECKUX CHII), KOTOpBIE
TpaTaTCcad Ha NEpeMEeUIeHHE OJMHOYHOTO MOJIOKUTEIBHOIO 3apsijia B MCTOYHHUKE
anextpuueckoit seprun. DJIC usmepsiercs B BoabTax [E] = [B].

DJleKTpUUYeCKoe CONMPOTUBJIEeHHEe R — HMaeann3upoBaHHBIM AJIEMEHT IICIH,
KOTOpPBIA TPUONMIKEHHO 3aMEHSET pEe3UCTOp, M B KOTOPOM IMPOMCXOJIUT

HeoOpaTUMBIH Ipolecc MpeoOpa3oBaHus IEKTPUUECKON SHEPTUU B TEIUIOTY.
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The elements of an electric circuit are ideal elements which replace real
electric devices by their equivalent electrical diagram.

A DC electric circuit is the circuit where the current is produced by a DC
voltage source. It is assumed that the current does not change over time to calculate
processes in the DC electric circuit.

The processes in an electric circuit are described using definitions of electric
current, electric voltage, electromotive force (EMF) and electric resistance.

Electric current (symbol 1) is the flow of charged particles such as
electrons and ions. It is denoted by the letter 1. A direction of current corresponds
to the direction of positive charges motion, i.e., it is opposite to the directional

movement of electrons. The value of a electric current is equal

al R b ] ] ] Q ]
o> }—o0 to the charge passing per a unit of time | = T where Q is the
U

Figure 1.2 > quantity of charge that passes a chosen reference point during
a specified time interval t. The current is measured in amperes

[A].
Electric voltage U between two points of a circuit is the electric potential
difference between these points. For example, between the points a and b it is
equal to U =Ap =0, — ¢, (Fig. 1.2). The electric potentials difference is equal to

the work required to transfer a unit positive charge from the point a to the point b,

namely A(pzvav . Accordingly, the work needed to move the charge is calculated

by equation W =UQ.

If the potential of the point a is bigger than the potential of the point b
(Fig.1.2), we assume that the voltage corresponds to the positive current direction.
If the point b potential is bigger than the point a one, the voltage corresponds to the
negative current direction. An electric voltage (or voltage) is measured in volts
[U]=[V].

Electromotive force (EMF) E is equal to the work of external forces
(excepting Coulomb forces) moving a single positive charge into an electric energy
source. EMF is measured in volts [E] = [V].

An electric resistance R is an ideal circuit element, which approximately
represent of a resistor, and which irreversibly converts electric energy into heat.
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KonnuecTBeHHO 3HaU€HUE COMPOTUBJICHUS MPOBOJHUKA paBHAEeTCS R =p—,

rlie p — yIeNbHOE conpoTuBieHre, OM-M; | — 1yiMHa MPOBOAHMKA, M; S — TUIOIIAIb
TOIIEPEIHOr0 CeUeHHs, M°. BenmunmmHa 0OpaTHAs CONMPOTHBICHHIO HA3BIBACTCS
IPOBOAMMOCTRIO 1 0003HavyaeTcst G =1/ R. ConporuBnenue R uzmepsiercst B omax
[OM], a mpoBoAMMOCTE B cuMeHcax [Cm].

Ecnu 3Hauenwe conpoTuBieHus He 3apucut or TU,B 1
3HAYEHHUS TOKA U HAINPSHKEHUS WM UX HalpaBlieHUd (3HaKa), 2
TO TAaKO€ COIPOTUBJIICHUE HA3BIBACTCS JIMHEWHBIM. B
MPOTUBHOM CJly4a€ OH Ha3bIBAa€TCAd HEJIMHEHHBIM. BombT- . IA
amnepHsle  xapaktepuctuku (BAX)  nmHeitHOro - wu . >
HEJIMHEHHOTO COMPOTUBICHUM, TpHUBEACHHBIE Ha puc. 1.3. Pucyrok 1.3 —
Ecnmn B menu Bce CONPOTUBIIEHUS JIMHEWHBIE, TO Takas 1 - BAX nuneiinoro
AJIEKTpUUECKas 1eNb Ha3bIBaeTcs JMHEeWHON. Ecnu xots Op1  CONPOTHBICHUA,

OZIHO COIIPOTHUBIICHUE B LENU HEIMHEWHOE, TO TaKas LEIb 2-BAX
HA3BIBACTCS HEJIMHEIHOM. HCJTMHCHHOTO
COIPOTHUBIICHUS
3axon Oma. p

Cuna toxa | IIPpAMO IIPOIIOpHHUOHAJIbHA ITPHUIIOKCHHOMY HAIIPSAKCHUIO U mm

5/1C E u obpaTHO mponoplroHaibHa conpoTuBiIeHuto R ydactka mnenu (puc. 1.4
a, 6):

U. /
| = E, a I R b EA U
o— }—o
R
. U
E < I
|l =—. 4
R a g Pucynok 1.5 —
Pucynok 1.4 — K npuMeHeHHIO 3aKOHA NneanpHbrid
Oma nctoynuk IJ1C

Uneanbubiii ucrounnk IJAC npeacrasnser coOON aKTUBHBIA DJIEMEHT C
JIBYMsI BBIBOJIaMH, HAIIPSPKEHHE Ha KOTOPBIX HE 3aBUCUT OT TOKa, KOTOPBIN
MPOXOAUT 4Yepe3 MCTOYHUK. CUuTaercs, 4YTO BHYTPHU TaKOr0 HUIACAIBLHOIO
UCTOYHUKA  OTCYTCTBYIOT  IIACCUBHBIE  3JIEMEHTBHI  (PE3UCTOpP, EMKOCTb,
WHJYKTUBHOCTb), U IOTOMY MPOXO0KJICHUE YEPE3 HEro TOKA, HE BHI3BIBAECT B HEM
MaJIcHue HanpsbkeHusl. BonpT-ammnepHas XxapakKTepUCTUKA UACATbHOTO UCTOYHHKA
O/J1C noka3zana Ha puc. 1.5.

Peanbnblii nctounuk JJ[C  XapakTepuszyercss HaJIMYMEM BHYTPEHHETO
conpotuBieHus R,.. Ha puc. 1.6 mokazan peanbnbplii ucrounuk JJIC, rme R, —
COMPOTHUBJICHUE Harpy3ku (moTpebutens ), R, — BHyTpEeHHEE COMPOTUBIICHUE
VMCTOYHHKA.
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Quantitatively the value of resistance value of any conductor is equal to

R =p;—, where p is resistivity, |is the conductor length, S is the conductor cross-

section area. The reciprocal quantity of resistance is called conductance and is

denoted by G. The resistance R is measured in ohms [Q], , ¢,V 1

and conductance G is measured in siemens [S]. 2

If the resistance value does not depend on the values
of current and voltage or their direction (polarity), then such LA
resistance is called a linear. If such dependence takes place, g
the resistance is called a nonlinear. Volt-ampere  Figure 1.3 Volt-
characteristic of linear and nonlinear resistances are shown ampere

in Eig. 1.3. I all ict l ] ircuit h characteristic:
in Fig. 1.3. all resistances are linear In a circuit, suc 1 — linear resistance

|
|
I
|
1

circuit is called a linear. If at least one resistance in a circuit 2 _nonlinear
is a nonlinear, then such the circuit is called a nonlinear. resistance
Ohm'’s law.

The current value | is directly proportional to the voltage U between two
points or the electromotive force E and inversely proportional to the resistance R of

a conductor (Fig. 1.4 a, b):

/ \
=Y. I R p oo
R o—<{ 1o A
E R
P U I
1-E ) —
"R’ a b Figure 1.5

— Ideal
source of EMF

Figure 1.4 — For Ohm’s law application
An ideal source of EMF is an active element with two terminals, where the
voltage source of which does not depend on the current that passes through such
source. It is assumed that an ideal source does not include the passive elements
such as a resistor, capacitor, inductance. As a result the voltage of an ideal source
is equal to EMF. The volt-ampere characteristic of an ideal source of EMF is
shown in Fig. 1.5.
A real source of EMF is characterized by the presence of the internal
resistance denoted R;, which is series connected with the EMF source (Fig.1.6)
shown in Fig. 1.6, where R; is the resistance load.
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Tok B Harpy3ke HampaBjeH TaKke Kak U HanpspkeHue Uy, 0T @ « +» K b « -»
1 HAXOJUTCA KaK
E a
R, + R,

HanmeeHHe HCTOYHHKA OJICKTPOOHCPIrUHU MCKIY

3a)KMMaMHd a U b

Uyp=E-IR,,=IR,.

Baemnss XApPAKTCPUCTHKA PCaJIbHOI'O HMCTOYHHUKA

npuBereHa Ha puc. 1.7. Peanbnbiit uctounuk 29JIC moxer

pa60TaTb B TaKHUX PCIKUMAX:

1) xonoctoit xox (XX) (touka 1), 3akumbl @ u b Pucynok 1.6 -
DnekTpuyeckas
cXeMa peasbHOTO
ucrounuka IJIC ¢
YCTPOHCTB; HArPY3KOH
2) pexum kopotkoro 3ambikanus (K3) (Touka 2), 3axumbl & u b 3akopodeHsI

pasoMkHyThl, | =0, Ry;—>o, Uy, =E. Kak npasuio, 310 —

caMblii 0€30MacHBI PEXKUM PAOOTHI IIIEKTPOTEXHUUECKUX

(T.e. cCOeTUHEHBI APYT C IPYroM MPOBOJTHUKOM C cornpoTuBieHrneM R=0), moatomy

TOK He TeyeT uepe3 R,, a TedeT MO Tak U B
HA3BIBAEMOMY «KOPOTKOMY nyta». 1|UZE p
u
E UH"" 3
CnepoBatenbHo, U, =0, R, =0, I ,=—, 1e. : 4
BT :
I
TOK B  pEKUME  KOPOTKOTO  3aMBIKaHHs P 2 IA
1
OrpPaHMYUBACTCS TOIBKO BHYTPEHHUM 1, I,
CONPOTUBIEHUEM HCTOYHHKA, KOTOPOE OOBIYHO Pucyrok 1.7 — BomsT-

Majio. 3HAUUT, TOK B PEKUME KOPOTKOro  aMICPHAs XapaKTCPUCTHKA

p€ajlbHOro NCTOYHHKA
3aMbIKaHUA ABJIACTCA MaKCHMAJIBHO BO3MOXKHBIM,

IIO9TOMY ,Z[ElHHBIf/i PEXKHUM SABJISICTCS CaMbIM OIIACHBIM PEXKUMOM,

3) HOMHMHAJIBHBIH PEXUM PaObOTHI (TOUKA 3), KOTOPBIH BHIOUpPACTCS B 30HE
makcumanbHoro KIIJ[ wu, kak mnpaBwio, BOMWM3M OT 3HAYCHUS HAIPSIKEHUS
X0JIOCTOTO XOJla. XapaKTepu3yeTcss HOMUHAJIbHBIMU 3HadeHUsAMH Toka | = |, u
Hanpspkeruss U = U, B aTom pexxnMe peaibHOE 3JEKTPOTEXHUYECKOE YCTPONUCTBO
MOET padoTaTh CTaOMIHLHO, TEOPETUUECKH CKOJIBKO YTOHO JT0JTro 0e3 aBapuii;

4) pexXuM COTJIaCOBAaHHOW Harpy3ku (Touka 4), Korma moTpeOuTenb
MOJIy4aeT MaKCUMAaJbHO BO3MOXXHYIO MOIIHOCTh OT HCTOYHHUKA. DTOT PEKUM
BO3HUKaeT npu ycnoBuu R,=R;;, Ho KIIJ{ mpu stom n = 0,5. Ha puc.1.7 momumo
BOJIbT-AMIIEPHON XapaKTEPUCTUKH WCTOYHHUKA TIOKa3aHbI. TpaduK MOIIHOCTU
rcrounnka P, =E| u rpadux MomHocTH Harpy3kn Py =R, 1%,
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The current is directed in the load according to the voltage polarity U,, from
a"+"tob"-"and is equal to

_E

"R +R
The voltage between the points a and b is
Up=E-IR=IR.

The external characteristic of a real source is
shown in Fig. 1.7. A real voltage source can work in
these modes:

1) open-circuit (or no-load), the terminals a and b

are opened, | = 0, Rf - o, U, =E. The load is Figure 1.6 — The electric
circuit of a real voltage

source with a load

disconnected from the terminals a and b. Usually, this
is the safest mode of electric devices operation;

2) short circuit (Fig. 1.7, point 2), the terminals a
and b are connected by a conductor with very low resistance R~0. As a result the
current does not flow through the load R, . The current flows through the "short

route. Therefore, U =0, R=0, I = RE I.e. the current in the short circuit mode
1

is limited by the internal resistance of the

source only, which is usually low. Hence, the 1oV

current in the short circuit is maximum, so this WU,=E

mode is the most dangerous. U - .3 4
3) a closed circuit for the rated !

operational mode (point 3), where the —P

2 LA
efficiency of the circuit is high as a rule. The 7 i :
high efficiency happens when the voltage ’

“

n

Figure 1.7 — Volt-ampere

across the load closes to the value of the open characteristic of a real
circuit voltage. This mode is characterized by source

the rated current | =I, and the voltage value U = U,. An electric device has a long-
term usage.

4) a closed circuit for the maximum power operation mode denoted by point
4 in Fig.1.7. This mode occurs under the condition of R=R; . At the same time, the
efficiency is n = 0,5. The power curve of the voltage source presented by the
expression Ps=El, and the curve of the power load, given by the equation P, =R|I?,
are shown in Fig.1.7 too .
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3akon koyas-Jlenua.
KonuyecTBOo TemiaoBoil SHEpPruu, KOTOpas BBIIEISETCS B MPOBOJHUKE
(pe3uctope ¢ conpotuBiecHUEM R), paBHsieTCS NpOU3BEICHUIO KBaIpaTa CUJIbI TOKa

npoBoaHuKa |, conporuBnenus R u Bpemenn t, t.e. W, = 1°Rt.

W U
Co0TBETCTBEHHO, MOIIHOCTh OyIeT paBHATHCS P, = TT =RI%= R =U I.
[To 3akoHy COXpaHEHHSI SHEPrMM MOXXHO 3amucaTh  ypaBHEHUE
PHEPreTUYecKoro OamaHca, B KOTOpOM ajireOpanyeckas CymMMa MOIIHOCTEN
ANEKTPUYECKOM HHEPTHMM HUCTOYHUKOB pAaBHAETCS apuPMETUYEeCKO cymme

MOHIHOCTCﬁ, KOTOPEIC HOTpC6.TI5HOT IMaCCUBHBIC 3JICMCHTEI BHGKTquCCKOﬁ enu.
n m m 2
ZPH)KK = ZPCHK = ZRCHKIK !

raec N — KOJMYECTBO HUCTOYHHUKOB, M —
E E

KOJu4ecTBO  motpedureneit.  Ilpuuem, ] I
MOIIIHOCTb HUCTOYHHKA paBHSAETCA = ( :) ° 00— <: ) ©
P. =*El B 3aBucumoctn or TOTO,

a o

a
coBmnajaet Hampasienue Toka | ¢ 3J1C unu Pucynok 1.8 — K npumenenuto
uet (puc. 1.8). T.e., nna ciyydas (puc.1.8 a) sakona Jhxoyns-Jlenna

P =El, anna(puc.1.86) P, =—EI.

1.1.2. Memoowvt pacuema 3Inekmpuueckux ueneil. IKeUGAIEHMHbLE
npeobpazoeanusn. 3axkonvt Kupxcoga. Pewenue 3a0au na ocnose 3aKOHO8
Kupxzogha. Memoo konmypnwvix mokoe. Memoo IKkeusaneHmmno20 2eHepamopa.

Paccunrtarh 37€KTpUUECKYIO LIETb — 110 3aJIaHHBIM MapaMeTpaM UCTOYHHUKOB
u norpebutenel (3HaueHue HanpspkeHuid, IJIC, compoTHBICHUI) ONpPENEIUThH
TOKU B BETBAX (MpsMasi 3a7ayva), WK 10 3alaHHOMY B KaKOW-HUOYIb BETBU TOKY
onpenenutb IJIC ucToUHMUKA U TOKH IPYrUX BeTBel (oOpaTHas 3a/1aya).

[Ipu pacyete Lenu cHayana NpPOU3BOJIBHO BHIOMPAIOT HAIIPaBJICHUS TOKOB B
BeTBAX. JlefCcTBUTENbHOE HANpaBiCHHUE ONPEAETUTCS 3HAKOM TOKa, MOJTy4eHHBIM
nocine pacuera. Ecnu B pe3ynbrare pacuera TOK OKa3ajics OTPULATEIbHBIM, TO €T0
HalpaBJICHUE TPOTHUBOIOJIOKHO  BbIOpaHHOMY cHavana. Jlanmbime  OyayT
paccMOTPEHbI HEKOTOphIe Hanbosiee M3BECTHBIE METOJbI pacyeTa AIEKTPUUECKUX

HEneun.
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Joule law
The quantity of thermal energy deposited in a conductor with a resistance R
Is proportional to the square of the current strength value I, resistance R and time t,
ie. W =I1°Rt.
U

Thus, the power is equal to P, :V\t/T: RI? :?:U .

According to the law of energy conservation the equation of energetic
balance is presented as

n m m
Zpsk = Zplk = ZRIkIIE’
k=1 k=1 k=1
where n is the number of sources, m is the number of loads.
According to the law the algebraic sum of the power of voltage sources is
equal to the algebraic sum of power loads.
The source power is calculated by
equation P; ==EI. The sign is chosen by Ji b
the next rule. When the direction of the o_)_@_o O_)_@_O
current corresponds to the EMF direction,

the sign is positive (Fig. 1.8, a), ie. Figure 1.8 — For Joule law
P;,=El . When the directions are application

opposite, the sign is negative (Fig.1.8, b), i.e., Py =—FEI .

1.1.2. The methods of electric circuit -calculation. Equivalent
transformations. Kirchhoff's laws. Kirchhoff's laws application. The method of
loop currents. The method of equivalent generator.

As a result of calculation of an electrical circuit when parameters of a source
and loads (the voltage, EMF, the resistance) are given, we determine the currents
in the branches (the direct problem), or by the known current in any branch we
determine the EMF and the currents in the other branches (the inverse problem).

The first step is a choice of the directions of the currents in the branches.
The real direction of the current is determined by the sign of the current obtained
by the calculation. When the sign of the simulated current is negative, it means that
the initially chosen direction of the current was incorrect. Let us consider the most
well-known methods of the electric circuit calculation.
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JKBUBAJICHTHbIE Pe00PaA30BAHMS.

Bce anexTpuyeckue I1end MOXKHO YCIOBHO pa3leliuTh Ha MPOCThIE U
CJIOXKHBIE.

IIpocmoul yenvio Ha3bIBAIOT TaKyIO I€lb, KOTOpash HACUMUTHIBAET OJUH
MCTOYHUK DJIEKTPUUECKOW SHEPI'HH, UM HECKOJIbKO B OJIHOM BETBH, MPUYEM, BCE
COMPOTUBJICHUSI COCIMHEHBI TOCJIEIOBATENIbHO U (W) napamienbHo. CroorcHou
yenvio  HA3bIBAIOT  I€Mlb, KOTOpas COJEPKUT HECKOJbKO  HMCTOYHUKOB
EKTPUYECKOM DSHEPTMM B  Pa3HBIX BETBIX WM OJWH WCTOYHUK, HO
COMPOTHUBJICHUSI LEMU HE SIBJISIOTCS MOCIEIOBATEIBHBIMU WIIM MapajlieIbHBIMU
ApYT Apyry.

JIroOyr0 mpOCTyIO 1I€Nb MOXKHO CBECTH K AKBUBAJICHTHOW B BUJIE CXEMBI,
npuBeeHHo Ha puc. 1.4 6. Torma mng ompeneneHuss TOKa 4Yepe3 HMCTOYHHUK
BO3MO>KHO HEMIOCPEJICTBEHHOE TPUMEHEHHE 3akoHa OMa.

JIns  ympolieHusi pacuera IPUMEHSIETCS METOJ  ‘‘CBOpayuMBaHus’, T.€.
VOPOILIEHUE CXEMbl — T[IOCTENEHHAs 3aMeHa TPYyNNbl  CONPOTUBJICHUMN
HKBUBAJICHTHBIMU COMPOTUBICHUSMU. OKBUBAJICHTHOE COMPOTUBICHUE — ITO
TaKo€ COMPOTUBJIEHUE, KOTOpoe, Oyayudh BKIIOUEHHBIM BMECTO TPYMIIbI
COMPOTHUBJICHUH, HE BHI3BIBACT U3MEHEHHUS TOKOB U HAIIPSIKEHUH B IIEITH.

[Ipy  mOCNENOBaTEILHOM  COEAMHEHHH  cOmpoTuBieHuMi  (puc. 1.9)
SKBUBAJICHTHOE COMPOTUBIICHUE PABHSETCS CyMME BCEX COIPOTUBIICHHUIA, T.€.

Rag =R+ Ry, + Ry +....... +R,=2R,.

k=1
ReKB
a Ko Ry R R b 848
o+ {1 F---1"%o0 < —
v uo 4 U,
> > U > _—>
> I, R,
g B
Pucynox 1.9 — [locnenoBarenbHOE COEUHEHUE ;R
CONPOTHBIEHHI N
a ,_|R3 b
(e, ) 1 I O O
Jns  mapamiensHOoro coeaunenus  (puc. 1.10)
DKBUBAJICHTHOE COIPOTHUBJIEHUE HAXOAUTCS TaK: [ [_ R
1 1 1 1 1 > _F—
Recs = WIN =4+ 4. + . U
n R R, R R
21 /R €KB 1 2 n
i Pucynok 1.10 —
. ITapamnensHoe
OtnenbHO paccMOTpUM CiIy4au JBYX COCTHHEHHUE
napajulelbHbBIX — conportuBieHuid  (puc .1.11), xorma COMPOTUBIICHUH

9KBUBAJICHTHOC COIIPOTHUBIICHUC OIIPCACIISACTCS KaK
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Reducing and transformations in the electrical circuits.

All electrical circuits can be divided into simple and complex ones.

A simple circuit is called a circuit, which has one source of electric energy,
or a few sources in one branch, and resistances. The resistances are connected in
series and/or in parallel. A complex (multi-loop) circuit with a few sources of EMF
called a circuit that contains several electrical power sources in different branches
or one source, but there are resistances with are not connected in series and/or in
parallel.

Any simple circuit can be simplified. An example of the reducing the
resistor networks is shown in Fig. 1.4, b. The Ohm's law can be applied to
determine the current across the source.

To calculate the simple circuit, it has to replace series or parallel resistances
with their equivalent resistances. The equivalent resistance is the resistance that
presents a group of resistances. The resistance reducing does not change in currents
and voltages in the circuit. Resistances in series can be replaced by the equivalent
resistance (Fig. 1.9) and calculated as an arithmetic sum of all the resistances, i.e.

k=1
a R, R, R, R, b
o+ b{ F+---1"}o al Re p
U, U, Us U, g
% >
v U
Figure 1.9 — Resistances in series
I, R,
The equivalent resistance of the resistances L R
connected in parallel (Fig. 1.10) is calculated by . R, 5
expression: o—¢—1L +—9—>°
1 1 1 1 L K
R, = oF —="+—"F....... +— > F—
4 R RR, R U
SR, | 1 T2 n ; : .
= Figure 1.10 — Resistances in
parallel

An example of reducing two resistances
connected in parallel is given (Fig .1.11). The equivalent resistance is defined as
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I R 1 RiR,

> 1— Ran = R
CKB
al b 1 1 R+R
o0>—0 o0—O R, R,
I, R,
1] CmenianHoe COe€IMHEHUE MoKa3aHo Ha puc. 1.12.
U OHO 0OBEaUHSET MOCIENI0BATENLHOE U TMapajliebHOE
~ COCIOMHCHUSI:
Pucynok 1.11 — Cnyyaii R,R, U
IBYX MapajuIeIbHBIX s = Ry + R +R. Ry +Ros; 11 = R
CONPOTUBIICHUN 2713 CkB

Jlyis pacdera menu 1mo JaHHOW CXeMe HCIOJIb3YeTCs
IPaBUJIO pa3dpoca TOKOB:

U R U R
lp="B =13 13="B =12 Uy3=1lRy3.
R2 R2 + R3 R3 R2 + R3
He Bcerma  CcoeIMHEHHE  CONPOTUBIIEHHM  MOKHO  OTHECTH K
. R HOCJIEN0BATENLHOMY WIIH MApajIeIbHOMY, TaK
2
R, L1 KAaK OHHM COCIOMHEHBI OONee CIOXKHO — B
a 1 1 2 U 3 b (15 29 (15 29
) 0——O0 “3Be3 WIK B “TPEYroNbLHUK
o 1>« R23 vy’ (Y pey A
1 :|3 (puc. 1.13), Torma s TOpUBEICHUS K
U CMELIAHHOMY COEIUHEHHI0 HCIOJB3YIOTCS

HKBUBAJICHTHBIE MPEOOpa3oBaHUs “3BE31bI” B

¢

Pucynoxk 1.12 — IIpaBuio pazdpoca
‘TpeyroyibHUK”  wix  Haobopor. Takum

TOKOB
o0Opazom, MOSIBIISIETCS BO3MO>XHOCTh
BOCIIOJIB30BAThCS METOJOM “‘cBOpauuBaHus’. Huke npuBeneHbl (GopMysbl aJis

TaKOU PKBUBAJICHTHOW 3aMEHHBI.

b

Pucynok 1.13 — CoennHenue conpoTUBICHNN B “3B€31y” U B “TPEYrOJIbHUK’

Rsp =Ry + Ry + RaRy : R, = RanRes :
Rc Rab + Rbc + Rca

RbC = Rb + RC + Rb RC ; Rb — Rab RbC :
Ra Rab + Rbc + Rca

Rea =R. + Ry + ReRa R. = RocRea
Ry | Rap + Rpe + Rea
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I, R, 1 RiRp

>+ Req = = -
al b 11 L1 R+Ry
0>—0 0—oO Rt Ry
152 IIIR2 Combination circuit is shown in Fig. 1.12, where
U series and parallel connections are combined:
Figure 1.11_ — Two parallel RoR3 U
resistances Reg =Ri+ R =R +Ro3; l1 =—
2+R3 Req
To calculate currents in parallel branches, the rule of currents distribution is
A R, applied:
a i1, 2 U 3 b Ups Rs
o{__1>0 3 5 0—o0 I, = =13 ;
I, R, Ry Ry +Rs
1 [, = Uszs _ Ry
U "R, 'Ry+R;
Figure 1.12 Rule of currents Uo. = IR
distribution 23— e

Sometimes, connection of several resistances cannot be presented by an
equivalent resistance. “Wye”- “delta” or (Y-A) transformation is applied in this
case. The “Wye” connection has another term as “star” one. (Fig. 1.13). The
following the formulae are for this equivalent-term replacement. Y-A
transformation equations are presented:

Figure 1.13 — The “Wye” and “delta” connections

Rab — Ra 4 Rb 4 RaRb ; .= RabRCa :
Rc I:eab + Rbc + Rca

Ryp. =Ry + R, + RoRe, R, = abRbe .
Ra Rab + Rbc + Rca

Rea =Re + R, + RoRa, R = ol
Ry Rap + Rpe + Rea
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Crnenyer uMeTh BBUAY, YTO €CJIM XOTS OBl B OJTHOM W3 BETBEH ‘“3BE3/bI” WU
“TpeyronbHuka” umeerca nuctoyHuk JJIC, To, B TakoMm ciiy4ae, i YIPOILECHHS
CXEMBI AJIEKTPUUECKON LIeTH JJAaHHBIE (POPMYJIBI TPUMEHSTH HEb34.

Jli1st pacdyeTa HEKOTOPBIX CIIOKHBIX LIETIeH YKBUBAJICHTHBIX MTPeoOpa30BaHUui
HEJI0OCTaTOYHO M HAJI0 MPUMEHUTh METO/Ibl, OCHOBaHHbIE Ha 3akoHax Kupxroda.

3akonsl Kupxroga

1™ 3akoH: AnreOpamdeckas CyMMa TOKOB BETBEH, CXOMSIINXCSA B y37e€

BHCKTpI/I‘IeCKOﬁ oeru, paBHerTCﬂ Hy.]'IIO
n
Z I k - O .
k=1

2°" 3akom: Anrebpanyeckas cymma DJIC B KOHTYpE DJIEKTPHUYECKOM IIEnH
paBHsSETCA alreOpanvyeckod CyMMe HalpsbKeHH (TajeHuid HampspKeHuM) Ha

y4acTKax JaHHOI'0 KOHTYypa

n m
2 Ee=2 Rl
k=1 k=1

V3en — TOUKa 3JIEKTPUYECKON LEMH, TJI€ COENUHSIOTCA TPU U 00Jiee BETBEM.

Bemeb — ydacTOK 3JIEKTPUYECKOM LIETH, KOTOPBIM COCTOUT M3 OJHOTO WJIU
HECKOJIBKHMX IIOCJIEI0BATEIBHO COEIMHEHHBIX AJIEMEHTOB, 10 KOTOPBIM MPOXOJIUT
OJIMHAKOBBIN TOK.

Koumyp — 3aMKHYTBIA TIyTh B JJIEKTPUYECKOW LEMHU, KOTOPBIM MPOXOAUT
yepe3 y3Jbl U BeTBU. [Ipu 3TOM HM OJ1Ha BE€TBb, HU OJMH y3el (KpOME HCXOJIHOTO)
He moBTOpsieTcss ABaxabl. (Kpome TOro, KOHTyp MOXHO OpraHu30BaTh
MIPOU3BOJILHO, 3aMEHUB JIIOOYIO BETBb IIETH HAMIPSHKCHUEM MEXIY IBYMS TOUKAMHU
AIEKTPUUYECKOM 11eMn).

Onun u3 HauOosiee YHHMBEPCAIbHBIX METOJOB pacyeTa SBISIETCS METOJ,
OCHOBAHHBIM HA HEMOCPECTBEHHOM HCIOJIb30BaHUU 3aKOHOB Kupxroda.

AJITOPUTM pellleHUs 32/1a44 ¢ MOMOIIbI0 3aKk0HOB Kupxroga:

1) mpou3BOJILHO BHIOMpPAEM HaIlpaBJICHUE TOKOB B BETBSX W 0003HAYAEM WX,
a Tak»e BbIOMpaeM HE3aBUCUMBIE KOHTYPHI, T.€. TaKUe, B KOTOPbIE BXOAUT XOTs Obl
OJIHa HOBasl BETBb, M BHIOMpAEM HaNpaBJIeHHE 00X0/a 3TUX KOHTYPOB;

2) omnpenensieM KOJMYECTBO y3JO0B N B LENH W IO IEPBOMY 3aKOHY
Kupxroga 3anuceiBaem (N — 1) ypaBHEHHE;

3) ompenensieM KOJIMYECTBO BETBEM M W mo BTOpoMmy 3akoHy Kupxroda
3anucbiBaeM M — N + 1 ypaBHEHHE; IPU 3TOM HampsHKEHHE Ha PE3UCTope OepeM co
3HAKOM IUTIOC, €CJIM HaIlpaBJIEHWE TOKAa B BETBU COBIAJIa€T C HAINpaBJICHUEM
o0xo/1a KOHTypa, U CO 3HAKOM MHHYC, eciau He coBmamaer. DJIC mpuHMMaem
MOJIOKUTEIBHOMN, €CITU MO HANpPaBJIEHUIO OHA COBMAJAET C HalpaBieHHEM 00XxoJa
KOHTYpa U OTPULIATEIBHOM, €CJIM HE COBIAJALT;
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It has to note that Y-A transformation cannot be applied when at least one of
the branches has a source of EMF.

It is not enough to make reducing and transformations to calculate some
circuits. It is necessary to apply Kirchhoff's laws to calculate a multi-loop circuit
with a few sources of EMF.

Kirchhoff's laws.

1st law (current law): the algebraic sum of the branch currents converged
in a node of an electric circuit is equal to zero

n
k=1

2nd law (voltage law): the algebraic sum of the EMF values in a loop of an
electric circuit is equal to the algebraic sum of the voltages (the voltage drops) in
the parts of the loop

n m
2 Ee=2Rely.
k=1

k=1

Node (junction, junction point) is a point of an electric circuit which
connected to three or more branches.

Branch is a part of an electrical circuit, which consists of one or more series-
connected elements where the same current flows.

Loop is a closed path in an electrical circuit that passes through the nodes
and branches. The loop can be presented in such a way that any branch of the loop
is replaced by a voltage source.

One of the wide-spread methods of calculation is the method based on the
use of Kirchhoff's laws.

Branch current method:

1) randomly select the direction of the currents in the branches and label
them, and select the independent loops, i.e. those loops which include at least one
new branch, and choose the bypass direction of the loops;

2) determine the number of nodes n in a circuit, and record (n — 1) equation
by the first Kirchhoff's law;

3) determine the number of branches m and write m — n+1 equations by the
second Kirchhoff's law. The voltage across the resistance is positive if the direction
of the current in the branches corresponds to the bypass direction of a loop, and it
IS negative if the current and bypass direction are opposite. EMF is positive if the
direction corresponds to the bypass direction of the loop and it is negative if the
directions are opposite;
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4) MOMYyYEHHYIO CUCTEMY YpaBHEHUH (IIpUYEM YMCIIO HEM3BECTHBIX BEJIMYUH
JIOJDKHO PaBHSATHCS YMCTY ypaBHeHUU!) pemraeM ogHUM M3 M3BECTHBIX M3 Kypca
MaTE€MaTUKH METOIOB;

5) s mpOBEPKHU MPABUIIBHOCTH PELICHUSI COCTaBJsieM OajaHC MOIIHOCTEH

UCTOYHHUKOB U MOTpeOuTeNnei
n m 2
ZPI/I :ZPH , T.C., zEklk = szlk .
k=1 k=1

[Ipu 3TOM OTHOCUTENbHAs MOTPEIIHOCTh HE JOJDKHA IMPEBBIIATh MATh
IIPOLIEHTOB, T.€.

5:M.mo%<5%
2Py

a Ipumep. OnpenenuTs BCE TOKU B BETBSX IIECMH,
ecim E; =100 B; £, =50 B; R; =10 Owm;
£ E, vy, R,=200wM; R;=150wm (puc. 1.14)
(n=2, m=3):
;b E, =-R,l, + Rsl3. 50 =201, +15I5.

Pucynok 1.14 — Cxema

AJIEKTPUUECKON 1ENH, KOTOpast |1 = s+ |3;

|, = 4,23A
PACCUHMTHIBAETCA MO 3aKOHAM 51, _
Kupxroda l2= 3 =12 =084

I, =385A

5:—2(5_'3j+1,5|3.
3

bananc momtHocTei:

Y P, =El, - E,l, =100-4,23-50-0,38 = 423—19 = 404 Br;

Y Py =RIZ +Ryl2 +Ryl5 =10-4,23% +20-0,38% +15-3,85”° = 404 Br.

Takum o0pa3zoM, OajaHC MOIIHOCTEM CXOIUTCS U 3a/laya pelieHa
npaBwibHO. Eme pa3 oOpamraem BHumanue, ecid 3/[C U TOK B KakoW-HHOYIb
BETBH HAIPABJICHBI BCTPEYHO, TO B OATAHCE MOITHOCTEH Mepe/ X MPOU3BEACHHEM

HaJ0 IMOCTABHUTb 3HAK MUHYC.
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4) this system of equations (and the number of unknown variables must be
equaled to the number of equations!) is solved by one of the well-known
mathematical methods;

5) to verify the solution, check the balance of power sources and loads

n m
2
ZPS ZZPC , T.C., zEklk = ZRklk .
k=1 k=1
The relative error must not exceed five per cent

ZPS_ZPC|-100%<5%.

8=
2P

a Example. To determine all currents in the branches
of the circuit, if £, =100 V; £, =50 V; R; =10 ohwm;
£, Ey YL R,=200hm; R; = 15 ohu (Fig. 1.14)
n=2,m=3):
; " P )
|1—|2—|3:0, |1:|2+|3,
R
! Rz El—E2 :Rl|1+R2|2;:> 50:10|2 +10|3+20|2,:>
Figure 1.14 — The circuit I =1,+ 15
which is calculated by 5| |, =4,23A;
Kirchhoff’s laws =" 2 =<1, =0,38A;

5:—2(5_ I3)+1,5|3.
3

The balance of power is:

> Ps=El;—E,l1,=100-4,23-50-0,38=423-19=404 W,

> P =RIZ + Ryl % + Ryl =10-4,23% + 200,382 +15-3,85% = 404 W.

Thus, the balance of power takes place and the task has been solved

correctly. Please note, if the EMF and the current in any branch are directed
opposite, it means that the power of EMF source is negative.
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MeToa KOHTYPHBIX TOKOB.

Pucynok 1.15 — Cxema
AJIEKTPUYECKOM Lienu s
METO/]a KOHTYPHBIX TOKOB

[loqx KOHTYpHBIM TOKOM TMOHHUMAIOT
¢uxkmuenblii TOK B KaKOM-HHUOYAb KOHTYDE,
KOTOPBIM OJMHAKOB ISl BCEX JJIEMEHTOB 3TOTO
KOHTypa. [[1s KaxJa0oro KOHTypa COCTaBiIsETCA
ypaBHEHHE 10 BTOpoMy 3akoHy Kupxroda.
HampaBnenune o00xolla KOHTYpOB, Kak H B
IpeabIAyIeM METO/e, BbIOMpaeM MpPOU3BOJILHO.
Ha puc. 1.15 koHTypHBIE TOKM 0003HAYEHBI KaK
l11 1 . IIpudem, ux HampaBiieHHE COBIAJAET C
HaIpaBJIeHUEM 00X0/1a KOHTYPOB.

IIpumep. Ornpenenutrr TOKM B BETBSX,
ecnu u3BecTHbl 3HaueHus DJ1C E;, u E,, a Takxke
3HadyeHusi compotuBieHud R;, R, , Rs Ry

(puc. 1.15). CornacHo MeTOAY KOHTYPHBIX TOKOB 3aITUCHIBAEM:

Sl :(R1+ R, + R3)|11— Rslyg;

E, =—Rslyy +(R3 + R4)'22-

JleliCTBUTENbHBIC TOKU B BETBSIX:

=l 1=l — 1y,

B o6mem cimydae juist J1'0OOM CHOMXHOM CXE€MbI MOYKHO 3aIllMCaTh CHUCTEMY

YPaBHEHUM:
Riglig + Riplop + Ryglgg +onn +Ryp Iy = By
Rotlis +Roplop + Roglgg +cii +Rop Iy = Ego; (1.1)
Rn1|11+Rn2|22+Rn3|33+ ............ + Rnnlnann:Enn,
rae Ry, Roo.........Ryn — cOOCTBEHHBIE COMPOTUBIICHUSI KOHTYPOB, KOTOPBIC
PaBHSIOTCSI CYMME COTPOTUBJICHUN BCEX DJIEMEHTOB, KOTOPBIE BXOJST B JIAHHBIM
KOHTYp; Rik = Ry — B3auUMHBIE CONPOTHUBICHHS, KOTOPHIE PABHSIOTCS CyMMeE

COIPOTHBIICHUH OOIIUX BETBEH, KOTOPhIC BXOMAT U B I-ThIii U B K-TBIil KOHTYPBHI.
B3anMHbIe CONPOTUBIEHHUS 3aMMCBIBAIOTCS CO 3HAKOM « + », €CIM KOHTYpPHBIC

TOKMA HAmNpaBJICHBl B OJHY CTOPOHY U « — », €CIM B pa3Hble CTOPOHBI; Ei,
Eg........Eny — koHTYpHBIE DJIC, Kaknas n3 KOTOPBIX PaBHACTCS aareOpanvecKoi
cymme Bcex DJIC cootBeTcTByIomiero kourypa. Eciu 3/IC koHTypa coBnagaer ¢
HampaBjeHHEM o00x0/1a KOHTypa, TO OHa 3alMCBIBACTCSI CO 3HAKOM «1», B

IMPOTHUBOIIOJIOKHOM CJIy4a€ CO 3HAKOM « — ».
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Mesh (loop) analysis.

A loop current is a fictitious current in any
loop which flows through all elements of this loop.
The second Kirchhoff’s law (voltage law) is used to
write the loop equations.

A loop direction is selected at random, as it
was in the previous method. In Fig. 1.15 the loop
currents are designated as 1;; and l,,. Moreover,
their direction correspond to the loop directions.

Example. Determine the currents in the
branches if we know the values of EMF E; and E,
and the values of resistance R;, Ry, Rs, R4 (Fig. 1.15). According to the mesh
analysis, we can write:

{El —Ep =(Ry+ Ry + Rg)lyg — Ryl p;

E, =—Rslyy + (R + Ry)l .

Figure 1.15

The actual branch currents are:
ly=ls Ta=lp =l I3=ls.
In general, for any complex circuit, we can write a system of equations:

Rlllll + R12I22 + R13I33 + ----------- + Rlnlnn = Ell;
R21|11+R22|22+R23|33+ ........... +R2n|nn:E22; (1 1)
Rnl|11+Rn2|22+Rn3|33+ """""" +Rnn|nann:Enn’

where Riy, Rop......... Rnn are the total resistances in the loops that are equal to
the sum of resistances of all elements in the correspond loops, Rk = Ry is the
mutual resistance which is the resistance that the mesh has in common with the
neighboring mesh. The mutual resistances in the common branch are positive if
loop currents have the same direction, and it is negative if the loop currents are
opposite. Ei1, Exp......... En, are EMF in the loops, which equals the algebraic sum of
EMF around the selected meshes. If the EMF in the loop has the same direction as
the loop direction, it is the value of EMF is positive, in another case, EMF is
negative.
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B o0mem cinydae HaxoXXICHHE KOHTYPHOTO TOKa OCYIIECTBISIETCS TIO
bopmyie

rae A — onpenenutenb cucTemMbl ypaBHeHuH (1.1), KOTopbid paBHsETCS

Rll R12 e Rln

R R, .. R

Rnl Rn2 Rnn

a Ay — airedpamdeckoe JOMOJHEHUE, MOJYYEHHOE W3 OINpeeuTeNs

BBIYCPKHBAHUCM k-mozo CTOJ'I6]_Ia U I-mot CTPOKH M YMHOXKCHHCM IIOJIYUYCHHOI'O

k+1 . .
ONPENEIIUTENS Ha (—1) ™%, Taxke KOHTYpHBI TOK MOXHO HAHWTH U3 (OPMYJIbI

Iy = =,
kk A

rae A — onpenenuTenb cucteMbl ypaBHeHui (1.1), a Ay — ompenenuTens,

NOJYYCHHBIH W3 OINpeaeuTeNis A MyTeM 3aMeHbl K-moeo ctoyidma cTosdioM

KOHTYpHBIX D/IC.

MeToa 3KBUBAJICHTHOTO F'eHepaTopa.

OTUM  METOAOM YI0OHO TMOJIb30BaThCA,
Korja HeoOXOJIMMO HaWTH TOK OTJIEIbHOW BETBH
B DJIEKTpUYECKON nenu. Hampumep, B nenu Ha
puc. 1.16  HeoOxomumo  Haiith  TOK  |. C
DOKBUBAJICHTHBIA TE€HEpATOp MPEACTABISIOT B

Bune D/IC E,; u conportuBnenus R,.(puc. 1.17).

HTak, TOK B BBIACIICHHON BETBH HAXOIUM TaK
— Ear — Uabxx
R+R, R+R,

rae Uy — HalpsDKEHHE X0JIOCTOTO X04a

Pucynok 1.16 — Cxema

MEKIy y31aMu a u b. SIEKTPUYECKOI 11enu st
METO/1a SKBUBAJICHTHOTO

reHeparopa
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It is considered, the loop current is calculated by the formula

A A A
i = LB + K2 Ep 4o, L
Kk A 11 A 22 A nn
where A is the determinant of the equations system (1.1) which equals
Rll RlZ R1n
R,y R R
Rnl Rn2 Rnn

and Ay; is the cofactor obtained from the determinant removing k-th column

k+1

and i-th row and multiplying the obtained one by(—1) Also the mesh-current

can be found from the formula I, = AT"" ,

where A is the determinant of the equations system of (1.1), and Ay is the
determinant obtained from the determinant by replacing the k-th column by the

column of loop EMF.

The method of equivalent generator (Thevenin generator).

This method is useful when we need to R, 4

find the branch current in the electrical circuit.

For example, in the circuit in Fig. 1.16 it is
E
necessary to find the current 1. The equivalent () :

L,

U

aboc

M1 )
I
=

generator can be presented as EMF source

R
serially connected with internal resistance of the Y

generator and the load presented by the external

resistance (Fig. 1.17). Thus, the selected branch b
can be found by formula

— Eeg :Uaboc
R+Reg R+Ryq

Figure 1.16 — The circuit for
Thevenin generator

where U,poc IS the open circuit voltage between nodes a and b.
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AJITOPUTM pelieHnsl ¢ TOMOIIbI0 MeT0Aa SKBHBAJIEHTHOT0 reHepaTopa.
1) pa3MbIKaCM BCTBb C HCKOMBIM TOKOM, T.C. O6pa3OBBIBaeM PECKUM
XO0JIOCTOTO X044, TOraa 1o BTOpoMy 3aKOHY KI/IpXFO(ba MOJXHO 3aI1iuCaThb
Uabxx :EZ + IXXR3’

2) MIIIEM TOK XOJIOCTOTO X0/1a, UCXOJIsl CO CXEMBI 11eTH Ha puc. 1.16, koTopas

06p&30BaJIaCI> ITOCJIC Pa3MbIKaHHWA BCTBU C COIIPOTHUBJICHUCM R

_ E-E
" R +R, +Ry

u onpenensieM DIC E,. =U . = E; + Rslyy;

3) npunumaem Bce DJIC paBHBIMH HYJIO U ONpEEIsieM
CONPOTUBJICHUE SKBUBAJICHTHOTO TE€HEpaTopa OTHOCUTEILHO

Touek a u b
_ (Ri+Rp)-Rs
TR +R+Ry
. E
4) Toraa KICKOMBIH Tok (puc. 1.17) | =—= - Pucynok 1.17 —
+

a1 Cxema g

OIpCACIICHUA TOKaA

1.2. OgHo(a3HbIe dIeKTPUUYECKHE LEeNU MePEeMEHHOI0 TOKA

1.2.1. Ocnosénvie nonamus ueneii nepemennozo moka. Ilonyuenue
cunycouoanvnou I/]C. Hoeanvnvie u peanvnvie I1emeHmol yeneil nepemenHozo

moka. 3akonvt Oma u Kupxzoga ons ueneii nepemennozo moka.

B nacrosimiiee BpeMst TOYTH BCsI DJICKTpUYECKas YHEPTUs BbhIpaOaThIBACTCS B
BUJIC DHEPIUU MEPEeMEHHOro ToKa. [10CTOSHHBIN TOK, HEOOXOIUMBIH B HEKOTOPBIX
00JacTsAX MPOMBIIUICHHOCTH — TPAHCIOPT, METAJUTYPIHs, MAaIlUHOCTPOEHUE,
XHAMUS U JP., TIOJIYYAIOT IIyTEM BBIIIPSAMIIEHUS IIEPEMEHHOIO TOKA.

OCHOBHOE NPEUMYIIECTBO NMEPEMEHHOTO TOKA 3aKJIFOYAETCS B BOZMOKHOCTH
MPOCTO M C MAJIBIMU TMOTEPSMU DHEPIUM U3MEHATh YPOBECHb HANPSIKEHUS,
VCIIOJIB3YSl BBICOKOE HANPSDKEHUE Ul IIepelladyd JJICKTPUYECKOW SHEPrUuM Ha
OOJBIIE PACCTOSHUS U HU3KOE HAMPSHKEHNE B MECTaX MACCOBOTO TOTPEOICHHUS.
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Simulation algorithm of the Thevenin approach.
1) we break the branch where the branch current should be determined, i.e.,
and consider the open circuit. According to Kirchhoff's voltage law we can write
Uaboc = £2 + locR3;
2) we find out the open circuit current considering the circuit in Fig. 1.16.
the open circuit current is calculated as follow
BE-E .
¢ = R +Ry+Rg’
and determine the EMF by the formula
Eeg =Uaboc = E2 + R3loci
3) we accept that all the EMF are equal to zero and we
determine the equivalent resistance of the equivalent
generator. The equivalent resistance is calculated between the
points a and b by equation
(Ri+R2)-Rg
Ri+Ro+R3
4) then we find out the branch current (Fig. 1.17) . Figure 1.17
|-t
Reg +R

1.2. Single-phase AC circuits

1.2.1. Basic terms of AC circuits. Generation of sinusoidal EMF. Ideal
and real elements of AC circuits. Ohm's and Kirchhoff's laws in AC circuits.

Currently, electrical energy produced by AC generators mainly. Direct
current applied in some industries such as transport, metallurgy, engineering,
chemistry, etc., are obtained by rectification of alternating current or generated by
DC voltage source.

The main advantage of AC is the ability to transform the voltage level by
transformers. The second advantage is efficient energy transmitting for long
distances by high voltage electrical networks.
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Kpome Toro, ogaodaszubie 1 TpexdazHbie TeHEpaTOPhl U ABUTATEIN UMEIOT
Oomee mpocToe yCTpoiCcTBO, Oosiee HaJAECKHBI U 0oJiee MPOCTHI B IKCIUTyaTallud B
CPABHEHUU C 3JIEKTPUYECKUMH MAIIMHAMH ITOCTOSIHHOTO TOKA.

ITepemeHHBIM (FrapMOHUYECKUM) TOKOM Ha3bIBalOT TOK, 3HAUEHHE KOTOPOTO
Y U3MEHEHUS HaIpPaBJICHHs IOBTOPSAIOTCS B OJHOM M TOM K€ MOCIEN0BATEIIbHOCTH
Yyepe3 paBHbIE NMPOMEXYTKH BPEMEHHU, KOTOpbIE Ha3bIBaloTcs nepuonom 7. Urak,
eclii B TIPOM3BOJBHBIE MOMEHT BpeMeHHM TOK paBHsercs I(t), Torma uepes
UHTEPBAJ, PABHBIA OJHOMY WM JIOOOMY LIEJIOMY YMCIy MEPUONIOB, TOK MUMEET
TaKo€ XK€ 3HaueHWe W HampapieHue. CHHYCOMJAIbHBIA TOK — YACTHBIA CIydai
NEPEMEHHOTO TOKA. B 3JIEKTpHUYECKMX LEMAX CHHYCOMZAIBHOTO  TOKa

QJICKTPUICCKHUC BCIIMYUHBI - SHC, HaIIPAKCHUC )41 TOK ABIIAKOTCA
CHUHYCOHNAAJIbHBIMHU q)YHKI_[I/IHMH BpPCMCHMU:

e=E,sin(ot+y,); u=U,sin(ot+y,); i=1,sin(ot+y;), (1.3)
rae e, U, i — mruosennsle 3HaucHus DJIC, HampspkeHus U Toka; En, Un, Iy —

aMIUTUTYJHbIE 3HAYCHUS; e, Vi, Y, — HadalbHbIE (ha3bl, KOTOPbIE U3MEPSIOTCS B

rpamycax WiIH pajauan/C; @ — YrJoBas 4acToTa, KOTOpas paBHsieTcs o =27l ,
pan/c; f — gacrora nmuraTensHOU cetu, B repax [['1], kotopas paBusercs f = =

rae T — nepuoj, U3MEpEeHHbBIN B CEKyHIax [c].

[IpencraBieHre CUHYCOMJAIBHOIO TMEPEMEHHOTO TOKa B BHJE (HOPMYJIbI
(1.3) Ha3pIBaeTCs aHATUTUYECKON (HOPMOH.

B menu mepeMeHHOro TOKa HaIpsDKEHHWE W TOK HE 00s3aTeIhbHO HMMEIOT
OJIMHAKOBbIC HAYAJIbHBIC (a3l U XapaKTEPHU3YIOTCS (Pa30BBIM CABUTOM UJIH YTIIOM
casura gaz o=y, — ;.

[Tonyuenue nepemennoi DJC M0OkHO MoKa3aTh ¢ momoieio (puc. 1.18).

B cepennHe IIOCKOTO  HEMOJBUXKHOIO
PAa30MKHYTOTO KOHTypa BpallaeTcs MOCTOSHHBIN
MarHUuT C MOCTOSIHHOW YIJIOBOM CKOpPOCTBIO (.
[TycTp MarHuTHBIA MOTOK MOCTOSHHOIO MAarHuTa
paBHseTca ®p, TOraa MTHOBEHHOE 3HAYCHHUE €ro
COCTABJISIFOIIEN BJIOJIb TOPU30HTAIBHOU OcH X

D, =D, cos(t +,),

rie Y, — HadaibHas (a3za MarHUTHOTO

noroka, a ot+y, — ¢aza MarHUTHOIO IOTOKA,

Pucynok 1.18 — ITonyuenue

T..  HAYaJbHBIM  yrojl  IPOCTPAHCTBEHHOI'O >
cunycouganbaoit J1C

pa3MeIIeHUs TOCTOSSHHOTO MarHuTa OTHOCUTEIIbHO
ocu X.
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In addition, single phase and three phase generators and motors have a more
simple design, they are more reliable and easy operated than DC machines.

Alternating current (AC) is an electric current which periodically reverses
direction and changes its magnitude continuously with time. So if the current has a
fixed value at any time then the current has the same value after any whole number
of periods. The sinusoidal current is a special case of AC. In AC sinusoidal
electrical units such as EMF, voltage and current can be presented as sinusoidal
functions of time:

e=E,sin(ot+y,); u=U,sin(ot+y,); i=1,sin(ot+y;), (1.3)

where e, u, i are instantaneous values of the EMF, voltage and current,
correspondently;

En Un I, are peak values of the EMF, voltage and current,
correspondently; e, i, y, are the initial phase, measured in degrees or radians/s,
o is an angular frequency in [rad/s]; f is frequency of the feeding network in Hertz

[Hz], that is equal to f = 'Il' , Where T is a period in seconds [s].

Representation of a sinusoidal alternating current by the equation (1.3) is
called an analytical form.

In AC circuit the voltage and current can have different initial phases. The
phase difference is characterized by a phase shift or phase angle.

Obtaining a variable EMF is presented in Fig.
1.18.

A permanent magnet located in the mid-plane of a
stationary open loop rotates with a constant angular
velocity. Let us assume the magnetic flux of the
permanent magnet is equal to @, then the instantaneous
component of the magnetic field along the horizontal X-
axis is

D, =D, cos(t + ), Figure 1.18 — Obtaining of
where v, is the initial phase of the magnetic flux, a sinusoidal EMF

and ot+ vy, is phase of the magnetic flux, i.e., the initial angle of the spatial

distribution of the permanent magnet relative to the X-axis.
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I/I3BCCTHO, 4TO IMOTOKOCHCIVICHHUC IIPAMOIIPOINOPIHHUOHAJIBHO MAarHUTHOMY
TIOTOKY
Vo =Wo,,
rac W — 4mcJIO BUTKOB KaTyIIKH.
CornacHo 3aKoHa IEKTpOMarHuTHoM uHAyknuu JJC, KoTopas HaBOAMUTCS

B KaTYHIKC, paBHACTCA

— _% =W, sin(ot —90° +v,).

dt

AmmuutynHoe 3Hadenue OJIC ompenensercs kak E,=2nfwd,, a

E
neiictByromee 3nauenne DJIC pasusercs E= " =444f wd, ..

2

CunycoupanbHas JJIC mokazana nHa puc. 1.19. Ilepemennsle Toku ¢

gactoramu OT 20 I'm — 50 xI'm MOXHO MOJy4UTH C RS

TIOMOIIBI0  BBICOKOYACTOTHBIX  3JIEKTPOTE€HEPATOPOB. k- /\
OTH TeHepaTopsl (MAaIIWHBI MMEPEMEHHOTO TOKa), Kak oy
MPABUIIO, SABJISIOTCS CHHXPOHHBIMH, OHH PaCIOJIOKEHbI \/ \

Ha J3JICKTPOCTAHIUAX, IIPHUYCM HX BaJl IIPUBOAUTCA BO

Pucynok 1.19 —
BpallleHUE TEIIOBBIMHU, ra3oBbIMU 158)071

CunycoungansHas 3/1C
TUAPABINYCCKUMU JIBUTATEIISIMU.
I'papuueckoe (B Buae rpaduKoB) TMPEJACTABICHUE CHUHYCOUJATbHBIX

HanpsDKEHUs M TOKa oka3ano Ha puc. 1.20.

u,i Taxxke Ha puc.l.20 mokazaH yroja caBura
u .

; (azoBbIil cIBUT) MEXAYy HANPSHKEHHEM U TOKOM

 \L, P=V, — Vi -

J of

v HauanbHble ¢a3pl CHUHYCOMIAIBHBIX TOKAa,
ey, C 1581051 HANPSIKECHUS MOTYT OBITH
= T MOJIOKUTEIIbHBIMH, OTPULIATEIIbHBIMUA U PABHATHCS

aymo (puc. 1.21):

Pucynox 1.20 — Yroun cnpura
daz ¢

l' .
=0 2 y>0 2! 0

Ne N N w N\ Ne
VAARRAVAARNAAVAR

Pucynoxk 1.21 - HauanbsHbie (a3bl CHHYCOUIAJIbHBIX BEIUYMH B AJIEKTPUUECKON LU

166



It is known that the flux linkage is directly proportional to the magnetic flux
Yp =WDy,
where w is the turns number of a coil.

According to the Faraday’s law of electromagnetic induction, EMF induced
in a coil is equal to

e= —% =W, sin(ot—90° +v,).

The peak value of EMF is defined as E,, =2x f w@,, , and the root mean

square (rms) of the EMF is equal to E = =4,44f wo,,.

Em

2
A sinusoidal EMF is shown in Fig. 1.19. E

Alternating currents with frequencies from 20 Hz upto " /\

50 kHz can be obtained using high frequency Q!

generators. These alternators (AC machines), as a rule, \/ \

are synchronous, they are located at power plants, and

the machine shaft is rotated by heat, gas or hydraulic

e

Figure 1.19 —
A sinusoidal EMF

motors.
Graphical (charts) representation of a sinusoidal voltage and current is
i shown in Fig. 1.20.
u _ Also in Fig.1.20 the angle shift (phase
U Il shift) is shown between the voltage and current.
/ ’ /Ol Q= V.
‘VLQ(_W. / The initial phase of a sinusoidal current,
o] electromotive force or voltage can be positive,
I negative or equal to zero (Fig. 1.21):

Figure 1.20 — Phase shift angle ¢

I I
N \Vi:() A \Vi>0

/\ 2% / \ 2% l/\ Wi<o/\9>t
VAR VAR ARVAR

Figure 1.21 — Cases of the different values of the initial phase of sinusoidal quantities
in an AC circuit
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TemoBoe naeilicTBHE TOKa, a TaKKe MEXaHWYECKas CHja B3aMMOICHCTBHS
JIByX TPOBOJHUKOB, IO KOTOPHIM TPOXOAWT OJWH U TOT KE TOK,
IPSIMOIIPOTIOPIIMOHANIBHEI ~ KBaApaTy Toka. JlelicTBHE TIEpEeMEHHOrO0 TOKa
NpUpPABHUBACTCS K JCHCTBHIO HEKOTOPOTO TIOCTOSHHOTO TOKa, KOTOPBIA
IIPOU3BOJIUT TaKOe JKe, KaK W IEPEMEHHBIM TOK, TEIUIOBOS WM MEXaHHUYECKOE
BO3/ICHCTBUE, T.e. paboTa WM SHEPrHsl MOCTOSHHOTO TOKa paBHAa paboTe WiH
SHEPTUH ITIEPEMEHHOTO TOKa

Wr =Wr_.

T
Torma moxwo 3amucats RIT = [Ridt
0

[ToaTOMy BenMYHMHY MEPEMEHHOTO (MEPUOAUYECKOT0) TOKA XapaKTepU3yeT

nercTBytomee (CpeIHEeKBaIpaTUUYHOE) 3HAYeHUE, KOTOPOE PACCUMTHIBACTCA IO

dbopmyie

_
S I (1.4)
To

Hcxons U3 MOCIEIHEr0 BBIPAXKEHHUS, MOXHO CKa3aTh, YTO JEHCTBYIOIIEE
3HAYEHHUE IIEPEMEHHOI0 TOKA PABHSETCS TAKOMY MOCTOSHHOMY TOKY, KOTOPBIU
MPOXO0JIsi CKBO3b PE3UCTOP C CONMpOTHBIEHWEM R 3a mepuosa BpeMeHnu 7, BbIIEISET
TO € KOJIMYECTBO TEIUIOBOM SHEPTUU, KOTOPOE IAET IIEPEMEHHBIN TOK.

bepem wunterpan (1.4) u omnpenenseM CBsA3b MEXKIY JICUCTBYIOIIUM H

AMIUIUTYAHBIM 3HAYCHUEC CHHYCOUJAaJIbHOTO TOKA

T T T : T
= [i%dt = |2 (12 sin? otdt = —I2J1 COSZ(Dtdt: ilz(t——smzwtj -
TO To 2T 2(0 0

1 ., sin 20T sin 2(90 2 _ |2
2T - 0 / ~0,7071,
2T [ 20 ) 'm f

AHQJIOTMYHO MOXHO T[OKa3aTh, 4To JedcTByronue 3HaueHus OJC u
Un
V2

Kpome aeiicTByromero 3HaueHusl, ONPEACIIAIOT TaKXKe U CpeHee 3HaYeHUe

E
HaIpsUKEHHs paBHsIOTC E = Tg; U=

CUHYCOMJAJIbHBIX BCJIWMYMH. CpCIIHCC SHAQYCHUEC CHHYCOMIAJIBbHOTO TOKa Icp
BBIYHUCIIAOT 3a MOJYHINCPHUOJZ, Ha JIPOTAKCHUU KOTOPOIO0 TOK  OCTACTCA
IMMOJIOKUTCIIbHBIM, T.C. HAIIPABJICHUC TOKA HC MU3MCHACTCA. Ono PaBHACTCA TAaKOMY
MMOCTOSAHHOMY TOKY, IIpU KOTOPOM Ha HPOTSKCHHUMN IIOJYIICPpHUOJa IMPOXOAUT TOT

xe 3apsa Q, uTo u mpu nepeMeHHoM Toke (puc.1.22):
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Joule effect and the mechanical interaction force of two conductors is
directly proportional to the square of the conductors current. To evaluate thermal
or mechanical action of the alternating current, a special unit named the rms value
the alternating current is used. The rms value is equivalent to a value of direct
current where the work or the DC power equals the work or AC power

Wy =Wp_.

.
Then we can write RI°T = [Ri“dt.
0

Therefore, the magnitude of an alternating current is characterized by the
effective root-mean-square (rms) value or the effective value, which is calculated

according to the formula
T
P T (1.4)
To

From the expression (1.4), we can conclude that the rms value of AC is
equal to the DC, which passes through a resistor with resistance R for a time period
T, allocates the same amount of thermal energy, which AC provides.

We can take the integral (1.4) and determine the relationship between the
rms current value and the peak value of a sinusoidal current

T T - T
1= [ Lizdt = |1 T12 sin2 otot = —|2j1 COSZ(”t dt = | - lm(t—s'”zwtj
To To 2T 20

0
1 sin 20T sm 2@0 1 /I2
_ 12| T - - —sz 7071,
\/ZT m( 20 o' V2

We can show that the r.m.s. values of EMF and voltage are equal to
En. y_Un
V2 J2

E= ;U=

Also we define the average value of sinusoidal quantities. The average value
of a sinusoidal current is calculated for a half cycle during which the current
remains positive, i.e. the current direction is not changed. It is equal to the direct
current that carries the same charge Q over a half cycle (Fig.1.22):
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Q 27 2”2. 21, T2 _ 2l

idt== |l sinotdt=——"coswt|,"~ =—™~0,6371,,
PTT2 T T £ To : m "
rae To = 2w, a cos(Tw/2)=cos(2n/2)=-1; cos0°® =1.
Mi AHaJIOTUYHO [T HANIPSDKEHUS U 3I[C:
. T/ T/
NIy ~0.637L, U, =2 = Ut~ 0,637U,,; E, =2 = edt ~ 0637E,,
/ )4

CJ'IGI[yeT IIOMHUTb, 4YTO CpPCIAHCC 3HAYCHHUC

12 CHHYCOH,Z[EIJIBHOP'I BCIIMYMHBI (TOKa, HaIIPpAXKCHHA,

DJ1C) 3a iepuoa paBHIETCS HVYIIIO.
Pucynok 1.22 — Cpennee AC) P P Y

Ha BekTopHOl nuarpamMme BEKTOPBI M300pa)caroT
3Ha4YeHHE TOKA .

B MaclTade paBHBIMH MX JEHCTBYIOLIUM 3HAYECHHSIM.
Kpome TOro, mx QUKCUpPYIOT OTHOCHTEIBHO OCH X TOJ YyIJaMHU paBHBIMU
HavyanbHbIM (a3am. Bekrtopsl aeiictByronux 3HaueHud U u | pasmemarorca Ha

KOMILIEKCHOM T1ockocTH ( puc.1.23).

j 210 JlaeT BO3MOKHOCTbD MPEACTaBUTD
/
A ‘Q AIEKTPUICCKUE BEJINYHHBI KOMILIEKCHBIMU
| yucjiaMy, HampuMep, B  TOKa3aTeIbHOW U
—1 or+V, 1 +1  anpreGpanmyeckoii popmax:
(Dt"’\v“i / / - H 1 . "
7 U U=Uelu U +ju”;
I’ | T\ . . "
LR - E=Ee!Ye =E + jE ;
Pucynok 1.23 — Bekropsl | = lelVi=| + jl "
HaHpH)KCHI/ISI 1 TOKa ' ! ! o
rne U,E,| — nelicrBuTenbHble YacTH
koMmIuiekcHBIX umcend, U , E , | — MHUMBIE 4YacTH KOMIUIEKCHBIX YHCE, € —

OCHOBA HaTypaJIbHOTO Jorapudma (He myTath ¢ MrTHOBEeHHBIM 3HadeHueM D/[C).
[TokaxkeM mepexo/ibl OT anreOpandyeckoil anreOpandeckoil K mokasaTesibHON

dbopme, ucnonwiys Gopmyny Dinepa

lzlc:05\|1i+jlsinwi:I'Jrjl":\/()2 ( )2e1arct9[ ]:Iej“’i.

Pacuer »snekTpudeckux Ienedl ¢ MCHOJb30BAHUEM KOMIUICKCHBIX YHCEN
Ha3bIBACTCS cumgorudeckum memooom. CIOKEeHHEe U BBIYUTAHUE KOMIUIEKCHBIX
BEJIMYMH y/l00HEe MPOBOJIUTH B alireOpanyeckoi popMe, a YMHOKEHUE U JCJICHUE

B II0KA3aTEJIbHOM:
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Q 272 27 21 ‘T/2 21

I — |idt== [ sinotdt =——"cosot —M ~0,6371,,
¥TT20T s T { To m "
where To =27, a cos(Tw/2)=cos(2n/2)=—1; cos0° =1.
Ti The average values of the voltage and EMF:
1.=0,6371, T/ T/
N Up =2 judt~0637um, Ep =2 jedt~0637E
/ (O]
™7 It has to note that the average value of the sine
wave of current, voltage, EMF is zero for the period T.
Figure 1.22 The r.m.s. value of a current is presented by the

magnitude of the current phasor (vector) in the phasor

diagram (Fig.1.23). In addition, the direction of the current phasor is defined by the

angle of the initial current phase relatively to the X axis. The phasors of the voltage

U and current | are presented on the complex plane (Fig.1.23). It gives the

opportunity to represent alternating quantities with complex numbers, for example,
in the exponential and algebraic forms:

- U U=UeVu=U+ju’;
U// . ' T
‘ E=EelVe =E + jE ;
-1 oy | 4] I=leMi= 1"+ I,
u)t+\|!“§I/ U/ . . .
[// | T where U ,E, | are the real parts of complex
J 1 numbers; U, E’, | are the imaginary parts of

Figure 1.23 — The vectors

complex numbers, e is the base of the natural
of a voltage and current

logarithm .
Transition from the algebraic form to the exponential to form using Euler's
formula is shown

l=|COS\|]i+j|Sin\|Ii=|I+j|“=\/()2 ( )Zejamtg[ J = lelvi,

Calculation of electrical circuits using complex numbers is called the
symbolic method. Addition and subtraction of complex quantities are easier to
make in the algebraic form, multiplication and division are easier to make in the
exponential form:
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L=ty by =l iyt iy = (10 15)+ (1 +13)

U =U, U, =U;+ JU; ~Uj - jU; = 03 ~U3 )+ U5 -U3);

_ 17 = leVizelo = |7eiVite) _jaivu === Uejfye :gej(\VeﬂP) _|edvi
- - Z Zel® 7
[Ipu pacuere neneil CUHYCOMATBLHOIO TOKA MPUMEHSIOTCS CXEMBI 3aMEIICHHUS, B
KOTOPBIX pEaJIbHbIE WCTOYHUKH W TOTPEOUTENM 3aMEHSIIOTCS COBOKYITHOCTBIO
ujeanbHbIX 37eMeHToB. K HuM oTHOcuTCs uaeanbHbid uctounuk DJ1C (puc.1.24),
a TaKKe IacCUBHBIC HJIEMEHTHI: AKTUBHOE COMPOTUBIEHUE R, WHIYKTUBHBIN
anemeHT L, emxocTHbIl anemeHT C (puc. 1.25).

Uneanbubiii. ucrounuk IC oToOpaxkaeT CHOCOOHOCTh pPEaTbHOTO
oOBeKTa (reHeparopa, akKyMyJsiTopa) CO3/1aBaTh pa3HOCTh MOTEHIIMAJIOB HA CBOUX
3aKMUMax U MOJAEPKUBAaTh TOK B 3aMKHYTOM uenu. CUMTaeTcsi, YTO B HEM HET

IIOTEPH DHEPTHUU. Ero 3HaYeHUE U3MEPSIETCA B BOJIbTAX [B].

|

——o0
; R ; L ; C
(T o |u ST F— v _>.| I_
Uy U, Ue
— —> —>
Pucyrok 1.24 a g 6
— UneanbHblit Pucynok 1.25 — MneanbHble 371€MEHTHI LIENMU IEPEMEHHOTO
nctouHuk DJ1C TOKa

HNneanbHblii pe3sucTUBHBINH 3JjieMeHT (puc. 1.25 a) —
aKTHBHOe conporuBjdeHue R wu3mepsercs B omax [Om]. OrobOpaxaer
CIIOCOOHOCTh ~ peajbHOro OOBEKTa MpeBpaliaTh dSJICKTPUUYECKYIO HHEPIrHUIo
0€3BO3BpPATHO B TEILIO.

COOTBETCTBEHHO CHMBOJIMYECKOMY METOJY:

Ug=RIl; Ug=Ugeu; I =1eli; Uge!u =RIeMi; Uy =RI;
P=y, — Vi =0 vy, =y;.
O6paTHa;1 BCJIMYMHA COHpOTI/IBJ'IeHI/IIO HaA3bIBACTCiA aKTHBHOﬁ

POBOUMOCTBIO, KoTopasi usMepsiercs B cumercax: G =1/R, [G]=[ Cm]. Takum
o0pa3oM, Ha PE3UCTUBHOM DJIEMEHTE TOK W HaIpsDKEHHE coBmagaroT 1o ¢ase.
BekropHas nuarpamma Jijist 3TOTO 3J€MEHTa MpejcTaBieHa Ha puc. 1.26. a.

1.
o
o o=
I, =0
N ° QR> Ue
a 9] 8

Puc.1.26 —BektopHbie 1uarpaMMsbl 1)1 HI€AJTbHBIX JIEMEHTOB
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U IJ_ LJ_=U1+jU1—U2—jU2:(U1_U2) ( )
Ue Jve

el(\Ve -0) _ jelvi

U=1Z= |ej\ViZej(P — |Zej(\Vi+<P):Uejwu 3 :g: _
- T2 zele 7

The real sources and loads are replaced by the set of ideal elements in the
corresponding equivalent AC circuits. The ideal source of EMF (Fig.1.24), and
passive elements, such as an ideal resistor R , ideal inductor L, ideal capacitor C,
are the ideal elements (Fig. 1.25).

Ideal source of EMF presents the ability of a real object (generator, battery)
to create a potential difference at its terminals and to support a current in a closed
circuit. Let’s assume that it has no energy loss. It is measured in volts [V].

—© ; R ; L ; C
1= >— >
N e u
<> UR UL (]C
E— —> —>
a b C

Figure 1.24 — Ideal Figure 1.25 — Ideal elements of AC circuit

source of EMF

Ideal resistor (Fig. 1.25 a) or electrical resistance R that measured in ohms
[Q]. It has the ability of a real object to convert electrical energy into thermal

energy irreversibly.
According to the symbolic method, it is simulated:

Ugr=RI; Ug=Ugelu; I =1eMi; Ugel =RIeMi; U, =RI;

e=yy —v;i =0y, =v;.

The reciprocal of resistance is called conductance measured in siemens:
G =1/R, [G]=[ S]. The phasor diagram is shown in Fig. 1.26 a.

1
[QL E o
O O —
[R P 0 QR ~ I

=+ S U.
a

4] 8
Figure.1.26 —Vector diagrams for ideal elements
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NneanbHblii MHAYKTUBHBIA 3JIEMEHT WM UHAYKTUBHOCTH (puc. 1.25 6)
oTOOpakaeT CIIOCOOHOCTh pPealbHOTO O00BEKTa (KATYIIKH WHJIYKTHBHOCTH)
BO30Y)KJaTh MAarHUTHOE TI0JIE B OKPY>KAIOIICH cpejie TIPH MPOXOKICHUHU 110 STOMY

00BEeKTY 3JieKTpuueckoro Toka. MuyktuBHOCTh L n3mepsiercs B renpu [[H].

di

Ha nnnykruHoM anemente O/IC caMOMHAYKIIUY paBHSETCA €] = —La.

di
ITo BTOopomMy 3akoHy Kupxroga u, =—€, = La
Torga cOOTBETCTBEHHO CUMBOJIMYECKOMY METOY

- d(relty -
U t)=L—~ *( ) win U | =Uelot = L%: jolLlel®t,
iX

Takum o6pasom, U = joLl, roe j=e 2.
Beomum monsitne X =olL=2nflL - HHAYKTHBHOE CONPOTHBIICHHE,

usMmepsercs B omax [Om]. Bennunna obpaTHas WHIYKTUBHOMY COIPOTHBIICHHUIO
Ha3bIBACTCSA I/IH,Z[YKTI/IBHOfl IMPOBOAUMOCTBIO, KOTOpasa HU3MCPACTCA B CHMCHCAX:
B, =1/X, [B.]=[Cm].

i i (Cwi f) T
Uelfu=X le I U =X 1y, =y+ 2 , OTCIOIA Q= — Wi:E'

T
Ha nHAYKTHUBHOM 3JIEMEHTE TOK OTCTAET OT HANPSKCHUS Ha > Bekropnas

quarpaMma npejicTaBieHa Ha puc. 1.26 6.

NneanbHblii eMKOCTHOM 3J1EMEHT WIH eMKOCTh (puc. 1.25 8) oTroOpakaer
CIIOCOOHOCTh peaNbHOr0 00BbeKTa (KOHIIEHCATOpa) HAKAIUIMBATH AJICKTPUYECCKUIN
3apsij U CO3/1aBaTh B OKPY)KAIOIIEM MPOCTPAHCTBE AJEKTpudeckoe nosie. EMKocTh
C wusmepsercs B dapamax [D].

duc

MrHoBeHHOE 3HaUEHHUE TOKA Yepe3 eMKOCTh paBHseTcs | =C at

1
CooTBeTcTBEHHO cuMBoOHUeckomy metoay U ¢ (t) = Ej 1(t)dt;

Uc=Ucel zljl elotgr— 1 _jelot.
C JoC

: S
Taxum obpaszom, U = —jil, e — j=e 2,
oC
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Ideal inductor or inductance (Fig. 1.25 b) shows the ability of the real coil
to excite the magnetic field in the environment when an electric current passing
through the coil. The unit of inductance L is henry [H].

The self-induced EMF of the inductance is equal to e, =— :i

The voltage across the inductor is u, =—¢; = Lj; :
Using the symbolic method, we have the complex voltage across the
inductor

d1(t)

QL('[):LT or Uy =U el = Jor,

jot
Ld(lg—)zijle

Thus, U, = joLl,where j =e15.

The inductive reactance is equal to X, =oL=2xnf L. The reactance is
measured in ohms [Q]. The reciprocal inductive resistance B, =1/X is called
inductive conductivity B, measured in siemens [S].

The correlation between complex voltage and current has a follow view

i jwi+?)
Ui =X Te" " 2;U =X 1;vy, :\Vi"'g’ hence o=y, —v; =g-
Current lags voltage by 90° (g) in an inductor . The phasor diagram is

shown in Fig. 1.26 b.

An ideal capacitor or capacitance (Fig. 1.25 c) shows the ability of a real
capacitor to store an electrical charge and create in the environment an electric
field. Capacitance C is measured in farads [F].

: . : du
The instantaneous current through the capacitor is equal to i=C dtC

: : : : du
The instantaneous current through the capacitance is equal i=C dtC

According to the symbolic method U ¢ (t) = Cl:jl(t)dt;

Ur=U-el®==[1eldt=—" ¢l
—c ¢ c:I joC

. . iz
Thus, L_JC:—jil,where—J:e 2,
oC
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1 1

BBOI[I/IM IIOHATHUC XC =——=—_—7-_- — CMKOCTHOC COIIPOTHUBJICHHUC,

oC 2xnfC
KoTopoe wu3MepseTcs B omax [Om]. Bemuunmna oOpaTHass €MKOCTHOMY
COTPOTHBIICHUIO HA3bIBAETCA €MKOCTHOM MPOBOJUMOCTBIO, KOTOPAsi U3MEPSIETCS B
cumencax: Be =1/ X¢, [Bc ]=[Cm].

i i ——)
Ucelu =Xcle ' 25 Ug =Xl ;

e 7T
Vo = Wi = s OTCIOIA =V — Y =~ .

/I
Ha eMkocTHOM 3JIEMEHTE TOK OIICPCIKACT HAIIPAKCHUC HA E . BCKTOpHaﬂ

JyarpamMma IpeacrasiieHa Ha puc.1.26 6.
3akoH OMa 1J1 KOMILIEKCHBIX BeJIMYHH.

U=RI; U = jXLl:leejgooi Uc :—jxcl=lxce_jgoo.
B oOmem Buze, | ==.

Torpa yrael caBura ¢as ajis Kaxaoro ciydas (yroja MexXIy HanpspDKeHHEM U

tokom) @R =0°, @ =90°, oc =—90°(puc. 1.26 a, 6, 6).
I T
W B paguanax ¢g =0, ¢ =5 (0% =-3
3axonbl Kupxroga a5 nenei nepeMeHHOro ToKAa.
1" 3aKkoH.
CyMMa MTHOBEHHBIX 3HAYEHUI TOKOB, KOTOPBIE CXOJATCS B y3JI€, paBHAETCS
HYJIIO:
n

D i =0 mtu 11t BEeKTOPOB MIIM KOMIUIEKCHBIX 3HaueHMi Y 1, =
k=1 k=1

2" 3aK0H.

AnreOpandeckasi cymMmMmMa MrHOBEHHBIX 3HaueHUid OIJIC HCTOYHMKOB B
KOHTYpPE DJICKTPUUECKOW IENMU PaBHSIETCS alreOpandeckod CyMMe MTHOBEHHBIX
3HAUEHUU HaHpH)KCHI/II\/'I Ha IMaCCUBHBIX JJIEMCHTAX 3TOI'O KOHTypa

di q
Zek = Zuk = ZRk'k + ZLk —t f'kdt
k=1 at —1 k
rac¢ M — 4YucCIo SI[C B KOHTYPC; N — YHUCJIO0O MAaCCUBHLIX DJJICMCHTOB B HEM,
IMpHUYCM, p, I, q — YUCJIO PE3UCTUBHBIX, THAYKTHBHBIX 1 CMKOCTHBIX 3JICMCHTOB
n=p+l+q.
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Capacitive reactance denoted as Xc is equaled toXC:i: L :
oC 2nfC

Capacitive reactance is measured in ohms [Q]. The reciprocal of the capacitive
reactance is called a capacitive conductance measured in the siemens: B =1/ X,

[Bc]=[s].
i i —f)
Ucejwu:XCIe Y UC_XCI Yy = W,—g,hence (P:\Ifu—\m:—g .
The current flowing across a capacitor leads the voltage by a phase shift by

90’ (g). The phasor diagram is shown in Fig.1.26 b.
Ohm's law for complex quantities is presented
U=RIl; U, =jX 1=1X.e/®"; Uc=—jX_l =1Xe %"

U
In general, | == .
Z

Then the angles_of phase shift between voltage and current for each case are

O] =} ZOO, oL 2900, (0]g; =-90° (Flg 1.26 a, b, C).
Ohm's law for complex quantities is presented.

U=RI; U =jX.I =1X,e1%; Uc :_jxcl=lXCe_j900.

In general, | =

IN ||C

Then the angles of phase shift between voltage and current for each case are
or =0°, @ =90°, pc =—90° (Fig. 1.26 a, b, c).

Or phase shifts in radians are ¢g =0, ¢ :g, oC :_g_

Kirchhoff's laws for AC circuits.
Kirchhoff's current law.
The sum of the instantaneous values (or phasors or complex values) of the

currents that converge in a node is equal to zero:

n n
> i, =0or vectors, or complex values > 1, =0
k=1 k=1
Kirchhoff's voltage law.
The algebraic sum of the instantaneous values of EMF in the loop is equal to
the algebraic sum of the instantaneous voltages across all its passive components

of this loop
dlk d
Zek—Zuk —ZRklk"'ZLk it Z _['kdt
k=1 k=1Cx

where m is the number of EMF |n a loop; n |s the number of passive elements in it,
and, p, I, g is the number of resistive, inductive and capacitive elements

n=p+l+q.
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I[JISI BCKTOPOB HJIM KOMIIJICKCHBIX 3HAYCHUM:

m n p | q
DE=2U=2Up+2U  +D>Ucy.
kol =) kol =) )

1.2.2. Coomnowenue dJieKmpuudecKux eejiudun npu noc1e006amenbHoOM
u napaiesibHom coeouHenuu 3nemenmos. Peszonanc. Moumocmb 6 ueniax

nepemennoco moka.

IIpu mnociaenoBatejbHOM coeanHennu 3jaemeHToB R, L, C (puc. 1.27)
oOliee HaNpsHKCHHE Ha HUX PABHACTCS IE€OMETPUUYECKOM CyMMe HampshKEeHUN Ha
JTHUX DIIEMEHTAX

U=Ugr+U +Uc =UIl=RI+ jX 1 - jXcL=[R+ j(X_ = Xc)IL.

L, C R IToHOE CONPOTHUBIIEHNE TAHHOM 1IETH!
Z=yJR?>+(X, - Xc ¥ =VR%+ X2,
T Eg[':'gR: JR2+ (X - Xc P =
~U i Z=R+ jX=2Zel"- TIOJTHOE KOMILTIEKCHOE
Pucynok 1.27 — [locnegosa- ~ COTPOTHBICHHC,

TenbHOE coequuenyue R,L,C X = X| — X — P€aKTUBHOE CONPOTUBIICHUE.

Tormga  neWcTByrOIIeEe  3HAUYEHUE  TOKa
ornpenenum 1o 3akoHy Oma | = 7

ITpuueM, Wi aMIIUTYAHBIX 3HaYEHUN MOXKHO 3amucath U, =71, . A 1
Ze.l(p '

HaprDKCHI/IC N TOK MOXXHO Ppa3JIOKUTh Ha AaKTHUBHYIO M PCAKTHUBHYIO

KOMILIEKCHBIX 3Hauenuii lelVi =

COCTaBIIIFOLLYIO!
U, =Ucosp=Ug =RI; |, =1cose,
U, =Using=U —Uc =(X_ —Xc )l =XI; 1, =Ising.
Toraa n3 reoOMeTpUYECKUX COOOPAKEHHIMA

U= U2+U2 = U2+ (U -UcF.

VYron casura ¢a3 B 1enu ONpenenseTcs Kak

Q= arctgx'-;l:\)xC = arctg%; R=Zcosp, X =Zsin.
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For phasors or complex values:

m n p | q

DE=2U=2Up +DU  +>Uc.

k=1 k=1 k=1 k=1 k=1

1.2.2. The relationship with electrical quantities in series and parallel
connection of elements. Resonance. Power in AC circuits.

A series connection of the elements R, L, C is given (Fig. 1.27). Total
voltage is equal to the phasor sum of the voltages across these elements
U=Ugp+U, +Uc =UI=RL+ X 1= JXcL=[R+ J(X_ = X)IL.
The absolute value of impedance of this circuit is:

oS> Z =JR?+(X, - X =VRZ+ X2,

Y N Ye Y, Z =R+ jX =Zel® is the complex impedance,
.NU X =X — X isareactance.
Figure 1.27

Then the current rms value we can determine according to Ohm's law by the

: U
equation | =—.
Z
Moreover the relationship with amplitude values can be recorded as
: : . e Uelvu
U, = ZI,,. But this relationship in the complex values is le'"i = AT
e

Voltage and current can be decomposed into an active and reactive
components:

U,=Ucosp=Ug =RI; |, =1cose,

U, =Using=U —Uc =(X_ —Xc )l =XI; 1, =Ising.

Then, from a voltage triangle

U= U2+UZ =\JUZ+(U_-UcF.

The angle of the phase shift is defined as

Q= arctgx'-;RXC = arctg%; R=Zcosp, X =Zsing.
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B 3aBUCUMOCTH OT COOTHOIIEHUSI BEIUYUH X U Xc pa3Inyaror:

1) X, > Xc, X > 0 — y4acTOK Leld MMEET aKTHBHO-UHIYKTHUBHBIA XapakTep,
yron cmura ¢az 0< ¢ < 90°, ofumii TOK OTCTaeT 1o (ase OT O06IIero
HampspkeHusi. BzauMHble (a30Bble COOTHOIIEHHUS TIOKa3aHbl Ha BEKTOPHOMU
muarpamme (puc. 1.28). ba3oBeIM SABISIETCS BEKTOp TOKa MPU HAYaJIbHOW (ase
paBHOIt HymO y, = 0. Pa30BbIe COOTHONICHUS HAMPSKEHNS U TOKA OIPEIETISIOTCS

FEOMETPUYECKH TAK)KE U3 TPEYTrOJbHUKA CONpOTUBIIeHUH (puc. 1.28 2).
AU, U. N U,

o U
(P:90 Q o _U =P Z X
N U 1 >0\U, I
> _Ua R

vZc g4 6 6 2

Pucynok 1.28 — BektopHble 1uarpaMMsbl 4JIs yIJia CIBUTa @ > 0
2) X_ < Xc, X <0 — yyacToK Ileny UMeeT aKTHBHO-EMKOCTHOH Xapaktep,
yron casura daz — 90°< @< 0, o6mmii Tok omepexaer 1o (ase obIee

Hanpspkenue (puc. 1.29).
U,

N —
@)

¢=90
\ QR l\ QR [ R

o=-90 <l

v UC 7 (—]C

a O 6 2
PrcyHok 1.29 — BekTopHBIe quarpaMMbl ist yriia ¢aura ¢ < 0 U,
3) XL = X¢ , Torma X =0 u ¢ = 0 oOIIMii TOK COBIAacT
mo (ase ¢ oOmMM HaANpPsHKEHUEM, B IICIIOM CONPOTHBIICHUE

-

I
IS
| ~

ydacTKa 1€ UMEeeT aKTUBHBIM XapakTep, U TaKOE€ COCTOSTHUE
AJEKTPUYECKON IIeNMM C TMOCIEA0BATEIbHBIM COCIUHEHUEM
AJIEMEHTOB OTBEYAECT 0COOOMY PEXKHUMY, KOTOPBIM Ha3bIBACTCS
pezonancom nanpsxcenuu. Hanpsbkenus U u Uc , Haxosch B

vUc

Pucynok 1.30 —

Pesonanc
conporusnennn U =U g (puc. 1.30). HaTpSKeHHUiL

npotuBodasze, B3aMMHO KOMIIEHCHPYIOT IPYT ApPYyTa, MO3TOMY
oOIliee HaMpsHDKEHUE PABHSICTCS HAIMPSKECHUI0O HAa aKTHBHOM
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Relationships between values of X, and Xc are:

1) when X_ > Xc, X > 0, the circuit has resistive and inductive loads. The
phase angle is 0'< ¢ < 90" The current lags the voltage by the angle of 90. Phase
relationships are shown in the phasor diagrams (Fig. 1.28). The usual reference for
zero phase is taken to be the positive X-axis where the current phasor has initial
phase equals to zero y, = 0. Phase relationship between the voltage and current
phasors is determined geometrically similarly to the impedance triangle (Fig. 1.28,

9).

/\QL ycl\ QL
0=90 v/ u e 2y
ﬁ QR —I $> 0 QR l
L p=—9C U, R
v gC a 6 8 2
Figure 1.28 — Phasors diagrams a,b, voltage ¢ and impedance triangle d for the shift
angle ¢ >0

2) when X, < X¢ , X <0, the circuit includes resistive and capacitive loads.
The phase shift is — 90°< ¢< 0". The current leads the voltage by the phase angle of
90° (Fig. 1.29).
U

N=L
0

=90
N U I u, I U, R
(@] ol
=90 AV Qp mx
U
¥ QC , l_]c
a 9] 8 2
Figure 1.29 — Phasors diagrams a,b, voltage ¢ and impedance triangle d for the shift
angle p <0’ 2U,
3) when X, = Xc, it means that X = 0, ¢ = 0 and the
current is in a phase with the voltage. The total impedance of
the circuit is equal to the circuit resistance. We have deal with U=U, I
the mode of an electric circuit of a sinusoidal current with a =
series connection of a resistance R, inductance L and
capacitance C called as the voltage resonance.
VvUc
Figure 1.30 —

Voltage resonance
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The voltages U_ and Uc, being in antiphase, cancel each other, so the
supplied voltage is equal to the voltage across the resistor (Fig. 1.30).

CooTHoOLIIeHHE AICEKTPUIECCKUX BCJINYHUH npu nmapajuji€cJIbHOM
COoeIMHEHUH MoTpeduTeIei.

JleficTByrolue 3Ha4YeHUs TOKOB B BeTkax menu (puc. 1.31) MoxkHO
OIIPENEINUTH KaK:

Ir :9; I =i; Ic :i.
R XL Xc

OOmumii TOK HaliJileM Kak BEKTOPHYIO CyMMY BCEX TOKOB B MapalijielIbHbIX

BeTBAX | =1g + 1 + |, KOoTOpBIE MOKa3aHO HAa BEKTOPHOM Auarpamme (puc.1.32).

JI71st mocTpoeHusl BEKTOPHOM JuarpaMmbl ipuHUMaeM X > Xc

1 AN 1,
JAR 7R 22 ) 1
NU 1
R L —= C ¢ 1 R _U
v
o— 1 1,
Pucynok 1.31 — IlapannensHoe Pucynoxk 1.32 — BekropHas
COCIUHCHHEC R, L, C JuarpamMma

Ecnu uens nmeet Bun (puc.1.33), To TOkH B BETBSIX
MOYKHO HANTH KakK:

U, _u

1 Z,’ 2 Z,

npudeM OOLIUH TOK SIBJSIETCS BEKTOPHOU

(reoMeTpuYeckoi) CyMMOW TOKOB B

napayienbHbIX BeTBIX | =1, +15.

[TonHbIE CONPOTUBIECHUS BETBEM:

Pucynok 1.33 —
OtnenbHbIN clyyan 7. /RZ X 2. 7. — /RZ 1+ X 2 Pucynok 1.34
[apajieIbHOr O ! 1 Lr =2 2 c — AKTuBHas u
coemnaenus R, L, C VYron cueura ¢as B KaxaoW u3 peaKkTHBHAS
. XL -Xc COCTaBJIAIOINE
BETBEU. ¢ =arctg—; ¢o =arctg———. ToKa
Ry Ry

C npyroili CTOpOHBI, OOmMIA TOK MOXHO HAWTH
AQHAIMTHYECKH C UCIOJIb30BaHUEM IIOHATHH 00 AaKTUBHOW M PEaKTHBHOM
cocrasJsttonieit Toka (puc. 1.34):
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a1 =11Cc0sq; lgo =12C0SQy; Iy = Ia1+ la2;
Ipl = |1Sin 01, |p2= |2$in P2, |p = |p1+ |p2;
The relationship of the electrical values in parallel curcuit.

The rms values of currents in branches of a circuit (Fig. 1.31) can be
defined as:

U, U U
R=p 'L X, C Xe
The total current we find as the vector sum of all currents in the parallel
branches | =1z +1, +1c, which are shown in the phasor diagram (Fig.1.32),
when X_ > Xc is presented.
o3 N1
= —L
Ar [, wyic , I
~U i
R L == C P IR U
o—] V4
Figure 1.31 — Parallel Figure 1.32 — Phasor diagram

connection of R, L, C

When the circuit corresponds to the scheme (Fig.1.33), the currents in the
branches can be found as:
U U
Zl ZZ
at that the total current is a phasor sum of currents in parallel branches and equal to

I=11+1,.

ly

The impedance of the branches is:

Z =R+ X% Z,=RZ + X&.
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The phase angles in each of the branches are:
(plzarctgx?lL; cp2=arctg%.

On the other hand, the total current
can be found analytically in the terms
of active and reactive current
component as follow (Fig. 1.34): —]a

4

S

. : Rigure1.34 —

l,1 =11c0sQ1; oo =19C0S@s; |5 =12"+1

al= M1 P1, Ta2=12 ?P2, 1a ALtiveRaid

lpr=11SINQy; 1o =128N@y; |, redctive tystent
| components
@ =arctg—=.
I

Eute oaumH cnoco0 HaxoXaeHus OOIIero
TOKA CBfA3aH C  HAXOXKJICHUEM  IIOJHOM ]

NpoBOAUMOCTH 1enu: Y =VG%+B?, rme G —
aKTHBHAS MPOBOJUMOCTH IenH; B — peakTuBHas
MPOBOJUMOCTh 1ienu. [l OTHEeNbHBIX BETBEH

—p2

MPOBOJIMMOCTHA UMEKOT BUJ: _]pl 7
Ry . Ry . XL . Xc =
Gl = —,G2 =—:Bl1=—5:Bco=—=, Pucynok 1.35 — K onpenenenuto
Z Z 7?7 75
1 2 1 2

00111eTO TOKA

npuueM, G =G+ Gy B= B 1 —Bg,.

Tornma obmuit Tok onpeaensiercss kak | =UY . ®a30BbIil CABUT B Uana3oHe

T T
3 << > 3aBUCHUT OT cooTHoieHus By u Bc. Bexkropnas quarpamma jist 3Toro

Cilyyas IpejcTaBieHa Ha puc. 1.35.

Pe3onanc. B Teopum KojeOaHUN PE30HAHCOM HA3BIBAIOT MPOLECC
BBIHY’KJIGHHBIX KOJIEOAHUH C TaKOW 4YacTOTOM, MPH KOTOPOH MX HUHTEHCHUBHOCTD
MakcHUMaJjbHas. XapakTepu30BaTh HHTEHCUBHOCTh KOJEOaHUN MOXKHO IO Pa3HbIM
MPOSIBJIEHUSAM, HAIPUMEpP, MO MAKCUMAJIbHOMY 3HAYEHHIO aMIUTATYIbL. [lpyroe
ONPENEIICHNE PE30HAHCA — PE3KUI POCT aMIUTATYAbl OCTOSIHHBIX BBIHYKJICHHBIX
KOJIeOaHUM MU MPUOIMIKEHUH YacTOThl BHEIIIHETO FApMOHUYECKOTO BO3/IEHCTBHUS
K 4aCTOTE OJHOM M3 HOPMaJIbHBIX KOJICOAHUI CUCTEMEL.

Kak xputepuii pe3oHaHca npuMeM COBIaJACHUE MO (Pa3e HANPSIKEHUS U TOKa
B IleMd. DTO TaK Ha3bIBaeMbIil (pa3oBbiii pe3oHaHc. [lo crmocoOy momydeHws
PE30HAaHC MOKET ObITh: MapamMeTpuyecKkuil (Koraa nmoaduparoT MHAYKTUBHOCTb U
€MKOCTh TpHU 33JaHHOW PE30HAHCHOW YacTOTE€) WJIM YaCTOTHBIA (MOAOMPAIOT
YaCTOTY HANPsLKEHUS MUTaHUS IPH 33JaHHOW €MKOCTH U MHIYKTUBHOCTHU LIEIN ).
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[Ipu pe3onance HaudanmbHbie (Pa3pl TOKA U HAMPSIKEHHs] COBMAJAIOT, T.C.
($a30BbIil CHBUT paBHSETCS HYJIIO, U PEAKTUBHOE COMPOTUBICHUE IENU OyIeT
PaBHATHCS HYJIIO

1
X :XL_XC =(x)0|_——=0,
(Doc
. 1
TOrJa YCJIIOBHE Pe30HAHCA HANIPsKeHuH: X| = X mwim oyl = oC
20

OTkyna HaxoguM 4YacTOTy HAaNpsDKEHUS MHUTaHUS U TOKAa B LIENH, NPH
KOTOPOW HACTYIAET PE30HAHC
I
_ 2 2. _ P
=15 + Iy cp—arctgg.

Another way to find out the total current
is to calculate the admittance of the circuit by

equation Y =vVG?+B? , where G is the Lo A,

conductance of a circuit, B is susceptance of the ~ Figure 1.35 — Finding the total

circuit. The conductance and susceptance are current

calculated by equations, corespondently:

Glzﬁ; Gy :&; Bleﬂ; Bco =X—C, at that, G= G, + G,; B= B, —Bc».
v4) Z3 V4) Z3

Then the total current is defined as | =UY . A phase shift is in a range
of—gs(psg and depends on the ratio of B_ and B¢. The vector diagram for this

case is shown in Fig. 1.35.

Resonance. According to the oscillation theory, a system being driven at its
natural frequency is said to resonate. When an oscillating force is applied at a
resonant frequency of a dynamical system, the system will oscillate at a higher
amplitude than when the same force is applied at other, non-resonant frequencies.
To reason of oscillation can be caused by various phenomena.

As for electrical circuit, a resonance takes place in series or parallel
connection of inductive and capacitive elements in the circuit at least. The
resonance happens when the circuit reactance and, correspondently, the phase shift
are equal to zero. The resonance can be obtained by two ways. The resonance
frequency is changed by selecting of an inductance or a capacitance to achieve the
a condition when the resonance frequency is equal to a source frequency. By
another way, the resonance frequency is constant but the source frequency is
variable to achieve the mentioned condition.
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At resonance the initial phases of current and voltage are coincided, i.e. the
phase shift is zero, and the reactance of the circuit is zero too
1

X :XL_XC:(’OOL_EZO’

then the condition of series resonance is X = X or oyL =% :
00
Thus we can find the supply voltage frequency by measurement of the
resonance frequency in the series RLC-circuit.

1 1
g =—— - PpEe30HaHCHas YyIJoBas dYacToTa, Torga fo=—+— -
~JLC

2nv/LC

pE30HAaHCHAsg 4YacToTa B Teplax. XapaKTepUCTHYECKOE COMPOTHUBIICHUE IIPHU
IOCIIC/IOBATeIbHOM ~ COCAWMHeHMH  paBHsercs p=~/L/C. HWrak, 1pu
MOCJIeI0BaTEILHOM COCIMHCHUH
MACCUBHBIX 2JIEMEHTOB MOKET BO3HUKHYTH
PE30HAHC HANPSKEHUH.

J1oOpoTHOCTHIO Q Ha3bIBAIOT
OTHOIIIEHUE JEUCTBYIOIINX 3HAYCHUN
HampsokeHud U u Uc K  3HadeHHIo
HaIpPsHKEHUS TUTaHUSI TIPU Pe30HAHCe

U L ®q L U C 1
0) = = = = .
Do B O @ Q=U "R U " ocR

JleiicTByronee 3HAYEHUE TOKAa B

Pucynok 1.36 — Pe3oHaHCHBIe
KPUBBIE HANPSKEHUM
nocjeaoBaTeILHOM KOHTYpe (puc.1.36)

1= S v . (1.5)
Z  JRZ+(X_ -Xcf R2+(oL-1/aC)
I [To BbIpakenuto (1.5) mocTpoeHbl
/88 PE€30HAHCHBIC KPHWUBBIC B LCIH IIPH
>0, HocJieJoBaTeIbHOM COEIUHEHUU

JIEMCHTOB MW MH3MCHCHHH 4YaCTOTbI ®

(puc. 1.36). Haubombiiero pe30HaHCHOTO

3Ha4YCHUA TOK JOCTHUTaCT 110)5%1

oN ® pe3oHaHCHOM uacTore . I[Ipu pocre

Pucynok 1.37 — I'padux nobpotHoct  100poTHOCTH Q PE30HAHCHOE 3HAYEHHE
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toka | moBwrmaetcst ( gy > lop ).
JIoOpOTHOCTB MOKa3bIBACT BO CKOJIBKO pa3 MPU pEe30HAHCE HANpsHKEHUS Ha

WHIYKTUBHOCTH M €MKOCTH OO0JIbIIIE€ HANPSKEHUSI UCTOUHMKA TuTanus (puc.1.37).

HccnenoBaHusl Ha MakKCUMYM TMOKAa3bIBAIOT, YTO MAaKCHUMAJIbHBIC 3HAYCHUS
UL u Uc uMeroT MecTo He MpU Pe30HAHCHOW YacTOTE, a MPU YacTOTaX HEMHOIO

MCHBIINX, Y€M PE30HAHCHAA YaCTOTa WO¢c < Wy WIHX HEMHOTO OO0JIBIIINX 0. >0q.

1 . 1 :
—— Is a resonance angular frequency, then f,=—-—+ Iis the resonant

Q) o
07 JLC 21/LC

frequency in hertz [Hz]. The total impedance in series RLC circuit is equal to

p=~/L/C. So the resonance occurs when a resistance, an inductance and a

capacitance are connected in series at least.

v The quality factor Q is the ratio of rms
. & : & values of voltages U, and Uc to the value of
. the supply voltage when the resonance
5 U occurs. And the quality factor is calculated
7N oy
o e S S URRC U

U R U oCR

Figure 1.36 — Resonant voltage curves . .
g g The rms value of current in a series

circuit is (Fig.1.36)

_!_ U B U

" Z RP (X -XeP R¥+(oL-LeCR
L~ AC © 03)

According to the expression (1.5), resonance curves in the series circuit

| (1.5)

depend on frequency o are presented in Fig. 1.36. When the frequency
corresponds to resonant frequency o, the rms value of the current is maximum.

The resonant current | increases with the growth of the quality factor Q (g2 > loy).
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J The quality factor rates the resonance

)/ S voltage of the inductance or capacitance to the
| 0,>0, ]
Ll /. | voltage of the power source (Fig.1.37).
It is observed in Fig.1.37 that the
maximum values of U_ and Uc happen by
;30 > frequencies which are not equal to the
Figure 1.37 — Quality factor resonant frequency. This frequencies are
graphs

pu

[Ipyuem, B ciywyae osnekTpuyeckod 1menu (puc. 1.33)
pE30HAHCHAs 4acToTa:

slightly lower than the resonant frequency

oc < op or slightly larger o, > oy .

Pe3onanc TokoB. J[ns uenu (puc.1.33) pezonanc tokos | u |, HacTymaer
B=0,¢=01=1,Y =G n B uemoMm, ydaCTOK IIEIH UMEET aKTUBHOE

conpotuBienue. ly; u |, paBHBI MeXIy co00H M B3aMMHO KOMIICHCHPYIOT JIpYyT
apyra (puc. 1.38).

VYciaoBue BO3HUKHOBEHUS pe€30HaHCa TOKOB — PpPaBCHCTBO PCAKTHBHBIX

MMPOBOJIUMOCTEN MAPAIIICITBHBIX BETBEH:

X X 0
Bl 1 =Bcy nimm —; L 5= > 5 - L =0
Rl + XL R2 + XC I:[ l_]

—a —

l

—pl

: 1 [p?-R? L Pucynok 1.38 —
Wg = L oroep=.|—. p
VLC p2 -R; C €30HaHC TOKOB

Cnez[yeT HMCTb B BUAY, 4TO PE30HAHCHAA 4aCTOTA LCIIN ITPU IMapaJJICIIbHOM

coequHeHMH ©q (puc.1.33) He paBHAETCS PE3OHAHCHOM YacTOTE IpH

IIOCJIEA0OBAaTCIBbHOM COCIMHCHUHU 0y

I

(puc.1.37). Pe3oHaHCHbIE KpUBBICE TOKOB TIPHU
napaJyieIbHOM COCIMHCHHH TTOKa3aHbl Ha PHC.
1.39. MwunHumanbHO€ 3HaYyeHHE TOKa [ He
paBHSAETCS HYJIIO, W OHO HAXOAWTCS TIPH

4acToTe OJU3KOM K (.
Pucynok 1.39 — Pe3onancHsie
TOKOBBIC

Pe3oHaHCHbIE SBJIEHUS MCHOJB3YIOT B
TeJe- U PaguoCBs3H, a TAKXKE B YCTPOMCTBax
IPOMBIIUIEHHON YHEPTETUKH.

MoHOCTH B LieNM CHHYCOHAAJTBHOI0 TOKA.
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Ecnu yepe3 yuacTok 3JEKTPUIECKOM 1EMU MPOXOAUT AICKTPUUSCKHUH 3apsi
q non nedcrBuem Hanpsbkenuss U. CoBepriaemasi mpu 3ToM  paboTa Cuil
DIIEKTPUYECKOTO TIOJsI, KOTOpas SIBISETCS MEPOW DJICKTPOIHEPTHH, PaBHSICTCS
W=uq uau B quddepeHnuanbaon Gopme

dw = udqg = ui/dt,
TOrJa MTHOBEHHAsI MOIIIHOCTD, IIOCTYIIAIOIIas B HATPY3KYy

dw dq .
p=—=u—=ul,
dt dt

a ClIeI0OBaTENbHO AJIEKTpUUecKas sHeprus 3to uarerpan W = tf pdt .
il

Resonance in parallel RLC circuit. For the circuit (Fig.1.33) the resonance
of currents I; and I, occurs when susceptance is B = 0, the phase shift is ¢ = 0. It
leads that the total current is | = I,, and the admittance is Y = G. So, the total circuit
impedance exceeds the minimum value that equals to the resistance. Reactive
currents Z,; and 7, equal and mutually compensate each other (Fig. 1.38).

The condition of resonance occurrence is the equality

of the susceptances of the parallel branches: 'y =0
X X =1 u
BL1=BC20I’ 2 L 2: 2 c 2 "
RI+X{ RS+ X¢ 7
. . - . Wv—pl
Moreover, a resonant frequency in the electric circuit Figure 1.38

(Fig. 1.33) is:

1 p2 R? \F
. Where p=_|— .
“JLC\p?-RZ’ "7

It should be noted that the resonant frequency o, in the parallel circuit

(Fig.1.33) is not equal to the resonant frequency in the series circuit (Fig.1.37).
Resonance curves of currents in the parallel circuit

is shown in Fig. 1.39. Minimal value of current I is 4/
not equal to zero, and it is at a frequency close to b 7
.

Resonance phenomena are used at television

and radio, and electric-power industry.
Power in AC circuit. Pucynok 1.39
The electric field work presents the electric charge
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q flows across the part of electrical circuits under the action of supplied voltage u.
The electric field work is equal to w=uq or the differential form of the work is
dw = udqg = ui/dt,
thus the instantaneous power is
dw d
SR
and the electric energy is calculated by equation

p ui,

2
W = [ pdt.
i}

Cnengyer MOMHUTH, 4TO pabOTa W SHEPIrHUs U3MEPAETCS B JKOYISIX, a
MOIIHOCTh B BaTTax.
DHEPreTUYECKUE MPOLECCHl B LEMAX MEPEMEHHOTO TOKa XapaKTEPU3YHOTCS

MTHOBEHHOM MOIITHOCTBIO p=ui. Ecmn MTHOBEHHOE
Hanpsokenne U =U sin(ot +v, ), a MraoBenHsIi Tok i =1 sin(ot + ;). ycTs
HavanbHas (aza HanpshkeHus =0, a Tak KaK =y, — i, TO ¢ =— \; , TOTAa
i =, sin(wt + @),
rae «+t» Ui aKTUBHO-EMKOCTHOM Harpyskd, a «—» JUIi aKTHUBHO-

VHJYKTUBHOM Harpy3KHu.

_ 242Ul [cosp —cosRut + ¢)]

p=U,,sin(ot+y, ) 1,sin(ot + ) 5
=Ul|[cosp—cosRat + ¢)].
W3 naHHOrO BbIpaXXeHUs] BUJIHO, YTO MIHOBEHHAss MOILIHOCTb HMMEET JIBE
cocrapistonye: nepasi Ul COS¢ sBrsieTcs MOCTOSTHHOM, a BTOpas KoseOJeTcs ¢

YABOCHHON YaCTOTON 2®. DTO K€ MOYKHO MPOUJUTIOCTPUPOBATH TpadhUUIECKH.

Paccmorpum Haunbonee oOmmil ciydaii

/AN
AJEKTPUYECKON LIENM NEPEMEHHOIO0 TOKa, a
4" _ MMEHHO, UeNb C  aKTUBHO-UHIYKTHUBHOU

l Ulcos® .

V \/ Harpy3koi, U OCTPOUM rpad)MKd MTHOBEHHBIX
/{4 @ panpsokenns, Toka W MomsocTH (puc.l.40).
b Korna namnpsbkeHue U TOK UMEIOT OJMHAKOBbIE
3HAKW, MTHOBEHHAs] MOIIHOCTh MOJIOKUTEIbHA,
Pucynok 1.40 — MrHoBeHHBIE a 3HA4YUT, DHEPTUd MOCTYHAaeT OT UCTOYHMKA K

HaIlpsAKECHUEC, TOK U MOIITHOCTD Harpys3ke, rac¢ 4YacTtb €€ pacCCUBACTCA Ha
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AKTUBHOM COIIPOTHUBJICHHHU M 3alacacTrCsi B MArHUTHOM II0JIC HHAYKTHBHOCTH.
Korz:a HAIIpSOKCHUC WM TOK HMCIOT PA3HbIC 3HAKHW, TO MI'HOBCHHAA MOIIMHOCTDb
OTpHULATCIIbHA, 1 SHCPTUA YaCTUYIHO BO3BPAIIACTCA OT HAIPY3KU K HCTOYHHUKA.

AKTHBHasT MOIMHOCTh P XapakrepuszyeT mpoliecc 0e3BO3BpPaTHOTO
NpCBpamiCHUA  JJICKTPOSHCPIUM B TCILJIO HAa PE3UCTHUBHOM JJICMCHTC U
ONpCACIICTCA KaK CpCAHAA MOIIHOCTH 3a IICPHUOL T wusmenenust toka. OHa
u3MepsieTcs B BaTTax [BT].

PeakTuBHas MOIIHOCTb — OJJICKTPOOHCPIHsA, KOTOpas HMIACT Ha CO3JaHHC
MAarauTHOI'O UJIH 3JICKTPHUYICCKOI'O HOHeﬁ, IIpX 5TOM OHa HC COBCPIIACT pa6OTI>I.

Remember that work and energy are measured in joules, and power is
measured in watts.

Energy processes in AC circuits are characterized by the instantaneous

power p=ui. If the instantaneous voltage u=U,,sin(wt+y,) and instantaneous
current i = I, sin(ot + ;). Let’s take the initial voltage phase y,=0, and since
O=y,— i, then @ = y; , then =1 sin(ot + @),

where " + "for active-capacitive load," — " for active-inductive load.

_ 242Ul [cosp —cosRut + ¢)]
2

p=U,,sin(ot+y, )1, sin(ot £ o)

=Ul[cose —cosRat + ¢)].
From this expression obviously that the instantaneous power has two

components: the first component Ul cose is a constant and the second component

oscillates with doubled frequency 2. It is illustrated graphically in Fig.1.40.
Let’s consider the most general case of
wLp an electric AC circuit, namely the circuit with

V4

/\ active-inductive load. We can draw the graphs

! Ulcos ¢ :
V \\\/ \/ of the instantaneous voltage, current and power
/v @0 (Fig.1.40). When the voltage and current have
. W the same signs, the instantaneous power is
positive and, therefore, power is supplied from
Figure1.40 — Instantaneous
voltage, current and power

u

V<

the source to the load, where a part of it is
dissipated on the resistance and stored in the
magnetic field of an inductor. When the voltage and current have opposite signs,

191



then the instantaneous power is negative, and energy is partially returned from the
load to the source.

The active power (true power) P is characterized a irreversible process of
electricity conversion into heat on a resistance and defined as the average power
over the period of time T of the current change. It is measured in watts [W].

Reactive power is electric energy that is used to create magnetic or electric
fields, at that it doesn't perform work.

PeakTrBHAs MOITHOCTH U3MEPSAETCS B BOJBT-aMIIEp peaKTUBHBIX [Bap]. [Ipu
TOM €CJIM MTHOBEHHasi MOIIHOCTH p > 0, TO MOIIHOCTH 3a0HMpaeTcs U3 CETH, a
eciu p < (0, TO MOILIHOCTh BO3BPALIAETCS B CETh.

[MTonHast momHOCTh Tienu S =Ul u3mepsieTcs B BosbT-amrepax [BA].

C Y4CTOM JOTOI'0, MOZKHO 3alluCaTb PISCOS([), rac COS( Ha3bIBACTCA

kodduimeHToOM MOIHOCTA. Ero HEeoO0XOauMO MOBBHIIIATH, TaK KaK YE€M BBIIIE
KO3 (PUIIMEHT MOIIHOCTH, TE€M OOJblIas aKTUBHAS MOIIHOCTh TPH 3aJaHHBIX
3HAUCHUAX HAMpPsHKEHUS M TOKa, MepefaeTcss morpedutento. s »Toro Hamo

YMCHbIIATb HHAYKTUBHOC COIIPOTUBJICHUC HAI'PY3KHU UK €0 KOMIICHCUPOBATD.

T T _ T
P=—Ipdt=£jUleml coszot 4 _ Url [(1-cos2mtdt =Ugl =RI?.
To To 2 T o

T
Kpome Toro, MokHO 3ammcath P = _I—_j pdt =Ul cose.
0

PeaktuBHas  MomrHOCT, Q  XapakTepuszyeT  OOpaTHMBIM  Ipolece

BSaHMOHeﬁCTBHﬂ OHCPIuu MCIKAY HI/ITaIOHIeﬁ CCThIO U HOTpe6I/ITeJI$IMI/II

Q=Q, —Qc =XI?=(X_ =X )I* =X 1% =Ulsing. g 0>0

PeaktuBHass MomHOCTh paBHa Q=SSin @, Torma mnosHas

P

Pucynok 1.41 —
MO>KHO MHTEPHPETUPOBATH TPEYTrOJAbHUKOM MOIITHOCTEH  TpeyroiabHuK
MOIITHOCTEH

MOIITHOCTh PaBHA S =4/ P2+ Q2 . 'eoMeTpryecku BbIlIECKAa3aHHOE
(puc.1.41). KommiekcHasi MOIIHOCTh BbIPAXKAETCs KaK

S=U-1"=Uelu . 1g71¥i —yleivu—vi) = se® = Scosp+ jSsing=P+ jQ

*
, II€ |_ — KOMINJICKCHO-COITPSXKCHHOC 3HAYCHHEC TOKA.
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1.3. Tpexda3znble dIeKTPUIECKHE HENU

1.3.1.  Ocnoenvie  nonamus  mpexgpasnon  yenu. Ilonyuenue
cummempuynou cucmemot I/[C. Cxema mpexgasznoit yenu c pazHvIMu

nompeoumenamu. Mowgpocms mpexgaznoii yenu.

MHorodasHast dJeKTpuyuecKkas Ienb IPEeACTaBiIsIeT COO0H COBOKYITHOCTH
HECKOJIBKUX AJICKTPUUYECKUX IIeTeH, B KOTOPBIX AeicTBYIOT DJ]C 01HOM 4acTOTHI,

The reactive power is measured in volt-ampere reactive [var]. In this case, if
the instantaneous power is p > 0, the power was taken from the network, and if p <
0, then the power returned to the network.

The apparent (total) power is S=UIl of the circuit, it measured in volt-
amperes [VA].

We can write P=Scosg, where cose is called power factor. It must be
increased, as the higher the power factor, the greater the active power at specified
voltage and current passed to the load. For this it is necessary to reduce the
inductive reactance of the load or to compensate for it.

T T _ T
P=2pdt=2jup 1,122 g YRl 10 cosomthit =U Ll =RIZ
TO TO 2 T 0

T
In addition, we can write P :%j pdt =Ul cose.
0

The reactive power Q characterizes a reversible process of \) 0>0

interaction of energy between the supply network and loads:
P

_ Figure 1.41-
2 2 2
Q=Q —Qc = XI*=(X_ = Xc)I* =X 1% =Ulsing. Power triangle

The reactive power is equal to Q=Ssing, then the

apparent power is equal S =+ P?+Q?. Geometrically the above we can interpret
the power triangle (Fig.1.41). Complex apparent power is expressed as

S=U-1"=Uelvu .1g7¥i —ylelvu=vi) — gel* — S cose+ jSsinp=P + jQ

where 1 is complex-conjugate value of current.
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1.3. Three-phase electric circuits

1.3.1. Basic terms of a three-phase circuit. A symmetrical system of EMF.

The diagram of a three-phase circuit with various loads. Power in a three-phase
circuit,

Polyphase electric circuit is a set of several electrical circuits, where there
are EMF of the same frequency
HO C pa3HbIMHU Ha4YaJIbHBIMH (I)aBaMI/I. CocraBHas 4acTh TaKOM eI Ha3bIBACTCA
¢dazoil. BooO11ie B 3J1IeKTPOTEXHUKE TOHATUS “‘(Paza’” uMeeT TBOMHONU CMBICI:

1) yron, KOTOpbIi ONpeenseT CTaANI0 NEPUOIUYECKOTO MTPOLIECCa;

2) oTaenbHas IEb, KaK COCTaBHAs 4YacTh OoJiee CJIOXKHOW MHOrodasHou
AIEKTPUYECKOM 1ETIH.

/ E.
Em r
120°
E,
120° >
120°
a L, o

Pucynok 1.42 — Tpexdasnas cummerpuyHas cuctema 3J1C

Cummetpuunoit Tpexdasznont cuctemoir DJIC Ha3bIBaeTCS COBOKYIMHOCTH
tpex DJIC omMHAKOBOW YacTOThI W aMIUIMTYABI, HadajdbHbIC (a3bl KOTOPBIX
oranyarotcs Ha yroi 120 rpamycos (puc. 1.42).

Tpexdaznas cucrema MNepeMEHHOro TOKa OblIa pa3zpaboTaHa pPYCCKUM
umwkenepoM M. O. JlomuBo-Jlo6poBonscbkuM B 1889 - 1891 rogax. Dra cucrema
NO3BOJIWJIA Han0oJIee HSKOHOMUYHO IME€peAaBaTh JJIEKTPOIHEPIUIO M CO31aTh
HAJSKHBIE W  OTHOCHUTENBHO TPOCTHIC  DJIEKTPOJBHUTATENH, TE€HEPATOPHI,
TpaHchOpMaTOphI U AP.
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HcTounukom TpexdazHbix 21C SABJISIFOTCS TpexdazHbie
anekTporeHeparopsl.  [Ipocteiimmii  Tpexdas3Hblii  TeHepaTop  aHAJIOTHYEH
oJIHO(a3HOMY TE€HEepaTopy, C TOW JHUIIb PA3HOCTHIO, YTO y HEro HE OJIHA, a TPHU
OJIMHAKOBBbIE OOMOTKHU CTaTopa, pacrojiokeHHble moj yriiom 120 rpagycos (puc.
1.43). A, B, C — Havana ¢a3; X, Y, Z — xoHnps! ¢a3. [Ipu obOpameHnn poropa ¢
JacTOTOM ®, NMEPEMEHHBIM MAarHUTHBIM MOTOK P, HaBoauT B oOmoTkax JIIC
OJIMHAKOBOW YaCTOThl M aMIUTUTYbl, KOTOPbIE CIBHHYTHI OJHAa OTHOCHUTEIHHO
npyroii Ha 1/3 wacte mepmona, T.e. Ha 120°. HampaBieHue TOKOB B OOMOTKax
(puc.1.43) o603HauaeTcs «+», €CIU TOK HAMPABJICH OT HAOIIOAATEIIS HIIH «®)),
but various initial phases. Integral part of such a circuit is called a phase.
Generally in electrical engineering the concept of “phase” has a double meaning:

1) an angle that determines a periodic process;
2) a separate circuit as part of a more complex polyphase electric circuit.

N EC
120°
E,
120° >
120°
a L, o

Figure 1.42 — Three-phase symmetrical EMF system

A symmetrical three-phase EMF system is the sum of the three EMF of the
same frequency and amplitude, the initial phases are different at 120 degree angle
(Fig. 1.42).

The three-phase system of alternating current has been developed by M. O.
Dolivo-Dobrovolsky, a Russian engineer, in 1889 - 1891. This system allowed for
the most economical transmission of power and to create a reliable and relatively
simple motors, generators, transformers, etc.
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The sources of energy in three phase EMF are three-phase generators. The
simplest three-phase generator is similar to a single-phase generator, with the only
difference, that it has not one, but three identical stator windings positioned at the
angle of 120 degrees (Fig. 1.43). The A, B, C are denoted the starts of the phases,
the X, Y, Z are ends of the phases. When the rotor frequency is o, an alternating
magnetic flux @, in the windings induces an EMF of the same frequency and the
amplitudes are shifted relative to one another by 1/3 of the period, i.e., at 120°. The
currents direction in the windings (Fig.1.43) is denoted by " + ", if the current is
directed from the observer or " "

CCJIM HaIIpaBJICH Ha Ha6JIIOI[aT€JUI. Taxum o6pa30M, (1)33HLI€ CHUHYCOHUOAJIBbHBIC
S/1C B TpexdazHoMm reHepaTtope 0Opa3OBBIBAIOT TpeX(PazHyH0 CHUMMETPUUYHYIO
CUCTEMY (l)aSHBIX HaHpHX(eHI/Iﬁ, KOTOPYIO MO’KHO 3aIllMCaTh B aHAJIUTHUYCCKOM BHU/JIC

", B YaCTHOCTH, C UCIIOJIB30BAHNUEM KOMIIJIICKCHBIX YHUCCII.
ea=Up =Ugypsinot ; Ep=U,=Uyel";

i _jfn : o
eB:UB:U(bmSIn(mt_%“j ; EB:QB:U(pe 3 =Ucbe‘1120;

.2
. + )= . o
ec =U¢ ZU(pmS'n(‘DH%’Tj ; Ec=Uc=U,e 3" =U, et

da3Hple HANpPsSHKEHUS HMCTOYHUKA HMEIOT
OJVHAKOBOE JelcTBylomee 3HaueHue U; u
CIIBUHYTHI 11O (ha3e 0JJHa OTHOCUTEIHHO APYTO, KaK
ObLTO yKa3aHo BbIie, Ha 120° (puc. 1.42).

OCHOBOW  MPOMBINIIEHHBIX U  OBITOBBIX
DIEKTPUYECKUX CETEeH €CTh YETBIPEXIIPOBOIHAS
TpexdasHasi JUHHUS DIIEKTPOIepeaadd, KoTopas
oOpazoBaHa Tpemsa JuHedHbiMu (4, B, C) nun

HeWTtpanbHbiM  (HyneBbiM)  (N)  mpoBogamu.

Harpy3ka MoskeT OBITh BKIIOYEHO TIO CXEME
“3ge3ga” Oe3 HeWTpanpbHOro mpoBoaa (ycmoBHoe  Pucynoxk 1.43 — Mogens
obo3HaueHne Y), “3pe3ma”’ ¢ HeifTpaneHeM  TpexdasHoro reneparopa

npoBojoM (Y- ) u “tpeyrosibHuk” (A) (puc. 1.44).
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Pucynok 1.44 — Tpexda3zHas snekTpudeckas Henb ¢ pa3HbIMU CXeMaMu
BKJIIOUCHHS HArPy3KH
if it's pointed at the observer. Thus, the phase of a sinusoidal EMF in the three-
phase generator form three-phase symmetrical system of phase voltages, which can
be written in analytical form and, in particular, using complex numbers:

ea=Upa=Upppsinet; EA:QAZUphejO :
.2

U . o

eB:UB:Upthin(mt—gnj : EB:L_JB:UPhe 3 :UPhe_leo;

2
+jom

ec =Uc :Uphmsin(mt+§nj . Ec=Ug =Uppe 3 =Uppelt®".
Phase voltages of sources have the same rms value of Up, and phase shifted
relatively to one another, as mentioned above, 120°
(Fig. 1.42). A Stagor
The basis of industrial and household g
electrical networks is a three-phase four-wire power
line, which is formed by three linear (A, B, C) and
neutral (N) wires. The load can be included in the
circuit as “star” or “wye” with no neutral wire
(denoted Y), “Y” with a neutral wire (¥) and the
“delta” (A) (Fig. 1.44).

Figure 1.43 Model of a
three-phase generator
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Figure 1.44 — Three-phase electrical network with different circuits of
a load connection

HanpsokeHuss MeXay JTUHEHWHBIMH IPOBOJAAMH HA3bIBAIOTCS JIUHEUHbIMU.
Uag, Ugc, Uca, @ MeXIy JTUHEHMHBIMHM M HEUTPAIBHBIM IPOBOJIOM Ha3BIBAIOTCS
Gaznvimu nHanpsicenuamu ucmoynuxa. Up, Ug, Uc.

Dasnvie Hanpsixcenus Ha Hazpyske: Uy, Up, U, (s “3Be3161”), Ugp, Upe, Uca
(mms “TpeyrojibHHUKA’).

Jlunetinvle moku MPOTEKAIOT 1O JIMHEHHBIM TIpoBoAaM: la, lg, Ic.

Dasznvie moxu IMPOTCKArOT I10 HAI'PY3KC:

— B ClTy4yae COSJIMHCHHMS Harpy3KHu 1o cxeme “3Be3na’ g, Ip, I

— B ClTy4ae COSMHCHHS HArPY3KHU IO CXeMe “TPeyroiabHUK lap, e, lca.

Tok B HelTpasibHOM TIpoBOJIE — .

CBs3p JTUHEHHBIX TOKOB M (Da3HBIX B Cilydae COCJAMHCHHS HArpy3KH B
“rpeyronbHuK” | po=1gp —lca; Ig =lpc —lap; Ilc =1ca —lpc-

Ha ocHoBe BTOporo 3akona Kupxroda MOXHO YCTaHOBUTH CBSI3b MEKIY
JUHEHHBIMH ¥ (pa3HBIMU HATIPSHKCHUSMU:

Up=Ua-Ug; Upc=Ug-Uc; Uca=Uc-Up

[Tonuble conmpotuBiieHus (a3 Ipu pa3HOM COCAMHEHUH HArpy3Ku: Z,, Zy, Z,

(“3Be3ma”) U Zap, Zpe, Zea (“TpeyrosibHUK) mokaszaHbl Ha puc.1.44. B oOmiem

jo
Clydae MOJHOE KOMIUICKCHOE CONPOTHBIICHUE B pase Ly, =Zye ¢
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Tok ¢a3pl mnpu AHOOBIX COEIMHEHUSX HArpy3KHM MOXKHO OIPEAeIIUTh,

HCIIOJIB3Ys 3aKOH OMa, pasaciiniB H3BCCTHOC (1)&3H0€ HaIIPpSAKCHUC HAIrPy3KHM Ha

U
COIPOTHUBIICHUE HATPY3KH | g = —2
Zg
B cnyuae paBeHcTBa (ha3HBIX CONMPOTHBIEHHH (He TOJIBKO 110 MOAYIIO, HO U
10 XapakTepy) HAarpy3ka Ha3bIBAETCA CHMMETPHYHON M YCTAHABIMBAIOTCSA TaKHe
COOTHOILEHHS MEKTy TUHEHHBIMU 1 (a3HBIMK HapaMeTPaMU:

— TOpU COCOWHEHUU HArpy3Kd ‘3B€370W~  COOTHOILIEHHE MEXIY

JNEHCTBYIOIMMU 3HAYEHUSIMU (Pa3HBIX U JTUHEHHBIX HanpspkeHuid Uy = J3 Uy,

— IIpHU coeMHEHNN “TpeyroabHuKoM” Uy = Uy,

Jnst nUHEWHBIX M (Pa3HBIX TOKOB COOTHOLIEHUS MEXIY ACHCTBYIOIIUMU
3HAYEHUSAMHM JIMHEUHBIX U (DA3HBIX TOKOB CJIEAYIOLIHUE:

— IIPY COEIMHEHUH HArpy3ku B “3se3ny” lp= lo;

— IIPU COEIMHEHUU B “TpeyrojbHuK’ |y = V3 1.

The voltages between the line wires are called line voltages (phase to phase
voltages, in US — line to line voltages): Uag, Ugsc, Uca. The voltages between a line
and the neutral wire are called phase voltages (phase to neutral voltages, in US —
line to neutral voltages): Ua, Ug, Uc.

Phase voltages across a load: U,, Uy, Uc (“Y”), Uap, Upe, Uca (“A”).

Line currents are in the line wires: Ia, Ig, Ic.

Phase currents flow in the load:

— 14, 1y, I In case of a star-connected load:;
—lab, 1oy 1ca In case of a delta-connected load;
The current in the neutral wire is Iy,

The relationships between line and phase currents in case of a delta-
connected load 1 o =1ap —lcas Ig =Ipc —lap; Lc =1ca —Inc:

On the basis of the voltage Kirchhoff's law we can establish a relationship
between line and phase voltages:

Up=Upa—-Ug; Upgc=Ug-Uc; Uca=Uc-Up,.

The phase impedances at different load connection are shown as Z,, Zy, Z.

(Y), and Zyp, Zye, Zca (A) in Fig.1.44. In the general case, the complex impedance of

a phase Zpp, = Zppe PPh.
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The phase current at any load connection can be determined using Ohm's
law by dividing the known value of a phase voltage by the load impedance

Ph
In the case of equality of phase impedances (not only by absolute value, but
also by argument of a complex number), the load is called balanced and the
following relationships are established between the line and phase parameters:

— when we have a star-connected load the relationship between the rms values of

line and phase voltages is U, = \/§Uph.
— when we have a delta-connected load the relationship U_ = Upy, .
For line and phase currents the relationships between the rms values of
linear and phase currents are following:
— when we have a star-connected load 1, = Ip;,

— when we have a delta-connected load I, = V3 lpn.

Ha puc. 1.45 a, nokazaHsl 2JEKTPUYECKUE CXEMbl U BEKTOPHBIE IUarpaMMBbl,
COOTBETCTBEHHO MpPH COECIMHEHUM HArpy3ku B ‘3Be3Ay  H B “TPEyTrOJbHUK .

Pucynoxk 1.45 — DnekTpudeckrue cXeMbl U BEKTOPHBIE AUarpaMMbl PU COSAUHEHUN
Harpy3ku B “3Be31y” () U B “TpeyroiabHuK” (0)

Ecnu ¢a3nbie conpoTUBIEHUS TOTPEOUTENEH HE paBHBI APYT IPYTy, IPUUEM
KaK 110 MOAYNIO Zg, TaK U (WIK) IO XapaKTepy Harpys3ku, T.€. YIIy (4, TO Takas
Harpy3ka Ha3bIBa€TCsl HECUMMETPUYHOU. [Ipr 3TOM Harpy3Ky MOHO MOJKIIIOYATh
KaKk “TpeyrojbHUKOM~, TaK W ‘‘3Be370W~ C HEUTpanmplo, TaKk Kak ¢a3HbIe
HaIpsHKEHUS! OCTAlOTCS HEM3MEHHBIMU U PaBHSAIOTCS PUBEACHHBIM Bhilie. Ho mpu
COEJIMHEHUU Harpy3KH “3Be3/10i1” 0€3 HEUTPaTbHOTO MPOBOAA U HECUMMETPUYHON
Harpy3Ke BO3HUKAET HANpsKeHUE cMeleHus Hertpanu Uy
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U. = YaUpa+YUg+Y Ue
- Ya+Yp+Y,

rne Y, =

v Yp=—3 Y. = — TIOJIHBIE KOMILJICKCHBIC IPOBOJAMMOCTH

[lossBneHue HaIIPpAKCHUA CMCIICHHA
HeﬁTpaHH SABJICHHUC BPpCAHOC, TAK KdK IIPUBOAUT K
TOMY, 4YTO HAIIPSDKCHHUA MOI'YT OTIIMYATLCA OT

) J]/\/§ . Ha oxgnoil u3 Qa3 HampsikeHUEe MOXKET

pPE3KO YMCHBIIUTBHCS, a Ha JPYTUX Pe3KO
Bo3pactn (puc.1.46). da3Hbie HaNpsHKCHHUS Ha
HarpysKe P STOM OIPEIEISIFOTCS KaK:

Uag=Ua-Upn: Up=Up-Uy;U =Uc-Uy.

Pucynok 1.46 — Hanpsikenne  Takasi cuTyanus HEJOIyCTUMAa C TOYKU 3PEHUS
CIIBUTa HEHTpaTH O0e3omacHOil ~ pabOTBl  AIEKTPOTEXHUUYECKUX
YCTPOMCTB (Harpy3ku), BKJIIOUEHHBIX B Takyl ceTh. Hannume HeWTpanbHOro
IIPOBOZA C CONpPOTUBIECHHEM Z4 << Ry BblpaBHHUBaeT HanpspkeHUs Ha (aszax

noTpeduTeNei B ciiydae HECUMMETPUM HAarpy3KH, Tak Kak caMa CucTeMa

In Fig. 1.45, the electric circuits and phasor diagrams are shown,
respectively, for a star-connected load (a) and delta-connected load (b). In both
cases the load is balanced, a resistive-inductive one.

Figure 1.45 — Electric circuits and phasor diagrams for a star-connected load (a) and
delta-connected load (b)

If the phase impedances are not equal to each other by the absolute value of
Zpn and (or) by the @pn angle, this load is called nonbalanced. The load can be
connected in delta and wye with the neutral point as a phase to neutral voltage
remains constant. But when the load connected in wye without the neutral wire
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(midpoint wire) therefore we have an unbalanced load and a neutral bias voltage
Uy . Itis equal to

U _YaUa+YpUp+YcUc
=N Y o+Y,+Y,

1 .
Y, = are the total complex conductivity of the
=C

The emergence of a neutral bias voltage is
harmful, as it leads to the fact that a phase voltage

may vary from the value of U,/+/3. A phase

voltage can sharply decrease, while others increase

sharply (Fig.1.46). In this case the phase voltages
across the load are defined as:

Us=Ur-Uyn; Up=Ug-Uy;U.=Uc-Uy.

This situation is unacceptable from the point

Figure 1.46 — Neutral bias ~ OF view of safe operation of electrical devices

voltage (loads) that are included in such a network. The

presence of the neutral wire equalizes the phase

voltages across the phase loads in case of a nonbalanced load as a three-phase

phases EMF system
¢dazubix D/IC cummerpuuHa U (azHast Harpy3Ka BKIIOYAETCS] HEMOCPEICTBEHHO Ha

¢asznoe Hanpsprenue ucrounnka Ug =U 5/ x@ .

OpHako 1O HEWTpalbHOMY NPOBOJY B CiIyda€ HECUMMETPUM Harpy3Ku
IPOTEKAET TOK, KOTOPHIA PAaCCUMTHIBAECTCS KaK BEKTOpHas (WM KOMIUIEKCHAs)
cymma (Qasnbix TokoB: Iy =1,+1y+1., mo3tomy u BaxkHO, 4TOOBI Ry OBLI
HaMHOT'O MEHbIIE YeM Z g, .

MomHocTs TpexdazHoii nenu. AKTUBHAs MOIIHOCTh Tpexda3HOW Lenu
COCTOUT U3 aKTHUBHBIX MOIIHOCTEN (pa3. Tak, s CHMMETPUYHOM HArpy3Ku

Po =Uqlc080y; Py =3Fy, roe ¢o — yroa casura Mexiay (asHbIMH
HalpsDKEHUEM M TOKOM.  AHQJIOTMYHO  MOKHO
ONPENEIUTh PEaKTUBHYIO MOIIIHOCTh

Qp =UglaSingy; Qpy =3Qg-

7 [Tomnast wMomHOCT, (a3pl  ompenenuTcs o

¢ Z. W3BECTHON  (opmyre SCD:\/P(§+Q§); a BO BceW

Tpex(a3HOl ey, COOTBETCTBEHHO, KaK Sy =3Sp.

Pucynok 1.47 —

N3mepeHne akTuBHOM
MOIIIHOCTH B CJIy4ae

CUMMETPUYHOMN HArpy3Ku 202



Wi nnave Sy =3Sq =g lg =/l .

J1s1 HeCUMMETPUYHOM HAarpy3Kd MOLIHOCTb HAaJ0 BBIYHUCIATH OTAENIBHO JUIs
KaKI0M (pa3bl:
Py =U,l cosp, +Uylcospy +U I cospg;
Qs =U, I sing, +Uylysing, +U I sing,.

[Ipyn mepexitodeHUH MOTPEeOUTENS CO ““3BE3JIbI

), Ha  “TPEYroJbHUK” JIMHEWHBIE TOKH W  IOJIHAs

HOTpC6JIHeMa}I MOIDHOCTBb BO3pAaCTAarOT B TPU pa3la:

2

Ug Uyxg Uj

Sy =3Sqpy =Wy loy =34 - =1,
Y DY oy loy B Vaze 7o

Pucynoxk 1.48 —
N3mepenne akTUBHOM

MOIIHOCTH B CITyHae Sp =3Spa =3Uaprlor =3U] U_ — 3U_ﬂ
HECHMMETPHUYHOM Ly Lo
Harpys3Ku

N3mepenre akTUBHOM MOIIHOCTH B Clly4ae
CUMMETPUYHOM HArpy3KH Mokas3aHo Ha puc. 1.47, npu stom B, =3R), a B cityuae

HECUMMETpPUYHON Harpy3ku — Ha puc. 1.48. Ilpu 3TOoM cymMMapHas MOIIHOCTb
paBHAETCA anreOpandeckod CyMMe MOIIHOCTEH, HW3MEPEHHBIX OTAEIbHBIMU
BarT™MeTpaMu P =Ry, +Ry,, HO OTHE/IBHBIN BaTTMETP HHMKAKYIO PEAIbHYIO

MOIIHOCTb HC U3MCPSCT.
iIs symmetric and a load is switched on directly to a phase source voltage
Up, =U, /+/3. However in the case of a nonbalanced load a current flows in the

neutral conductor, which is calculated as a phasor sum of the phase currents
Iy=1,+1,+1;, so, it is important, that the resistance Ry, of the neutral wire is

much less than a phase impedance Zp,.

Power of a three-phase circuit. Active power of a three-phase circuit
consists of active powers in the separate phases. So for balanced load

Peh =Upnlprcosopn; Pepy =3Fpp  where  gpy
Is a shift angle between a phase voltage and
current. Similarly, you can determine reactive
power

Qph =Upn!prsinephn; Qphy =3Qph.
s 1 Total power of a phase will be determined

Figure 1.47 — Measurement by the well-known formula
of active power

in the case of a balanced load Sph = */PPZh +Q%h; and in the whole
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three-phase circuit respectively Sg 5 =3Sg,.

Or otherwise
Sphy =3Swph =3Upnlpn =v3UL 1.

For nonbalanced load active and reactive
power of a circuit should be calculated
separately for each phase:

Py =U,l cosp, +Uylycospy +U I cosp;

Figure 1.48 — Measurement Qy =U,18ine, +Uylsine, +U I Sing.
of active power in the case ofa  When a load is switched on from “wye” to
nonbalanced load “delta”, the line currents and total power of a
circuit are tripled:
2
U, _ UL
Sy =3Sphy =3Upny Iphy =3 ;
Yy =35phy =3Upnylpny = \/— Zer  Zer
U 3u?
Sa =3Spha =3Upnalpha = 3U|_ZL ‘Z—L-
Ph ZPh

Measurement of active power in the case of a balanced load is shown in Fig.
1.47, and in the case of an nonbalanced load is shown in Fig. 1.48. The total power
is equal to the algebraic sum of active powers measured by a separate wattmeter ,
but a separate wattmeter does not measure no real power.

1.4. Ilepexoanbie MPOUECCHI B JJIEKTPUYECKHUX HENsAX

1.4.1. OcHnosHble nonamus 0 nepexooHbvIX NPOUECCAX 6 INEKMPUUECKUX
uensax. Kommymauyusa u 3axkouvl kommymayuu. Oéwue npuHuyunvl aHaaiuza
nepexooOHbIX NPOUeccos.. Bkuiouenue u omkinouenue pazHvlx nompeoumeeil 6
uenu ¢ nocmoaunoii 3/C

Panee paccMatpuBauch 3IEKTPUUECKUE LIEMTH MTOCTOSIHHOTO W IEPEMEHHOTO
TOKa, B KOTOPBIX TOKH, HanpsbkeHuss U DJ{C UMEI0T yCTaHOBUBIIMECS 3HAYCHUS.
OnHako, B DJEKTPUYECKUX LEMSAX IMPOUCXOIST TMPOIECChl  BKJIIOYCHUSA,
OTKJIFOYEHHUSI, T.€. TaK Ha3blBaeMask KoMMymayus — TPAKTAUYECKA MIHOBEHHOE
M3MEHEHUE COCTOSIHUS BCEM LIENU WM OTHENbHBIX €ro BeTBeu. [Iponecc nepexona
MapaMeTPOB BJECKTPUUYECKON 1IeNMM OT OJHOI0 YCTAHOBUBIIETOCS COCTOSIHUSI K
JIPYrOMYy Ha3bIBAECTCSI NEPEeXOOHbIM NpOoyeccoM. ITH TMPOILECCHl COMPOBOXKAAIOTCS

CIIO)KHBIMHU 3JIEKTpOMAarHuTHbIMU siBineHussMu. Ha puc. 1.49 mokazansl 1, 2 —
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YCTaHOBUBIIUECS Mpoliecchl; 3, 4 — mepexoAHble Mpoiecchl (B YaCTHOCTH, 3 —

Ui A anepuoauvYecKuil mpouecc; 4 — KojiedaTeIbHBIN MPOIIECC).

T /Pt} [Ipy 5TOM TOKM M HaIpsKEHUS B JIEKTPUUECKOU IENU

1 HU3MCHAKOTCA BO BpPCMCHU H MOI'YT JOCTHUIATbh 3Ha"IeHPII>’I,

2
t KOTOPBIC MHOI'OKpPATHO HPCBBIMIAKOT HUX YCTAHOBHUBIIHNCCA

3HAYCHUS. Tak, HaIpumep, IyCK DJIEKTPOABUrATEIIS

Pucynox 1.49 —

[Iepexonnbie u

ycTaHOBHBINHecs —COIPOBOXKIATBHCSA BCIUIECKOM TOKa, KOTOPBIM MOYKET B JECATKHU

INOCTOSSHHOI'O TOKa Ha HOMHUHAJIBHOC HAIIPSKCHUC MOKCT

IIPOLECCHI pa3 IpeBbIIATE HOMUHAIIBHOE 3HAYEHHUE, YTO OYEHb OITACHO
JUIsl OOMOTOK JIBUTATENs, B YACTHOCTHU JUISI SIKOPHOM TIETIH.

B wmemom, komMyTanusi M CBSI3aHHBIE C HEW MEPEXOJHBIE IPOLECCHl B
AIEKTPUUYECKUX IEMSAX SBJICHUE BPEAHOE C TOUKHU 3PEHUS MOJIydeHHUs O0e30macHOoM
U HaACKHOM paboThl »yeKkTpoamnmnapatypbl. KoMmyTamuss B 3JIEKTPUYECKUX
MalllMHAaX IMOCTOSTHHOTI'O TOKa IPU CKOJIBXEHUHU IIETOK MO KOJUIEKTOPY BBI3BIBAET
MOBBIIIEHHOE HCKpeHHWEe M u3HamuBaHue. C Jpyrodl CTOPOHBI, NEPEXOIHBIE
IPOLIECCHl 3aJI0KEHBI B MPUHLMI JIEUCTBUS HEKOTOPBIX JJIEKTPOTEXHUYECKUX
ycTpoiicTB U mpubopoB. C yderoM BCEro BBHIINIECKA3aHHOTO, TMEPEXOIHbIC
MPOIECCH  HEOOXOJAMMO YMETh PacCUMTBIBaTh, UTOOBI MPEABUACTh HX
nocneacTBud. CHOXKHOCTh JJIEKTPOMAarHUTHBIX —SIBIICHUM TIPU  NEPEXOIHBIX

nmponeccax O6YCJ'IOBJ'I€H& HaJIMYUECM MHAYKTUBHBIX U €CMKOCTHBIX 3JICMCHTOB,

1.4. Transient processes in electric circuits

1.4.1. The basic terms of transient processes in electric circuits.
Commutation and laws of commutation. General principles of transient analysis.

Switching on and off various loads in a circuit with a direct EMF

Previously, AC and DC electric circuits were considered, in which currents,
voltages and EMF have steady-state values. However, in electrical circuits, the
processes of switching on and switching off, i.e. the so-called commutation is an
almost instantaneous change in the state of the entire circuit or its individual
branches. The process of transition of the parameters of an electric circuit from one
steady state to another is called a transient process. These processes are
accompanied by complex electromagnetic phenomena. In Fig. 1.49 1, 2 -
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established processes; 3, 4 — transient processes (in particular, 3 - aperiodic
process; 4 - oscillation process) are shown.
In this case, the currents and voltages in the electrical circuit change over
time and can reach values that are many times higher than their steady-state values.
ul A So, for example, a DC motor start at the rated voltage can be
T /Pt_}' accompanied by a surge in current, which can be tens of times
I higher than the rated value, which is very dangerous for the
R motor windings, in particular for the armature circuit.
In general, commutation and associated transient
Figure 1.49 — . . o
Transient ang  Processes in electrical circuits are a harmful phenomenon from
steady-state the point of view of obtaining safe and reliable operation of
Processes electrical equipment. Commutation in DC electric machines
when the brushes slide along the collector causes increased sparking and wear. On
the other hand, transients are embedded in the principle of operation of some
electrical devices and devices. With all that said, transients need to be calculated in
order to anticipate their consequences. The complexity of electromagnetic
phenomena during transient processes is due to the presence of inductive and
capacitive elements,

KOTOpBIC HE MOT'YT MTHOBCHHO M3MEHSATh MMEIOLIYIOCS HEPTHIO, TOTJa KaK cama
KOMMYTAllMsl IPOUCXOJUT MPAKTHYECKH MTHOBCHHO. OTa HMHEPLUUOHHOCTb
YUUTBIBACTCS C TIOMOIIBIO ABYX 3aKOHOB KOMMYTAI[HH.

1" 3axkon kommymayuu. ToX B WHIYKTHBHOM O3JIEMEHTE HE MOXET
M3MEHUTBCS CKAuKOM, T.€. MTHOBEHHO (C pa3pbIBOM IIPOU3BOAHOI).

i (-0)=i (+0) mpu t=0, mpuuem t = — 0 wm t = +0 — ToT *Xe camwiii
MOMEHT BPEMEHH, HO JI0 U MOCIIe KOMMYTAIHN.

I/IBBGCTHO, qTo HH,HYKTI/IBHblﬁ 9JICMCHT 3allaCacT MAarHuTHYK OJSHCPIUIO

2 -
LI ow, .di
W,, = ——, 1ipu 3TOM MIHOBEHHasl MOIIIHOCTb TAKOT'0 Mpolecca pP,, = =LI—.
2 ot dt
di
Ecmu AOIMYCTUTb, YTO TOK MOXCT HU3MCHUTHCA CKA4YKOM, T.C. a —> 0, IJTO

O3HauyaeT, 4ro pP,, —>oo. OgHAKO B MNPUPOAE HET HCTOYHUKOB OECKOHEYHOM

MOIIHOCTH, IIO3TOMY CKa4OK TOKa B UHAYKTUBHOM 3JIEMEHTE HEBO3MOIKEH.
2" 3axon kommymayuu. Hanpspkenue Ha EMKOCTHOM DIIEMEHTE MIHOBEHHO

M3MeHHThCs He MoxkeT Ug (—0)=Uc (+0) mpu t=0.
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2

. U
EMKOCTHO# S7TeMeHT 3amacaeT SIeKTpHuecKyo sHepruto W, = —C

, IOTPeOIsis

oW duc

MT'HOBEHHYIO MOIIHOCTb P, = &3 =Cuc o Ecnu Obl HanpsKeHre U3MEHSIIOCh

du
MTHOBE€HHO, T.€. d—tC —> 0 , 9TO O3Ha4YaJ1o0 6BI pe —> 00, YTO HEBO3MOIKHO.

O01mme NpUHUUIIBI AHAJIU3A MEePEXOAHbIX MPOLECCOB

Paccuurath HGpGXOI{HBIfI IMponecC — 3TO OMPCACIUTE BO BPCMCHH XapPaKTEP
u3MeHeHus Toka I(t) wiam Hampspkenus U(t). C 3Toi meabio s IeNH, KOTopas
06paSOBaJIaCI: IIOCJIC KOMMYTAIlMH, 3aIlMCBIBAIOT YPABHCHHUA OJII MI'HOBCHHBIX
3HA4YCHUU HaHpH)KeHI/Iﬁ U TOKOB C HCIIOJNIB30BAHHUEM 3aKOHOB Kprroq)a. Ot
YPaBHCHUA, BBIPAKCHHBIC YCPE3 TOK B HHAYKTHBHOCTH WM HAIPSAKCHUC Ha
€MKOCTH, SABISIOTCS Au(depeHunanbHbiMU. Pemienne Takux nudQepeHnnaibHbIX
YpaBHEHUI €CTh CyMMa JIBYX COCTABJISIONINX: YCTAHOBUBIIIECHCS U CBOOOIHOM

=iy +ig; U=Uy+Ug,.

YcraHoBuBIIIEECS 3HA4YEHHUE — YacTHOE PCUICHUC I[I/I(b(l)epeHHI/IaJIBHOI‘O
YPaBHEHHUSI, COOTBETCTBYIOIIEE YCTAaHOBUBIIEMYCSI PEKHUMY, KOTOPbIA BO3HUKAET
which can not instantly change the available energy, while commutation occurs
almost instantaneous. This inertia is taken into account using the two laws of
commutation.

1™ law of commutation. The current in an inductive element cannot change
abruptly, i.e. instantly (with derivative discontinuity).

i (-0)=i (+0)att=0,atthatt=—0 ut=+0 isthe same point in time,

but before and after switching.

: N . LI?
It is known that an inductive element stores magnetic energy W, ==

: : W _di :
while the instantaneous power of such a process p,, = aatM = ng . Assuming that

the current may change abruptly, i.e. %—) oo, it means that p,, — o . However, in

nature there are no sources of an infinite power, so the current step in the inductive
element is impossible.

2™ law of commutation. The voltage on a capacitive element can't change
instantly uc(-0)=uc(+0) at t=0.
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U

A capacitive element stores electric energyW, = , consuming instantaneous

power p,= 5¥e =Cuc di If the voltage is changed instantaneously, i.e.
dstC — oo , it would mean p, — oo that it is impossible.

General principles of transient analysis

To calculate the transition process is to determine the nature of change of a
current i(t) or voltage u(t) in time. For the circuit, which was formed after
switching, we can write the equations, using Kirchhoff's laws, with the
instantaneous values of voltages and currents. These equations, expressed by the
current in an inductance or the voltage across a capacitance, are differential. The
solution of such differential equations is the sum of two components: steady-state
and free

=i +1;; U=Ug +U;

The steady-state component is a particular solution of the differential
equation corresponding to the steady-state mode, which occurs
yepe3 JOBOJIBHO OOJIbIIME TPOMEXKYTKHM BpPEMEHHM TIOClIe KOMMYTAllUU U
oOycinoBieH BiusHueM UcTOUHUKOB DJ[C. CB0OOOIHASI COCTABISAIONIAs BO3HUKAET
3a CUCT HU3MCHCHHUA MAIHUTHOTO M JJICKTPHUYCCKOIO IO B MHAYKTHBHOCTH H
emkocTtd. CBOOOJHAs cocTaBisiomIas — oluiee pemieHre AU epeHInaIbHOro
ypaBHEHUS, KOTOPOE OTBEYAET TOJIBKO NEPEXOJHOMY TMHAMUUYECKOMY PEXUMY 0e3
BIUsSHUS UCTOUYHUKOB DJIC.

N3 teopun nuddepeHraibHbpIX ypaBHEHUNH U3BECTHO, YTO

i, = Ae™; u, =Ae",
rae Ai u Ay — TOCTOSHHBIE UHTETPUPOBAHUS;, p — XaPAKTEPUCTUUECKUN TTapaMeTp;
e — OCHOBa HarypajibHOro jorapudma. IlocTosiHHbIE HHTErpUpPOBAHUS JIS
CBOOOJTHBIX COCTABIISIONINX OMPEEISIOTCS W3 HAYalbHBIX ycioBui mpu t = 0 Ha
OCHOBC 3aKOHOB KOMMYTAallHH. Haz[o TAaKX€ IIOMHUTH, YTO B LCIIAX ITIOCTOAHHOI'O
TOKa MHAYKTUBHOCTBH Cpa3y MOCJIC KOMMYTAIlUU SABJISICTCA pa3spbIBOM ILICIIN, A ITOCJIC
OKOHYaHMSI IEPEXOJHOI0 Ipolecca — 3TO KOPOTKO3AMKHYTBHIM ydacTok. Jliis

E€MKOCTH BCE Ha00OPOT.
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BkJjloueHue U OTKJIIOYeHHEe KATYIIKH HWHAYKTHBHOCTH B
IeNU MOCTOSTHHOI0 TOKA.
Bxiarouenune. Ha puc. 1.50 pgana snmekrpuyeckas Iienb, TJe
u3BeCTHHI 3HaueHus E, R, L, a Q — kimrou. HavanbHbie yciioBus:
COOTBETCTBEHHO NIEpBOMY 3aKOoHY KommyTarmu nipu t =0, i =0.
Hano maiitn i(t), ug(t), ug (t).

[To BTOpOoMy 3akoHy Kupxroda st anexkTpruueckon nenu

Pucynoxk 1.50

_ Brmouenpe  10C7€ KOMMYTaIlu{ u +ug=E, COOTBETCTBEHHO
KaTYIIKA muddepennmansHoe ypaBHEHHE 0y1€T UMETh BU/T
MHIIyKTHBHOCTH di _
L—+Ri=E.
dt
Pemenne Oymem wuckatb B Buiae 1=Iiy+Iy, Tak Kak npu t—>oo

HHAYKTUBHOCTb CTAHOBHUTCA KOPOTKO3aAMKHYTBIM YY4aCTKOM. Kak Onu10 YKa3aHo

i di
panee, I, :Aept. [Tycth p:a, TOrJa JUISI HAXOXKICHUSA p ONpPENeIIuM

di .
NPOU3BOJHYIO d_iB: pAeP' u moxcraBMM ee B MCXONHOE ypaBHEHHE C HpPaBOii

4acThi0 paBHOM Hymr0 Lpi., + Ri,, =0.
after rather long periods of time after switching and depends on the influence of
EMF sources. The free component arises due to changes in electric and magnetic
fields in inductance and capacitance. The free component is a general solution of
the differential equation. It corresponds only to the transient dynamic mode
without the influence of EMF sources.

From the theory of differential equations it is known that
i =AeP: u;=Ae™,
where A; and A, are the constants of integration; p is the characteristic parameter; e
is the basis of the natural logarithm. The constants of integration for the free
components are determined from the initial conditions at t = O based on the
switching laws. We must also remember that in DC circuits inductance
immediately after switching is an open circuit, and after a transient process is a
short-circuited part of a circuit. For capacitance is all the way around.
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An inductance coil switching-on and switching-off ina DC
circuit.

Switching-on. In Fig. 1.50 the electrical circuit is given,
where the known values of E, R, L, and Q is a key. Initial
conditions: according to the first law of commutation at t =0,
i =0. We need to find i(t), ug(t), u,(t).

Figure 1.50 — According to Kirchhoff's voltage law for the electric

Aninductance  cjrcyit after the switching u, +ug =E, respectively, the
coil switching-on

differential equation is

Lﬂ+ Ri=E
dt

The solution will be sought in the form i=i; +i; as t —» o the inductance

becomes a short-circuited part of the circuit. As mentioned earlier, i; = Ae™.

' di
Let ng, then to find p we define the derivative d_tf: pAeP and

substitute into the original equation with right side is equal to zero Lpi; +Ri; =0.

Otcrona p = —IE.

1

Ha IMPAKTHKC IPUMCHACTCA BCIIMYMHA TZ‘—‘zR — IIOCTOsIHHAasA BPEMCHHU,

P
KOTOpasi XapaKTepu3yeT CKOPOCTh MPOTEKaHUs MEePEeXOJHOro  mpolecca.
CuuTaercs, 4TO NEPEXOJHON MPOLECC MPAKTUYECKH 3aKaHYMBAETCS 32 BpEMS

t..= (3 + 5)17. O6miee pemenue audepeHImaIbHOTO YpaBHEHHUS UMEET BUJT

t
. E t E T
i=_+AeP="+Ae *.
R A R A

I/ICHOHIBYSI Ha4aJIbHBIC YCJIOBH, MOXXHO 3aIINCATh

E E
0= R + A, OTKyJa MOCTOSIHHAs MHTErpupoBanus A =——.
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OKOHYATEJBHO | = E_ %e_t” = E (1— e t/t )

HanpsokeHus Ha pe3UCTOPe M HHAYKTUBHOCTH OIPEICIISIOTCS TaKUM
oOpazom:

Ug =Ri= E(l—e‘”’); u = L9 LEe‘”T(l): Eet/",
dt R T

I'padpuxu mepexomubix mponeccos i(t), Ug(t), u, (t) moxasaner Ha puc. 1.51

i
R .
E T L E 1= iy+lca
z
~
t_ / lCB
J 5 /
| z T - % /
a O 8

Pucynok 1.51 — Ilepexoansie mpouecchl Npy BKIOUEHUH KaTYIIKA UHIYKTUBHOCTH

From here p= —B.

: 1] L . : :
In practice, the value rzH:R is the time constant that characterizes the
P

rate of the transient process. It is believed that the transient process is almost over

for the time t; =(3+5)r. The general solution of the differential equation has the
form

t

. E t E T

i=_—+AeP=_"+Ae .
R A R A

Using the initial conditions, we can write

E
O0=—+A
R HA
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: _ E
where the constant of integration is A =R

; . E E_ 4 E —t/t
Finally i=———¢ =—I\l—-e .
y R R R( )

The voltage across the resistance and inductance are determined as follows:

. B d  E (1 _
Us =Ri=Ell—e V") u =L—=L—¢ ”’(—j:Ee iz,
R ( ) L dt R T

Graphs of transient processes is shown in Fig. 1.51

AU ru, EN_ b
R
E 4 T - E l: is+l.’
£
it =
{ /// {
a b C

Figure 1.51 — Transient graphs at the inductance coil is switching-on

OTtkiarouenne. Ha puc. 1.52 nana cxema, rae Q — kimrou, a 3Hauenne L, R, E u Ry,

(compoTuBieHne Kito4a) u3BecTHbl. Hano waiitu i(t), u,,(t), u (t), ug(t) mpu

. E
HaYaJIbHBIX ycoBusix: npu t=0 1= R

ITo BTOpOoMy 3akony Kupxroda
u_+ug +u,, =E, te.

Lﬂ+(R+ R)I=E
dt

Pucynok 1.52 — Otkitouenue
KaTyIIKH UHYKTUBHOCTH E

Hiem | = iy +lg, , TOC iy =

R+R

KJI
t

iCB = Aie_; .

N3 xapakTepucTH4eCKOro ypaBHEeHHUSI
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L pig, + (R+R,)ig =0

L
OIIpCACIIACM ITIOCTOAHHYIO BPCMCHU T = |—|= .
p| R+R
Pemrenne B 0011eM Buze
_t
=1, +i,, = +Ae T.
Y% R+R

KJI

I[JI?I OIIPCACIICHUA MOCTOSIHHOM HHTCIPUPOBAHUA Ai BOCIIOJIB3YEMCs

HAYaJbHBIM yCIIOBUEM — mpu t =0

R R+R, (R+R,)R
E R -
COOTBETCTBEHHO, | = 1+ *e T |:
R+R,, R
ER R - ER R -
Ugr =Ri= 1+ e *;u,=R,i= 1+ —Re T
R+R,| R R+R,| R
t
di ER., -
L=L—=- §
d R

Switching-off. In Fig. 1.52 the circuit is given, where Q is a key and the value L,
R, E and Ry of the key (key resistance) are known. We need to find i(t), u,(t),

up (t), ug(t), with initial conditions t=0,

According to Kirchhoff's voltage law ,
UL +UR + Uk = E,ie.

Figure 1.52 —

An inductance coil switching-off L% +(R+R)i=E.

We find solution as i =ig +1i¢ , where ig =

R+Ry
_t
if =Ae T
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From the characteristic equation
L pif +(R+ Rk)if =0

L
R+Ry

The solution of the differential eqauation

determined the time constant t = H:
P

t
+Ae T.

i=g+n=R+Rk

To determine the constant of integration A; we use the initial condition at
t=0

E: E +A1',F,Z[6Ai=i.
R R+Rg (R+Ry)R
. . Rk T
Accordingly 1= 1+—Fe T |;
+ Rk R
+ Rk R R+Rk R
d ER -
L= L9 _ERk .
d R
ER ER
Ilpu t=0 u, = RKH , uto paBHsieTcst DIC camounaykiun U, = RKH .

Ecrm R, >>R, 10 U, >>E. OT0 MOXET IpHBECTH K MPOOOIO IEKTPUUYECKOM

U30JISIIIMN, 0OTOPAHUIO KOHTAKTOB M IPYTUM OTPHUIATEIBHBIM sIBICHUSAM. [loaTOMY
IpU OTKJIIOYECHHHM [eNed CO 3HAYUTENIbHOW HWHIYKTHBHOCTHIO, MapaJUIeIbHO
BKJIIOYAIOT Ppa3psIHbIE PE3UCTOPBl R, KOTOpBIE CYIIECTBEHHBIM 00pa3oM
yMmenbmaroT IJC camonnaykuuu. OnHa W3 BO3MOXKHBIX CXE€M IPUBEIACHHAs HA
puc. 1.53. Ilpu OTKIIOYECHHUH TOK OCTaeTcs B KOHType abc, mosromy ero wu

HampsbkeHue Uy, (t) Hamo HaiTH.

B ciydae MTHOBEHHOI'O

b OTKIIIOYCHHUA Oemnu Ha OCHOBAHHUH

Pucynoxk 1.53 — OTxmrouenue
KaTYIIKA UHIYKTHBHOCTH
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BTOpOTO 3aKoHa Kupxroda s KoHTypa abce 3anuiieM:
di
R+ _—L— 1581071 L—+| R+R) )=
(R+R,) o HiR+R,)=0

Hauanbubie ycnoBust —ipu t=0 i = R’

YcranoBuBIasICs coCTaBjromas ToKa iy =0.

JIns HaX 0K IeHUST CBOOOTHOM COCTABIISIIONICH MOYKHO 3aIllicaTh

di

CB 4 CB(R+ Rp)=0,

rae e = A,e at= — IIOCTOSIHHAsI BPEMCHH.

R+ Rp
HO HepBOMy SaKOHy KOMMYTaI_[I/II/I TOK ILICIIM B MOMCHT BpeMeHI/I

HCIIOCPCACTBCHHO ITIOCJIC OTKIIFOYCHUA PABHACTCA
, - E
i(0)=Ae"=A=—

Torma Tok HaiieM U3 BBIpaKCHUS | = Ee_t/ v,

Att=0 uy = ETTK that is equal to the EMF of self-induction U = E—sk If

Rk >>R, then uy >>E. This can lead to the breakdown of electrical insulation,

erosion of the contacts and other negative phenomena. Therefore, switching-off of
the circuits with significant inductance, they include discharge resistors in parallel
to substantially reduce the self-induction EMF. One of the possible circuits is
shown in Fig. 1.53. When we switching-off the circuit the current remains in the
loop abc, and therefore the voltage u,,(t)
must be found.

In the case of the instantaneous
circuit switching-off, on the basis of
Kirchhoff's voltage law for the loop abc we
can write

Figure 1.53 — An inductance coil
switching-off
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| di  di
|(R+Rp):—Ld—: or Ld—:+|(R+Rp):O.

Initial conditions —at t=0 is

R

The steady-state current component is ig =0.
To find a free component we can record

L%+if(R+Rp):O

IS the time constant.

where i; = Ae V", and t=
R+R,

According to the first law of commutation the current circuit directly after
commutation is equal to

(0)=Ae =A==
Then the current will find from the equation
i—Eetr

R

Takum  oOpa3zom, cpasy Tmocie OTKIIOYCHHS TOK  CHajaer  Io
SKCIIOHCHIIMAJLHOMY 3aKOHY, a HampspKeHHE MEXay y3idamMu a u b MOXHO

3aI1ucaThb KakKk
t

u,i L
E% Ugy =R = Bee
NER =R
] —
E p Hanpsbkenne mexay y3mamu @ u b cHawana
S R
LTt ”  paBHSETCS 3HAYEHHIO FPE’ a TOTOM II0 DKCIIOHEHTE
Pucynoxk 1.54 —

ymeHbIiaeTcs. ['paduky u3MeHeHni Toka U HaNpsKEHUs

IlepexoaHeie mporeccsl rrokasansl Ha puc. 1.54. [Ipy OTKIIOYEHHH Ha PE3UCTOPE
IIpHU OTKIIFOYCHUHA E 2

KaTYIIKU R, OyayT morepu MOIIHOCTH R’ a, C Ipyrou CTOPOHHI,
p
HAYaJIbHOE HANPSDKEHUE Uy, IPSIMOIPONOPLUOHAIBHO BEIUYMHE 3TOr0 PE3UCTOpa
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1 HE JIOJUKHO OBITH CIMIIKOM OOJBIIMM, MO3TOMY R, ,kak mpaBuio, Oepercs Ha
opsA0K OoJibie yeMm R.

33[)51[1 H pa3psil KOHIACHCaTOopa B I€NIN IMOCTOSTHHOTO TOKA.

Bapsaa. B mpomecce 3apsga  oOkimaaku  KoHzaeHcatopa (puc. 1.55, a)
MOJTy4aloT PaBHBIC MO 3HAUCHHUIO, HO Pa3HbIC MO 3HAKY, DJIECKTPUYCCKHE 3apsibl.

Havanbubie ycroBust — npu t =0

u,i
9 R E|. Uc =0.
— 11— o\
— Y RN ITpu 3ambikanny kmoua Q
“&lm==c £ m

E ”Cl__ “; Mexmy 00KIIaIKaMK
KOHJ/IEHCATOPa BO3HHUKACT

a 6 JNEKTPUUYCCKOE MOJIe M B IENHU

HaYHUHACT IIPOTCKATb TOK
E-uc
R
OTOT TOK CHayajia OrpaHHUYCH TOJIBKO COIIPOTHUBJIICHUCM IICIIN. Ilo MCpPC

Pucvuoxk 1.55 — 3apsan konneHcaTona

HaKOIUICHHUA 3apAa0B Ha O6KJIaI[KaMI/I KOHICHCATOpa YBCIMYNBACTCS HAIIPAXKCHHC
Uc MEXOY 06KJ'IaI[KaMI/I, H BCJICACTBHC 3TOI'O YMCHBIIACTCA 33pﬂI[HI;II>i TOK B IICIIH.

HcxonHoe ypaBHEHME A KOHTypa mocie Kommyrauuu Ug +Uc =E, a

. du
nocjie  MOACTaHOBKU  Ug =RI; 1= Cd—tc, noinyyaeM  auddepeHunaibHoe

YpaBHEHHUE RCdstC +Uc =E.

Thus, immediately after switching-off the current decreases exponentially
and the voltage between nodes a and b can be written as

u,i _t

| E%{ uab:Rpi:%Ee T
;_ Firstly the voltage between nodes a and b is equal
LTS t> to the value %E and then exponentially decreases. The
Figure 1.54 current and voltage curves have been shown in Fig. 1.54.
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2
When switching-off the loss of power E—Wi” be in the resistor R,, and, on the
p

other hand, the initial voltage u,, is proportional to the value of this resistor
should not be too large, so R, usually is taken bigger than R value by ten times.

Charge and discharge of a capacitor in a DC circuit.
Charge. In the charge process the capacitor plates (Fig. 1.55, a) are given
equal value but different in sign to the electric charges.

0 R Al Initial conditions are uz =0 at
——. &N t=0.
T \\3) E _________ .
E R”Cl:: C Uc When the key Q is closed
t; an electric field arises in a
_ circuit between the capacitor
a b plates and current starts to flow
Figure 1.55 — Charge of a capacitor i — E-uc

R
This current is initially limited only by the resistance of the circuit. The
accumulation of charges on the capacitor plates increases ,and also the voltage of
the uc between the plates increases , and consequently, a charging current in the
circuit reduces.
The original equation for the circuit after switching-on ug +uc; =E, and

after substitution ug =Ri; 1 = CdstC , we obtain the differential equation

dt

Ero perenue Oyzaem uckathb B BUAC Uc = Ucy + Uceg -

Io oxonyanuu 3apsina Ucy, =E. CBOOOIHYIO COCTABJISIFOIITYIO Uc,, Haizem

duCCB

u3 pewmeHus ypasHenus RC +Ug,, =0. Pemenne umeer Bua Ugg, = Ae™,

duCCB

1
yCcTh P = , TOTJa IMOJy4aeM p:_ﬁ’ a mocrosiHHas BpemeHn T=RC.

[TpubaBnsieM YCTaHOBMBIIYIOCS M CBOOOJHYIO COCTaBISIIOLIYI0 U TOJIy4dyaeM

uc =E+Ae "
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W3 naganeHbix ycnoBuil E+ A, =0; A, =—

OxoHYaTEIBHO PEIICHUC UMCECT BU:

%ZCEG_UT Ee—t/t RI—Ee_t/T.
R

T
['paduku nmepexoaHbIX MPOIECCOB MPUBEACHHI Ha puc. 1.55, 6.

Uuc =E-Eet/"= E@ e*”)i:

Pa3psin xkoHgencaropa. Cxema mnpuBeineHa Ha puc. 1.56, a, HauyagbHbIC

yecaoud —npu t=0 Uz =U¢,.

U, ! Ecnun 3aMkHyTh K04 Q, B

0 ; R y Henu cpasy obpasyeTcst
c o ]

N :ls ¢ Ppaspanubli ToK . IlpoTexannue

u +
R |
u Cl—f C . pa3psiAHOTO TOKa Oyzner
i
U, BBI3BIBATH YMEHBIICHUE 3apsja

R 5 KOHJICHCATOpa Y HAINpPSHKEHUS Ha
a
€ro 3aXuMax TMPAKTUYECKH K
Pucynok 1.56 — Pa3psin koHaeHcaropa HymO. YuuTBIBas TO, YTO |
: duc
HarmpaBjeH BCTpedyHO K U, 1=—C-—=. Torma, COOTBETCTBEHHO YypaBHEHUIO
¢ dt

Ug —Uc =Ri—Ug =0, tudpdepernnansHoe ypaBHEHHE HMEET BU

rc e Ly 0.
dt

The solution of that equation will be sought in the form . uc =ucg + Uct

At the end of charge we have uc, =E . The free component uc will be found

duc
from the solution of the equation RCT-FUC]: =0 . The solution is ug = Ae™.

ducs
Let p= ?then p= _RLC so the time constant is t=RC. If we add the steady-

state to free component u- =E + AJe‘” '
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From the initial conditions we have E+ A, =0, A, =-E .

The final solution is:
Ue =E-Ee/ =Efl-e ) i= o _cEgtn_Egvry _Ri—gets
dt T R
The curves of transient processes are shown in Fig. 1.55 b.
Discharge of a capacitor. The circuit is shown in Fig. 1.56, a and the initial

conditions is uz =Ugpat t=0.

U L1 If we close the key Q in

0 ; R ", the circuit the discharge current i

I:I<u—R L ! ijs formed. The flow of the

ucl_f / discharge current will cause a

-%0 decrease of the charge on the

a b’ capacitor and the voltage on its

Figure 1.56 terminals is practically zero.

Given that the current i is

directed oppositely to uc that is i:—Cd;tC . Then, according to the equation

Ug —Uc =Ri—ugs =0, the differential equation is

rc e . —0
dt

C yderoM HayanbHBIX YCJIOBMH, €ro peumieHue. Uc :Ucoe_t/ T oq,

U
Cog

COOTBETCTBEHHO, | =— /" Takum o0pa3oM, TOK B IIETH U HANIPSDKCHUE TIPH

paspsijike KOHIEHCATOpa YMEHBIIAETCSA 0 HYJIS 10 OKCIOHEHIHAILHOMY 3aKOHY
(puc. 1.56, 6).

Ilepexoanblie mpouecchbl B K0JIeOATEILHOM KOHTYPe.

KoneGartenbHblil KOHTYp Toka3zaH Ha puc. 1.57. HauanbHble ycnoBus: mnpu

t=0 1=0, uc=0. CormacHo paHee W3JIOKEHHBIM NPUHIIAIIAM, 3aIHCHIBAEM
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YpaBHCHHUEC OJIs1 MI'HOBCHHBIX 3HAUEHUU HaHpﬂ)I(eHI/IfI Cpa3dy IocCJI€ KOMMYTaluu
UL + UR + UC - E .

C yweroMm TOro, 4YTo TOK 4epe3
du di

C y = :

dt

noinydaem  auddepeHnnanbHoe  ypaBHEHUE

kouaencarop 1=C

BTOPOI'O IIopAaKa

Pucynok 1.57 — Cxema
KOJIe0aTeIbHOTO KOHTYpa

d%uc
dt?

duc

LC +RC—=+uc =E.
dt

du . .
CI[GJ'I&CM 3aMeHy p = dtc 1 TOorga st CBO60I[HOI/I COCTAaBJIAKOIIICHU

MOJIYYHM YpaBHEHUE

R 1
LCp?+RCp+1=0 2, %p+ = =0
p p R LTS

Pemenne naHHOrO KBagpPaTHOTO YPaBHEHHUS

2
R R 1 2 2
AT (A N N YN AT
PL2==5 \/(ZLj LC ®0

rae 0 = R/2L — xoaddunment 3aryxanus, a oy =1/+/LC — pezonancHas

[c2 2 .
4acToTa, & 1/0° — M) — YacTOTa CBOOOIHBIX KOJEOAHUI KOHTYPA M.

CB0OO/IHYIO COCTABIISIONIYIO HANpsKEHUs Uz OyzieM MCKaTh B BUJE

Uc, = A€ Pit 1 A,eP?' a ee ycraHoBHBIIAsICS COCTABIAIOMIAs Uc, = E.

Taking into account the initial conditions, its solution uz =Uce ™",

UCO

accordingly the current is i=— e V" Thus, the current and voltage during

discharge of the capacitor decreases to zero according to the exponential law (Fig.
1.56 b).

Transient processes in an oscillation circuit.
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The oscillation circuit is shown in Fig. 1.57. The initial conditions are: i =0,
uc =0 at t=0. According to previously outlined principles, we can write the

equation for the instantaneous voltage immediately after switching-on
UL + UR + UC - E .

Given the fact that the current through the

capacitor is i=CdstC, and voltages across the

: : di :
inductance and resistance are u. =L—; ug =IR,
dt Figure 1.57 — Oscillation circuit

we obtain the differential equation of the second
order

2
duc
dt?

+RC%+UC:E.
dt

LC

du
We make a replacement p:dtc and then for a free component get the

equation

R 1
LCp°+RCp+1=00r p°>+—_—p+— =0
P P P LP LC

The solution to this quadratic equation

2
R R 1 ——
S SO . 0 I S P
PLa==5 \/£2Lj LC o

where 6 = R/2L is coefficient of damping, ®y=1/+~/LC is resonance

frequency, and @r.=+/8° — mg Is the frequency of free oscillations of the circuit.
The free component of the voltage across the capacitor will be sought as uc,

Uc, = AeP! + AeP?" and its steady-state component uc,; =E.

OxonuarensHO U = E + A Pit 1 AeP?' Torma

i =ClprAe + pyAse?),

P2 . Ay =—E Py
P — P2 P — P2

IJi€ IOCTOSIHHbIE MHTErpupoBanusa: A =E

OnpecaAcIsiEM M3 Ha4aJIbHbIX YCHOBHﬁ.

Takum 006pazom, perieHre noay4yaeM B BUJIE:
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uc =E+ pl(pze Pt _ p.€ pat ), IIPUYEM TOK MOYKHO 3aIMCaTh
1~ P2

ichZ‘E(eplt _epzt) i kak = ©
(pPL—P2) L(py— P,)

B 3aBucuMoctu OT TOIro, KaK COOTHOCATCA O u ®y BO3MOXKHBIC TpHU

(e plt —e p2t )

BApUAHTA:
1) 0>w®, — amepuoaUYECKHi TMEepPEeXOAHOW IPOIEecC BTOPOrO MOpPsIKa
(puc. 1.58 a);
2) & = @y — TpeAcTbHBIA aNepUOTUYECKUN mporecc (camblit
OBICTPOJCHCTBYIONINI M3 BO3MOXKHBIX alepuOJUYECKUX MpoIeccoB). B Takom

_ . B, _
Cllydae HalpsKEHUE ONPENEIuM KakK Ue = E(1+ St)e % 2 Tok KaK i = Ite ot

3) & < wy — 3aTyxaromui KojebaTeabHbIN nporiece. ['paduk mepexo HOro
mporiecca rmokasaH Ha puc. 1.58, 6.

Pemenue B 3 ToM CIy4ac MOKHO 3aIlMCaThb TaK:

E _ . . B _
Uc =—e (g cosmyt +8sinagt), | =——e " sin myt
g ool
,\Mc,i A
E
L -p) “‘\
P T
— A
__E
L(P1 'pz) a 6

Pucynoxk 1.58 — Ilepexoanbie nmpoieccsl B KOneOaTeTbHOM KOHTYpE

Finally uc = E + Ae' + AeP?' | then

i :C(plAle Pat 4 pzAzepzt),

where the constants of integration are: A =E L; A =—E———
P — P2 P — P2

determined from the initial conditions.

Thus, the solution obtained as:
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Uo=E+ P (pzeIOlt - plepZt)
P = P2

and we can write the equation for the current i = C%(e Pt _ epZt)
PL— P2

ori= E(e'“’lt —ep2t).
L(py— P2)

Depending on correlation between & and w, there are three options:

1) 6> wyis aperiodic transient of the second order (Fig. 1.58 a);

2) & = o = 0 is a limit aperiodic process (the fastest possible aperiodic
processes). In this case, we have found the voltage and current as

Uc = E(1+8t)e™, the current as i = %te‘8t :

3) 0 < mp is a damped oscillating process. Curves of the transition process

shown in Fig. 1.58 b.
The decision in this case can be written as:

E _ . i E st .
Ue =—e (o cosmgt +8sinmgt), i =——e ' sin gt .

-L(pl 'pz) / a 6

Figure 1.58 — Transient processes in an oscillating circuit
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