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PREFACE

At present, there is a serious necessity for educational and scientific
communications among peoples. Proficiency in English for Ukrainian students
and scientists becomes such the barest necessity. The given tutorial is the first
attempt to create an electrical engineering textbook in English in National
Technical University “Kharkiv Polytechnical Institute” (NTU “KhPI”). Besides,
the manual would be very useful for Ukrainian and foreign students learning
electrical engineering in NTU “KhPI” and Ukraine at all.

At the basis of the given manual there are lectures of professor
Volodymyr F. Boliukh. These are the lectures he has been lecturing for non-
electric specialties students of NTU “KhPI” at the Department of Applied
Electrical Engineering on disciplines: "Electrical engineering and electronics”,
"Electrical engineering and electromechanics”, "Electrical engineering,
electronics and microprocessor technology”, during last 20 years. That’s why
the manual is largely in line with [1].

The lectures are shared on three sections: electric circuits (direct current
circuits and alternating current including single-phase and three-phases circuits),
electric and magnetic devices, electronics including the microprocessor
technology. In the lectures it is given particular attention to the main laws of
electrical engineering concerning to solving problems on electric circuits, and



construction of different electric devices such as relays, transformers, electric
motors, and also different electronic devices: semiconductor diodes, transistors,
electronic rectifiers, inverters, electronic amplifiers, logic elements, impulse
technology and integrated circuit chip. Graphic symbols of electric circuit
elements (resistors, inductors, capacitors and electromotive force and etc.) have
been accepted as they are usually presented in the Soviet/CIS/Ukrainian
electrical engineering literature.

In the end of each lecture the questions for self-checking are resulted. In
the manual the typical questions of an educational course are considered. Also
English - Ukrainian dictionary on electrical engineering supplied the manual all
needed information for translation and understanding. In the text and in the
dictionary of the given manual sometimes a British variant in the electrical
engineering terminology is denoted by UK, an American one by US.

BCTYII
JJI1 YKPAIHOMOBHOI'O YUTAYA
YHu
HYOMY Y HAC BUHUKRJIN TPYJHOLII ITPU INEPEKJIAAI
EJJEKTPOTEXHIYHUX TEPMIHIB AHIJIIFCHKOIO MOBOIO

BuxopucranHs aHTJIOMOBHOi €JIEKTPOTEXHIYHOI TEPMIHOJIOTII Y OCTaHH1
POKH CTa€ HEBIJ EMHOI0 YaCTMHOIO HAYKOBO-TIENArOTIYHOI MISUIBHOCTI Y BUIIIHN
mKkom YkpaiHu. HanucanHss HaykoBux crtaTed, MoHorpadiid, MeTOIUYHOI
JITEpaTypu Ta BUKJIQJAHHS JIEKIIMHUX Ta MPAKTUYHO-TA00OPATOPHUX 3aHSITh
noTpedye He TIAbKM BOJOJIHHS aHTJIHCHKOI0O MOBOIO Ha PIBHI HE HIXKYE
Intermediate, asne ¥ 3HaHHS BiAMOBIAHOT HAYKOBO-TEXHIYHOI TEPMIHOJIOTII.

AHrnilicbka MOBa CTa€ MO CyTI JIIHIBa-(ppaHKa CydacHOTO CBITY, B TOMY
YHUCIl 1 Y HAyKOBi# TuionHi. ToMy ITOCUTH JUBHO, IO y HAyKOBIM Oi0mioreri
HTY ”XIII” npakTudHO HEMae JITEpaTypH 3 EIEeKTPOTEXHIUYHUX IJUCITUILTIH
aHTIMCBhKOI0 MOBOIO. TaM € JiTepaTypa HiIMElNbKoOwo, (paHIly3ChbKOIO,
1CTIAaHCHKOI0, TMOJBCHKOIO0, & aHTJIIHCHKOIO Kpait oOMallb.



B 3B’s13Ky 3 11uM, Malie BUHSATKOM € HaBYaJbHUM MOCIOHUK [2], sKuii OyB
HAIMCAaHW KOJIMIIHIM 3aBimyBadeMm Kadeapu enekTpuuHux amaparie HTY
”XIII”, roIOBHUM pelakTOPOM KypHally «EJNeKTpoTexHiKa 1 eIeKTPOMEXaHIKa
no 2020 poxy mnpod. b.B. Kmumenkom. IlociOHuk € ¢akTU4HO aHIIO0-
YKPAiHCbKMM CJIOBHHKOM 3 €JIEKTpOMEXaHIKM. B HOoro OCHOBI MNOKJIaJCHHIA
Mixuaponuuii enekrporexHiunmii cinoBHuk (International Electrotechnical
Vocabulary — IEV), skmii Mae cratyc craHmapty MixHapOIHOT
enekrporexHiunoi komicii (International Electrotechnical Commission — IEC), a
came #oro yactuH 151 (Enextpuuni Ta MarHiTHi npuctpoi), 442 (Enexkrpuuni
akcecyapu) Tta 826 (Enextpuuni yctaHoBku). lle Benmmka Ta BakiamBa poOoTa,
aJie BOHA HE OXOIUTIOE BCHOTO PI3HOMAHITTSl  €JIEKTPOTEXHIYHUX TEPMIHIB.

Byno 6 nyxe npocto ckopucratucs cioBHukoMm IEV Ta He 3anyproBartucs
y nipoOiemy. BipHilie ka3aTu, B3STH 1I€¥ CIIOBHHMK Ta B3arajii HEe Oa4uTH HIIKUX
npobsieM. Ane He Bce Tak mpocto. Jlam mu mokaxemo, mo |EV Bctynae B
IPOTUPIYYS 3 IHITUMH aHTJIOMOBHUMHU JKEPENIaMH, Ta caM, IIEBHOIO MIpOI0, Ma€
BHYTPIIIIHI TPOTUPIYYSL.

Tonl BUHUKAaE 3aKOHOMIPHE NMUTAHHS, SIKUM JOCTOBIPHUM AaHTJIOMOBHUM
JpKepesoM abo MOXKIIMBO JIEKIJIbKOMa HaBYAJIbHUMU YW HAYKOBHUMH JIKEpeslaMu
Tpeba KOPUCTYBATHUCS TIPH MEepeKIIai?

B 1994 poui 0yB 3atBep/KeHuUM, 10C1 ICHytounid, dep:xxaBHuii crangapr
VYkpainu 3 eqaexrporexHiku (JCTY 2843-94 Eaexkrtporexnika. OCHOBHi
noHsATTs.. Tepminm Ta Bu3Havennsi) [3]. Lleil crangapT nae BH3HAUCHHS HE
TITBKH YKPATHCHKOIO, aJie JIa€ TIEpeKIal aHTJIIHChKOI0, HIMEIIbKOIO, POCIHCHKOIO
Ta (¢paHIy3pKo. AJle CTaHJAapT Ma€ 3HAa4yHl JIAKyHH B TEPMIHOJIOTII.
Hanpukmnan, Ttam HeMae TOHATH Oocepeno eneKmpoeHepeii, HA8AHMANCeHHs,
3amuckayi, Konmyp Ta 1HUI. 71 TOHATh cXema eleKmpuiHo20 Kold Ta OLIAHKA
KOJla HaBEEH] JIMILE POCIIChKI BapiaHTH. TakuM YMHOM, MOKHA CTBEp/IKYBaTH,
o e ICTY notpebye 3HAYHOTO TOMOBHEHHS Ta MEPEepOOKH.

B nmeB’sHOCTI pOKM MHMHYJOTO CTOpIYYsl  3'SBUJIOCS  JICKIJIbKa
KOMIT FOTEpHUX MepeKiajaviB Ta CJIOBHUKIB. HallOUTbll poO3MOBCIOIKEHUN Ta
IIMPOKO BIIOMMIA Cepel HUX KOMITIOTepHHUH cloBHHMK Lingvo. Baarani me myxe
rapHU, 3MICTOBHUN CJIOBHUK 3 BEJIMKOI KUIBKICTIO CJIOBHUKOBHMX CTaTeH.
[lepexman Oyab-IKOTO CJIOBAa AA€THCA 3 ypaxyBaHHSM Taily3i BHKOPHUCTaHHS.
Age, Ha *aJb, BIH MOXE BBECTH Yy JCSIKY OMaHy, JAlO4YM MEpeKiajl, HallpuKiIal,
TEpMIHy «aKTHBHHUH OIip», SK OJWH 13 BapiaHTiB — active resistance, mo
HEBIpHO, a00 «iHAYKTHBHMI omip» sk Inductive resistance. ITomiOHI MOMUIKH
3yCTpIYAIOThCS Y JIITEPaTypi, KA BUJAETbCA YKPATHCHKUMU (PaxiBLUSAMU, B TOMY
gyucai 1y XIOI [4]. B aHrnoMoBHIN eNeKTPOTEXHIUHIA JiTeparypi
BHUKOPHCTOBYEThCS TIIBKH resistance Ta iamosigHo inductive reactance!



MoxHa KOpUCTYBaTHCS, B)XE 3raayBaHuM cjioBHUKOM |EV iHakie
Electropedia: The World's Online Electrotechnical Vocabulary (Iatepuer caiit)
[5] Tal/abo miteparypoto, sika BunaHa y Benukiit bputasnii [6, 10], CILIA [7, 8] Ta
€C [9]. Ane HecnoaiBaHO BHUSBISETHCS, IO 1[I TOBaXHI JDKepeida He
CHIBINAJAOTh y JMACSIKUX BAXKIMBUX MOMEHTax. Tak, HaMpHKIal, MOHSITTS
«enektpopymriitoi cum» (EPC) y [5] TpakTyeThest ik HEpeKOMEH0BaHE a0o
3acrapisie (deprecated), B [6] EPC BUKOPUCTOBYETHCS Ta TIO3HAYAETHCS Y TEKCTI
sk e.m.f., a Hampyra B EJCKTPHUYHUX KOJIAX TPAKTYETHCS B OCHOBHOMY SIK
potential difference. B [7,9] EPC ne 3ramyerncsi, aje BUKOPUCTOBYETHCS SIK
no3Hauka jpkepena Hanpyru (E) B enexktpuunux cxemax. B [8, 10] 3aragyerscs
Ta MO3HAYA€ThCs y TeKeTi sik emf, a y dpopmyiax sik E.

B3zaraui, sixk pekomennye Electropedia, MoskHa BiIMOBUTHCS Bij| IIOHSATTS
EPC, ane ue npusBene 10 0araTb0X HE3pYUHOCTEH MpU BUKIIAJAHHI 0araTbox
Pi3HHUX MUTaHb HU3KH €JICKTPOTCXHIYHUX JUCITUIUTIH. A IIIe MOYKHA 3ayBa)KUTH,
mo EPC Ta Hanpyra xo4a il MOKyTh OyTH B3a€EMHO 3aMIHEHI1, HAIPUKIIAJ, TIPH
pO3paxyHKy €JNEeKTpUYHUX Kul, aje (i3udHa MpUpoja IUX MOHSTh HE 30BCIM
TOTOKHA. ToMy, 3 ypaxXyBaHHSIM BITUM3HSHUX METOAWK BHUKJIATaHHS
CJIEKTPOTEXHIKMA Ta THIIMX CyMIKHUX JUCIUIIIIH, BBAXKAEMO, IIIO BIJIMOBIIATHUCS
BiJ oHsATTA EPC mpu HanmucaHnH1 HAyKOBHUX cTaTel abo METOJIMYHOI JIiTepaTypu
HE BapTo, Ta CJIiJ nmucatu abpeiatypy electromotive force Bemukumu iTepamu,
K mpuiiHATO y Hac, To0to EMF. Tyt tpeba ckazatu mpo mpoTupiydsi camoi
Electropedia. B wactuni 131 «Enektpuuni koma» Bim EPC mpomonyeThes
BigmMoBuTHCs (ctarrsa 131-12-22) ta 3amiHioBaTH ii mOHATTSAM Source voltage,
TOOTO «Hampyra jpkepena», a B 4dactuHi 314 «EnexkTpuyHi BUMIpU» ICHYE
tepmin source e.m.f. — «kEPC mxepenay, sike, K MosAcHAETbCS B ctarTi 314-08-
14, nopiBHIOE HaNpy3i PO3IMKHYTOTO Koja. Toal HE3pO3yMisio, YOMY B YaCTHHI
131 tpeba Oyno BimMoBisiTucs Big moHsTTss EPC, abo He BiAMOBISATHCS B
yacTuHi 3147

[Ile 6e3yMOBHO OAHO 3 HAWBAKIUBIIINX MOHATh — «CXEMa €JIEKTPUUYHOTO
KOJIa», AKMW HE Mae€ MepeKsIaly Ha aHTNMChbKY B YKpaiHCbKOMY JlepxaBHOMY
cTanaapri [3], sk Bxke OyJ0 3a3HadeHO. 3a3BUUall «CXeMa €JIEKTPUYHOTO KOJIa
Ta «EJEKTPUYHE KOJIO» 1HOJII BUKOPUCTOBYIOTHCS SK CHHOHIMM, XOda II€ HE
30BCIM OJIHE 1 TeX. AJie JJIsl MEBHOI MPOCTOTH y BITYM3HSIHIN Ta 3aKOPAOHHIM
JiTepaTypl BUKOPUCTOBYIOTHCS Y CX0KOMY cMHCIi. TOOTO B TEKCTI BKa3y€eThCs
10 Ha TaKOMY-TO PUCYHKY 300paXeHO enekTpuuHe Koio (electric circuit a6o
circuit ado network) xoda, CTpOro KaxKy4u, Il CXeMa eJCKTPUYHOIO KoJja, a He
caMO KoJIo. AJje 1HKOJM aBTOPM MUIIYTh TOYHIIIE, 1 BCE X TaKH
BHKOPHCTOBYIOTh CJIOBO «cxema». B [6] me electrical circuit diagram, B [7, 8]
schematic diagram a6o schematic circuit diagram. Iakosi, BUKOPHUCTOBYIOTh
npocto schematic sk imennuk. [Ipudomy, B Electropedia mux tepminiB Hema.



To6To BoHH He 30BciM KaHOHI4HI 3 Touku 30py IEC. B [11] Mu npumycTiiiu, 1o
CIIOBO SCheme Mo)kHa BHKOPHCTOBYBaTH TIpH IEpPeKiaji TaKOro CJIoBa sIK
«cxemay, aje CIiI TyT YTOYHHUTH, 0 SChEME BUKOPHCTOBYETHCS B aHIJIOMOBHIMH
JiTepaTypl B PO3YMIHHI «IIOPSAIOK NI BUPIIMICHHS! HAYKOBOI MPOOIEMU», «IJIaH
T pO3B’sI3aHHS 1HKEHEPHOI 3a/1a41> .

Ile ommu mikaBuii HioaHc. SIk mpaBuiabHO electric gum electrical? Ywu
B3arami 1e oxHe i Tex? HaueOto Tak i €. Ame Electropedia po3’scuse, mio
electric «enekTpuyHHi» 1€ Te, 0 0e3M0CEePEIHE BITHOCUTHCS 10 CICKTPUIHUX
SIBUIIL.

Omxe crarta 151-11-03, electric, adj - containing, producing, arising from, or
actuated by electricity. Note — Examples of usage of the term “electric": electric energy,
electric lamp, electric motor, electric quantity, mo y mepekinami O3Ha4Yae «EICKTPUYHHIA»,
MMPUKMCTHHUK — (06,€KTI/I Ta npouecn), 1o MiCTHTL, 1o BI/IpO6J'IHIOTL, 110 BUHUKAKTH 3aBOAKU

ab0 TMPUBOIATHCS B TiI0 €NEKTPUKOI0. IpuKiamym BHKOPHCTAHHS TEPMIHY «EIEKTPUUHUIIN:
€JIEKTPUYHA €HEPrisl, eJICKTPUYHA JIaMIIa, EIEKTPOABUTYH, KUIBKICTh €JIEKTPOCHEPTii.

ToOTo, KoMK MEePeKIaTaEMO MOHATTS «EJIEKTPUIHE KOJIO» I1e Oe3nepeuHo
electric circuit, a «enekTpuyHa notyxHicTh» 11 electric power. Tak Tpaktye [5],
ane i jpkepena [6, 8] BukopucToByroTh sik electric circuit, Tax i electrical
circuit, electrical power, electrical energy.

Tenep crarts 151-11-04 electrical (1), adj qualifies a person involved in
electricity. Note — Example of usage of this concept: electrical engineer. To6to electrical
KBaiQikye ocoOy, MOB'A3aHy 3 eJIEKTpUKOr. I[IpuKiIay BUKOPUCTAHHS IHOTO TIOHSTTS:
IH)KEHEP-CJIEKTPHK.

Hactynna crarrs 151-11-05 electrical (2), adj pertaining to electricity, but not
having its properties or characteristics. Note — Examples of usage of this concept: electrical
handbook. Ile Te, 110 BiIHOCHUTBCSA 1O EJIEKTPUKH, aje HE Mae WOro BIACTHBOCTEH abo
XapPaKTCPUCTHUK. HpI/IKJ'Ia,I[I/I BUKOPUCTAHHSA ObOT'O TTIOHATTS: ,[[OBiI[HI/IK 3 eJIeKTpOTeXHiKI/I

Too6to electrical — e abo «enekTpuk» (3a ¢axom) abo Te, IO Mae
BIIHOIIICHHS JI0 C€JEKTPUKH, aje He Mae (I3MYHUX BIIACTHBOCTEH, SKi
XapakTEepU3ylOTh  CIEeKTpUYHI  sBUIMa.  Hampukimang, camMo — TOHSATTS
«eJICKTpOTEXHiKa» (HayKa, HaBYajdbHAa IWCHHMIUTIHA) muiieTbes sk electrical
engineering ato electrical science a6o electrical technology.

Ane yomy uactuHa 151 HasuBaerncs Electrical and magnetic devices?
Yomy ne electric devices? Illo enekTpu4Hi NpWUIaad Ta MPUCTPOI HE
NPUBOJATECS B IO  eJNeKTpukow? besnocepeqHh0 HE MEPETBOPIOIOTH
CJICKTPUUHY €HEPriio, 30KpeMa, He TIEPETBOPIOIOTH 11 y TEIIOBY, MEXaHIUHY, HE
XapaKTePU3YIOThCSA CICKTPUYHUMHU BEJIMYMHAMH, K TO HAIpyra, CTpyM, OIIIp,
noTyxHicTh TOmo? He 3po3ymisno!

A y uactuni 411 Rotating Machinery — mnpo o00epToBi eneKTpHUYHI
Mamad € crarts 431-01-11 (electrical) rotating machine BWHHMKa€e CJIOBO
electrical, sx 6aunmo, me yomych y nmyxkax. Tex muBHO. PaHim BoHO OyIo


https://www.electropedia.org/iev/iev.nsf/index?openform&part=151

srajane y Bursai electric motor, mo 0e3yMOBHO 1 € eIEeKTPUYHOIO POTALIIHHOIO
a060 00epTOBOIO MAITMHOTO.

3HOB SKach HEY3rOJDKEHICTh, Ta IE B paMKaX OJHOrO JpKepesa, sSKe
Ha4eOTO € CTAHIAPTOM.

Komu Mu unMTaeMo aHIJIOMOBHY €JEKTPOTEXHIYHY JIiTepaTypy, TO
Oe3IepevHo 3BEPTAEMO YBary Ha IO3HAYCHHS PE3UCTOPIB a00 aKTUBHOTO OIOPY

B CXeMaX eJEKTPUYHMX KUI, SKE 3HAYHO BIAPI3HAETHCS B 3BUYHOTO HaM
(puc.l1, a,6)

R R
—F VA

~

a 0
Puc.1 Ilo3HaueHHs pe3UCTOPIB B EIEKTPUUHHUX CXEMAX

Hiticio B [7 - 10] mMm GaunMmo, IO PE3UCTOPH IO3HAYCHI Tak, K Ha
puc.l, 6. B3arami, xonuch Ha IMOYATKy Ta BCEPEIMHI MHUHYJOTO CTOMITTS Yy
BITUM3HSHIA HAyKOBI Ta HaBYaJbHIN JITepaTypl IMO3HAYAIU PE3UCTOP TaK
camo. Tinbku B [6] pe3ucrop mo3HaueHwid Tak, sk Ha puc.l, a. Tpeba cka3aTw,
o |IEC Bumarae mozHauaTu pe3ucTop K 3BUKJIM MH, TOMY MO3HA4YaTH 1HAKIIIE
MOXJIMBO 30BCIM HE BapTo. Ta 1 B3arali, Take Mo3HAYeHHs CKJIAHIIIE 3BUYHOTO
HaM, TOMY 1 HE3pY4HO MIPU HAIMCaHH1 Ta KPECICHH] Ha KOMIT FOTEPI.

Jlekinpka ciiB mpo 3akoHu Kipxroda. B [5] Bonu HasuBaroThes Kirchhoff
law for nodes Ta Kirchhoff law for meshes. B inmmx mxepenax [6 - 10]
BignosigHo Kirchhoff’s current law ta Kirchhoff’s voltage law . Hisikoro
MEepIIoro Ta APYroro 3aKOHy y Ha3Bax Hemae. Tomy, MalyTh, HE CHif OpH
nepeknani nucaru first Kirchhoff’'s law ta second Kirchhoff’s law, a6o
JIOJATKOBO MOSICHIOBATH 10 YOrO BIJHOCUTHCA TIM YW 1HIIMK 3aKOH. Tum
OinmpIe, MO B Jaeskux jpkepenax [6, 8] mepmmm mo tekcry ime Kirchhoff’s
current law, npyrum Kirchhoff’s voltage law, a B [7, 9] HaBmaku. ApTHKIII B ITUX
Ha3BaX TEXK Ha BXKUBAIOTHCS!

[Ilono nepeknany NOHATH KKOHTYP» Ta «KOHTYpHUU cTpym». KoHTyp B
Teopii enekTpuuHUX Kia 1e loop abo mesh [5]. Tyt ke 3a3Ha4a€eThCs, MO MPH
aHaJTi31 eJIEKTPUYHOT cXeMH 3a 3akoHaMu Kipxroga BUKOpHUCTOBYIOTH came 100p,
a TMPH aHaJIi31 3 BUKOPUCTAHHIM Teopii rpadiB — mesh. Xova Koiu po3risiiaoTh
KOHTYPHHUH CTpyM #oro HasuBaroTh mesh current [5, 6, 9], a B amepukaHChbKuX
BuaaHHsX [7, 8] loop current.

e mpuknaau. «Pa3zoBwuii 3cyB» a00 «(pa3zoBuit KyT» a00 «KyT 3CyBY (a3»
¢ y [5] numerscs sk displacement angle abo phase difference angle, y ixmmx
mxepenax [6 - 10] Tinmeku phase angle. Yxkpaiucbkuii ctangapt [3] nae nepexia
sk phase difference.



«3'eTHaHHS 3IPKOIO» Y €BPOMEWCHKUX JDKepelax MHUIIeThCcs sK Star-
connected (mpukmeTHHK) abo 6e3 medica star connection (UK), memro pimame Y-
connection, a y aMmepuKaHCBKHX JpKepesnax Wye-connection, “Y ™ connection abo
Tex Y-connection. «3'emnanHs TpukyTHHKOM» — delta connection  abo
A connection, a 3’eqHaHHUi TpUKYTHUKOM — delta-connected.

Jnis TpudaszHux Kid, MOpsia 31 «3'€AHAHHAM 31pKOI0» a00 «TPUKYTHUKOMY,
Ba)KJIMBI MOHATTS «JIiHIMHA» Ta «(da3Ha Hanpyra». B [6 - 9] ue Bignosiguo line
voltage ta phase voltage. Tyt Bce 3posymino, a B Electropedia «riniitHa
Hanpyra» nogaerbes sk line-to-line voltage a6o phase-to-phase voltage. Xoua
Ipyruii TepMiH Mae npuMiTky deprecated. «®a3na Hampyra» mogaeThes sk line-
to-neutral voltage a6o phase-to-neutral voltage (ueir TepmiH TeX
HEPEKOMEH/IOBaHUH sK 3acTapinuii, TooTo deprecated). Taka TepMiHOJIOTIS TEX
IIJIKOM JIOT14HA, aje 3aJoBra Ha mucbMi. Tomy Oe3 IIKOAM, HA HaIlll MOIJIS,
MOykHa kopucTtyBatucs line voltage Ta phase voltage.

Take BaXJIMBE B €JIEKTPOTEXHIIlI MOHATTS K «IOTOKO3UCIUICHHS» ¥ v [5]
npejcranieHe sk protoflux ado sk total flux, To6To moCIiBHO «IIPOTOMOTIK» ab0
«IOBHUH NOTIK». [HIIMN TepMiH y [5], mo 6mmxde qo Hamoro po3yminas linked
flux mae mpumitky deprecated. B [10] BukopuctoByeThes BapianT flux linkage,
IO IIIJIKOM BiJIIOBiJIa€ HAIIOMY «IIOTOKO3YCIICHHIO». [/] HE mae BapiaHTa
aHTJIACHKOIO B3aralii, MPOCTO OOMEXKY€EThCA TUIBKH «MAarHiTHUM TOTOKOMY —
magnetic flux.

[ToHATTS «BY30J1» B €ICKTPUYHOMY KOJII MepekianaeThes B [3, 5] sk node
adbo vertex (US). B [6, 8] BukopucTtoBylOoTH cj0BO junction, B [7]
BHKOPHCTOBYIOTH junction, tak i node, a mie i common point. Iikago, 1o vertex
B aMEPUKaHChKUX BHIAHHIX [7, 8] He 3ycTpivaeTbes. B cBoro wepry junction e B
[5] — Yactuna 442 «EnekTpudHi akcecyapu» B CX0koMmy 3 Node cmwcii, Ta B
Yactuni 551 «HamiBopoBiIHUKOBI NpUIaAN Ta IHTErpadbHI CXEMU» MA€ 30BCIM
inmre 3HaveHHs. Xoua B Electropedia camo BusHaueHHs «By30m» — node
HOSICHIOEThCST TocHuTh auBHO. [lutyemo [5] node is endpoint of a branch , that is
or is not connected to one or more other. Illo y nepekiaai o3Hadae «By30J —
KIHIIEBA TOYKA BITKH, sIKa 3’€¢qHaHa a00 HE 3’€JHaHA 3 OJHICIO YM KIJIBKOMa
IHIIUMUA  BITKaMu». B BITUM3HSHIA €NEKTPOTEXHIYHUM JIITEpaTypl CJIOBO
«BY30J» — II€ TOYKa B €JIEKTPUYHOMY KOJi, sIKa 3’€IHY€ TpU Ta OUIbIlE BITOK
CIICKTPUIHOTO KOJIA.

3arajioMm poOMMO BHCHOBOK, 110 NOde Ta junction ogHAaKOBO MPUITYCTUMO
BUKOPHCTOBYBATH, HAMPUKIIAJ, TIPU aHaI31 €JIEKTPUYHUX KiJ 32 JOMOMOTOIO
3akoHiB Kipxroda.

Takoxx Take TOHATTA SK «BTPATH MOTYXHOCTD» IIJIKOM MOKJIHBO
BUKOpHCTOBYBaTH B oauuHi 10ss [5, 6, 8, 10] a6o muoxuui losses [5, 7]. TooTo


https://www.electropedia.org/iev/iev.nsf/display?openform&ievref=131-13-06

Electropedia ne Bukirouae oOuaBa BapiaHTH, XO4Ya OJHHHY PEKOMEHIYE JIsI
CJIEKTPUYHUX KiJI, @ MHOXKUHY ISl €IEKTPUYHUX MAIIUH.

[ToHATTIO «HOMIHAJAbHE 3HAYEHHS» BIAMOBIJAIOTH JIBAa AHIVIOMOBHHUX
tepminu B Electropedia: rated value crarrs 151-16-08, nominal value crarrs
151-16-09.

[lepmmii BIAHOCUTBCA ISl TOYHOTO PO3PAXYHKY MapaMeTpiB MPHUCTPOIO.
[{utata — «3HAYEHHA BENUYMHHU, SKa BUKOPHCTOBYETHCA JUIA  LIJICH
cnenudikaiii, BCTaHOBJEHAa [JIsI BHU3HAuUE€HOro Habopy poOoYMx yMOB
KOMIIOHEHTa, MPHUCTPOI0, OOyiafHaHHA a00 CUCTeMU», TOHl SIK JPYyTruid —
«3HAYCHHS BEJTMYMHHU, KA BUKOPUCTOBYETHCS JIJIs MO3HAYEHHSA Ta 1IeHTUdIKAII]
KOMIIOHEHTA, MPUCTPOI0, 00JaAHaHHA 4M cUcTeMHu. HoMiHampHe 3HAYEHHS, K
IPaBUIIO, OKPYTIICHE». 3 I[bOT0 BUXOJAUTH, 10 Nominal value miaxoM MoXIHBO
BUKOPUCTOBYBAaTM B METOJMYHIA ab0 HAyKOBIM JiTepaTypl, KOJU MHU HE
CTHKA€EMOCH 3 KOPCTKUMH YMOBaMHU BHUPOOHHMIITBA MPOAYKIIii abo eKcIryartarii
B IPOMHUCIOBUX a00 MNOOyTOBHX yMoOBaX. Xoua 3arajbHa TEHJICHIS IpH
HaIlMCaHHI HAyYKOBUX CTaTe€il aHIIMCHKOIO MOBOKO y CBITI HampaBiieHa B OIK
BUKOPHCTaHHA B ycCiX Bumaakax Tinbku rated value. Tomy i B gaHOMy
NOCIOHMKY MU BHKOPHCTOBYEMO B OCHOBHOMY rated.

[ToBeprarouuce 1mie pa3 g0 adpesiatyp, sik To EPC abo MPC -
«Mar”HiTOpyliiHa CHUJIa», «CEPEIHbO-KBAIpATUYHE 3HAUYEHHsA»  (Iitoye
3HAYCHHs), MAa€ CMUCII IIUCATH iX B @aHTJIOMOBHOMY TEKCTI BEJIMKMMH JIITEpaMH,
tooro EMF, MMF — magnetomotive force, RMS — root-mean-square abo
effective value, six Mu nuiemo Oyab-sKy abpeBiaTypy yKpaiHChKOIO.

JlexinpKa CIiB MPO MOIIMPEHY MOMUJIKY MPH MEePEKIaai CJI0Ba «BEKTOPY,
«BEKTOpHA BEJIMYMHA» AHIVIMCHKOK MpPHU HANKCaHHI CTaTell YKpaiHChbKUM
daxiBuamu. B martematuii, i3uill Ta pagioOTEXHIIl BUKOPUCTOBYIOTH IpHU
nepekyiajii  cioBo VECtOr, a B EJIEKTPOTEXHIlll, KOJIM MOBa WIe IIpo
CHUHYCOIaJIbHy BEJIMYMHY, sIKa TMpEACTaBlIeHAa KOMIUIEKCHUM 4YHCIOM abo
BEKTOpOM, TibkH phasor!

Mo>kHa HAaBECTH 11I€ YMMAJIO MPUKIIAJIIB TEPMIHOJOTIYHUX PO3O1KHOCTEH.
binemr Toro, Bimomo [6 - 10], mo B CIIA Tta Benukiii bputanii aitoTh
pPI3HOMaHITHI Tajy3€Bl CTAHJAPTH 3 EJIEKTPOTEXHIYHOro OOJIaJHAHHA, 3
MEBHUMH TEPMIHOJIOTTYHUMH PO301KHOCTSIMHU.

JloBoui Benuka npoOiemMa — Iie IepeKia] Ha aHIIHChbKy MOBY HOHATH Y
SAKUX Maibke HeMa aHaJIorid B aHTJIOMOBHIN jiTepaTypi. Hanpukian, «maiisHka
CIIEKTPUYHOTO KoJyiay. Xoua Lingvo mae mepeknan subcircuit, B [5 - 10] Bin He
3ycTpiuaeTbest B3aram. A [5, 7] y mnoaiOHOMy 3 HallUM BITYU3HSHUM
pPO3yMIHHIM HaBeJeHI BapiaHTH, BiANOBiIHO: @ Circuit element Ta an element of
a circuit, To0to «emeMeHT Kosay. IHOAI y miTeparypi 3ycTpivaerbes a part of a
circuit. AGo Taki MOHATTS SIK «OaJIaHC MOTYKHOCTEW» a00 «PEKUM Y3TOJKEHOTO
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HABAHTAXKEHHS». BOHM B aHIJIOMOBHIN OpUTAaHCHKO-aMEPUKAHCHKOI JIITepaTypi
He 3ycTpidarotbes. C OamaHCOM Bce 3pO3yMIIO, MOXKIMBO MHCAaTH POWer
balance, a ock mepeknaz «peXHM Y3roKEHOTO HaBaHTa)KeHHs» sk Matched
load gy matched load operation (mode, condition) moxxe Oyt HE3pO3yMLITHIA
aHTJIOMOBHOMY YUTady Ta BOUYEBUIb MOTPEOYE JOIATKOBOIO PO3’ ICHEHHSI.

CtBopeHHs: MIiKHApPOAHOTO €JIEKTPOTeXHIYHOro cjoBHuKa |EV Ha
nmoyatky XX cTOpiddsi Ta ToJajbiia podoTa Haj HUM OE3YMOBHO CIIPHSIE
O1IBIIIOMY TIOPO3YMIHHIO cepel (haxiBIliB 3 €JIEKTPOTEXHIKH B PI3HUX JIepKaBax,
ayie 3'sICOBY€ETHCS, 110 IeH MOBAXHUHN CIIOBHUK Ma€ JIESIKI Baau 1 HE MOXe OyTH,
SIK-TO KaXXyTh, ICTHHOIO B OCTaHHI/ 1HCTAHIII].

baunmo, 1o 1 gorenep 30epiraroThes NESIKI perioHaabHI PO301KHOCTI B
TEPMIHOJIOT1], TIOHATTSX Ta  IMIO3HAYEHHSIX, METOJWKAX  BHKJIQJIaHHS
CJIEKTPOTEXHIKHU, OOYMOBJICHI MICIIEBUMU Tpaauiisimu. Kpim mporo, MmoBa, cama
1o co0i, MOCTIMHO PO3BIBAETHCS, JIESIKI CJIOBA Ta MOHSTTS 3aCTapiBalOTh, JCSKI
3'SIBISAIOTECA. ToMy poOOTa HaJ CIIOBHHMKAMH HJi€ TOCTIMHO, ajieé BOHU I[LJIKOM
IPUPOAHO BUMYIIIEHI BIJICTaBaTH BIJ >KUTTS. TakKUM YMHOM, TPH MEPeKIaji
CJICKTPOTEXHIYHUX TEPMIHIB aHTJIIMCHKOI0, BUHUKAIOTH MIEBHI CKJIaHOIIII.

BBaxkaemo, mo tpeba OpaTu, Bce XK Taku, 3a OCHOBY cioBHUK |IEV 3
JIEeSIKUM KOPETyBaHHSM Ha OCHOBI III€ KIJIbKOX JOCTOBIPHUX JKepen. SIKino
AKECh TMOHATTS HE Ma€ TOYHOI BIJMOBIJHOCTI B AHIJIOMOBHIN JiTEpaTypi, TO
aBTOp Mepekiany Oepe Ha ceOe MEeBHUM pU3UK OyTH HE3PO3YMUIUM, TOMY II€
MOHATTS HEOOXIJTHO B TEKCTI JOJATKOBO pO3’sCHIOBAaTU. B3araii, rojoBHe mpu
BUKOPUCTAaHHI 1HO3EMHOI MOBM B YCIX acleKTax >XHUTTS € Te, 100 Bac
MaKCHUMAaJIbHO BIPHO 3PO3yMLIH.

be3cymMHIBHO mOTpiOHa mNoAajblla CTAaHAAPTU3ALIS Ta MDLKAEpKaBHA
TEPMIHOJIOTIYHA Y3TOKEHICTh CTOCOBHO E€JEKTPOTEXHIKH, a TaKOX MOTPiOeH,
10 Jy’K€ aKTyaJbHO 1 € HaraJbHOK HEOOX1AHICTIO, OHOBJIEHUN Ta JOTIOBHEHUN
YKPaAiHCHhKUI IepKaBHUW CTaHJAPT 3 €JIEKTPOTEXHIKH.

OcHOBHI JyMKH, SIKI BHUKJIAQJIeHI B IIbOMY BCTyIl, Oyiu OUIBIIOIO
YaCTHHOIO OIMyOJIiKoBaHi B cTarTi [11], aje Mu BBaXkaemo, 110 TYT JOPEYHO iX
MOBTOPHUTH.

Mu, gx aBTOpH IOTO MOCIOHHMKA, YCBIIOMIIIOEMO, IO MOXKEMO TEX
MOMUJISATUCS. Yy Tepekyiaal a0 BUKOPUCTAHHI THUX a0 IHIIMX aHTJIOMOBHHX
TEpPMiHIB, 1 30BCIM HE MPETEHIYEMO Ha SKUICHh-TO Oe33amepeyHuii aBTOPUTET Y
00J1aCT1 aHTJIOMOBHOI €JIEKTPOTEXHIYHOI TepMiHOJIOT1i. ToMy OyaeMo BISUHI 32
OOrpyHTOBaHY KPUTHKY a00 JOpPEYHI MOPaaH, KO Taki BAHUKHYTh y HAIIIOTO
yuTaya. [Tpoxanus nMcaTu Ha CJIICKTPOHHY TMOTITY
vladyslav.markov@khpi.edu.ua
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ABBREVATION

AC - alternating current

BJT — bipolar junction transistor

CB — common base

CC — common collector

CE — common emitter

DC —direct current

DCEM - direct current electric machine
DCG - direct current generator

DCM - direct current motor

EMF, e.m.f., emf — electromotive force
EW — excitation winding

FET — field-effect transistors

HV — high voltage

IEC — International Electrotechnical Vocabulary
IEV — International Electrotechnical Commission
LED — light-emitting diode

LV — low voltage

MMF, mmf — magnetomotive force
NFb — negative feedback

NL — no-load

OL —on-load

PFb — positive feedback

Q-factor — quality factor

rpm — revolutions per minute

SC — short circuit

SG — synchronous generator

SM — synchronous machine

TIM — three-phase induction motor

UK — British terminology

US — American terminology
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LECTURE 1

THE BASIC CONCEPTS AND LAWS OF ELECTRICAL
ENGINEERING. DIRECT CURRENT CIRCUITS

Electrical engineering is the area of science and engineering connected
with practical application of electric power, including its manufacture, transfer,
distribution and consumption.

An electric power carrier is an electromagnetic field produced by moving
electric charges or, in other words, created by an electric current in a conductor.

An electromagnetic field represents a kind of matter, which is
characterized by its two parties — an electric field and a magnetic field, and has
power influence on charged particles, depending on their speed and a charge.

Electric circuits of a direct current and their structure

The electric circuit is a set of devices and the objects forming a path for an
electric current and intended for generating, transfer and electric power
transformation.

The electric circuit includes: sources, loads, power converters, switching
devices, measuring devices and connecting wires.

Electric circuits elements can be subdivided on:

— power sources or generating devices (generators; galvanic cells (or
accumulators (UK), rechargeable cells, storage cells, batteries, storage
batteries (US)); thermocouples, photovoltaic cells);

— electric power loads (electric motors, filament lamps, heaters, etc);

— transmission lines (two - three - four-wire) or connecting wires;

— electric power converters (transformers, rectifiers, inverters);

— switching devices (switches, connection, protective equipment).

In the sources there is a conversion of other (not electric) kinds of energy

in electrical one (generators, batteries, photovoltaic cells, etc.).

In the loads electric energy will be converted to other kinds of energy:
thermal, light, mechanical (resistors, filament lamps, electric motors, etc.).

17



A schematic diagram is a conditional representation of real elements of a
circuit (Fig.1.1, Fig.1.2).

Electric power sources are characterized by electromotive force (EMF) E
and an internal resistance R; (Fig.1.1).

Figure 1.1

Electromotive force is numerically equal to work which is made by non-
coulomb forces on moving an individual charge in a source. It is measured in
volts (V), i.e. [E] = [V].

A load is characterised by resistance R measured in ohms, [R] = [Q2].

If a source connects to a load, in a closed loop an electric current will
proceed. An electric current is a stream of charged particles, such as electrons or
ions, moving through an conductor or medium. An invariable current on value
and direction is called a direct current denoted by I. Current is measured in
amperes, [I] = [A].

Across the terminals of a source a potential difference appears (Fig.1.2).
In other words, a potential difference is voltage U. It is measured in volts, [U] =
[V].

Figure 1.2

The current strength or just current in an electric circuit is defined by
quantity of an electric charge for one second of time

. dq
=—, 1.1
= (1.1)

where q is a charge (the quantity of electricity) passing through cross-section of
a conductor.
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According to Ohm’s law the current in a circuit is directly proportional to
the applied voltage (or EMF) and inversely proportional to the circuit resistance
(Fig.1.2).

Y
R

~GU, (1.2)

where G =%is conductance in siemens, [G] = [S].

Ohm’s law for a complete circuit considers all resistance of a circuit

_E
Ri+R’

E=Rl+RI =Rl +U, (1.4)

(1.3)

where U is a voltage across the load or across the source terminals.
A voltage drop or simply voltage U across the given element of a circuit
numerically equals to work executed by an electric field on moving an
individual positive charge (from the plus terminal to the minus one).
From (1.4) we received the voltage on the source terminals

U=E-Rjl, (1.5)
which means that it is less than EMF value by the voltage drop Rl in the internal
resistance R;. The external characteristic of the EMF source is shown in Fig.1.3.
At 1 =0, U = E — a circuit is open. Uy, I, — rated (nominal) value of voltage U
and current | respectively.

Vh..._‘

Figure 1.3
It is possible to present electric power sources in the form of an EMF
source and a current source. At an EMF source an internal resistance R; is not
enough and voltage across its terminals, at a current change from 0 to I, changes
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slightly. These are generators, accumulators, etc. At the ideal EMF source
resistance is equal to zero R; = 0 and EMF value is equal to voltage value £ = U.

Sources of electric power include current sources with high internal
resistance in which the circuit current weakly depends on the voltage across the
load at its change from O to the rated value. These are radioactive sources,
semiconductor devices, vacuum tubes.

The equivalent circuit of an ideal current source (denoted as J, [J] = [A])
is shown in Fig.1.4, a and the external characteristic of ideal (1) and real (2)
current sources (Fig.1.4, b).

] 'y
—>—0
1
J® (U \2
—= y
a b
Figure 1.4

Resistance R characterises a property of an electric circuit element to
transform irreversibly the electric power to other kinds of energy, for example,
to the thermal energy. The current-voltage graph of a resistive element can be a
linear (Fig.1.5, R = const), i.e. its value does not depend on the applied voltage,

and a non-linear one (R = var).

Wi
R = const

R =var

VQ

Figure 1.5

A linear resistance depends only from R = pl, where p — resistivity. It is
S

measured in ohm- metres

[Q2:m]; |, s — length (m) and cross-sectional area (m? ) of a conductor.
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A nonlinear resistance is characterised by the volt-ampere characteristic
(Fig.1.5) and for it the dependence U (I) is nonlinear. A nonlinear resistance has

R

Figure 1.6

a symbol shown in Fig.1.6.

The circuit, which contains only resistors with a linear resistance, is called
as linear. If in a circuit there is at least one nonlinear resistance, such a circuit is
called as nonlinear.

Ohm’s law for an element of a circuit with EMF

As stated before a potential difference between two points of this element

(Fig. 1.7)

a [ :]R b
Figure 1.7

By definition Uy, =4 —op =RI, whence @5 =¢p +RI .

Therefore, Ohm’s law for an element of the circuit without EMF

U
| = Zab 16
A (1.6)
Let’s consider an element of the circuit (Fig.1.8) where the source EMF E

and the current | coincide in direction.

E
a | R ¢ b

Figure 1.8

Uah =®a —Pp,
but o5 =¢.+RI,and op =@, +E. Then Uy =¢c + Rl —p. — E , i.e.

Ugp =Rl -E
Ohm’s law results

! =—UabR+ = (1.7)

21



The element of the circuit (Fig. 1.9) consists of the EMF source E and the
resistance R. The current does not coincide in direction with the EMF.
E

a | _R ¢ b
Figure 1.9
Pa=¢c+1-R;op=0c-E.
Then Ohm’s law becomes
Uy —E
|=Zab— = 18
; (1.8)
Generally, Ohm’s law for a part of a circuit with EMF looks like
n
Uap + 2 Ex
l=— kL | (1.9)

R
Where Ex is positive «+» if an EMF and a current coincide in a direction if don’t
coincide a sign «—». R is the resistance of an element of a circuit.
Kirchhoff laws (Kirchhoff’s laws)

Kirchhoff laws concern a node of an electric circuit, a branch and a loop.
A node is a point of an electric circuit in which are connected not less than 3
branches. A branch is a part of an electric circuit where all elements are
connected in series, i.e. one current proceeds on them. Any closed way which is
passing on several branches, is called a loop of electric circuits.

Current law (law for nodes) or ( in Ukraine we call it as 1% Kirchhoff
law):
the algebraic sum of all currents is equal to zero in a node of an electric
circuit. (Fig. 1.10).

(1.10)

Figure 1.10
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This consequence of a conduction current continuity principle (charges do
not collect in a node). Currents which flow to a node are positive, and leaving
currents are negative. So that, according to Fig. 1.10

l{+1o+13-14=0

Voltage law (law for loops or meshes) or (2" Kirchhoff law):
the algebraic sum of electromotive forces (EMF) acting in any closed loop of
an electric circuit is equal to the algebraic sum of the voltages (voltage
drops) across the elements of this loop

n m
>E=2% kR, . (1.11)
k=1 k=1

For equation drawing up according to the 2" law of Kirchhoff it is
necessary:

1) to choose the positive direction of currents;
2) to choose the positive direction of a loop bypass.
Voltage law is a consequence of the energy conservation law.
Power balance of an electric circuit

According to the energy conservation law, we can state that quantity of
heat power releases in loads in unit of time must equal to quantity of the power
given for the same time by sources.

n 2 m
2R = 2 Exlk (1.12)
k=1 k=1

The algebraic sum of powers of all sources is equal to the arithmetic
sum of all loads powers in an electric circuit.

P= Ika Is the power consumed by resistance Ry according to Joule law.

It measured in watts, i.e. [P] = [W].

Exlk — the power of a source. The product Exlx is assumed positive if an
EMF and a current coincide in a direction (a source gives power to a circuit).
The product Egly is assumed negative if EMF and a current do not coincide in a
direction (a source consumes energy) the accumulator, for example, is charged.
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Joule law defines quantity of the electrical power W transformed in
thermal on an element of a circuit with resistance R. It is measured in kilowatt-
hours [W] = [kKWh].

W =RI%. (1.13)

Generally, electric energy is equal to electric power multiply by time, then
the unit of energy is watt-second or joule.

Operation conditions of an electric circuit

A double wire circuit with a wire resistance Ry, is shown in Fig. 1.11.
Ry2 4

Figure 1.11

With change of the load resistance R, the current I, the voltage U; across
terminals of the power source E and the voltage U, across the load terminals will
change.

They distinguish four basic operating conditions (duties) of an electric
circuit:

1) open circuit or no-load (operation) is the condition, at which the circuit is
broken off also a current is absent | = 0. The load R; is disconnected by the
switch Q (Fig. 1.11).

U, =U,=E.

The circuit in such a condition can be shown as well as in Fig. 1.12, a.

The voltage across the terminals a and b is equal to the E value. The open circuit

voltage is shown in a volt-ampere characteristic as Uqc in Fig. 1.12, d. Powers of

the source and the load are zero: Py =El =0, B =Uy.l =0.
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Figure 1.12

2) short circuit (operation) is the condition at which a resistance of the load

R, comes nearer to zero, or the wire closes its terminals, and also when line

wires or source terminals are closed. The condition is characterized by the

voltage across the load U, = 0 (Fig.1.11), and the current of short circuit lsc is
considerably bigger than the rated current Isc >> I, (as shown in Fig 1.12, b).

U, E

l.=—= : 1.14
* R, R+R, (1.14)
If we neglect the wires resistance Ry = 0 (Fig 1.12, b) then
E
len = — 1.15
=g (L.15)

So that the maximum current in a circuit will be at short circuit condition.
It is an emergency condition. It should be avoided.

2
Power of the source is Py = Elg _E e -

Power of the load is zero B =Ulg. =0.

3) rated or full load (operation) (sometimes it is called nominal) is the
condition at which all elements of an electric circuit in normal conditions of
environment can carry out the functional purpose long enough (time is defined
by the registration certificate or equipment certificate) with specified reliability.
The condition is characterized by the rated: voltage Uy, current I, power P, and
efficiency m which are specified in the registration certificate or on a device
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plate. On these data plate the isolation, section of wires and condition of their
limiting heating are presented.

4) matched load (or matched load operation) called the condition at which
the power given by a source in an external circuit is maximum. The condition is
possible at certain parities of the circuit parameters.

If the voltage across terminals a and b is U = E — Ryl and power of the

load isR =Ul =EI - Rizl , then the maximum power value of the load
corresponds to the condition O(Ij—? =0, whence the current of the condition is

E |
|y =— =-SC 1.16
"R T 5 (1.16)

The matched load current I, = 0,51 >> I, (Fig.11.2, d).

As at open circuit: power Py = 0, since | = 0, and at short circuit P, = 0,
since R;= 0 between them there is a maximum under the conditionR, =R; + R,,.

Efficiency of the matched load

p=A _El=Rl Rl (1.17)
P, El E oo

Thus, at | = Iy efficiency n = 0,5. Thus, this is not a very favourable
energetic condition. The matched load is usually used in low-power devices or
radio and control devices.

Test questions

What is an electric circuit?

What sources of electric power do you know?

Name the loads in electric circuit?

What is an electric current?

What are voltage, EMF and resistance?

What does it mean a nonlinear resistance?

State Ohm’s law.

State Ohm'’s law for an element of a circuit with EMF,

. State Kirchhoff laws and say about a node, a branch and a loop.
10 What do you know about operation conditions of an electric circuit?
11.State Joule law.

12. What is efficiency?

LCoNOOR~ODE
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LECTURE 2
FUNDEMENTALS OF SINUSOIDAL CURRENT CIRCUITS

Now an alternating current is widespread as:
1) it is easier generating than a direct current;
2) it can be easily converted to another value;

3) it can be transmitted over long distances with little loss as U,l; =U,l,

and loss P = 12R, it is possible to transfer a small current.

An alternating current is the current which periodically changes on a
value and direction. The most widespread form of an alternating current is
sinusoidal, as: the most simply to obtain such form; relative simplicity of
calculation of circuits of a sinusoidal current; efficiency of electric motors and
devices is above at a sinusoidal current.

Principle of generating a sinusoidal EMF is shown in Fig. 2.1., where N, S
— north and south poles of a permanent magnet, B — magnetic induction, o—
angular velocity of a conductor, V — linear speed of a conductor a. — angle

between vectors V and B.

Figure 2.1
In a vector form in physics, equation for EMF is E = [B x V].

In an algebraic form E = BVIsina, where | is the length of a conductor.
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Characteristics and parameters of a sinusoidal current
It is possible to release the next 4 forms of representation of a sinusoidal
current: a mathematical; a graphic; a phasor, in the form of complex numbers.

Mathematical expressions for a sinusoidal voltage and current:

u=Umsin(Et+\uu);i:Imsin(ﬁtﬂpi), (2.1)
T T

where:

u, i — instantaneous values of voltage and current, i.e. values at any moment of
time;

Unm, Im — peak values — maximum values of voltage and current;
T — period (wave period, cycle), a time interval during which there is a full cycle

of change of the considered quantity in seconds, s;

f :T1 — frequency of a current in hertz, [Hz] or number of the periods in a

second; on default — 50 Hz;

o= % = 2nf — angular frequency — one turn for the period, rad/s;

(wt+y,) — argument of a sine — the phase, characterises value of function at

present time;

A graphic form of a sinusoidal current and voltage represents in Fig. 2.2
I

mn

Figure 2.2

v, V;— an initial phase of voltage and current (at t = 0);
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¢o=wy,—Vy; — a phase difference angle (phase angle) between the voltage u

sinusoid and the current i sinusoid.

If v, =w;, © = 0 both the current and the voltage coincide in phase
(Fig. 2.2, a). If v, > wy;, ¢ > 0 the voltage phase leads the current by an angle of
¢ (Fig. 2.2, b).

Average and RMS (root mean square) values of a sinusoidal current
(sometimes “effective value ” is in literature)
The average value of any sinusoidal function for the period is equal to
zero. Therefore, as the average value of a sinusoidal current we can understand
the average value of a sinusoidal current for a half-period.

For any form of a current

T/2

Ildt 2T/2
|, =2—==[idt. 2.2
av T/2 T ] ( )

T/2

If i=1,sinwt, hence I, =—T£|—mCOS(0t ,as oT =2mn, then

Q)

2 2n T 2
v =—2—nlm[cos?5—coso}=glm ~0,6371,,,

as [cosn]=—1 and [cos0]=1.
Then the average value of a sinusoidal current

L, =21 ~06371 . (2.3)
T

But the most widespread characteristic is the RMS (root mean square)
value. At measurements a sinusoidal current they compare with a direct current
on thermal action.

The RMS value of an alternating current is equal to such a value of a
direct current which releases the same quantity of heat Q , as well as the given

alternating current Q- across the same resistance R per the same timet=T.
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Let's receive expression for RMS value of an alternating current for part

of a circuit shown in Fig.2.3.
R
—__——

Figure 2.3
As a direct current | flows, the energy will release as heat

Q_=I°RT.

If an alternating current | flows via the same resistance R, the energy of
heat will release

.
= [i°Rdt
0

Let's equate the released energy of direct and sinusoidal currents

Q= Q-
T
I°RT = [i°Rdt,
whence an expression for the RMS value of an alternating current

1 T
| = |=[i%t. (2.4)
T 0

If a current is sinusoidal i =1,sin ot,

2T
| = I—mjsinzoatdt , as sinzcot:l(l—cos&ot),
T3 2

2T T T
\/I [dt— jcosthdt ,as[dt=T, and [cos2mtdt =0
To 0

The RMS value of a sinusoidal current

| =,-2T =-—"=0,7071, 2.5
21 J2 (2:9)
It is similarly possible to write down: U =—2; E=-—-"1
. \/51 \/E

If the RMS value of voltage U is 220 V, then the peak value U~ 311 V.
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Representation of sinusoidal functions by phasors and complex numbers

At calculation circuits of an alternating current Ohm and Kirchhoff laws
are used. They are valid for instantaneous values of currents and voltages.

At calculation it is necessary to carry out difficult trigonometric
operations.

Calculation becomes simpler, if currents and other parameters are
presented as rotating phasors as shown in Fig. 2.4.

i =1, sin (ot +y;).

Figure 2.4
At the moment t =0 | = I, siny; — a perpendicular (a vertical axis). Let the
radius-phasor in length i = I, rotates with constant angular frequency
27

co:T =2nf against an hour hand direction — one turn for the period.

At the moment t; the phasor will turn on an angle wt; and the length of a
perpendicular will be Iysin(wt, + ;). Application of rotating phasors allows to
present compactly in one drawing set of the various sinusoidal changing values
of identical frequency at the analysis of electric sinusoidal current circuits. The
phasor can be spread out on two components and be written down in the form of
complex number (Fig. 2.5).

g 1Y

w{|+‘{’i r

Figure 2.5
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On a complex plane the complex number I, =1 e'¥iatt = 0 corresponds

to a current i = I, sin(wt +y;). The valid length of a phasor is equal in certain

scale to the peak value of a current.
At t = 0 the projection of a phasor to an imaginary axis is equal to an

instantaneous value of a currenti(0) = I, siny;.

Thus, if a radius-phasor rotates counter-clockwise with angular speed o at
any moment the projection of this phasor to an imaginary axis will be equal to
an instantaneous value of a current during the considered moment of time.

There are 3 forms of record of a complex number

I=1,eMi=1_(cosy; + jsiny;)=1+jl (2.6)
Let’s have agreed that a sinusoidal current, EMF and voltage are to be
designated for time moment t = 0, i.e. the phasor | = Imej‘“i corresponds to the
current i = I, sin (ot + ;).
I is the complex peak value of a current. Having divided by /2, we
receive a complex RMS value of a current

If two currents are given: i; = I,;sin(wt+y;) and i, = I, sin (ot +y,),
their sum is defined by a rule of addition of phasors or complex numbers
(Fig.2.6).

i
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Figure 2.6

The algebraic sum of the currents corresponds to the geometric sum of the
phasors representing the indicated functions.

Set of phasors on a complex plane is called as a phasor diagram. Usually,
in the phasor diagram we don’t use the peak value, but the RMS values of the
quantities.

The method of calculation based on representation of functions by
complex numbers, is called as complex or symbolical.

Elements of an alternating current circuit

In the course of calculation and the analysis a real circuit is replaced with
an equivalent schematic diagram which contains a number of elements. Passive
elements of an electric circuit are referred to:

1) Resistance R

Up
—r 5

Figure 2.7

Resistance R (Fig.2.7) characterizes a resistive element (a resistor)
property to transform irreversibly electric energy into thermal energy.
Relationship between current and voltage across resistance is expressed so

ug =RI. (2.8)

Thus, it is necessary to mention, resistance at a sinusoidal current is

bigger than resistance at a direct current because of current replacement in

conductors at a sinusoidal current circuit. It is measured in ohms, [Q].
2) Inductance L

”L
—= >

Figure 2.8
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Inductance L (Fig.2.8) characterizes a property of an electric circuit
inductive element (an inductor or a coil), under the influence of a sinusoidal
current in it to create own magnetic field. It is measured in henri, [H].

L=—, (2.9)

where  — protoflux (linked flux or total flux) of an element self-induction.
At changing of protoflux v in windings of an inductor according to law of
electromagnetic induction (Faraday’s law), EMF of self-induction is induced

d¥

eL :—E. (210)

2
Inductance stores the magnetic field energy Wm:|‘7I and the

phenomenon of self-induction, i.e. when a current flows in the inductance, an
EMF is induced

e, =—L—. (2.11)

In order for a current to flow through inductance, a voltage must be
applied to it, at each moment in time it is opposite in direction to EMF of self-

induction
di
u =—e =L—.
L L dt
3) Capacitance C
i q¢
AN
Z[C
—_—
Figure 2.9

Capacitance C (Fig.2.9) characterizes a property of an electric circuit
element, for example a capacitor, to accumulate electric charges g and to create

. Cud
the electric field energy W, = -

c=-4. (2.12)
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It is measured in farads, [F]. But as current is equal to speed of change of

charges in time i :%, andq=C-uc, then i = d(C'uC):C duc
dt dt
From here we receive the expression for voltage across capacitance

e =éjidt. (2.13)

Relationship of a sinusoidal current and a voltage across ideal R, L, C -
elements

A sinusoidal current circuit with a resistance R (Fig. 2.10).

u R
i
Figure 2.10
The voltage u=U_sin ot is applied to the resistance R (Fig. 2.10) The

current is i:%:%sinmtzlmsinwt, where Im:UFm— peak value of the

current.

Phase difference angle between the current i and the voltage u across the

resistance R is equal to zero, i.e. ¢ = 0 (Fig. 2.11). Having divided U, by /2,
we receive Ohm’s law

|:!; lzg. (2.14)
R R
u, i
¢ +j
u /
1 —_>;
0 _ \ /
lP‘f_ l{}u y
o |

Figure 2.11
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The current change is sinusoidal and coincides in phase with the voltage
across resistance (an active element).

A sinusoidal current circuit with an inductance L (Fig. 2.12)

Figure 2.12
The voltage u=U_,sin ot is applied to the inductance L (Fig. 2.12).

[ : : :
Ifu =-e = L%, from here we find a sinusoidal current

i :Ej'udtzljumsin otdt = —2m cosot :U—msin(mt —E) = Imsin(cot —Ej ,
L L 2 2

oL ol
(2.15)
where 1|, _Ynm :U—m.
oL X,
Ohm’s law for a circuit with inductance
_v_u (2.16)
oL X,

The current varies sinusoidally, but it lags behind the voltage across

inductance by n/2 in phase. (Fig. 2.13)

u,i
L7,
u N = .

S R E U

Oj \w
/- -é v
qj!'>q)l-l

Figure 2.13

I~

An inductive reactance is determined as
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X =oL=2xfL. (2.17)

It is measured in ohms, [Q].
The EMF of self-induction e, = —L% =—u=-U,sinot=E,sinot.

A complex form of voltage across inductance looks like

J(\Ifi+900j j(\vi+90°]

o on0 )
UL:ULe =X|_|e =X|_|eN'ejgo :JXLl

As under Euler formula e/®° = cos90° + jsin90° = j.

Then Ohm’s law for an inductive element is
U U

|=—=—-. 2.18
T joL X, (2.18)
A sinusoidal current circuit with a capacitance C (Fig. 2.14)

o_.

C

u -

yi
o_.

Figure 2.14

The voltage u=U_sin ot is applied to the capacitance C (Fig. 2.14) ,

then the current in capacitance

: du U, . T . T
i=C—==0CU, cosot=—"sin| ot+= |=1sin| ot += |, 2.19
e =oCUneosot = ot 3= psh{ot+3). @19
oC
wherel _Yn :U—m. Ohm’s law for capacitance | _v_Y
1 Xe 1 X
oC oC
A capacitive reactance is
1
Xe=—0m, 2.20
C=C (2.20)

measured in ohms, [Xc] = [Q2].
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The current varies sinusoidal, but it leads the voltage across capacitance
by n/2 in phase (Fig.2.14). A complex form (a phasor) of voltage across
capacitance

Ue =Uej(w_gj N i) = e lvi xCe_Jg = jXcl.

Ohm’s law for capacitance in a complex form

-—= Y (2.21)

Ul

U

." I lPi< let {
T\ )
Figure 2.15

Test questions
1. What are the advantages of an alternating current?
2. What the forms of representation of a sinusoidal current do you know?
3. What are instantaneous values of voltage and current?
4. What are the peak-values of voltage and current?
5. What is the RMS value of a sinusoidal quantity?
6. What is the average value of a sinusoidal quantity?
7. What elements of an alternating current circuit do you know?
8. What is the phase difference angle between current and voltage across
resistance?
9. What is the phase difference angle between current and voltage across
inductance?
10. What is the phase difference angle between current and voltage across
capacitance?
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LECTURE 3
RELATIONSHIPS OF SINUSOIDAL VOLTAGES AND CURRENTS IN
THE CIRCUIT WITH A SERIES CONNECTION OF ELEMENTS.
ENERGY AND POWER IN A SINUSOIDAL CURRENT CIRCUIT
WITH IDEAL R, L, C ELEMENTS

A series connection of elements in an electric circuit is shown in Fig. 3.1.

Figure 3.1

The voltage is applied to the circuit (Fig. 3.1) u=Usin(wt+o).
According to Kirchhoff’s Voltage Law we can write down for instantaneous
values of quantities

u=ua+uL+uC=Ri+Lﬂ+l idt. (3.1)
dt C
The complex of RMS voltage values is equal to the sum of the complex

values of voltage drops

U=U_,+U, +Uc=IR+ jX I - jXcI. (3.2)
Let's draw a phasor diagram for this circuit (Fig. 3.2).
1
A 4
0 >
¢ |U.
-J y B
Figure 3.2

From the phasor diagram (triangle A 0AB) we will find
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U?=UZ +(U, —Uc P =(IRP +(1X —1Xc )P = 12|R% + (X - X2
From here Ohm’s law for an alternating current circuit

U U
| = ey (3.3)
\/R2+(XL_XC)Z z

Impedance of the circuit

Z =JRZ+(X_ - Xc ). (3.4)
If it is the impedance of the circuit in Fig. 3.1
2 2
Z=|(ZRP+(ZX -2 XcF,
it’s similarly possible to write down from the initial equation

Z=R+j(X, ~Xc)=R+ X, (3.5)

where X = X, — X is the reactance of the circuit.

From the triangle A 0AB (Fig.3.2) we have a voltage triangle (Fig. 3.3)

=iz, |~ % Ve™
o [F-Xo=Usine
U,=Up=IR=Ucos?®

Figure 3.3
Having divided each line of the voltage triangle by a current, we will
receive an impedance triangle (Fig. 3.4)

X=X, -X.=Zsin®

R=Zcos?
Figure 3.4

The angle ¢ represents a phase difference angle between a current and a
voltage in a circuit

@ =arctg ULU;UC = arctg XL;RC . (3.6)

a
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Conductance, susceptance and admittance

Complex admittance of the circuit is

1 1 1 R-—jX R-—jX R . X
Y=_-= N N N T pZivw? pi.ywez Jnr 2T
Z R+JX R+JX R=-jX R°+X R+ X R+ X
R . X :
=527 152=6-1B, (3.7)
where conductance of the circuit (at X=0, G =1/R) is
R R
G=——>=—, 3.8
RZ+X? Zz? (39)
susceptance of the circuit is
X X
B= =—. 3.9
RZ+X? Zz°? 39)
At X=X_ —Xc>0, B>0, and at X=X — Xc <0, B <0.
Subject to a complex admittance, Ohm’s law becomes
1= _uy (3.10)

1=UY =U(G- jB)=UG-jUB=I,+l,,

where |, is an active component of a current 1, |, is a reactive component of the

current |. The phasor diagram looks like (Fig. 3.5)
_[(.':QG g

Y

S |p=uGB)

~
.

Figure 3.5
Then an admittance-conductance-susceptance triangle is shown in Fig. 3.6.
G
¢
Y

Figure 3.6
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Kirchhoff’s laws for sinusoidal current circuits
Kirchhoff’s current law (1% law): the algebraic sum of instantaneous
values of currents is equal to zero in a node of an electric circuit. Or the
geometrical sum of the phasors representing currents in a node is equal to zero.

n
For instantaneous values > i, =0. (3.11)
k=1
n
For complex values or phasors »'1, =0. (3.12)
k=1

Kirchhoff’s voltage law (2" law):

If each part of the loop of the electric circuit contains R, L, C elements,
then the algebraic sum of instantaneous values of the EMF, acting in a closed
loop, are equal to the algebraic sum of the instantaneous values of the voltage

drops on the elements of this circuit

n ALY dip, 1 ..
kel k=l dt Gy
The sum of EMF complex values, operating in the closed loop, is equal to

the sum of the complex values of voltage drops on parts of this loop
n m
2 Ec=21Zy. (3.14)
k=1 k=1

Energy and power in a sinusoidal current circuit with ideal R, L, C elements
In a circuit of a direct current power was defined by the expression of
P=UI.
Let's consider a sinusoidal current circuit with a series connection R, L, C

elements (Fig. 3.7).
R i

IS
t-.‘

||
ol
Figure 3.7
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Let's write down the applied voltage U as u=U,,sin(ot+¢) and the
current 1 as i =1,,sin wt.

It’s known ¢ =y, —y; at y = 0 then y, = ¢.

If XL > Xc, ¢ >0 and vice versa X < Xc, ¢ <0.

For instantaneous values the next expression represents
p =ui =U,,sin (ot +¢)l,,sin ot. (3.15)

Separately here, we write down U 1., =+/2U~/21 = 2UI .

sin(ot +)-sin ot = % [cos(wt + @ — wt)— cos(wt + ¢+ wt )] = % [cose—cos(2wmt + o)

The expression for the instantaneous power is
p =Ul cos ¢ —UI cos(20mt + ¢). (3.16)

Energy, which arrives in a circuit, defined by the average value of power

for the period

1T 1T 1%
P :?g pdt:_lf£UI cos(pdt—?gw cos(2mt + @)dt, (3.17)

.
but TEIUI cos(2mt + ¢)dt = 0, therefore
0

P =Ulcoso, (3.18)
where cose is called a power factor.
From a triangle of voltageU coso = IR, therefore an active power
P=Ulcosp=1°R. (3.19)
Thus, an average power for the period is called the active power P.
Let's consider a circuit with an active element, i.e. ¢ = 0 (Fig. 3.8, a).
p =ui =UI (L-cos2wmt)=UI —UI cos 2wt . (3.20)
Let's plot the function graph of this power (Fig.3.8, b)
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. p - 2UT
o— i ol @
| -
__,_I_,'_f_j_f_f_i_;_;_l_ﬁ_.'_._ ________ f
0 ~
o— 2N
a b
Figure 3.8

The power is more than zero (Fig. 3.8, b), electric energy arrives from a

source in a circuit, here it is spent. What is this energy? This is a thermal energy

T/2 T/2 T/2 T
W= [pdt= [uidt= [iridt=1°R. (3.21)
0 0 0 2

Let's consider a circuit with an inductive element, i.e. ¢ = n/2. (Fig. 3.9, a)
1T 1T 17

P=—|pdt==|Ulcosedt—=|Ul cos(2mt + ¢)dt. 3.22
Tgp Tg ¢ T£ s20t +¢) (3.22)

But also the first and second expressions in (3.22) are equal to zero, i.e.
the average value of the power for the period is equal to zero (Fig. 3.9, b). From

the general expression for the instantaneous power

p:—UHm{&m+gj:UBm2mL (3.23)
7
Zil @ i)
@ @
—————————————— T
. ikl O\ )
= T/4
u L
S <
Jr \J]
a b
Figure 3.9
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In inductance (in the ideal inductive element) the current lags behind the
voltage by 90°.

For the period power is changing a sign twice. A positive value of power
corresponds to the condition at which energy arrives in a circuit. A negative
value of power corresponds to the condition at which energy comes back to a
source. Thus, the ideal inductive element does not consume energy. Let's find
value of the energy arriving about a circuit for a quarter of the period. This the

expression for the energy of a magnetic field

T14 T14 T4 g 2
W = jpdt— £U|dt— | Laldt_ledl —m

(3.24)

Here we have made replacement of the limits of the integral: at t =0, i =
O;att=T/4,i=In.

Thus, the energy which has arrived in a circuit with an ideal inductive
element, will be transformed to the energy of a magnetic field. Power is positive,
when the current rises in an absolute value. During this moment energy arrives
in a circuit and will be transformed to the energy of a magnetic field.

When current decreases, the reserved energy in an inductive element
comes back to a source, i.e. in such a circuit between the source and the load
there is a continuous exchange of energy.

Let's consider a circuit with a capacitive element, i.e. ¢ = — /2.

From the general expression for the instantaneous power

p=-Ul co{Zc)t—g):—Ulsin 20t . (3.25)

Here the voltage lags behind the current by 90°. The same drawing, but
the current and the voltage have changed in places (Fig. 3.10). This is the energy
of an electric field

T/4 T/4 T/4 du
W = jpdt— {mdt— [u Cadt—cj udu=

_cu,

(3.26)
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Figure 3.10

Thus, in a circuit with capacitance (the ideal capacitive element) the
processes are similar to processes in a circuit with an inductive element, but the
energy of an electric field here fluctuates.

In a real electric circuit both phenomena take place simultaneously: and
irreversible transformations of energy of a source to heat and an exchange a
source and loads.

Apparent, active and reactive power

In Fig. 3.5 the phasor diagram has been shown in which the current | lags
behind the applied voltage U by angle of ¢. In Fig. 3.11 the triangle of voltage is
shown, where the active (horizontal) component of U is Ucose and the reactive
(vertical) component of U is Usine.

U=IZ I(X;-X-)=
0 =Using
IR=Ucos®
Figure 3.11

If each of the voltage phasors is multiplied by I, Fig. 3.12 is obtained and
is known as the power triangle.

UI=I"Z

Ulsin®=I"X

Ulcos® =R
Figure 3.12
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Active power (true power) is irreversibly converted into heat or
mechanical work. It is measured in watts, [W].
P=1°R=Ulcoso. (3.27)
Reactive power, which is spent for creation magnetic and electric fields,
and then comes back to a source
Q=12X =1%X_ —1*X. =Ulsing, (3.28)
It is measured in reactive volt-amperes, [var].
Apparent (total power) is the product of the RMS voltage U across the
terminals of a two-terminal element or two-terminal circuit and the RMS electric

current | in the element or circuit

S=Ul=1%Z=P?+Q?. (3.29)

Apparent (total power) is measured in volt-ampers, [VA]

Then, active and reactive power: P =Scose, Q=Ssino.

Power in the symbolical form
Let’s take u=U,,sin (ot +y,); i =1,sin(ot+y;).
In the complex form these expressions:

Q:UT;ejW” =UelVu; |=D_—fgej"’i =1 o=y, ;.

The complex conjugate value of a current |~ = le™ Vi,
Let's write down the expression

Ul =Uelu . 1g71¥i —ylelvu—vi) ulel® Ul cosp+ jUlsing=P + jQ =S.
The apparent complex power

S=Ul"=P+jQ. (3.30)

The real part of this complex represents the active power, and the

imaginary part is the reactive power.
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Power balance equations
In an electric circuit the sum of the active powers given by sources is
equal to the sum of the active powers consumed by loads. The statement for
reactive powers is similar to active ones.

For active powers (the real part of the complex)
n - m .
ZRG(Ek Iy )= ZRe(Qk Iy ); (3.31)
k=1 k=1

For reactive powers (the imaginary part of the complex).

SimE, Ly = Sy, 1;) (332)
k=1 k=1

Test questions
1. What is conductance of a circuit?
2. What is susceptance of a circuit?
3. What is admittance of a circuit?
4. State Kirchhoff’s laws for circuits of a sinusoidal current.
5. What are powers and the phase difference angle in a circuit with resistance?
6. What are powers and the phase difference angle in a circuit with inductance?
7. What are powers and the phase difference angle in a circuit with
capacitance?
8. What is active power in sinusoidal current circuits?
9. What is reactive power in sinusoidal current circuits?

10. What is apparent power in sinusoidal current circuits?
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LECTURE 4

CIRCUIT WITH PARALLEL CONNECTION
OF IDEAL R, L,C ELEMENTS.
RESONANCE PHENOMENA IN AC CIRCUITS

Currents in the branches of an alternating current (AC) circuit (Fig .4.1)
are defined by Ohm’s law, but the current | in not branched out part of the

circuit we find with help by of Kirchhoff’s Current Law in the complex form:

(4.1)

(4.2)

Figure 4.1

It is possible to express currents in the branches by complex admittance.
To remind the general expression for admittance, conductance and susceptance:
Y=G-j(B.~Bc) (4.3)
1,=GU; 1,=-]B U; l3=]BcU.

Hence an active component of the current | is

la=1,=GU. (4.4)
A reactive component of the current | is

l,=1,+13=—j(B.-Bc U =-jBU. (4.5)
The total complex current is

I=la+1p. (4.6)

The module of this current is
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l=\15+15. (4.7)

The phasor diagram is shown in Fig. 4.2.
1

Figure 4.2

The currents in the branches with inductive and capacitive elements are in
antiphase (opposite each other), and the reactive current of the circuit is equal to
their difference. This phenomenon is used to compensate for a phase difference.

Thus, a compensating capacitor is connected in parallel to the circuit with
active-inductive elements in parallel, which provides:

1) reducing the phase difference angle between the current source and its
voltage;

2) increases coseo (the power factor) of the circuit;

3) reduces the source current (1 < 1).

Resonance phenomena in alternative current (AC) circuits

As resonance we understand such a condition in which the impedance of
the circuit (Fig. 4.3) with R, L, C elements relative to
the source is purely resistive. In this case, ¢ =0, the

current and the source voltage coincide in phase, the

reactive power Q:UIsin(p:(XL—XC)IZ:O, I.e.

the circuit consumes only an active power P =RI?.

Figure 4.3

Series resonance (\VVoltage resonance)

Series resonance is possible in an electric circuit with series R, L, C

elements connection. For this circuit impedance isZ = \/RZ +(X =X ).
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If XL = Xc then Z = R and the impedance of the circuit will be purely
active.

Thus, a necessary and sufficient condition of series resonance is the condition

Xi=Xc or oL = i (4.8)
oC
From here we obtain the resonance frequency or resonant frequency
1
= _ 4.9
27/ LC (4.9)

At resonance the impedance of an AC circuit becomes minimum, and the
current becomes the maximum value lo, which is shown in Fig.4.4.
_U_uY

Z R
AsX, =Xc, I- X =1-Xcand U =U¢.

ly (4.10)

Voltages across inductive and capacitive elements can exceed many times
over the voltage of the source, from here and the phenomenon name is voltage
resonance.

The voltage across a coil (inductance) U, is I A
equal to the voltage across capacitor (capacitance)

Uc, but they are opposite on a phase, therefore the

resistor (resistance) element Ug. This situation is

input voltage U is equal to the voltage across a

shown in Fig. 4.5. o
Parallel resonance can be obtain, changing Figure 4.4
o, L, C.
*J A

Wi~

Figure 4.5
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A current in the circuit in common case can be found as

| = J (4.11)

]2
\/2( )
oC

At the resonance the voltages across inductance and capacitance have the

same value:
U, =Uc =1pX =1gX¢ _Y XL —%Xc-
Q-factor or quality factor of a circuit is

Q-factor shows how many times the voltage across inductance or
capacitance exceeds the input voltage of a circuit.
Parallel resonance (Current resonance)
Parallel resonance appears at parallel connection of reactive elements
(Fig. 4.6).

Figure.4.6

Therefore, we can write down
L=1+1,=Y,U +Y,U =U(G, - jB)+U(G, + jB,) =
=U[(G, +G,)- j(B,—B,)].
The resonance of currents will be, when B, — B, =0.

Parallel resonance condition is
B, =B,. (4.13)
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Or

Ko Xe (4.14)
RE+X{ R+ X¢

Also it’s possible to write down

1
oL B »C
RE+o’® gz, 1
2 (chz

And we obtain the phasor diagram of parallel resonance shown in Fig.

4.7, where ¢ = 0.
| A
I U
0 \ s
I
</
Figure 4.7

Test questions
1. How can we sum the currents in a circuit with a parallel connection of R, L, C
elements?
2. What is a series resonance?
3. What is the series resonance condition?
4. What is the resonant frequency?
5. What is the condition of a parallel resonance?
6. What is Q-factror?
7. Compare the phasor diagrams of a series resonance and a parallel

resonance.
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LECTURE 5

THREE-PHASE CIRCUITS. PRINCIPLES OF GENERATION. THE
REPRESENTATION FORMS. THREE-PHASE EMF SYSTEM AT
CONNECTION OF THREE-PHASE SOURCES AND LOADS

The multiphase circuit is a set of single-phase circuits in which several
EMF operate with the identical frequency, shifted by a certain angle. The
separate circuits, entering into a multiphase circuit, are called as phases.

Three-phase circuits are wide spread occurrence. The source of a three-
phase circuit is a three-phase synchronous (usually) generator. The three-phase
generator is shown in Fig. 5.1. The rotor is shown as a permanent magnet for

simplicity.

Figure 5.1

There are three windings A-X, B-Y, C-Z in the stator of a generator. The
axes of the windings are shifted in space by 120°. At the rotor rotation a
sinusoidal EMF will be induced in each winding. Figure 5.1 shows the rotor as a
permanent magnet for simplicity. Let's accept for the moment of readout time
when EMF in a phase A, it is equal to zero, i.e.:e, = E,, sin ot , then:
eg = Eyy sin (ot —120°)
ec = E,,sin (@t —~ 240°)= E,,Sin (oot +120°).
In view of that symmetry the peak EMF values E_,of all three phases are

equal to each other (Fig. 5.2):
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EA = EejOO; EB = Ee—leOO; EC = Eejlzoo :EC = Ee_j2400 . (51)

120° =¢ L5
e 360
a b
Figure 5.2
The algebraic sum of the instantaneous values is
ep+eg+e:=0. (5.2)
The RMS values of electromotive forces are summed up as
Epn+Eg+Ec=0. (5.3)

Such EMF system, in which all the EMF are equal by value and shifted
relatively to each other by the same angle of 120°, is called symmetric.
Having connected three phases of a source to a three-phase load, we

obtain a three-phase circuit shown in Fig. 5.3. The circuit is called uncoupled.

A {
_EAT I:IZA
,EY Xz E § < Zp
C E:QHB Z \%\
dc .l}g
Figure 5.3
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The phasor diagram of this three-phase uncoupled circuit is shown in
Fig. 5.4.

Ly

N
1
P

i
_]V
Ec T y Ep
1p
Figure 5.4

The load is called balanced if the complex impedances of all the loads in
all the phases are the same
Lpa=Lg=Lc. (5.4)
Since Z =Zel® both the modules and the phase difference angles should
be equal
Lpn=Lg=Lc, QpA=0p=0c. (5.5)
At a balanced load the currents are equal to each other in the phases
ly=lg=Ic. (5.6)
Star connection (wye or Y connection) of the generator phases and loads
At a star connection the ends of the phases X, Y, Z are united in one
general point which is called neutral (N, n).
The wire, connecting these two neutral points of the power supply and the
load, is called a neutral conductor (Fig. 5.5).
Conductors connect a power supply to loads called lines in a three-phase
circuit.

There are phase and line currents and voltages.
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Phase voltage is a voltage between the beginning and the phase end. It is
the voltage between a line and the neutral wire: Ua, Ug, Uc. Other names of
phase voltage are phase to neutral voltage or line to neutral voltage (US).

A phase voltage of a source is accepted equal to EMF.

Line voltage is a voltage between phases or line wires Uag, Ugc, Uca.

Currents in the phases are called phase currents. Currents in line wires are called
line currents la, Ig, lc.

Figure 5.5
At star connection the line currents are equal to the phase currents I, = Ipy,
According to Kirchhoff’s voltage law U ,g +Ug—-U , =0.

From here:
Upg=Ua—-Ug; Ugc=Ug-Uc; Ucpa=Uc-U,. (5.7)

The following phasor diagram (Fig. 5.6) corresponds to these
relationships.

Figure 5.6
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The system of voltage source is always symmetric. From the triangle

shown in Fig. 5.6 we have

U—ZL:UPhcos3O° :Uphg,
From here we receive
UL =+3Upp. (5.8)
Thus, if the system of voltages is symmetric, then the line voltages are
greater than the phase voltages by /3 times when the loads is star-connected.

U _ 3220380

Upy 127 220
According to Kirchhoff’s current law we find the neutral conductor
current
In=1a+1g+]1c, (5.9)
and according to Ohm’s law
In =§—E=QN1N , (5.10)

where: U \ is the neutral bias voltage, Y, =Zi Is the admittance of the neutral
=N

conductor.
The phases voltages across the loads U,, Uy, U, can be defined as follows

from the of Kirchhoff’s voltage law U , =U , +U y :
Ua=Up-Uy; Up=Ug-Uy; Uc=Uc-Uy. (5.11)
Then the currents are equal in the phases:

U
lAZE_a:Qa!a:(QA_QN)!a' (5.12)
a

We will similarly write down for other phases:
Ig= (L_JB -Uy )!b;
Ic= (L_JC -Uy )!c .
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Substituting these currents and (5.10) in the equation (5.9) it results

UnYn=Ua-UnNa+Ug-Uy)Vp+Uc-Uy)Ye. (5.13)
From here definitively we obtain the expression for the neutral bias
voltage:
QN :QA!a"'QB!b"'QC!c . (514)
!a +!b +Xc +!N

In the absence of the neutral conductor Zy =0 = Y —0

From the equation (5.14) follows that if the load is balanced, i.e.
Ya=Yp=Yc=Y,

that Uy =0and Iy =U Yy =0; Iy

Ia+lg+1c=0.
From expression (5.12) follows that phase voltage of loads will be equal
to corresponding phase voltage of a source:
Ua=U,; Up=Ug; U, =Uc. (5.15)
At an unbalanced load and absence of the neutral conductor,
le:YzY, =Y and Uy #0.
If the load is unbalanced and the neutral conductor is absent,

U \ # Oalso the phase voltage across loads are not equal to the phase voltages of

the source (see 5.11):
Ua#Ua; Up#Ug; Uc#Uc.

At an unbalanced load and presence of the neutral conductor, equality of

the phase voltage across loads and the source voltages (5.15), as
Zy~0,thenUy =1yZy,andU,=U,; U, =Ug; U, =U..

Thus, the neutral conductor provides equality of the phase voltage of a

source and phase voltage across loads if the three-phase load is unbalanced.
Delta connection of the generator and the phase loads
At a delta connection of the source phases or the phase loads are

connected in a closed loop (Fig. 5.7). Such closing of the generator three phases
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IS not short circuit as between instantaneous EMF there are the phase difference

angles of 120°.
The way of connection of the phase loads does not depend on a way of

connection of source phases. Each phase of the load inserts between two line

wires, therefore U =Up,,.

Figure 5.7

The phase currents can be found as follows:

I_ab:uﬂ; le:L—J_BC; lcazuﬁ_ (516)
;ab ;bc ;ca

The line currents can be defined according to Kirchhoff’s current law
La+1g =1, from here:
Ta=lap—Lleailg =lpec—lapilc =lea— L. (5.17)
Since the angles @1, @2, @3 are given
(depending on the load), the line current
phasors can be drawn using the equation
5.17. The phasor diagram is shown in Fig.
5.8.

Figure 5.8
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1) If the load is balanced, i.e. Zyy=Zpc=Zcas lap=1pc=1cq and

Ia=1g=1c.

Let's consider one of triangles in Fig. 5.8. From here we will obtain
I o
— =1p,€0830".

We’ll receive at a balanced load | = V3l

At a balanced load a line current is more than a phase current in +/3 times.

2) If the load is non-balanced, this condition is not carried out, however
currents in phases will not depend on impedance of other phases. Therefore, a
delta connection is often applied at unbalanced load.

Power of a three-phase circuit

Generally, the active power of a three-phase circuit is equal to the sum of
the power consumed by each phase
P=P,+P;+Ps. (5.18)
At a balanced load P =3Py, . As Py, =Up;, I py, COS @p},

where o¢p, IS a phase difference angle between a phase voltage and phase

current.

: U
At a star connection: Up, :TC:; I, =lpy, then

. I
At a delta connection : lp, =—=; U, =Upy, then

ﬁs

P=3Uph|phCOS(p=3%ULCOS(p=\/_3UL|LCOS(p.

Therefore, without dependence from a way of connection, the active
powers of a circuit with a balanced load are equal to

P=3Up,lpyCosp=~/3U 1, COSQ. (5.19)
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It is similarly possible to write down for the reactive power and the
apparent power accordingly:

Q=3Upylppsinp=~3U I sing; (5.20)

S=3Upplp, =~/3U I, . (5.21)

Test questions

1. What is the angle between the axes of windings in the stator of a
synchronous generator?

2. What is a symmetric EMF system?

3. What is an asymmetric or an unbalanced load in a three- phase circuit?

4. What connection of the phases do you know in a three-phase system?

5. What is a line voltage, current?

6. What is a phase voltage, current?

7. What is a neutral bias voltage?

8. What is the ratio between a line voltage and a phase voltage when the
load is connected in star?

9. What is the ratio between a line voltage and a phase voltage when the
load is connected in delta?

10. What is the ratio between a line current and a phase current when the
load is connected in star?

11. What is the ratio between a line current and a phase current when the
load is connected in delta?

12. What are formulae for active, reactive, apparent powers in a three-

phase circuit?
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LECTURE 6
TRANSIENTS IN LINEAR ELECTRIC CIRCUITS

Electromagnetic processes appearing in an electric circuit at transition
from one steady-state condition to another are called transients or transient
response. Generally speaking, in science a transient response is the system’s
response to changes in parameters. In circuits with only resistive elements
transients don’t appear, in them the stationary operation condition is established
instantly.

Inductive and capacitive elements are inertial, i.e. variation of magnetic
and electric fields energy can’t physically occur instantaneously.

Laws of switching

Changes of parameters of electric circuits causing transients are called

2
switching. Accumulation of energy of a magnetic field W, = % in an inductor

2
and energy of an electric field W, = CTU In a capacitor takes some time, because

increase of a current i in an inductor is interfered by EMF of self-induction

e, :—L%, and the charge of a capacitor which is accompanied by voltage u

increase, is interfered by a field of accumulated electric charges.
These positions are formulated in the form of two laws of switching:

1) in a branch with an inductive element, the current cannot change
abruptly, i.e. a current at the last moment before switching i, (0O—) and a current

immediately after switching i, (0+) are equal to each other:
i (0-)=i_(0+), (6.1)
I, (t) -acontinuous function.
In other words:
The current in an inductor (coil) cannot change immediately (with

discontinuity of the derivative).
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i (-0)=i (+0) at t=0, atthat t =— 0 m t =+0 is the same point in
time, but before and after switching.

It is known that an inductive element stores magnetic energy as

) .
W, = % , While the instantaneous power of such a process p,, = % =Li d

a .
Assuming that the current may change abruptly, i.e. %—)oo, it means

that p,, — . However, in nature there are no sources of an infinite power, so

the current spike in the inductive element is impossible;
2) voltage across a capacitive element cannot change abruptly, i.e. during

the first moment of transient u.(0+) it keeps the value which had prior to the
beginning of transient u: (0-):
Uc (0-)=ug (0+), (6.2)
Uc (t) —a continuous function.

In other words:

The voltage across a capacitor can't change instantly uc(—0)=uc (+0) at

t=0.
" : CUg .
A capacitive element stores electric energy W, = 5 consuming

instantaneous power p,. If the voltage is changed instantaneously

P, = oW, :CUC%, i.e. due —o0, it would meanp, > that it is
ot dt dt
impossible.

The general principles of the transient analysis
Transients in linear electric circuits are described by linear differential
equations compiled on the basis of Ohm’s law and Kirchhoff’s laws for in
instantaneous values of electric quantities, applied to any state of a circuit.
The current and voltage across R, L, C elements are related by the
expressions:
di

U =i-R; u =L—
R L dt

e :%jidt oi=cl% (3
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The current or voltage is defined by the solution of a differential equation
with an absolute term.

The solution of a differential equation is the sum of the particular solution
of this equation and the general solution of the equation without an absolute
term.

The desired value of a current (or voltage) according to the principle of
superposition is conveniently presented as the sum of two components: steady-
state and free, i.e.

i(t) =g +if . (6.4)

In the steady-state condition which theoretically comes at t - o, and
practically at reduction i; to zero, a resultant current i = is. The steady-state
value of a current is, called a forced component, is defined by the particular
solution of a differential equation, i.e. the solution with an absolute term.

The free component of a current i; is defined by the general solution of a
differential equation without an absolute term and, it’s equal to 0.

Connection of an inductor (coil) to a direct current (DC) voltage source

pod 0
U R
U %
zz,_l I
- O
Figure 6.1

After a key closing in the circuit, as shown in Fig. 6.1, according to
Kirchhoff’s voltage law, we’ll obtain
ug +u, —U =0. (6.5)
The solution of the differential equation looks like
i(t) =g +is. (6.6)
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The steady-state value of the current ig is as the particular solution of the

equation (6.5)
i =—=1 (6.7)

For the free component of the current iy a general homogeneous
differential equation of the first order is valid
L%+R-if=0. (6.8)
dt

The general solution of the equation (6.8) is an exponential function,
i =Aef, (6.9)

where A is a constant of integration; p is a root of the characteristic equation

L-p+R=0, whence

p=-1" (6.10)

Substituting (6.7) and (6.9) in the equation (6.6) we obtain

u . -
i(t):iss+if :E-F Ae L . (611)

The constant A we find from the initial condition at t=0.

Before closing of the circuit i(0-) =0

After closing of the circuit from the equation i, (0+) = UE + A.

As i (0-)=0, that 0= UE + A, whence we find

A=——. 6.12
A (6.12)
Substituting the equation (6.12) in (6.11) we obtain
R R t
—t —t J—
i:E—!e Y l1-e b _Y 1-e 7|, (6.13)
R R R R
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where t =% IS the time constant of the circuit.

The larger t, the current more slowly changes. t IS a measure
electromagnetic inertia of an electric circuit. It is equal to the time interval
during which the free component of the current i; decreases in e (Euler number)
times.

T 1Is equal to a time interval for which the current reaches 0,632 steady-

states values. Practically a transient comes to the end through t = 4....5t and the

current reaches i =ig = | :UE (Fig. 6.2).

hu

0 % 2% BTr
Figure 6.2
The voltages equations are:
_Ry
up=R-i=U|l-¢e L |; (6.14)
. R R
——t ——t
uL:Lﬂ:LEe L =Ue L, (6.15)
dt L
di UR —t -t
as —=+——e L =——e
dt RL

An inductor switching off in the circuit with a DC voltage source
Switching-off of the inductor from a source of constant voltage (Fig. 6.3),

as a result of occurrence EMF of the self-induction interfering reduction of a
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current, it can be accompanied by voltage substantial increase across the circuit
parts. The arc discharge (flash) between disconnected contacts is possible.
That the arc discharge wouldn’t appear, it is necessary in parallel for the

coil to connect a discharge resistor R, as shown in Fig. 6.3.

Figure 6.3
After simultaneous disconnection of one key and switching on of another
key according to Kirchhoff’s voltage law of we can write down

After substitution it is obtained

: . di
R|+Rp|+La=O. (6.16)

Let's rewrite L%+ R.i=0, where the equivalent resistance of the

circuitR, =R +R,.

From the equation (6.16) it’s obvious that iss= 0. Therefore,

t
i=i =Ae T, (6.17)

where r:L: L

R. R+R,

We need to find a constant A. Before the key disconnection i, (0-) :UE’

after switching of keys from (6.17) i, (0+) = A.
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According to the first law of switching: i, (0-) =i, (0+) = A= UE

We substitute in the equation (6.17) and obtain

U -t

i=—e 7. 6.18
A (6.18)
Transient EMF of self-induction in the coil:
di dlu SRy UR+R, - Rp,
dt dt| R R L
R+R, — Ry,
=U e T=|1+— Ue *. (6.19)
R R

At the moment t =0 EMF instantly increases from 0 to the maximum

value

€L max = (1+ ?pju . (6.20)

CONCLUSIONS:

1) if Ry= 0 process proceeds until energy of the coil W, =|‘7i2 doesn’t turn to
heat in resistance R.

2) if a resistance of the resistor R, is big (for example, air interval), EMF of self-
induction reaches a great value that leads to a breakdown of an air interval;
there is an electric arch across contacts.

3) we must choose R, = (4... 8) R in practice.

Transient curves of the current are shown in Fig. 6.4.
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= |

0
Figure 6.4
Capacitor connection to a DC voltage source (charging a capacitor)
On a capacitor plates (Fig.6.5) electric charges starts collecting with a
simultaneous increase of voltage uc across them till the moment when balance

uc = U reaches equilibrium.

roi 0
]
U %
”Cl::c
-0
Figure 6.5

According to Kirchhoff’s voltage law ug +uz =U or Ri+uc =U, but
as i= C%, then
dt

RCdstC+uC —U. (6.21)

The solution of the non-homogeneous differential equation
UC = uCSS + qu (622)
When uc, =U , the charging of capacitor will stop at the same time.

For a free component of the voltage we will write down the homogeneous

differential equation (without the absolute term U)
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du
Rcd—‘t’f+uCf - 0. (6.23)

This differential equation of the first order has the general solution

ucr = AeP! and the characteristic equation RCp+1=0, whence the root of the

characteristic equation

1
=——, 6.24
P=-rc (6.24)
Substituting in the equation (6.23) its components, we obtain
MC - U + Aept . (6.25)

For finding of a constant A the 2nd law of switching is used. Before the

key closing u;(0-)=0; after the key closing (from the equation (6.25))
Asuc(0-)=uc(0+) = U+A = A=-U.

Let's definitively write down
_t .t
uc =U —Ue RC :U(l—e TJ, (6.26)

where t=RC - time constant defines speed of transient.

Let's define the current i

t t t
i—cd% _c9y_uere|o——culterc_Yer (627)
dt dt RC R
And voltage is equal to
u ' _t
Ug = Ri:REe T=Ue T. (6.28)

Transient curves of the voltages and current are shown in Fig. 6.6. We can

see growth of the voltage uc and decay of the voltage ug and the current i.
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= |

A 1§
0 T 27 3t
Figure 6.6

At the first moment of time the current i(0+) :%and the capacitor is as

though closed in a short circuit, i.e. the current i is very high at a small
resistance. Thus, the resistor limits a current surge, but charging time increases.
The capacitor discharge across resistor (discharging a capacitor)

After short circuit of the capacitor, charged to the voltage uz =U, is

across the resistor, in the circuit (Fig. 6.7) there is a discharge current

i=-C—C, (6.29)

Figure 6.7
where a minus the sign specifies that the discharge current is in the

opposite direction to the voltage uc .

According to Kirchhoff ‘s voltage law:

Substituting in this equation (6.29), we obtain
Rc‘%wc ~0. (6.31)
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As the equation (6.31) is homogeneous, i.e. 0 is in the right part, us, =0
t

and Uc =Ug; = Ae RC (6.32)

Let's find the constant A.
Before switching: uc(0-) =U ; after switching (from the equation (6.32)

at t=0, uc(0+)=A,as uc(0-)=u.(0+) = A=U.
t t

We substitute it in the equation (6.32) uc ~Ue RC =Ue . (6.33)
We’ll find the current as
t t
i = OIﬁ:cu(—i)e re Yo, (6.34)
dt RC R

Transient curves of the voltage and current are shown in Fig. 6.6. We can

see decay of the voltage uc and the current i.

u

Figure 6.8
Connection of an inductor (coil) to a sinusoidal EMF source

I >Sf:0

‘@ A

~U

Figure 6.9
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The voltage of a source u (Fig. 6.9) is

e=u=U,,sin(ot +y, ). where y, - the initial phase of the source EMF.

The steady-state current will be equal i = I, sin (ot +vy, — @),

where |, = ~Un amplitude of the current i;

JRZ+ X2

the reactance of the circuit and the phase difference angle respectively:
. X L
X, =oL=2nfL; (p:arctgF.
According to Kirchhoff’s voltage law:

u_ +ug=e or L%+ Ri=eis a differential equation of 1% order,

: : R
therefore a free component of the current is equal to i, = Ae®, where p = L

the root of the characteristic equation.

The solution of a differential equation

R
=t
i=ig +if =1, sin(ot+y, —¢)+Ae L (6.35)

Before the key closing i(0—) =0; after the key closing (from the equation
6.35) i(0+)=1,sin(y, —¢)+A. According to the 1st law of switching
1(0-) =i(0+) it is obtained:
I ,sin(y, — @)+ A=0, whence, we find A=—I,sin(y, — o).

Substituting this value in (6.35) we obtain the general solution
R

—t
= Imsin(cot+wu —(p)—lmSin(\lfu —(P)e L

: (6.36)
Let's graph this function. It is shown in Fig. 6.10.
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Figure 6.10

CONCLUSIONS:

1) if at the moment of switching (t=0) y, =¢,i; =0also transient is not

present right after switching the sinusoidal current is steady-state;

2) if v, :cp+gduring the moment t = 7/2 the peak value of the current

can reach double maximum value i~ 21 ,.

Test questions

1. What is a transient?

2. State the 1% switching law.

3. State the 2" switching law.
4. Prove the 1% switching law.
5.
6
7
8
9

Prove the 2" switching law.

. What is a steady-state component of the electrical quantity value?

What is a free value of the electrical quantity value?

. What is the time constant of a transient?

What is a constant of integration of a differential equation solution?

10. What is a transient characterized by?
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LECTURE 7
MAGNETIC CIRCUITS. QUANTITIES AND LAWS
CHARACTERIZING MAGNETIC FIELDS IN MAGNETIC CIRCUITS

Magnetic field and its demonstration
A magnetic field is a vector field that describes the magnetic influence on
moving electric charges, electric currents, and magnetic materials.
The magnetic field proves as follows:
1) in a conductor which moves in a steady-state magnetic (magnetostatic) field,
itis induced EMF;
2) in a motionless conductor which is in a variable magnetic field, it is induced
EMF;
3) a mechanical force operates on a conductor, on which the current flows and
which is in the magnetic field.

The parameters characterizing the magnetic field

II

Figure 7.1
A magnetic flux @ is characterized by number of the lines of force
penetrating a surface by area S. The magnetic field can be represented the power
lines directed from the northern magnet pole N to the southern pole S.
® =BScosa, (7.1)
where a is an angle between a normal to a platform and the direction of the field

lines (force lines). A magnetic flux is measured in weber [®] = [Wb] = [Vs].
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Magnetic field induction Bcharacterizes intensity of a magnetic field in
the set point of space. It is a vector quantity. Its direction coincides with a
tangent to the field lines.

_AD

B=—.
AS

(7.2)

If the magnetic field is uniform B :%. [B] = [Wb/m?] = [T] (tesla).

The flux of a vector of magnetic field induction through the closed surface

is equal to zero

®=§Bds=0. (7.3)

The lines of magnetic force are always closed. It is a principle of

continuity of the lines of force.

Magnetic field strength (intensity) H is a vector quantity which coincides
with the direction of induction and characterizes intensity of the magnetic field
in vacuum (in the absence of magnetic substances). It is measured in Ampere
per meter[H] = [A/m].

B=p,H, (7.4)

where i, — absolute permeability of environment;
W= Ua/ po — relative permeability;
o = 4 w17 H/m (henry per meter) — permeability of vacuum is equal to
absolute permeability in vacuum.

In 1831 Faraday disclosed law of (electromagnetic) induction or
simply Faraday's law:
electromagnetic induction is called the phenomenon of EMF excitation in a loop
at change of the magnetic flux linked to it. An induced EMF is equal to speed of
change of the flux linked to a loop

_do
dt

(7.5)
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The sign "minus™ expresses Lenz’s rule: the current, created in the closed
loop by an induced EMF, always has such a direction that the magnetic flux
created by the current counteracts change of the external field magnetic flux,

that caused the current.

As ng,then e= -L—. (7.6)
[ dt dt

gy
[

\\\-{ )
qlllrir‘
dll.lila
c_.u-u-'
AR

IS

Figure 7.2
The EMF, which is induced in the coil, is equal to the sum of an EMF of
each turn
w
e=>e,
k=1
where w is a number of turns in the coil.
W d
e:Zekz—a((Dl+CD2 +..+ D), (7.7)
k=1

Where @;, @, ..., @, are fluxes which cover, accordingly, the first, the second
and w — a number of turns in the coil. ¥ =(®;+®,+...+ D) — the full

magnetic flux is the protoflux (linked flux) of the coil.

Then for the coil

dv
=——. 7.8
it (7.8)
If each turn of the coil is captured by the same flux, then ¥ =wd and
do
g=—W——-. 7.9
it (7.9)
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If a magnetic field is created by the current of the same coll, then such an
EMF created by this field is called self-induction EMF.

If the magnetic field is created by a current of another coil such an EMF is
called EMF of mutual induction. (Fig.7.3)

Figure 7.3

dy

ez=—M21E’

(7.10)

where M,, =—2 is mutual induction .
il

If a conductor moves in a steady-state magnetic field, the induced EMF is
equal to
E=BIVsina, (7.11)
where | — active length of a conductor;
V — speed of moving of a conductor;
B — induction of a magnetic field;
o — an angle between the direction of the lines of a magnetic force and the

direction of moving of a conductor (Fig. 7.4).

Figure 7.4
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By the right-hand rule the EMF direction is determined as shown in
Fig. 7.4. The thumb is the moving direction.
If the conductor with the current | is in a magnetic field with induction B,

Ampeére force operates on a conductor as shown in Fig. 7.5.

Figure 7.5

Ampeére law
F =Bllsina, (7.12)
where o is an angle between the lines of force and the conductor direction of
movement. By the left-hand rule Ampere force is determined (the thumb is the
force F) as shown in Fig. 7.5.
Magnetic properties of materials
In electrical engineering all materials are divided on not magnetic and
magnetic. Non-magnetic materials (para- and diamagnetics): copper, aluminium,
insulators, air, water, etc. have relative permeability yu, =~ 1. Magnetic materials
(ferromagnetics) have u, >> 1: iron, nickel, cobalt, alloys — steel, cast iron, etc.
Feature of ferromagnetic materials is that relative permeability p, # const,

and depends on magnetic field strength (intensity) H.

BpH B(H)
u(H)
o(H)_
Olb—==—=— — H
Figure 7.6
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Ferromagnetic dependences B(H), u(H) are non-linear.
B (H) — magnetization curve.
In vacuum B = po H,
where po=4zx10"7 H/m (henry per metre)~ 1,2566-10"° H/m is
absolute permeability or magnetic constant or permeability of vacuum
At cyclic magnetization reversal the hysteresis loop is formed as shown in

Fig. 7.7, where: B, — residual magnetic induction, H. -— coercivity.

Figure 7.7

Ferromagnetic materials are divided to soft magnetic materials
(Hc< 4 KA/m) and high coercivity (hard-magnetic) materials. At soft magnetic
materials have a narrow hysteresis loop. They are used for cores of
electrotechnical equipment. The area of a hysteresis loop characterizes losses on
hysteresis. High coercivity have a wide loop of a hysteresis (are used for
constant magnets, systems of data carriers — computer disks).

Ampere ‘s circuital law

Ampere's circuital law state a relationship between of the magnetic field
intensity and the current by which this field is created.

The line integral from a vector of magnetic field strength (intensity) along

any closed loop is equal to the total current covering the given loop.
fHAI=Y"I,. (7.13)
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Figure 7.8
The total current is an algebraic sum of all the currents of the loop. In
space around these conductors with a current the magnetic field is formed.

According to the total current law
fHAI =1 — 15 +15. (7.14)
The currents, which at the chosen direction of path tracing coincide with a
direction of a right-handed screw, are considered as the positive.
For a multi-turn coil (Fig. 7.9) the integration loop is captured by a current

in w times

fHdI=wl. (7.15)

Figure 7.9

The quantity F=wl is called a magnetizing force or magnetomotive
force or MMF.

At practical calculations the integration loop can be divided into a number
of parts so that magnetic field intensity throughout a part remained invariable
and its direction coincided with a direction dl. In this case the integral changes
for the sum:

83



. n n m
§Hd|:ZHk|k and ZHklk:ZIka' (716)
k=1 k=1 k=1

Classification of magnetic circuits
A magnetic circuit is a set of magnetizing forces, ferromagnetic parts and
other environments on which the magnetic flux becomes isolated.
Magnetic circuits can be divided: simple and complex (one or the several
MMF); uniform and non-uniform (magnetic field strength is constant or
changeable); multi-path and single-path (the flux branches or not), etc.

Let's consider the simple, single-path magnetic circuit with constant
MMF.

[
+ 0—>
U ly
- O—
Figure 7.10
It — length of the lines of force throughout all parts in steel,
lo — length of the air gap.
For the given magnetic circuit, we can write down
HStISt + Holo - IW. (7.17)

But H :E; ® = BS, therefore, B:E. From here H :3,
Ha S HaS
Then we write down
Dl N dl,
HetSst  HoSo

= w, (7.18)
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and Ohm’s law is for a magnetic circuit
Iw Iw

D= = : (7.19)
Ist + IO Z RM
HetSst  HoSo
I : I

Rvg = ;ts — reluctance of a steel part (to compare with R = pg );

HstOst
Rmy = I—OS — reluctance of the air gap.

M09

AS Hem >> Mo, RM st << RMO .

Therefore, a ferromagnetic material (a core with a small magnetic
resistance) is introduced into a magnetic circuit, that allows to obtain a large
magnetic flux at the same magnetizing force.

Table 7.1 Analogy between electric and magnetic circuits

Electric Magnetic quantities
quantities
Current I Flux d
EMF E MMF F
Resistance R pl Reluctance Ry = b

S TP
Voltage U=1-R Voltage Upm =Hily =®Ry,
Conductor Ferromagnetic
Insulator Non- magnetic substance
Conductivity y= 1 Magnetic permeability Ua

p

By analogy it is possible to write down Kirchhoff’s laws for magnetic
circuits.
1%t Kirchhoff’s law: the algebraic sum of magnetic fluxes of branches of a

multipath magnetic circuit in a node is equal to zero
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Figure 7.11
k

2" Kirchhoff’s law: the algebraic of MMF of a single-path non-uniform
magnetic circuit is equal to the algebraic sum of magnetic voltages on its

separate parts.
SUp, = F- (7.21)
k k

Principle of calculation of magnetic circuits of a direct current

=
N
R
£
=

Figure 7.12
@, — a leakage flux (it is usually small).
It is set: a flux @, the sizes of a magnetic circuit, a core material, a steel
mark, a curve of magnetization B (H).
PROBLEM: to find F =wl - the magnetomotive force of a coil, which is

necessary for creation of the magnetic flux ®.

86



1.
induction B and of a magnetic field intensity H
throughout a part remain invariable; Iy and Sy are  Bif-->-
defined by the constructive sizes of magnetic circuits;

it is supposed that flux @ on each part is identical,
2.

: : . ()
an induction By across each site B, = S

Then, knowing Bk on a magnetization curve it is defined Hy as shown in
Fig.7.13.
3.

Sequence of calculation:

The circuit is divided into parts so that an P

If we know a magnetic flux @, we’ll define Figure 7.13

k

Knowing Hy, according to Ampere's circuital law, we find MMF

n
F=Iw=>) Hl, . Also we find the current | _F :

© 00 ~N O O B~ W N

k=1 W

Test questions

. What are the parameters characterizing a magnetic field?
. State Faraday’s law of electromagnetic induction.
. State Lenz’s rule.

. What is mutual induction?

. State Ampeére law.

. State Ampere's circuital law?

. What is a magnetic circuit?

. What is classification of magnetic circuits?

. State Ohm’s law for a magnetic circuit.

10. State 1% Kirchhoff’s law for magnetic circuits.

11. State 2" Kirchhoff’s law for magnetic circuits.

12. State the sequence of calculation of a magnetic circuit.
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LECTURE 8
MAGNETIC CIRCUITS WITH ALTERNATING MAGNETOMOTIVE
FORCE

Physical processes and relationships of the basic quantities

r _(D_>— R
[ | |
— :
'"“l 4 l z @y I
/TR |
\ i
6 o o = o e v
Figure 8.1

Let's consider an inductor (a ferromagnetic-core coil or iron-core coil) in
an AC circuit (Fig. 8.1). Such system is a widespread element in many systems
since in most cases the winding is powered by a sinusoidal voltage network.
Alternating current creates an alternating magnetic flux. Thus, the core

continuously re-magnetized.

N A
N—"" ) N ]
[ A L]
o> o<
I I
| 1
JE JE
o— | o—
I L 4
~— N
S N
a b
Figure 8.2

The first half-period we can see the picture shown in Fig. 8.2, a, through
the second the half-period the picture changes (Fig. 8.2, b).

Cyclic magnetization reversal of the core causes in it energy of hysteresis
loss.
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According to Faraday's law of induction each flux creates the EMF of

self-induction:

o = e:—wdi); (8.1)
dt
do
(Dp = ep :—Wd—tp, (82)

where @ — basic magnetic flux;
@, — leakage flux closes through the air:
w — a number of turns in the inductor.
According to Kirchhoff’s Voltage law the applied voltage creates two
EMF of self-induction and voltage drop across resistance R of the inductor
u=-e-e,+Ri, (8.3)
or we can rewrite
u+e+e, =Ri. (8.4)
Usually, the peak value of a self-induction EMF E, over exceeds an
leakage EMF E.,, many times, and a voltage drop IR across the inductor is
En>>Eqn, and Ep >> 1R (8.5)
The main resistance to the flowing current is EMF of self-induction E,.

The inductor can be presented the following schematic diagram (Fig. 8.3).

] R L,

0-H:I—""Y\\:

L,=w®,/I [

o

Figure 8.3
id — index of the ideal inductor (inductor without resistance, capacitance,

or energy dissipation and without a leakage flux).
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Graph curves of the EMF and current dependences of the ideal inductor

The ideal inductor at which R = 0 and a leakage flux @, is absent. The

sinusoidal voltage is applied to such an inductor u;y :Umidsin(mt +gj

e

NAYAS
NN

Figure 8.4

But thus, u,y =—e :wi%) means EMF is in antiphase:

e= Emsin(mt —g) and E, =U

mid *
e= —de = Emsin(mt —E] =—E,, cosomt.
dt 2

We find the flux from here:

(D———j dt————fE coswtdt—E—smmt—CDmsincot, (8.6)
W
Em
where ©, =—". (8.7)
OW
Thus, at a sinusoidal voltage across the ideal inductor A
a voltage, EMF and current change is sinusoidal. But at the =i
same time, the current and flux lag in phase from the voltage /2 D
m
by the angle of /2. The phasor diagram of the ideal inductor 0 ;
/2
looks like in Fig. 8.5
. oW E
From (8.7) we will write down E = TCDm. v
2 Figure 8.5

Considering thato = 2xf , we will obtain
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E= %@m = 2nfwd, = 4,44wfD . (8.8)

This is the equation of a transformer EMF.
Dependence of a magnetic flux on a current represents a hysteresis loop

(was B=f (H)). ButB=®/S, and according to Ampere's circuital law
fHdI=1w,ie.B~d, H~I.

At a sinusoidal change of the voltage U so also the flux @, we will look as

the current i(t) changes. On dependence @ (i) and @ (t) we draw i (t) in Fig.8.6.

@ 1 Dl
®,, ] ;-_;:; ::_- = : ®
y 2
& >s5=143
/ \i _/ : /
0 / 0
Figure 8.6
Att=0d =0 and i#0.
In the inductor the current | changes is i
not sinusoidal. The current and the magnetic
flux reach the maximum value not N -[
simultaneously. The flux, because of a L| \"
hysteresis, don’t have time to change in a phase P y (Dg
with the current. Ly
At calculation not sinusoidal current LE
replace sinusoidal, which RMS (effective) Figure 8.7

values are identical.

Taking into account it the phasor diagram looks like as shown in Fig. 8.7.
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I, =1cosd - the reactive component of the current| ;
|, = I'sin & - the active component of the current | .

@ig — the phase difference angle between Uq and I.
The angle 6 is caused by a hysteresis presence, i.e. magnetic loss.
The angle & is called as a magnetic delay angle of or magnetic loss angle.
The active power consumed by the ideal inductor:
Pq =Ujqlcose;y =U;q1sind=U;41,. This power is spent for core heating.
The reactive power consumed by the inductor:
Qg =UijglIsing;q =Ujqlcoss =Uj41 ,. The reactive power is spent for
creation of the basic magnetic flux.
The phasor diagram of the real inductor
Let's use the equation
u=—-e-e,+iR.
In the form of the RMS values of phasor quantities it becomes
U=-E-E,+IR. (8.9)
The leakage flux of @, closes through the air (linear environment),
therefore its dependence on the current linear @ (i). But then both inductance of

leakage:

wod
Ly =—P and inductive reactance of leakage X, =oL,do not depend on the
[

current, so and leakage EMFe, = —Lp% Is directly proportional to the current.

Let's express EMF leakage through voltage drop E, =U , =—jX ;1

Let's substitute in the formula (8.9) this expression
U=-E+ jX,I+IR (8.10)

This is a electric state equation of the iron-core inductor.
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Let's transform this equationU =—E +1Z, where Z =R+ jX, is

impedance of the inductor.
According to the equation (8.10) we draw the phasor diagram

A
IR Licos i
_E
99 {
I N = i
-a = b &,
®m i
£
Figure 8.8

From the phasor diagram it follows that the active power consumed by the

inductor, is equal P =Ulcose.
But Ucose = IR + Ecosg;y = IR + Ecos(90° — 6).
Then P =Ulcosp = I R + IECOs@;q = AP, + AP, ,

where;

AR, =1 2R — electric power losses, i.e. the active power is spent in the

inductor resistance;

AP, = IEcosg;y = EIsind — magnetic loss of the core, i.e. the active power

absorbed from a time-varying magnetic field by a substance, which it is possible

to present as AR, =R, + P,

where :

B, — hysteresis loss, i.e. the active power absorbed by a material due to

magnetic hysteresis;
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P.. —eddy-current loss, i.e. the active power absorbed by a material due

to eddy currents.

When a cyclic magnetization occurs, a hysteresis loss occurs, which is the
energy expended in eliminating the previous magnetization. These loss is
proportional to the area of a hysteresis loop and can be defined as

R, =oy fB;G : (8.11)
where o, — hysteresis factor which depends on a steel mark (magnetic
properties of a material);
f — frequency of the applied voltage;
Bm — maximum value of an induction;
n — an empirical factor;
G — weight of the core.
AtB>1T,n=2, and 4P, ~ B2.
When an alternating current flows through an inductor, EMF is induced

not only in the inductor, but also in the core. Under the action of EMF, currents

flow through the core, which are called eddy currents (Fig.8.9, a).

I
~Ul 2l
"'t At
W
- Al
a b
Figure 8.9

According to Lenz’s rule, eddy currents create their own magnetic flux,
which is directed oppositely to the main flux, i.e. it demagnetizes the core.
The resulting flux is unevenly distributed: it is forced out onto the surface

of the core. This phenomenon is called a magnetic surface effect (skin effect).
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To reduce eddy currents and magnetic loss in the core, it is carried out
laminated, i.e. typed of single sheets in the thickness A = 0,15 - 0,5 mm, isolated
from each other, it is for example, varnish (Fig. 8.9, b).

To calculate the eddy current loss, we can use the next expression
P.. =0, f °B2Gy, (8.12)
where c,.— an empirical factor;
v =1/p — conductivity of a material of the core.

To reduce the conductivity of the core, and hence eddy-currents, silicon Si

is added to steel. Thus, resistance increases, and magnetic properties do not
worsen. Thus, it is possible to consider that magnetic loss AP, ~ B2 .

The equivalent circuit of the iron-core inductor

Figure 8.10
It is possible to present in the form of the circuit (Fig.8.10) with series

connection of elements. The basis for replacement is equation (8.10).

Ro and jXo depend on voltage U (Flux ® ~ U). These are variable
parameters of the circuit;

R and jX, — the constant parameters considering a magnetic circuit of the
inductor.

Equivalent circuit parameters can be found as follows:

R:%; RozAI—F;“; X,=Loo; Z :IE; Xo =128 -RZ.

Equivalent circuit elements have the following physical sense:
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X, — inductive reactance by means of which inducing action of a leakage
flux @, is replaced,;

R — resistance by means of which active power loss Pg in wires of the
inductor is replaced;

Xo — inductive reactance which inducing action of the basic magnetic flux
is replaced,;

Ro — resistance by means of which losses of power in the iron core of the

inductor are replaced.

Test questions

1. What kind of the power loss does cyclic magnetization of the iron core
cause?

2. Write down the equation electric balance according to Kirchhoff’s
voltage law for an inductor.

3. What is the phasor diagram of the ideal inductor?
. Are sinusoidal changes of a current in an inductor?
. What is the angle ¢ called?
. What is the phasor diagram of a real inductor?
. What are the electric power losses and magnetic loss?

. What are the components of magnetic loss?

© 00 N O o1 b»~

. How can eddy currents influence be reduced?

10. What is the equivalent circuit of the iron-core inductor?
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LECTURE 9
ELECTROMAGNETIC DEVICES. SMOOTHING INDUCTOR

Smoothing inductor (choke — deprecated terms according to Electropedia)
is called a ferromagnetic-core coil with a variable inductance, switched on in an
AC circuit in series with the load for current or voltage regulation.

In comparison with a regulating rheostat with a big resistance R,
smoothing inductors are more economic, as they have small resistance R, SO
also small loss Rl

Impedance of a smoothing inductor is

U
Zsc :%: VR520+X520 ' (9.1)

defined basically by the inductive reactance X, = oL,

where Ug, | — a voltage and a smoothing inductor current; L— inductance of a
smoothing inductor with number of turns w, inversely proportional to its
reluctance.
It is distinguished as:
1) smoothing inductor with an adjustable air gap;
2) saturable reactor.
Smoothing inductor with an adjustable air gap

Its symbolic notation is shown in Fig. 9.1.
L

—_—Y Y
Figure 9.1
The magnetic circuit consists of two parts: the iron core with a small
reluctance R, and an air gap with a big reluctance Ryo.
Full reluctance is
20

HoS
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¥ wd = Wa

As L=—=—and QJ:—:ﬂ, then L=—.
[ I Ry Rwm Ru
It is possible to write down inductance of a smoothing inductor as
~ M (9.3)
> 28
. 1) W2Swm
and its inductance X = olg, =2 5 (9.4)

e, X ~ %— in inverse proportion to an air gap (Fig. 9.2, a).

ind ind

Figure 9.2

| —

Figure 9.3
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At increase of the air gap 6 and the invariable voltage of the source
U=const (Fig. 9.3) the current I in the circuit and the voltage across the load U,
= 1Z, increase, and the voltage decreases across the winding of the smoothing
inductor Us. = 1Z

Ue=U-U=U-2I. (9.5)

Dependence Ug (1) is called a volt-ampere characteristic of the smoothing
inductor: the increase of the air gap more and more straightens it, as it shown in
Fig. 9.3, since the reluctance increases and the magnetic flux decreases. These
smoothing inductors are applied to change of a load current in welding
transformers and AC electric furnaces. Their lack is construction complexity of
the regulation device of a gap.

Saturable reactor

A saturable reactor represents a coil with the closed core made from a soft
magnetic steel which inductance is easily regulated by change of the control DC
current I in an additional control winding (Fig. 9.4, a).

Change of the current I, by means of an adjusting rheostat changes
degree of saturation of the core, i.e. its absolute magnetic permeability p,
(decreases with increase of the current 1) on which value inductance of a reactor

depends on

L, —w?Ha® (9.6)

where | is the length of an average line of a magnetic circuit.
| T pd= L d= X =ol 4= Z =1,

It is projected, so that in the absence of the control current (Ic = 0), in an
alternating current circuit a reactor works with a non-saturated core. Thus,
inductance of reactor L and its inductive reactance X are maximum, and the

working current I is minimum.
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Figure 9.4

Saturable reactors with an adjustable nonlinear impedance Zs though
reduce cose of installations, are widely applied to current regulation in such
loads as arc electric welding, electric furnaces, lighting installations, etc.

They are made on total power from 0,1 VA to kVA. Their power is
commensurable with power of installations in which they are used.

Their advantages are absence of mobile parts, simplicity of construction,
safety in operation and high efficiency in regulation circuits of a working
current.

Power electromagnets

Traction, load-lifting and braking electromagnets transform electric
energy into mechanical.

Traction electromagnets with linear (reciprocating) moving of an armature
are applied to control of hydraulic or pneumatic gates, cranes, executive device

of machine tools and mechanisms.
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L12

Energy of a magnetic field W, = 5

Volume density of energy w, =V%,

where V = Sl — the core volume, S, | — section and length of the core.

2 2 2
W, :%é but inductance is equal to L = :;V _ WS

H
m I

WZHaS E _ HaWZI ’

thenwn == =51 = 52

But from Ampere's circuital law HlI=wl , it is obtained H :WI—I, then

_uH? BH  B?

W .
moo2 2 2u,

9.7)

Let's find a driving force or traction force of an electromagnet.

If under the influence of external force P the armature departs on distance
dx the volume of the space occupied with a magnetic field, will increase by size:

dV = Sdx, where S is the cross-sectional area of a pole.

Thus, there will be a change of mechanical energy on a value
dWech = PdX.
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As change of magnetic energy dW,, = w,,dV = dWech »

2
Pdx=w,dV = ZB— Sdx, (a multiplier 2 as we have 2 poles).

210
The driving force of a pole of an electromagnet is equal to
2 2
F_C_BS_ @ 9.8)
2 2uy  2ppS
Protective relay
1
o > I I O
\\Wmdmg
0
N o--me-- ~. [~Core
N 1
| I
Make contact \ :
- i o Armature
Spring
Break Contact
Figure 9.6

An electric relay is called the device intended for automatic operation at
change of electric or not electric parameter to which relay should react.

A maximum-current relay

If a working current exceeds a certain maximum value, driving force of
the electromagnet exceeds mechanical force of the spring, providing the
armature moving. The make contacts close, and break contacts open (Fig. 9.6).

A thermal relay is for protection of electric equipment against long

overloads (Fig. 9.7).
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Figure 9.7

At heating the bimetallic plate (1) in the special heater (2) (nichrome
wire) is deformed, its bent end rises and releases the lever (4) at operation. The
lever (4) turns the spring (5) to the left concerning the axis A and the end
disconnects break contacts (6) of the motor control circuit. After cooling of the
plate during 3 - 5 minutes the initial condition of the relay can be restored

pressing the button of return (3).

Test questions
1. What is a smoothing inductor?
2. What is the principle of operation of a smoothing inductor with an adjustable
air gap?
3. What is the principle of operation of a saturable reactor?
4. What dependence is called volt-ampere characteristic of a smoothing
inductor?
5. What is the formula of the driving force of a pole of an electromagnet?
6. Where is power electromagnets applied to?
7. What is the construction and principle of operation of a protective relay?

8. What is the construction and principle of operation of a thermal relay?
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LECTURE 10

TRANSFORMERS. APPOINTMENT, CONSTRUCTION, PRINCIPLE
OF OPERATION

A transformer is a static electromagnetic device intended for
transformation of alternating current and voltage into alternating current and
voltage at the same frequency, as a rule, but other value for the purpose of
transmitting electric power.

Since the invention of the first constant-potential transformer in 1885,
transformers have become essential for the transmission, distribution, and
utilization of AC electric power. Transformers are distinguished as power
transformers of the general application and special, single-phase and three-
phase, core-type and shell-core, with laminated or the twisted core, etc. The
symbolic representation of transformers is shown in Fig. 10.1.

() )+
—()—

Figure 10.1
By electric power transfer on distances the demanded section of wires and
loss in them the less, than it is less a current value and more a voltage value.
Therefore, in a place of production of the electric power, a voltage value is
raised to hundreds thousand volts, and in a current consumption place this
voltage is step-downed to usually applicable values.

BT TL SDT, E SBT; g }

Three-phase Overground cable lines, Loads
generator cable power transmission
6..30 kV lines 500...1200 kV

Figure 10.2
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In Fig. 10.2 the structural diagram of a power transmission line with
transformers is shown, where: G — three-phase generator, BT — booster (step-up)
transformer; TL — power line (over ground cable lines, cable power transmission
lines); SDT,,, — step-down transformers; C — consumers.

Let's consider the construction of a single-phase power transformer. It
consists of two basic parts:

1) magnetic circuit is representing a ferromagnetic (steel) laminated core. It
consists of thin plates (0,3 - 0,5 mm) of electrical steel. A horizontal part of
the core is called a yoke. A vertical part is called a bar. The core is to spend a
magnetic flux and fastening for the windings;

2) One winding is primary, incorporating to a source, and the secondary
winding to which a load is connected. Transformer winding are divided to the
high-voltage winding (HV) and the low-voltage winding (LV).

The construction and a schematic drawing of the transformer has been
shown in Fig.10.3, a, b.

Principle of operation: in the primary circuit with the winding w; electric
power of the source will be transformed to energy of a magnetic field,
transferred across the core, which in the secondary circuit with the winding ws,
on the contrary, turns to electric power at the same frequency, but with other

values of current and voltage.

2
Yoke par == I S—
' N1 : a b
W) WD
5 pEa g
; VTP, | X
|
HV 4-X Lo——e---
a b
Figure 10.3
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At alternating current flows in the primary winding the variable magnetic
flux @, which basic part closing in the core, is created, i.e. covers the turns of
the primary and secondary windings.

According Faraday's law of induction EMF are induced in the windings.

- O O
Their instantaneous values are e, = —Wld—; e, =—W, ao and

dt dt
The RMS values: E; =4,44w, f®,,,, E, =4,44w, fD,,.

Transformation ratio of the transformer:

_ = v (10.1)

If wi > w, — step-down transformer;

If wy <w, — step-up transformer.

If to neglect losses it is possible to consider, the total power of a
transformer S; = S, = U,l; =U, I, as

YU Iz (10.2)
U2 Il

Transformer operation duties

They distinguish three basic operating conditions (duties): no-load (NL),
short-circuit operation (SC) and on-load (OL).

No-load is a such duty when the alternating voltage is applied to the
primary winding, and the secondary winding is opened (Fig.10.4).

In this duty the current in secondary winding is 1,=0, and on the primary
winding current is lio = (3... 5 %) Iy, where Iy is the rated current of the
winding.

l10 IS @ reactive current creating a magnetic flux of the transformer:

_ R _ l1oWy

| 10.3
R~ R (10.3)

where F; — MMF of the primary winding; Ry, — reluctance; w; — number of

turns in the primary winding.
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The equation of voltage and current for the primary winding of the

transformer same as was for the iron-core coil:
Uy =—E;+11oR + jlio X1 =—E; + 1302y, (10.4)

where R; — resistance of the primary winding;
X1 — inductive reactance caused by the leakage flux linked to the primary
winding;
Z; = R1+jX; — impedance of the primary winding.

As the reactive current Iy is small, U; = E;.

For definition of parameters of the transformer we can carry NL test. The

circuit is shown in Fig.10.4.
PO

Ly
— 4@
U10:U1;-<V)

© 5 &

Figure 10.4
The voltage U;o = Uy, is applied to the primary winding.

©

‘ U’O =E')

By results of measurements (Ui, 110, Po, U20) we can define:
1) transformation ratio of the transformer

k= 5 ~ Y :
E2 U20
As the no-load current Iy is too small, E; ~ Uy, and voltage E; = Uy. Thus,
most precisely transformation ratio is defined by NL test.

2) losses in the ferromagnetic core.

We will show that measured power Py, as magnetic losses, almost
completely is equal to the losses in the core.

Py = AP,y + AP,

But electric losses in the winding AP, = 14 R, are small since
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l10 = (3... 5 %) l1r, and consequently AR,; =0.
But, magnetic losses AP, ~B2; B, ~®.; @, ~U,.

As Uy = Uy, AR, correspond to the rated load. Therefore, By ~ AR, .

COSQ, = P : (10.5)
UlO'lO

3) parameters of the transformer:

Zozui? Rozi; Xo:\/ﬂ- (10.6)
l10 10
Short-circuit

As the short-circuit e understand such a duty at which the secondary
winding is in a short circuit, and the voltage Ui is applied to the primary
windings, as shown in Fig. 10.5. If U; = Uy, such a duty is emergency, as the
currents in 10... 20 times can exceed the rated values. It can appear in an
operation duty. We can carry short circuit test under the schematic diagram in

Fig. 10.5
P

ll.vc‘ :]Ir = =
— O
Ure (V)

o & <
Figure 10.5

Lowered voltage U at which in the both windings the rated currents

@

‘ b=l

proceed is applied to the primary winding.
By results of the SC test we define:
1) the short-circuit voltage uy

u, =%, u, =(3..7) %; (10.7)
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2) the power Py was consumed by transformer. Generally, short-circuit
losses
B =AP,, + AR, . (10.8)

AP, ~UZ butalso U; =Uy, = (3...7)%-Uy,, . Therefore, AP, ~0.
Electric losses AP, = R;l1# + R, 15, arethe rated. Therefore, P, = AP,,.

3) emergency duty of SC:
From the relationship hse Y we obtained ligc = Iy, Yir
1r 1k Ulk
On-load operation
The load duty appears, when the secondary winding is closed by the load
resistance Z, (Fig.10.3, b), and the rated voltage U, is applied across the primary
windings. Then, currents Iy, I, flow in the windings.
The voltage U, is applied to the transformer
U, =-E;+1:Z;. (10.9)
An induced EMF appears across the secondary winding which according
to Kirchhoff’s voltage law is equal to:
Er=1,Z,+1,Z,=U,+1,2Z,,
where Z,=R,+]X, — impedance of the secondary winding;
R, —resistance of the secondary winding;
X, — inductive reactance caused by a leakage flux linked to the secondary
winding.
From here we find
U,=E,-1,7Z, (10.10)
this is an equilibrium voltages equation of the secondary winding.

In NL the magnetic flux is created by the MMFF, = I,,w; and

corresponds to Ohm’s law for a magnetic circuit

O, =20=4/2 RFO :ﬁlngwl. (10.11)

m m
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In OL the magnetic flux is created by the MMF of the both windings:
E,=1w and E, =1,w,, which are connected by the main magnetic flux:

@, :\/Eq):\/ﬁl—lwll;;&_ (10.12)

m

But it is known that E; = 4,440 ,w; f , from here

D, = £ Y (10.13)
444w f 444w f

As applied voltage remains invariable, i.e.

U, =Uy, =const, from (10.13) the magnetic flux also it is possible to consider is

invariable ® =const.
Thus, the flux does not depend on load. We will equate (10.11) and
(10.12):

\/Ellowl -2 1wy + 1w, _
Rm Rm

We obtain ;oW =1w +1,w,. Having divided by w;, we obtain
W. :
Iy =1;+1,—2, or the currents equation of the transformer
W

Ii=1Ip+ (— lz) (10.14)

LW
The reduced secondary current of transformer 1, = —21,.
W

The phasor diagram of transformer
In NL (Fig.10.6, a) it is graphed on the basis of the equation
Uy =—E; + 11oRi + jlyo X (10.15)

If a load, for example, is active-inductive the current in the secondary

winding 1, =% lags E; by an angle W-.
£
The voltage across the secondary winding can be found as

U,=E; 1R~ Xy, (10.16)
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and the current of the primary winding 1, =14, +(—&12j (Fig.10.6, b).
Wy

Figure 10.6

From the phasor diagram and equation of currents it follows that any
change of the current I, leads to a respective change of the current I;.

The current I; has two components: I creates the basic magnetic flux; the
current I, compensates demagnetization action of the current I».

According to Lenz rule, the current I, creates a magnetic flux directed
counter-relative to the main flux, i.e. demagnetizes the transformer. But the flux
does not depend on the load, therefore, the demagnetizing effect of the current I,
leads to an increase of the current I;.

Transformer characteristics
1) the load characteristic or the voltage regulation characteristic is dependence
U, (I2) at U; = Uy,=const, cose, = const.

From the equation U, =E, —1,Z, it follows that at the load changing,
I.e. the current I,, the voltage U, across the load changes because of a voltage
drop 1,Z,.

With a resistive-inductive load, the core is demagnetized, i.e. the main

magnetic flux decreases, which means that E, decreases. With an resistive-
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capacitive load, the core is magnetized, which leads to increase of the load

voltage with increase in the load current.

Figure 10.7
If the load is resistive, quantity Au is change of voltage of the transformer:
au=J2=Y2 AU 4500, (10.17)
Uz Uz

It makesAu = (5...7)%. The external characteristic of a transformer is
rigid.

2) losses and efficiency of the transformer depending on useful power. The
characteristic transformer characteristic can be drawn by the dependence
n(P,)atU, =U,,; cose, =const.

Efficiency is n = % | (10.18)
1
where B, =U; 1, cos ¢, — the input active power;
P, =U,I, cos ¢, — the active useful power in the load.
Difference between these powers are power losses in the transformer:
P—P,=AP_ +AP,, o P =P, +AP, + AR, .

Then we can write down
_ P,
P, + AP, + AP,

M (10.19)
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At the rated load the efficiency is possible to define by an indirect method

_ I:)2
P, + APy + APy

M (10.20)

The character of the loss change: as U, =U;, = const, magnetic losses are

constant AP_ ~U; =const .
m

Electric losses AP, =Ry +R,15 ~ 12depend on a load in square-law

dependence and are variables.

n n At a small load, the efficiency is low
ax

due to relatively large magnetic loss, at high

loads, the efficiency decreases due to

relatively large electric loss. The maximum

P, value of efficiency is achieved when these

0 . : :
B losses are equal. The efficiency increases with
Figure 10.8 increasing the transformer power.

APeI =AP, = N=Nmaxs MNmax =(97...995) %

Test questions
1. What is called a transformer?
2. What is the construction of a single phase transformer?
3. What is the principle of operation of a single-phase transformer?
4. What is the transformer ratio?
5. What is the no-load duty of a transformer?
6. What is the short-circuit duty of a transformer?
7. What is the on-load duty of a transformer?
8. What are the losses in the transformer?
9. What is the efficiency of the transformer?

10. Draw the load characteristic of the transformer.
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LECTURE 11

DIRECT CURRENT ELECTRIC MACHINES

Assignment, application area and construction of direct current electric
machines (DCEM)

DCEM are applied, as a rule, in controlled electric drives in transport,
mechanical engineering, and other areas.

Operation duties of DCEM are generator and motor. A generator is an
electric power source in which mechanical energy (of an external motor or an
engine, a gas or a wind turbine, etc) will be converted into electric energy, and
in a motor, on the contrary, electric energy will be converted into mechanical
energy.

Construction of DCEM
DCEM consists of three basic parts: a fixed stator is a stationary portion

of a machine, a rotating armature (rotor) and a commutator assembly.

Figure 11.1

As shown in Fig. 11.1:
The STATOR includes: 1 — the frame (a hollow steel cylinder), 2 — the

main poles which fasten to the frame yoke (they are always laminated) with pole
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pieces (tips) 2a; 3 — the excitation winding mounted on the main poles; 4 —
commutating [compensating] poles; 5 — the winding of an commutating pole.

The ARMATURE includes: 6 — a laminated core mounted on the shaft 7;
8 — the armature winding laid in the slots of the core; in the core there are
channels for cooling 9.

The COMMUTATOR ASSEMBLY includes: 10 — a commutator made of
separate commutator copper plates; 11 — brushes (made of carbon) in the brush
holder; 12 — traverse (brush finger).

In addition, DCEM includes: 13 — the fan mounted on the shaft; 14 —
bearing shields; 15 — bearings; 16 — lugs intended for fastening of the motor.

A direct current flows through the excitation winding. In this case, the

core of the pole is an electromagnet. The excitation winding current creates the

end
N winding
coil

main magnetic flux.

section
N S | |+—pole
-+ embedded
coil side
commutator
fo00-

Figure 11.2

The armature winding is executed in the form of sections (end coil,
embedded coil side) as shown in Fig. 11.2. All these sections are connected in
series. The end of the subsequent winding section is connected to the beginning
of the previous one. The armature winding is closed. The winding is divided into
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parallel branches by the brushes, 2a is the number of parallel branches
(Fig. 11.3).

i armature

' winding
brushes

I 1
brushes
= +
Figure 11.3
Current of a parallel branch
la (11.1)

i, =-2.
8 2a
The principle of operation of DCEM can be understood under the

following scheme (Fig. 11.4).

Figure 11.4
The direction of the EMF and current in the armature winding is
determined by right-hand rule.
The commutator is made in the form of a cylinder composed of a large
number of commutator plates. In the generator duty the commutator serves to

rectify the currents.
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In the motor duty the commutator provides the flow of current in the
conductors, which lie under one pole in one direction.

The principle of operation of DCEM is based on the laws of
electromagnetic induction and Ampere. The magnetic field of the DCEM s
created by the excitation winding. The main magnetic flux passes through the
frame, the core of the poles, the core of the armature and twice overcomes the
air gap.

In the generator duty a small direct field current is applied to the
excitation winding, and the armature is rotated by a primary motor (turbine,
engine, etc.). The armature winding wires are crossed by the magnetic field lines
of the poles and the EMF is induced in the wires.

With the help of the commutator and brushes, which are a mechanical
rectifier, these pulsating variables EMF are summed up in a direct value and
direction of the machine EMF. If the load is connected to the brushes, then a
direct current will appear in it and in the entire armature circuit.

In the motor duty the direct current is applied simultaneously to the
armature and to the excitation winding. The interaction of the magnetic field of
the stator poles with the current of the armature winding leads to the action on
the conductors of a force that generates the electromagnetic torque of the
armature.

EMF and electromagnetic torque of DCEM

When the armature rotates in the magnetic field of the excitation winding,

the EMF is induced in each conductor of the armature winding

e=B,lVv, (11.2)
where B,y — the average value of an of the magnetic field induction by a pole
pitch;
l. — active length of a conductor.

The pole pitch is an arch of a circle of the armature by one pole
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nD,

T (11.3)

T

where D, — diameter of the armature circle;
p is the pairs number of the main poles.

An angular speed of the armature rotation or just armature speed

y="Pan (11.4)
60
All sections are connected in series, so the EMF of one parallel branch is
equal to
N/2a N/2a N
E= >e=lyv ZBavi :z_laVBav’ (11.5)
i=1 i=1 a

where N is the number of conductors of the armature winding.

It is known that magnetic flux

®=B,,S=B,1l, = Bavlan—Da (11.6)
2p
We substitute (11.4) in (11.5) and subject to (11.6) we obtain:
N N nD,n 2p N 2p pN
E=—IW, =—I,B,,—— - —=—I,B,,t-n—=——0on,
2a® Y 222 60 2p 2a?® 60 a60
or finally
E=cg®n, (11.7)
where ¢ :B%— the coefficient, constant for a given motor.
a

So to change the sign of the EMF, you can change the polarity of the
excitation flux or the direction of rotation of the machine.
When the current flows through the armature winding, a force is applied
to each conductor
F. =B, lal, - (11.8)

The electromagnetic torque is M =F.N %
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: : o : :
The current in an armature is equal i, :Z_a’ and the magnetic flux is
a

® =B, I,7, and the pole pitch is t= ZD"" .
p

Then F =B, %, and the electromagnetic torque

M=FNDa_nDap ) la m2p N g, la2p_Npg, -
2 2 2a n2p 2 2a m 2am

Finally, quantity of the electromagnetic torque is equal to
M =c¢y@l,, (11.9)

N .
where ¢y, = P _ 4 machine constant.

2an

If the machine operates in generator duty, then this torque is braking. The
primary motor should exceed it.

If the machine operates in motor duty, then under the influence of this
torque the armature will rotate.

For the generator, according to Kirchhoff's voltage law, the voltage U is
less than the EMF E by the value of the voltage drop in the armature circuit with
a resistance R,,

U=E-R)I;. (11.10)

This is the equation of an electrical state of a loaded generator.

For the motor the induced EMF in the armature winding, during rotation
of the armature in the stator magnetic field, is a secondary phenomenon. This
EMF is directed counter to the current and the applied voltage

U=E+I,R, (11.11)

This is the equation of the electrical state of the motor.

Electromagnetic power

We multiply the equations of electric state by the armature current:

Ul, = El,- IaZRa (for the generator duty);
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Ul, =El, + IaZFea (for the motor duty).
Where P,,, = El is the electromagnetic power of machine. (11.12)

P =Ul, — load power;

P, = IaZRa — power losses in the armature circuit.

Losses and efficiency of DCEM

In DCEM there are electric, magnetic, mechanical and additional losses.

Magnetic losses are consist of the hysteresis losses and the eddy currents
losses

AP, = AR, + APR,.. (11.13)

Basically, these losses take place in the armature core, and practically do
not depend on load.

Electric losses (copper losses) are power loss in the armature and
excitation windings

AP, = 12R, + 12,Rey-

These losses depend on a current, therefore they are variables.

Mechanical losses APy are caused by all types of friction.

Stray-load (added) losses APy are losses in the pole pieces due to
jaggedness of the armature, losses from eddy currents in the wires of the
windings, etc.

These losses, as a rule, amount to 1% of the useful power P,. The
difference between the supplied and the useful power is made up of loss

B — P, =APR, + AR, + AR, + APy,
it is possible to write down B, =P, + AR, + AP, + AP,c + APy . (11.14)

DCEM efficiency

kB P
P P,+AP, + AP, + AP, + AP,

n (11.15)
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The maximum efficiency of the machine is nma = 0,8 (for small

machines) ... 0,95 (for large machines) (Fig. 11.5).

nm:}_ ''''''' Concept about armature reaction and
o _E _____ switching (commutation) of DCEM
: | The main magnetic flux is created
E 5 by the field current (in no-load duty). The
E 1 main magnetic flux is symmetrical
0 P: ]:;,APE concerning to the poles and brushes.
max !

Figure 11.5 Under load the current flows
through the armature, creating its own
magnetic field, distorting the symmetry of the machine magnetic field.

The complex of phenomena associated with the influence of the magnetic
field of the armature on working properties of the machine is called the
armature reaction.

Under the influence of an armature reaction the magnetic field increases
under one edge of the pole, and decreases under the other. Since the increase is
less due to saturation of the core, the resulting field decreases.

An armature reaction is
undesirable. They are struggling
with it by installing commutating
poles which create a magnetic field

directed opposite to the armature

reaction field as shown in Fig.
11.6.

Switching (commutation) is

the process of switching sections
Figure 11.6 of the windings of the rotating
armature from one parallel branch
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to another. At the same time, the direction of the current changes in a short time

in these sections during short-circuit with their
i perfect brushes (Fig. 11.7). If the switching process is
"\/switching incorrect, the entire process of switching current

t from one parallel branch to another is

N delayed accompanied by sparking on the commutator.

4 | S _: SPHCE This is an avalanche-like process and ultimately

Figure 11.7

sparking can damage the machine.

Sparking at a certain intensity can have a
progressing character.

The reasons of sparking: mechanical; electric (~ 80 %).

The mechanical reasons: attrition of copper on the commutator,
eccentricity of the commutator, buckling of the commutator, local breakage,
etc.;

The electric reasons: a rapid change in the current in the section creates a

reactive EMF of self-induction e:—L%, which prevents the current in the

section from changing, the delayed switching is obtained (Fig.11.7). Opening
the section with a significant energy reserve leads to electric breakdown of the
air gap between the brush and the commutator.

To improve switching, commutating poles are used, the magnetic field of
which in the switched section induces an additional EMF that compensates for
the reactive EMF.

Test questions

1. What are the main parts of DCEM?

2. What is the principle of operation of DCEM?

3. What are the formulae for EMF and electromagnetic torque of DCEM?

4. What are the losses and efficiency of DCEM ?

5. What is the armature reaction of DCEM ?

6. What are the reasons of sparking in DCEM?

7. How can we improve the switching of DCEM?
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LECTURE 12

DC GENERATORS AND MOTORS

Methods of excitation of DC electric machines (DCEM)

According to the method of excitation, DCEM are divided into:
separately-excited (a), shunt-wound (b), series-wound (c) and compounding-
wound (d) ones. In Fig. 12.1 their equivalent schemes are presented, where EW
IS the excitation winding, I, is the armature current, lgw is the excitation current

winding, | is the total DCEM current.

+ — + — - —
U o U U o
ja ]v] [EW A
EW
+ Iy,
Usw EW
Igw 1,
Ly=(3...5)%]I, =L AL, I=], =Ly
a b c
Figure 12.1

Characteristics of direct current generators (DCG)
DCG with the series-wound, shunt-wound

excitation and compound-wound excitation are called

6 U

Ol

EW

[
EW

IEW\

d

as generators with self-excitation as DCG is a source

for EW. The separately-excited DCG is shown in Fig.

12.2, where R;is a load variable resistor.

No-load characteristic (Fig. 12.3) is the EMF
dependence on the excitation current E (lgw) on
condition: n = const, I,= 0. The external circuit of the
DCG is open.
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From the equation of an
electrical equilibrium U =E-I,R, it
follows that U =E.

But E =cc®n. At lgw=0 then
Ey = D,.

Usually, the poles have

I.,, previously been magnetized from a

Ea‘\
/
i
Ey
0 >

Figure 12.3

previous work. They create a small

magnetic flux of residual

magnetization. During of the armature rotation EMF E, is induced with

increasing of the excitation current: lgy T=>® T=ET.

At low excitation currents the magnetic flux is proportional to the current

® ~ I, . Due to saturation of the core steel, this dependence becomes non-

linear.

Because of hysteresis, this characteristic, with a decrease in the excitation

current, is located higher (a falling characteristic) than an ascending one (with

an increase in the excitation current).

The external (load) characteristic (Fig.12.4) is the dependence of the

Up

Figure 12.4

Loy

terminal voltage (voltage across the
armature winding terminals) of DCG on
its current U (I) on condition: n = const,
lew = const.

The DCG voltage U =E-I,R,

will decrease due to the following
reasons:
1)  because of increase of the voltage

drop I, R, in the armature;
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2) because of the armature reaction the resulting magnetic flux decreases,
and hence EMF (E =cg®n), AU ~10 %E .

The adjusting characteristic (Fig. 12.5)
A

is the dependence of the excitation current on Lew
the armature current delivered to the external Loy —_//
circuit lew (ls) on condition: n = const,
U = const.

From the external characteristics it

follows, that with increasing load, the voltage 0 S
of the generator decreases. But it must be kept Figure 12.5
constant. Therefore, it is necessary to increase

the EMF E =c®n by the excitation current (from the equation U = E—-1,R,).

The adjustment characteristic shows how it is necessary to regulate the
excitation current, when the generator load changes so that the voltage at its
terminals remains invariable.

The shunt-wound DCG (shunt DC generator)

The self-excitation principle: if the armature rotates, then the remanent

magnetization flux @y will induce Eo. Under the influence of EMF Ej the current

lewo flows, which will increase the flux @ etc.: lgyg=>P;>Dy. If
®, = E; > E,, through the excitation winding the current flows I yy1 > lewo -
Process will proceed until Igy (Reyw +R,)=E,
where Rew — resistance of the excitation winding;
R, — adjusting resistance in circuit of the excitation winding.

Self-excitation conditions:

1) presence of a remanent magnetization flux®;
2) the current in the excitation winding should strengthen the flux®,;

3) resistance Rew + R, should be less the critical (Fig. 12.6).
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%) Lew(Rew+R,)=U

E(Igw)

Iew,

IEI'I'
~
”

Figure 12.6

v~

LN R I
Figure 12.7

The no-load and adjusting
characteristics are exactly the same
as those of the separately-excited
generator.

However, the  external
characteristics U (1) of generators
with  different  excitation on
condition R, = const; n = const are
significantly different (Fig.12.7):

1 —anunstable part of the characteristics;

2 — shunt-wound generator;

3 —separately-excited.

The voltage of the shunt-wound DCG decreases faster than that of the

DCG with separately excitation, since there are three reasons why the voltage

decreases with increase of load:

1) with increase of the load current I, due to decrease in the voltage U, the

excitation current lgw decreases: lgy =

U )
and decrease in the current

Ew+Rp

lew reduces the flux @, and hence the EMF E;

2) a demagnetizing effect of the armature reaction;
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3) the voltage drop in the armature circuit increases I,R,;

At the critical current Ima the generator is demagnetized.
Overload factor is K, = Ili ~2,0..25, (12.1)
r
where |, — the rated current.

As Inax < ls, the generator is not sensitive of the short circuit duty, but
only with a gradual increase in the load current. And with a sudden short circuit,
a very high short circuit current occurs, because the stator magnetic flux remains
almost the same (cannot instantly disappear) and creates the same EMF in the
armature of a short-circuited generator as with the rated value duty.

The series-wound DCG is not applied in practice because of the bad
external characteristic.

The compound-wound DCG (compound DC generator)

The main is the shunt-wound excitation winding, and the series-wound
winding is auxiliary.

Series-wound excitation winding could be aiding connected or opposite
connected to EW. At aiding connection the magnetic fields are added, and at
opposite connection they are subtracted.

At this generator the no-load characteristic is the same as at the previous
ones.

The external characteristic: (Fig. 12.8) U (I) on condition: R, = const;
n = const. 1

The DCG with a opposite series EW is
used in welding generators: the current constancy
is provided by arc oscillations.

If the series EW is aiding connected, then

with increasing load, the resulting magnetic flux

will increase.

Figure 12.8
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The series EW is selected so that a flux increase compensates for the

voltage drop in the armature and the armature reaction:
U=ce(®+Dnn—R,l, (12.2)
where ®¢,n — a compensating flux.

If this winding is connected in the opposite direction, then with increasing
load, the resulting magnetic flux will sharply decrease, demagnetizing the
machine, which will lead to a rapid decrease in the generator voltage:

U=cg(®-Don)n—R,l. (12.3)
Direct current motors

Direct current motors (DCM) are used much more widely than generators.

When the DCM is in motor duty, a direct current is supplied to the
armature winding and the excitation winding. In this case, a force (according to
Ampere's law), causing the electromagnetic torque, acts on each conductor of
the armature

M=cy®l, , (12.4)
under the influence of which the armature begins to rotate. In this case, EMF is
induced in the winding of the armature

E=cc®n, (12.5)
which is directed against the current and is called counter-EMF.

The equation of electrical balance for the motor

U=E+IR,. (12.6)

The armature current is determined by both the braking torque 1, =

Cy
and the voltage applied 1, = UR;E

a

Having substituted the EMF value in the formula of electric balance, we
obtain
U=cgPn+1,R,, (12.7)
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whence we find n=> —leRa_ (12.8)
ce®

When the motor is running, we can distinguish the torques:

1) electromagnetic M created by the motor;

2) braking M, created by the working mechanism; this torque also
includes the braking torque of the motor itself.

When M = M,, then motor speed n = const;

At M > My, motor speed n increase;

When M < M, the motor speed n decreases.

Principle of self-regulation of the DCM
The motor creates the electromagnetic torque M, which is equal to a
braking torque M,.

Let there was an equality of the torques M = M, but then the braking
torque has grown, i.e. M, > M. Then:

nlm EL(E=coan)= 1, T(la :UR;EJ:,M (M =y ol,).

a

This process will occur until again there will come equality of the torques.

Problem of the DCM start-up
The problem of the DCM start-up consists in the following:

as the armature currentis equal to |, =

. at the moment of start n=0

a

and E =cz®n=0. The starting current is

= (12.9)

Since the resistance of the armature circuit is very small (Ohm fraction),

the starting current can exceed the rated current by 10 ... 30 times.
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Method of the DCM start-up:

1) DIRECT start-up. In this case, there are: problems for the supply
network, circular fire on the collector, a big push of the torque to the working
mechanism, which can lead to breakage of the shaft.

The method is applicable for low-power motors (up to 1 kW) with high
resistance of the armature circuit.

2) RHEOSTATIC start-up. With the help of a rheostat Rs in the
armature circuit. It is selected so that the starting current does not exceed the
rated one in 1.5 — 2,0 times.

L U
“ R, +Ry

(12.10)

3) START-UP AT LOW VOLTAGE. This method requires a regulated

voltage source. It is used in the generator-motor system.
Methods of the DCM speed control

From the formula (12.8) it follows that motor speed can be regulated:

1) voltage change. This method is widely used in generator-motor
installations, where the motor is powered by a special generator. By regulating
the excitation current of the generator, the voltage supplied to the DCM is
changed.

2) rheostat adjustment. Turn on the adjusting rheostat Ry, in the armature
circuit. Thus, the motor speed is

n:U _Ia(Ra+Rad)_ (1211)
Ce®

When the rheostat resistance R,q increases, the numerator and motor

speed decreases. This method is uneconomical, because the big loss 12R.

released in the adjusting rheostat due to the big current I ,. These losses are

commensurate with the motor power.
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3) changing of the magnetic flux ®. The realization is switching on of
adjusting rheostat Rinew In the circuit of the excitation winding. Changing the

excitation current (I, ~(3..5)%]I,), we change also the magnetic flux. At

increase of resistance of this rheostat: Riew T = lew ¥ = @4 = nT.

This is the main method of the motor speed adjusting.

With a significant decrease in the excitation current, the motor speed
increase significantly, and mechanically the motor can be damaged. Therefore, it
IS equipped with automatic protection, which disconnects the motor from the

network with a strong decrease in the excitation current.

Operation characteristic of the DCM
In practice motors with shunt-wound and series-wound excitation, and
also with compound-wound excitation are used. Their characteristics vary
significantly.
The shunt-wound DCM (shunt DC motor)

Figure 12.9

With increase of useful power on the shaft P, the excitation current lgw
does not change and, if the armature reaction is not taken into account, the

magnetic flux & remains unchanged.
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I, ~ P2, i.e. with increasing load, the armature current also increases.
The useful torque of the DCM
M, = R : (12.12)
o

where © — angular frequency of rotation.
I,n M
N

P,
o2
-

Figure 12.10
The mechanical characteristic n (M) at lgw=const.

U-1R, _ U _IaRa:nO_IaRa’ (12.13)
Ced Ce® cg@ ce®

where ng = Lq)— the no-load duty speed.
Ce

after substitution in

But the torque M =¢y, @I, , from herel , =

cy @
(12.13):
The equation of the natural mechanical characteristic (Fig. 12.11)
n=ny— MR, 5 (12.14)
CeCy @

When the resistor Ryq is switched on into the armature circuit, artificial
mechanical characteristics are obtained (Fig. 12.11).
M (Ra + Rad)

n=n,— . 12.15
0 CECMCDZ ( )
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The natural mechanical characteristic of that DCM is rigid. When the load
changes, the operation speed changes a little. At rated load, the operation speed

makes 5 ... 10 % change of no. on

f?A 1
) Sty 2
n;' B
Ryi2> Ry
( rhl
I
: Ry
I <
0 M > M

Figure 12.11
The series-wound DCM (series DC motor)
The peculiarity of DCM with series-wound excitation is that the armature

current is equal to an excitation current 1, =gy -

When the load changes, the excitation current cannot remain constant.
Those. a change in load leads to a change of the magnetic flux.

At change of the load the excitation current can’t remain constant. l.e. the
load changing leads to change of the magnetic flux. When the machine’s

magnetic system is unsaturated, the magnetic flux @ ~ Iy, =1,,1.e. D =Kkgl,,.

But M =c¢,, @I, it means that

M =cy kel 2. (12.16)
I,n M
N

Figure 12.12
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This motor is capable to create the large torques and to maintain
considerable overloads. Since with increasing of load, the armature current and
magnetic flux increase, the motor speed varies over a wide range.

The mechanical characteristic n (M) (Fig. 12.13)
— U — IaRa

n=——4%<4, 12.17
" (12.17)

But M =ch®Ia2,whence l, =] M :
Cm Ko

Since ® =Kkg 1, then (D=kq>\/ M :\/kq)M
CMk(D CM

Substituting in the initial formula (12.17) for operation speed, we obtain
the hyperbola equation

Ce® \/ ko Cekol, \/ ko Ceko M
Ce.[M—= Ce.[M—=
Cm Cm
'\
0 >M
Figure 12.13

But as the load on the motor shaft decreases, the speed rises sharply.
Theoretically it rises to infinity. The motor is overrunning. No-load duty is not
allowed for this motor. Therefore, the motor with series-wound excitation must

be rigidly connected to the working mechanism using a gear transmission,
clutch, etc., and not a belt drive.
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The compound-wound DCM (compound DC motor)

The main excitation winding is shunt (parallel connected), and the series
iIs auxiliary. The series winding can be switched on aiding or opposite
connection (magnetic fluxes are added or subtracted).

When an opposite connection is n

switched-on, the fluxes are subtracted N P
and the mechanical characteristic is
"more rigid" than that of the motor with
shunt-wound excitation. When an aiding

connection is switched-on, the fluxes add

v

up and the motor has the properties of 0
both DCM: the shunt wound and the

series-wound DCM. But at low loads and even at no-load, such the motor has a

Figure 12.14

limited speed. In Fig. 12.14: 1 —aiding connection; 2 — opposite connection.

Test questions

1. What are methods of excitation of DC electric machines?

2. What are the characteristics of a DC generator?

3. What are the self-excitation conditions of the shunt-wound generator?

4. What is principle of self-regulation of DCM?

5. What is the problem of DCM start-up?

6. What are the methods of DCM motor speed control?

7. What is the equation of the natural mechanical characteristic of the
shunt-wound DCM?

8. What is the equation of the natural mechanical characteristic of the
series-wound DCM?

9. What are peculiarities of the compound-wound DCM?

10. What is the formula for the no-load speed of DCM?
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LECTURE 13

THREE-PHASE INDUCTION MOTORS

Appointment and the construction of a three-phase induction motor (TI1M)

Among motors the TIM have received the greatest (up to 80 %)
distribution because of their low cost and reliability.

Induction machines (asynchronous machine) are referred to alternating
current machines, the rotational speed of the rotor n, of which, at a constant
frequency f of an alternating current of the source, varies with load and differs
from the synchronous frequency, i.e. from the rotational frequency of the stator

magnetic field n;.
The TIM symbolic notation is shown in Fig. 13.1.

Another name of the TIM is an asynchronous motor,

asynchronous means non-simultaneous.

Figure 13.1 As well as all electric machines, the TIM are

reversible, i.e. can work as both a generator and a motor. But induction
generators are practically not applied.

The TIM consists of a fixed stator and a rotating rotor, separated by an air

gap as shown in Fig. 13.2.

Figure 13.2
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The STATOR consists of: 1 — enclosure (housing) is made from
aluminum alloys with fins for cooling; 2 — stator core, stacked up from sheets of
electrical steel and pressed into the frame; slots are stamped on the inner surface
of the core, into which the three-phase stator winding 3 is placed,;

The ROTOR consists of: 4 — laminated core, in the slots of which the
rotor winding 5 is laid; a small air gap is executed between the rotor and the
stator 6. The core of the rotor 4 is mounted on the shaft 7. The stator is
supported by the bearing shields 8, and the enclosure 1 is fastened to the base
with the help of the lugs 9. On one side of the rotor, the fan 10 is fixed on the
shaft, closed by a thin fan case 11.

The leads of the stator winding 3 are connected to the terminal box 12.
This winding is three-phase. Actually we can consider it as three connected
windings. The axes of the individual windings (phases) are located relative to
each other at an angle of 120°. Between themselves the windings are connected
in "star" or "delta" (Fig. 13.3).

G C 3 i

| |
i ng lC3 CroCr 0C3
|-

Cs Cs5 Ce Cs Cs G Cy Cs s
Star connection  Delta connection
(Y-connection) U,=220V
U=380V
Figure 13.3

The rotor can be made as a squirrel-cage rotor (cage rotor) (Fig. 13.4) or a
wound-rotor (Fig. 13.5).

Figure 13.4
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In a squirrel-cage rotor, the winding is executed like a squirrel cage. In

the slots of the rotor core are placed (poured) aluminum or brass rods, which are

m rheostat

brushes

connected at the ends by rings.

_______________ slip-rings
— I 1 (collector rings)

winding
Figure 13.5

In a wound-rotor TIM with contact (slip) rings, a three-phase winding is
laid in the slots of the rotor, which is usually connected in star. The beginnings
of each phase are connected to three contact rings that are mounted on the rotor
shaft. Thus, with the help of brushes, the rotor winding can be connected to an
external circuit, namely, a start-regulating rheostat.

Rotating magnetic field

Inherently of the TIM work is use of a rotating magnetic field which is
created by the three-phase stator winding. To create the rotating magnetic field,
two conditions are necessary:
1) a spatial shift between the phases creating a
magnetic field;
2) a phase (time) shift between the phases.

In the TIM structurally the phases axes
rotated relative to each other by 120°. A phase
shift between the currents, and hence the fields

of the phases, occurs when these phases are

connected to a three-phase network. When

Cl- C4 C4
Figure 13.6
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connected to a three-phase network, the currents of the phases are shifted by
120° (Fig. 13.7):
ip =1 sin ot i = I sin (ot —120°);: ic = I sin (ot +120°).  (13.1)
The same can be written for their magnetic fields:
B = Bysin ot ; Bg = I sin (ot —120°); B = I,,sin (ot +120°).  (13.2)
l

Figure 13.7
Fig. 13.8 shows the distribution of the magnetic field at three moments of
time at the maximum currents in the phases. The resulting magnetic field phasor
is 1,5B, (where By, is the field amplitude of one phase) and rotates with an
angular speed o towards a lagging phase. Such a rotating field is called a
circular magnetic field.
To change the direction of the magnetic field rotation and the TIM rotor,

it is necessary to change the phase sequence in two windings.

Figure 13.8
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Generally, the speed (rotational frequency) of the stator magnetic field,

rm,
h=——, (13.1)

where f is the frequency of a current in the stator winding;
p is a number of poles pairs of the stator.

The movement of the magnetic wave is accompanied by the movement of
the magnetic poles N and S in the inner surface of the stator. The dependence of
the magnetic field in the air gap is close to sinusoidal.

Principle of operation of the TIM

An alternating three-phase voltage is supplied to the stator windings,
under the influence of which an alternating current flows in the windings
(phases).

As currents in the phases are shifted in space and in time by 120° relative
to each other, the magnetic field is formed, rotating with synchronous speed n;
(13.1).

Under the action of this field, EMF will be induced in the conductors of the
stator and rotor windings, respectively E; and E,.

Since the rotor circuit is closed, under the influence of EMF E,, current I,
flows through the rotor winding. According to Ampere’s law, a force will act on
each rotor conductor, as a result of which the rotor will start to rotate.

Note that when the rotor is stationary, then each of its conductors is
crossed by the field lines of force the maximum number of times.

Parameters of the TIM

All stator parameters have an index of 1, and the rotor has an index of 2.
The rotor speed n, by the definition of the TIM is not equal to the speed of
rotation of the stator magnetic field ny, i.e. between them there is a relative speed

ni — ny. The concept of slip is introduced to estimate the relative speed
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n—n
"

5= (13.2)

The slip is a dimensionless quantity measured in %. The slip is
approximately 5...7 %in the TIM.

Let's consider EMF in the windings. The rotating magnetic field of the
stator induces EMF in each turn of its winding:

E, = 4,44 f,®, WK, (13.3)
where f; — the frequency of the applied voltage;
@y, — the maximum value of the magnetic field,;
w; — the number of turns in the stator winding;
kweca — the winding coefficient (0,9... 0,8).

The winding coefficient arises due to the fact that usually the conductors
are not in one but in several slots and the flux does not intersect them at the
same time; there is a bevel of the slots — the inclination of their axis to the axis
of the machine, and there is a shortening of the windings.

In the rotor the EMF has the form

E, =4,44 f, Wokyc (13.4)

But the frequency of the current in the rotor is determined from the

expression

nl—n2:60f2.

From here we obtain

_(y=np)p m_pmy -y
f, = = = fis
60 R 60 g
Generally, for the TIM the slip is in the range O... 1.
If the rotor is stationary: n, = 0, then s = 1 (start-up of the TIM).

If the rotor rotates at a speed of n, = ny, then s = 0 (ideal no-load duty).
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From the expression it follows that in a stationary rotor the EMF frequency will
be equal to the frequency of the voltage applied.
The TIM is similar to a transformer, but with a rotating secondary winding.
E, =4,44 f,®  WyKco = 4,44 ;5D \WyK co = EpS, (13.6)
where E,y = 4,44 f,®,,w,K,,.» —the EMF of a stationary rotor.

When the rotor is stationary (at the time of start-up), then s = 1 and the
maximum EMF is induced in the rotor winding, and in the ideal no-load duty,
when n, = ny, this EMF is zero.

Resistance of the TIM windings
The resistance of the rotor R, does not change, while the inductance
changes during operation
X, =m,L, =2nf,L, =2nfisL, = X5s,  (13.7)
where X,, = 2xf;L, is the inductance of a stationary rotor (s = 1).
Thus, both E; and X; vary with speed.
For the transformer was and for the stator winding is saved
Uj=-E +1,Z;=—E; +11(Ri+ jX;).  (13.8)
For the secondary winding of a transformer wasU, =E, —1,Z,.

But since this winding is short-circuited, then U, =0, and for the rotor

winding
Ex =125 =1,Ry + j1,X5. (13.9)
We rewrite the last expression:

EgS=15Ry + J1;X 58 or
R, . R, .
Ex :lz?"‘ J1, X0 =1, ?“‘ Xy |=1,Z,, (13.10)

S

From here we find the current in the winding of the TIM rotor in a

complex form
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=P%

I= (13.11)
Re + JX
s 20
Let's write down the module of this current
Eao (13.12)

|2: .
2
R2 2
—= | +X
\/(s] 2

Let's plot the dependence of this current on the slip in Fig.13.9
L

I 2startfp----------=

L.|

S

5 S=1
Figure 13.9
CONCLUSIONS:
1) the rated slip is not enough (5...8 %) and the rated current is small;
2) the starting current (at s = 1) is large — in 5 - 8 times higher than the rated
current.
Thus, one of problems the TIM is a big starting current.
We plot a triangle of resistances for the TIM and its dependence on the

slip (angle y, between the current and EMF).

cos'tr
s
0 1
a b
Figure 13.10
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The power diagram of losses and efficiency of the TIM

The conversion of energy into the TIM is accompanied by power loss.
The power diagram is shown in Fig. 13.11.

P,=3U,I,cosg,
Stator J
}:.,S‘f :P"‘(,‘ +Ph / .})t’”? k })Cl :3]I2Rl
air-gap
rotor P, :312£R2
/
P nwc4 P2
Figure 13.11

Electric power is applied to the TIM

Magnetic losses P in the stator concern to eddy currents and hysteresis.
Copper or electric losses in the stator winding are

P,=3I’R (13.14)
Electromagnetic power is transmitted from the stator to the rotor through
the air gap
P,y =P —(Py+P1)=Eyl,cos¥,. (13.15)
P, is useful mechanical power on the shaft
P, =P, —(Py+Ps+Py+Ppc) (13.16)
The mechanical losses Pnec caused by all kinds of friction

P+ Ppec — permanent loss, which is independent of the load. They are

found out from the no-load duty test.
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P, + P.,— variable losses depending on the load. They are found out from

the test of short-circuit with a braked rotor and the rated currents of the stator
and rotor.

The TIM efficiency
_h

13.17
B (13.17)

n

The dependence n(P>) is plot in Fig. 13.12

n/\

QB[ == =i~ wm e '

Figure 13.12
The TIM is designed so that the efficiency is maximum at load of 75 %,

because more often they work with underloading.

Test questions
1. What is the design of the TIM?
2. What are the kinds of the TIM rotor?
3. What can we get the rotating magnetic field?
4. What is the principle of operation of the TIM?
5. What is the slip of the TIM?
6. What is the formula for resistance of windings of the TIM?
7. What is the formula for inductance of windings of the TIM?
8. What is the formula for the rotor current?
9. What is the dependence of this current on the slip?

10. What is the power diagram of losses and efficiency of the TIM?
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LECTURE 14

TORQUE AND MECHANICAL CHARACTERISTIC
OF THREE-PHASE INDUCTION MOTOR (TIM)

The rotating torque of the TIM is formed as a result of the interaction of
the rotating magnetic field of the stator winding and the induced current flowing
through the rotor winding.

Electromagnetic torque is equal to

M= Pe—m, (14.1)
0
where o =2nf; = Zn% Is the angular speed of rotation of the magnetic flux.
Electromagnetic power is equal to
Pem = E20|2 COS ‘Pz, (142)

where E, = 4,44w, f1Omkyz -

We substitute these values in the formula (14.1):
_ 4,44w, 1Dk

2ny p
60

W2 |, cosW, = Cpy @pplo COSWYs

M =Cp @l COSY; . (14.3)
The rotating torque of the TIM is proportional to the magnetic flux of the
stator and the active component of the rotor current.
Let's make the further transformations. We represent the input quantities

into this formula like that:

. R
R
cosWVo =—= (14.4)

)
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E Up

O = ~ ; (14.5)
4;44\/\/1 f]_kv\ﬂ_ 4,44\/\/1 flkV\ﬂ.
P Ezg . (14.6)
R 2
()
1" wl
As E; ~U;, we obtain
I, ~ Wzth . U12 . (14.7)
WK R
(55 o
We substitute values (14.4), (14.7) in (14.3), and we obtain
RZ
M =CyU; (14.8)

S
5 :
R

From the given formula follows that the torque of the TIM is proportional
to a square of the applied voltage. Having substituted a sequence of values s, we
will obtain the dependence M(s) which is called a mechanical characteristic
(Fig. 14.1).

working
MA area
: unstable
: area
]
: A/[!??G.\'
I ]
: M : stw‘.': S
0 L 1 ' _. )
L?}, ‘Scf' S‘ S ]
Figure 14.1

147



17/ N N
L. cos'¥,
2start ~ - T T T T T T == -

h

rl-

L N POy S S

A !

Figure 14.2
At the time of start-up at s = 1, the starting torque generated by the TIM
M;s is small, although the rotor current is maximum. The small starting torque is

caused by the large inductance of the rotor and low valuecos Vs, .

If Ms > My, then the rotor starts to rotate.
As the rotor accelerates, the slip decreases, and therefore, the inductance

decreases and cos ¥, increases.

At some s = s, the motor generates the greatest torque Mpax.

With a further decrease in the slip s, the value cos¥, changes little and

the torque decreases due to a decrease in the rotor current.

The magnitude of the maximum torque (breakdown torque) Mma.x does not
depend on the value of the rotor resistance, therefore, if you add additional
resistance to the rotor circuit, the maximum torque will not change, but the

maximum will come at a larger slip value.
Ry + Ry

M7 Ry+R, g

M

max

v

0 as

start 7 start max

a b
Figure 14.3
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s="Me o _n@-s) (14.9)
M

It is possible to change the resistance of the rotor circuit in the TIM with a
phase rotor. By changing the resistance of the rotor circuit, we can choose such
value of the auxiliary resistance Ry so that when a starting motor generates the
most maximal torque.

Ways of start-up of induction motors

The TIM at start-up has two problems:

1) a small starting torque Ms;
2) a big starting current .

If the starting (peak) torque Ms the motor accelerates for a long time that

reduces its productivity. The big starting current Is badly influences an external

network — a voltage drop is possible.

1. DIRECT START-UP

When starting a squirrel-cage rotor, direct start-up is
used (Fig. 14.4). Voltage of a network is equal to the rated [:I
voltage of the TIM directly supplied to the stator winding.

This starting method is used for a low power TIM.

If the TIM power P > 100 kW, then the TIM start is @
carried out at low voltage.

2. AUTOTRANSFORMER WAY OF START-UP Figure 14.4

\_’

Figure 14.5
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An autotransformer is connected to the stator winding (Fig. 14.5). At the

time of the start-up stator voltage of the TIM

U
Unm = nle(&ork (14.10)
A

where  Unework — network voltage; ka —  transformation ratio of an
autotransformer.

Accordingly, the starting current

| = lom _ 1 Unm _ 1 1 Unework _ 1 Ynework (14.11)
s : '
Ka  KaZmm  KaZmum ki ki Zim

where Ity — a stator current of the TIM, A; Zrim— impedance of the TIM, Q.
Hence the starting current decreases in ka? time.

Let's notice that asM ~U?, hence the starting torque also decreases in ka2
time.
Therefore, such way of start-up is possible only at start-up of the TIM
without a load, i.e. a no-load duty.
3. START-UP BY SWITCHING OF STATOR WINDING
FROM STAR TO DELTA
If during the operation of the TIM the stator winding should be connected
| | | by delta, then during start-up it is connected by star as

==\ shown in Fig. 14.6.

In this case, the voltage of the TIM decreases in

/3 times, and the starting current and starting torque
are reduced by 3 times.

In position 1, the stator winding is connected

by star at start-up. When the speed of the TIM is

£ approximately equal to the nominal, the switch is
1 < > 2 - -

start  ‘work switched to position 2.

Figure 14.6
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4. START-UP OF THE TIM WITH A WOUND-ROTOR
To improve the starting characteristics, the TIM is performed with a phase
rotor (see Fig. 13.5).
The start of the TIM with a phase rotor is performed manually or

automatically.

tr
Figure 14.7

Manual start is carried out using a starting rheostat. At the given My

torque (Fig. 14.7), the transition from one characteristic to another occurs when
the corresponding rheostat stage is excluded (its resistance decreases).

When starting the TIM, the resistance of the starting rheostat Raq is
selected so that the starting current does not exceed the allowable value and that
the starting torque of the TIM is equal to the maximum.

Then the first stage of the starting rheostat is displayed and its resistance
decreases to Raq1. In this case, the motor moves to the next characteristic, etc. to
the complete exclusion of the starting rheostat Rag = 0.

The rheostat setting into the rotor circuit allows:

1) to reduce the starting current of the motor;

2) to increase the starting torque of the motor.

Speed control (regulation of rotational frequency) of the TIM

Reverse of a motor is a change of the direction of rotation on the opposite.
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The rotor is carried away by a rotating field, the direction of which is
determined by the order of phase rotation of the three-phase stator winding.

Therefore, in order to reverse the TIM, it is necessary to change the
direction of rotation of its magnetic field. For this purpose, it is enough to

change places of any two wires connecting the three-phase stator winding to the

network.
To select a method of the speed control, we use the formulas:
s="1""M2 4ng nlzﬁ,
M
whence
n, =n(l—s)= %(1— s). (14.12)

p

1) frequency regulation (changing the frequency of the applied voltage
mains). We have a network frequency of 50 Hz. It can be carried out:

a) by changing the speed of the synchronous generator - possibly in self-
contained units.

b) using a frequency converter (thyristor and transistor frequency
converters). The most promising but also is quite expensive way. The reliability
of these converters is still insufficiently high.

2) poles regulation (by changing the number of pole pairs).

p=2 n;= 1500 rpm p=1n;=3000 rpm
Figure 14.8
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Technically this method is implemented:

a) in the slots two windings with different numbers of p. But this is
disadvantageous, because increases the cost and size of the TIM;

b) by switching the coils to change the width of the poles of the stator
field (Fig.14.8). In the first case, the coils of each phase are connected in series,
and in the second, in parallel. As a result, the direction of the current in the
conductors that make up the phase winding changes, and the topography of the
magnetic field becomes different.

These are the so-called multi-speed motors.

3) rotary regulation (an auxiliary way).

It is implemented by a rheostat introducing with resistance Ry into the rotor

winding circuit.

M
0 >
Figure 14.9

At Ry T= n, | as shown in Fig.14.9. It is possible to change the speed in
the range of 3... 5 %.
3) changing of applied voltage to the motor. At U \=n, {. But, thus,

M ~ U %that leads to electromagnetic torque decrease (Fig. 14.10) .
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Figure 14.10

Brake duties of the TIM

Consider electrical braking methods:

1) an opposition switch;

It occurs when the rotor, under the influence of an external torque, rotates
against the magnetic field of the machine. Switching on the motor two phases of
the stator winding, which leads to a rapid change in the direction of field
rotation, acting against the inertia-rotating rotor. At a rotational speed equals to
zero, it is necessary to disconnect the motor from the network. Disadvantage of
the method is increased power consumption from the network and possible
overheating of the motor windings.

2) a generator braking;

It is accompanied by return of the motor energy in the network, and
therefore it is also called as recuperative. It is possible under a condition if the
rotor overtakes the stator magnetic field field craTopa (n, > n;) that corresponds
to negative slip.

Probably also, if the TIM to be switched on the move to smaller number
of pairs poles: it was for example (p = 1, n; = 3000 rpm), and becomes (p = 2,
n; = 1500 rpm). This is incomplete braking. Kinetic energy of a rotating rotor is

given to the network in the form of electric power.
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3) adynamic braking;

It is made by disconnecting the stator winding from the network and
connecting it to a DC source. The winding wires of an inertia-rotating rotor
(short-circuited) will intersect the stator's constant and non-space-moving
magnetic field, and induction currents will appear in them, the interaction of
which with the machine field creates a braking torque.

4) a capacitor braking;
For a low power TIM. The motor operates in a generator duty with self-

excitation from a parallel capacitor bank (Fig. 14.11).

NN

LT X
Al

Figure 14.11

Braking does not occur until it stops completely (up to 0,2 ... 0,6 ny).
Finally, it can be braked by a dynamic braking or short-circuited winding of the
stator.

Test questions

1. What is the formula for electromagnetic torque of the TIM?

2. What is called the mechanical characteristic of the TIM?

3. What are the problems of the TIM at start-up?

4. What are the ways of start-up of induction motors?

5. How do speed control methods of the TIM realize?

6. What brake duties of the TIM do you know?
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LECTURE 15

THREE-PHASE SYNCHRONOUS MACHINES.
APPOINTMENT, CONSTRUCTION AND PRINCIPLE OF
OPERATION. SYNCHRONOUS GENERATOR

Synchronous machines (SM) are used as generators, motors and AC
compensators. Synchronous compensators are used to compensate for the
inductive phase shift, where they are capacitive reactive power generators.
Synchronous (Greek "simultaneous") is called an electric machine of alternating
current, a speed of rotation of the rotor of which is equal to the frequency of
stator magnetic field. The last one no is called a synchronous speed:

nozﬂ; f :M, since f=50 Hz
p 60

n =2, (15.1)
P

where p is a number of poles pairs.

The construction of the synchronous machine

Figure 15.1
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The synchronous machine consists of a rotating rotor (inductor) (1) and a
fixed stator (armature) (4) as it shown in Fig. 15 a, b. The SM stator is made
exactly the same as the stator of an induction motor. According to the
construction of the rotor, the machines are divided into (Fig. 15.1, a) salient-pole
machines and (Fig. 15.1, b) non-salient pole ones.

The SM with a salient pole rotor is a slow-moving machine (the number
of pole pairs is p ~ 100). The generator is driven by a water turbine. This is a
hydro-generator.

The SM with a non-salient pole rotor is a high-speed machine (the number
of pole pairs p = 1). The generator is driven by a steam turbine. This is a turbo-
generator.

Thus, depending on the type of drive motor, synchronous generators (SG)
are divided into turbo-generators and hydro-generators.

The salient pole rotor consists of the rotor housing (1), which is mounted
on the shaft. Poles (2), which are always made laminated, are fastened to the
housing. An excitation winding (3) is wound around the poles. The stator
consists of a laminated steel core (4), in the internal slots of which a three-phase
winding (5) is laid.

A direct current is supplied to the excitation winding through rings and
brushes mounted on the shaft. The poles are electromagnets that create the main
magnetic flux. A non-salient pole rotor is a massive forged cylinder.

Excitation of the SM
a) a separate excitation is powered by an exciter (a direct current

generator) (Fig. 15.2);
rotor slip-rings

/ \
, \
] —
\ /
N 7
-~

brushes
Figure 15.2
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b) self-excitation — a three-phase voltage supply is at the stator winding,
the voltage is rectified by a three-phase rectifier and supply the rotor excitation
winding.

Operating principle of the SG

The excitation winding creates the main magnetic flux ®. The pole pieces
are designed so that the induction in the air gap has a sinusoidal character. In
this case, when the rotor rotates, a sinusoidal EMF will be induced in the three-
phase stator winding according to Faraday’s law of induction.

The effective value of the EMF of one phase of the stator winding is
determined by the expression
E =4,44wWfd kK, , (15.2)

where ky1 1S the winding coefficient;
w is the number of turns of the stator winding;

@, is the peak value of the magnetic flux.

In the SG the frequency is strictly constant fz%. Then

E= 4,44w%cbmkm or

E =ceng®,,, (15.3)
where g — coefficient, constant for a given motor

Since the rotor speed no = const , the EMF E is determined by the
magnitude of the magnetic flux ® and the sinusoidal character of a magnetic

induction in the air gap of the machine.

Stator

- ~—

Figure 15.3
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No-load of the SG is such a duty of its operation, in which the external
circuit of the stator winding is open and | = 0. Current flows only in the
excitation winding. In this duty, lgw creates the main magnetic flux ®.

Under load, a current will flow through the stator winding, which creates
a rotating magnetic field. This field rotates at the synchronous speed
_6of
==
and therefore, the rotor field and the field created by the stator winding are

N (15.4)

motionless relative to each other.
Armature reaction in the synchronous generator

By the armature reaction we mean the effect of the magnetic field of the
stator on the main magnetic field of the machine. In DC machines, the response
of the armature depends only on the magnitude of the armature current. In the
SG, the reaction of the armature depends not only on the magnitude of the stator
current, but also on the nature of the load.

A resistive load (¥ = 0")

Y is the phase angle between the EMF E and the stator current I. A
quadrature-axis armature reaction is relative perpendicular to the axis of the
poles of the rotor as shown in Fig. 15.4 a.

A resistive-inductive load (¥ = 90")

EMF E will be the same, and current | will lag behind E by 90°. This is a
longitudinally demagnetizing reaction of the armature (Fig. 15.4, b). The axes of
the fields coincide, but the stator field acts counter to the rotor field. The
resulting field, the flux and the EMF of a SG phase are significantly reduced.

A resistive-capacitive load (¥ = - 90")

EMF E will be the same, and current | will be ahead of E by 90°. This is
the longitudinally magnetizing reaction of the armature (Fig. 15.4, c).

The axes of the fields coincide, but the stator field acts according to the
rotor field. The resulting field, the flux and the EMF of a SG phase increase
significantly. Thus, in a synchronous generator, the nature of the reaction of the
armature is determined by the nature of the load.
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In the general case, a SG load is mixed, therefore, the active component of
the current provides the flux of a quadrature-axis armature reaction, and the
reactive component of the current provides the flux of a longitudinal reaction of
the armature.

Dy

I~

I~

Ity

1
v

Figure 15.4
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The equation of electrical state and phasor diagram of the SG

The most important thing in the SG is to generate voltage, which is
induced in the conductors of the stator windings. Although physically in the SG
the rotor field and the stator field form a single resulting machine field, and the
stator has a leakage flux, when determining the voltage across the generator
poles, it is advisable to consider their action separately, and the phenomenon of
armature reaction without taking into account core saturation.

Each of the SG magnetic fields is coupled to a three-phase stator winding
and creates its own EMF.

The following fluxes are distinguished:

- the excitation winding flux @, induces Eo;

- the armature reaction flux @, induces E, =—jl1 X,, where X; is the
inductance of the armature reaction;

- leakage flux @ induces a leakage flux EMF E, =—j1 X, where X IS

dissipation inductance of the stator winding.
According to voltage Kirchhoff’s law for one phase of the stator winding,
we can write
Eo+E,+E;=IR+1Z,=1R+U, (15.5)
where Z, is the load resistance, R is the stator winding phase resistance.
U=Eo+Ea+E;—IR=Eg— jI(Xa+X;)-IR=Eo— jIX. ~IR, (156)
where X, = X, + X, is the synchronous inductance of the stator winding;

Usually R << X,. The voltage drop of the stator winding IR can be

neglected. Finally, we obtain
U=Eo—jlIX, . (15.7)
This equation corresponds to the equivalent circuit and phasor diagram
shown on Fig. 15.5, a,b, where the ®,, ®s phasors are in phase with the | current
phasor. The @, phasor is ahead of EMF Eq by 90°. The phasor diagram is based
on the Eo EMF of the SG.
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To construct the voltage U phasor from the end of the phasor E,, we lay
the phasor jXI is perpendicular to the current | phasor. Between the U voltage
phasor and the I current phasor is an angle o.

Between the E, phasor and the U phasor the angle 0 is the angle of
departure of the SG. The physical sense of the angle of departure is the angle
between the axis of poles of the rotor and the axis of conditional poles of the
stator (Fig. 15.6).

1
JX1
u

£o |

Figure 15.5

Y=0+0. (15.8)
For an active-inductive load, | phase lags from E, by an angle:
¥ =arctg X+ X , (15.9)
R+R

where R, X is the internal resistance and reactance of the SG (indicated in
the catalogue). R, X, are load resistance and reactance.

In a generator duty, the rotor is leading, and the driven one is the resulting
magnetic flux of the air gap along the stator surface, rotating synchronously with
the rotor.
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Figure 15.6

Test questions
1. What is called as a synchronous machine?
2. What is the construction of a synchronous machine?
3. What kinds of excitation of a synchronous machine do you know?
4. What is formula for the synchronous speed?
5. What is the principle of operation of synchronous generators?
6. What are the equation of an electrical state and the phasor diagram of
the SG?
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LECTURE 16

CHARACTERISTICS OF THE SYNCHRONOUS GENERATOR.
ELECTROMAGNETIC POWER.
REGULATION OF ACTIVE AND REACTIVE POWER

The properties of the synchronous generator (SG) are judged by its

characteristics.

1. No-load characteristic (Fig. 16.1):
E (lew) at I =0and atn =n;.

o4

]E w

ey,
Figure 16.1

Y
<

At lew = 0, a small EMF Ey is induced by the
residual magnetic flux. When
lgw T= @, T= E T, because E =cend.

There comes a saturation of the magnetic
circuit — a curve break. The point (Uy, I,) (the
rated values) is located before saturation. That’s

the way the SG is designed.

2. External characteristic (Fig. 16.2):

U (1) at lew = lgwr (rated); cose = const; n=n,. for I =0, U = U,.
L_J:EO +Ea +Es —1IR

U=Ep-jlXs-IR,
cosp=0,8(R,C) where Xs — synchronous reactance of

~

:[ cosp=0,8(R,L)

stator windings of the SG.

With increasing current | at an
active load, the voltage U drops.

The change in voltage occurs

mainly due to the armature reaction. If

Figure 16.2

v

the load is active, then the flux changes
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slightly. With an active-inductive load, the armature reaction is longitudinally

demagnetizing. The flux varies significantly, which leads to a strong change in

voltage. With an active-capacitive load, the armature reaction will be

longitudinally magnetizing, the flux will increase, which leads to a small

increase in voltage. Voltage stabilization is achieved by regulating the excitation

current lgw.

3. Adjusting characteristic (Fig. 16.3):

lew (1) at U = const; cose = const; n =n,. U = U,.

This characteristic shows how to

regulate the excitation current Igw when

the SG load changes, so that the voltage

at its terminals remains unchanged

(artificial characteristic).

Typically, voltage adjustment, so

that U = const remains unchanged when

A cosp=0,8(R,L)

cosp=0,8(R,C)

Figure 16.3

the load current | changes, is carried out automatically according to the scheme

(Fig. 16.4), where CT is a current transformer; T — step-down transformer.

Regulation principle: when
the load current | increases, the
voltage U drops (according to the
external characteristic), but the
current lgw increases, which leads
to an increase in the excitation
current lgw and to an increase in
the magnetic flux ®, EMF, and

voltage U.

Stator

Rotor
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Electromagnetic power and electromagnetic torque of SG
Power of losses and efficiency of the synchronous generator

In the SG, the conversion of mechanical energy into electric energy is
accompanied by energy losses. The mechanical power P; (input power) is

delivered to the synchronous generator from the shaft side.

N N N

o
—> Py §
—_— un -
Pl

SN\
J\\\ \\A \A A,

mag

Ap,ec
Figure 16.5
The rotor and stator have the following losses:
1) APy, = 12y Rey — excitation losses; Rew — resistance of the excitation
circuit:
APgy = |éw Rew ; (16.1)
2) AP,..— mechanical losses caused by all types of friction;

3) AR,y — magnetic losses in the stator core (magnetization reversal and

eddy currents);
P — (APzy + AP, )= P,y = 3E,l cos ¥, (16.2)

(“3” in the formula means 3 phases). This electromagnetic power is transmitted
to the stator.

4) APy — electric losses in the stator winding:

AP, =317R. (16.3)
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The APy , APy, AP,; losses are constant (not depend on the load) and

consist of no-load loss of SG.
Efficiency of the SG is

_R_ B
k PR P+Ap

(16.4)

where P, is the net power delivered to the network, AP is sum of all losses.

rl/\

(16.5)
cosp=1

cos(p=0,8

B P

P, =3Uph|phCOS(P=\/_3U||| COSQ.

From this formula it follows that
cosp=0,6 the efficiency depends on cose.
The SG efficiency depends not

only on the load power, but also on the

Figure 16.6 power factor cosp. SG efficiency

reaches 98 — 99 %. For these generators, cooling is used with hydrogen gas,

water, etc.

Active power regulation. Angular characteristics

Electromagnetic power is equal to
P., =3Epl cos'Y .

But from the likeness of triangles, we arrange
the angles in the phasor diagram (Fig. 16.7). The side
(cathetus) of bd is:

JXglcosp=Epsin0.
ac L Eo, bc L I, then the angle bca is equal to V.
From here:

COS‘PZEzu_SIne.
bc JXSI

Substitute this value in the formula (16.6) we get:
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b jXI
(P . =
Eo\r

Vi | LT (et !
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P :BE;—Usine (16.7)

S

With a direct excitation current lgw = const.
SG is included in the network and provides U = Upetwork = CONSt.

The torque is

Mgy =20, (16.8)

where o, :% IS an angular rotor speed. But n= 60f , therefore

p
mr:@@:ﬁzﬁ, (16.9)

60 p PP
where o is the angular rotor speed of the SG; f is the frequency of the current;

p is the number of pairs of SG poles:

Mem = Fen = Fem P , (16.10)
o, ®
Mg =32 50 ging| (16.11)
Q)] XS

Dependence Pem(0) or Menm(0) are called power-angle curves of the SG.

The angle 6 characterizes the stability of the SG.

0<0<90°; |0, ~15..20°|

A positive value of 0 corresponds to the generator duty.

At 6 = const, an increase in the excitation current lgy in the SG leads to an
increase in the electromagnetic power Pepn.

If the angle 6 is negative, this corresponds to the operation of the

synchronous machine in a motor duty.
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Figure 16.8
In a generator duty, M.y counteracts the rotation of the rotor, i.e. it is

braking.
stator

rotor

Figure 16.9

In a generator duty, the rotor field is leading, and the stator field is driven.
In motor duty it is vice versa.

As the torque increases, the lines of force become more deformed
(stretched), and the angle 6 grows.

If 6 > 90, then the lines of force break, the magnetic force between the
rotor and the stator breaks down, the rotor rotates like a blank (ingot), because
he does not rotate anything. This phenomenon is called loss of synchronism

(dropout, breaking step).

When 0 <0 <90° the synchronous generator operates stably.
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The change in power in parallel with the SG network is achieved by
acting on the primary drive motor.

Let the SG work at angle 6; as shown in Fig. 16.10. After increasing the
steam supply, the rotor accelerated, and the angle 6 increased, because increased
a torque of the drive motor.

When the angle 6 increased, the braking torque increased, and at a certain
angle 0, the torque equilibrium again comes at a new power. So we increased
the power.

With an excessive increase in the torque of the drive motor, the braking

torque does not reach such a large value, i.e. A
Pl M
they will not be balanced and the SG will fall P.- cos9
out of synchronism. (loss of synchronism, [~ /
dropout, breaking step). N i
- - Py |- Ly sind
Synchronizing power is pl-A P
| WA !
P, :dj_ LN §
doe 0 9,9, 90°

It shows how stable the SG is at a given angle ©. Figure 16.10

Stability of a synchronous generator

It depends on us at what angle 6 the SG we will operate. For a small angle
0, the power P is small; if 6 is large, then we can overload the SG, and it will
fall out of synchronism. Usually they choose 0, ~ 20°.

Static overload capacity of SG

K, = P (16.13)
Pr
EqU 3 E)?U 1
Since maximal power Py =3—2—, then kg :ﬁ or kg =——|
S 3= sinp sin®
Xs

Usually, k, = 3.
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Thus, in order to increase the static overload capacity ks, it is necessary to

increase the maximum power Pnax. And for this we need to reduce X..

But inductive reactance, Xg =L = oawzka,

where w is the number of turns of the winding;
Ao — conductivity of the air gap.

So it is necessary to increase the gap between the stator and the rotor. In
this case, both A, and inductive reactance X. decrease.

That is why in synchronous generators a large gap has been made, to
increase stability, i.e. to increase overload capacity.

With a very large air gap the dimensions of the SG increase and you need
a lot of amp-turns on the rotor (large magnetomotive force, MMF).

We can raise Pmax by forcing. Forcing EMF E,, is caused by current lgw
this increases the dynamic stability of the generator.

Parallel operation of the SG
In parallel operation, several generators are switched on one line.
Connecting the SG to the network

For trouble-free switching on of SG in the network, it is necessary that:

1) EMF produced by the SG is —1 * .

1 1 1

equal to the voltage of the network,

and at the time of switching on is in
antiphase to this voltage. Otherwise, a
compensating current will occur. Figure 16.11
The EMF E is adjusted by the excitation current Igy,.
2) the EMF frequency of the SG must be equal to the frequency of the
network. In this case, we need to adjust the rotor speed of the SG.
3) phase interlacing of the SG and the network corresponded to each

other. Otherwise, a short circuit will occur.
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4) the shape of the EMF SG and the shape of the network voltages are the
same — sinusoidal.

Active power regulation we have already considered Py, = 3%sin 0.

Any change in active power with a constant EMF E, is possible with a
change in the angle 0. It regulated by the primary drive motor.

In order to transfer part of the load from one SG to another, it is necessary
to reduce the rotating torque of the primary motor of SG and increase the torque
for the second. Then, after redistribution, the generators will operate at a
constant speed. Otherwise, the rotational speed of all units, the voltage and a
frequency of the current in the network will change.

SG reactive power regulation

After fulfilling the synchronization conditions, the synchronous generator

operates in no-load duty. We use the equation
U=Eg—-JjIXs-IR (16.14)

Since R << Xg, then U = Ej — j1 Xg, from here

Eo-U
Xs |

(16.15)

The power of the SG is constant P = const. But, and the excitation current
changes lew = var. Since U = const, we change the excitation current. In this
case, the EMF changes (see the dependence E (lew )).

The imbalance between the EMF E, and the voltage U in the formula
(16.15) should be suppressed due to the current I. But since U and P are
constant, the product Ulcose = const must be constant, i.e. the active current
remains constant, and a reactive current appears, which affects the cose of the

network (when Igw changes).
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If cose = 1, then the generator is normally excited (Fig. 16.12). When the
excitation current lgyw changes, the reactive current will flow P; < P, < Ps.

This is a set of U-shaped characteristics at various capacities. They show
the dependence of the SG current on the excitation current at constant power,
and the angle 6. When the excitation current Igw changes, an inductive or

capacitive compensating current

b

will flow. /

\boundary of stability cosp=1
£ P P3

Modern SGs work with over-
excitation.
cosp=08...09,  O¢raea > 0.
In this case, the SG provides

the network receivers (induction

motors, transformers, etc.) with the

. . 0 <0 Tew, >0

necessary inductive energy. ey —
underexcitation | overexcitation

(capacitive current) | (inductive current)

Figure 16.12

Test questions
1. What characteristics of the synchronous generator do you know?
2. What is regulation principle of the synchronous generator?
3. What are principles of connecting the SG to the network?
4. At what the @angle does the synchronous generator operate stably?

5. What is the SG reactive power regulation?
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LECTURE 17

SEMICONDUCTORS AND THEIR PROPERTIES.
PHYSICAL PROCESSES IN SEMICONDUCTORS

Semiconductors are substances that occupy an intermediate position
between conductors and dielectrics in terms of their electric resistivity.

CONDUCTORS: p < 107 Ohm-m (copper, aluminum, silver, etc.);

DIELECTRICS: p > 108 Ohm-m (glass, mica, plastics, polystyrene, etc.);

SEMICONDUCTORS: 107 < p < 108 Ohm-m (Si, Ge, As, In, etc.).

Semiconductors differ from conductors in the strong dependence of the
resistivity p on temperature and the concentration of impurities. With increasing
temperature, resistivity p increases in conductors and decreases in
semiconductors.

Electrons in isolated atoms can only be at resolved energy levels.

When isolated atoms come closer, their energy levels overlap and energy
bands form.

Energy bands are: allowed and forbidden, i.e. values of energies that an
electron of an ideal crystal cannot possess.

Allowed bands are divided into filled and free ones (Fig. 17.1).

In the filled band at a temperature of absolute zero T = 0 K, all energy
levels are occupied, and in the free band, the electrons are absent.

The band of highest energies of free levels is the conduction band. Lower
in energy is the valence band — the upper of the electron-filled bands.

In semiconductors, the conduction band and the

: w-
valence band are separated by a wide (0,5... 3 eV) ,[ enf@free band

prohibited band (Fig. 17.1). S| ‘condienion band
In semiconductors, due to the small prohibited forbidden band

band, the transition of an electron from the valence  |— filled band
LSt valence band

band to the conduction band under the action of an

external electric field is possible. In this case, a free Figure 17.1
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electron appears in the conduction band, and a hole in the valence band appears
a free energy level. Such a transition process is called generation of a pair of
charge carriers.

Charge generation leads to the fact that in the conduction band, electrons
can move to nearby levels, and holes can move in the valence band.

The electric conductivity due to the generation of pairs of charge carriers
"electron-hole" is called intrinsic conductivity.

The return of electrons to the valence band is called recombination and is
accompanied by the release of an energy quantum in the form of a photon.

A dynamic equilibrium is established between generation and
recombination.

In real crystals, due to defects in the crystal lattice and impurities in the
band gap of the semiconductor, the arrangement of local energy levels is
possible.

Impurity levels can be located near both the conduction band and the
valence band.

In the first case (Fig. 17.2, a) an electron is likely to transition from a
busy impurity level to the conduction band. This type of crystal lattice defect is
called a donor, and the impurity that creates it is called a donor.

Q conduction band
A forbidden band
donor |
levels| s
: valence band

acceptor \electron
levels

a b
Figure 17.2
In the second case (Fig. 17.2, b), the electron is likely to transition from
the valence band to the unoccupied impurity level, it’s an acceptor, and the
impurity that creates it, also the acceptor is.
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The electric conductivity of a semiconductor, due to the ionization of
atoms by donor or acceptor impurities, is called impurity conduction.

Possible electronic or hole conduction, due to the type of impurity.

The basic semiconductor materials used are germanium Ge and silicon Si,
the elements of group IV of the periodic table. In them, each atom is bonded to
four neighboring atoms by pair-electron (covalent) bonds (Fig. 17.3, a).

elec fron atom Pof e e negative  pole
O,‘_G,
o é@ 5
©,:G: ,:@:
00 éc? ée e@ =
& S@ 8 o8 O e - 3 o @
a b C

Figure 17.3

If we introduce an impurity as an element of group V of the periodic
table, for example, arsenic As, then the impurity atom becomes a donor. In this
case, a free electron appears, and the atom becomes a positive ion (Fig. 17.3, b).

If we introduce an impurity as an element of group IlI, for example,
indium In, then this impurity atom becomes an acceptor. For a covalent bond,
one electron is lacking, which is filled with an electron from the valence band,
where a hole is formed. An impurity atom becomes a negative ion (Fig. 17.3, c).

CONCLUSIONS:

1) positive ions are formed in a semiconductor with a donor impurity, and
electrons are the majority of charge carriers. These are N-type semiconductors.
Holes in such a semiconductor are the minority carriers of charge.

2) negative ions are formed in the semiconductor with an acceptor
impurity, and holes are the main charge carriers. These are P-type
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semiconductors. In such a semiconductor, electrons are non-basic charge
carriers.
Electron-hole p-n junction (PN junction)
An electron-hole or p-n junction is formed between two types of a
semiconductor, one of which has an N-type conductivity, and the other has a P-
type conductivity.

Ep
P-type — N-type

+ @ +: © :@_ ®
ei e o @ _
+ @9+t @ -@
ion o+ "o, lo,- @ ~
e, T
+ 0O + q/hole\;\@_ @ 0 s
+ + + _ - | N
@+ © M ® _® _ |
+ ©F © T @ -e 0 I J
o + +@ + @_—@__ ' e
P-type electron  N-type : — N _ _
a b
Figure 17.4

At the boundary, a carrier concentration gradient p and n arises, which
results in diffusion of holes from the P-type and electrons from the N-type (Fig.
17.4, b). A diffuse current arises through the p-n junction. A blocking electric
field is formed in the boundary layer, causing drift of minority carriers (n from
the P-type to the N-type and vice versa), and forming a drift current, which is
opposed to the diffusion current.

Since the resulting current is zero, the drift current is equal to the
diffusion current (if the external circuit is open). A contact potential difference
@ arises. (¢c=0,1...0,8 V in Ge and Si).

The width of the blocking layer  =0,01 ... 1,0 pum.

If an external direct voltage source Ee is connected to such a
semiconductor so that (+) is applied to p and (-) to n, then:
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an external field is opposite to blocking EMF. Resulting EMF Es is equal to
blocking (turn-off) EMF E ok minus external EMF Ee type (Fig. 17.5).
Eres = Epl — Eex.

The diffusion current increases, and a forward diffusion current I; arises.
This switching on is called forward.

With the reverse switching on

Eres = Epl + Eex,

the potential barrier increases: ¢ = ¢c+ Eex and its width | increases (Fig. 17.6).

The diffusion current to the majority carriers decrease, and the drift
current due to the movement of minority charge carriers of charge increases.

Once in the blocking layer, they are picked up by its field and moved
through the p-n junction. This is the reverse current of the drift I..

Since minority carriers are much smaller than majority ones, Iy is several
orders of magnitude smaller than I;. It determines the gate properties of the p-n

junction.
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Figure 17.6

Q. +Eex

Current-voltage characteristic of p-n junction

Distinguish ~ between electric and
thermal breakdown.

Electrical (avalanche) breakdown -—
minority charge carriers with high energy
shock ionize the semiconductor atoms, which
leads to an avalanche-like multiplication of
charge carriers. It is convertible.

Thermal breakdown — the temperature
of the semiconductor increases due to the

reverse current, which leads to an increase in

UJ"({I‘

N 1 rev

Uhr

avalanche
breakdown

\ O
\

\

thermal

v

[}‘6)10"

breakdown

Figure 17.7

the process of generation of charges. This breakdown is irreversible.
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Table 17.1 Classification of semiconductor devices

Ne Quantity Quantity
Type of device p-n junctions electrodes

1. | Semiconductor resistors no 2

2. | Semiconductor diodes 1 2

3. | Bipolar transistors 2 3

4. | Field-effect transistors 1 3

5. | Thyristors 3 and more 2,3

6. | Integrated circuits many many

Test questions

. What are semiconductors?

. What are the N-type semiconductors?
. What are the P-type semiconductors?

. What is p-n junction?

. What are energy bands existing in substance?

. What impurities in semiconductors do you know?

. What are peculiarities of a forward switching on of p-n junction?
. What are peculiarities of a reverse switching on of p-n junction?

. What breakdowns in p-n junction do you know?
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LECTURE 18

SEMICONDUCTOR RESISTORS AND DIODES.
DESIGNATION, APPOINTMENT, TYPES AND CHARACTERISTICS

A semiconductor resistor is a two-electrode device that uses the
dependence of the electric resistance of a semiconductor on voltage or other
factors. These devices have no p-n junction, i.e. they are uniformly alloyed with

impurities. Legend has been shown in Fig. 18.1.

- linear resistor
- varistor
- strain gauge

- thermal resistor

- photoresistor

W91

Figure 18.1

Types of semiconductor resistors
1) LINEAR RESISTOR. lIts resistance depends only slightly on voltage
and current density, i.e. it has almost constant resistance. It is used for integrated
microcircuits.
2) VARISTOR. Its current-voltage characteristic (CVC) is non-linear, but
symmetrical. It is used to protect circuits against overvoltage, in stabilization
systems, automatic gain controllers, etc. The volt-ampere characteristic of

varistor is shown in Fig. 18.2.
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3) RESISTANCE STRAIN GAUGE is a semiconductor device, the
resistance of which depends on the linear deformation of the actuating medium.
Deformation characteristics of the resistance strain gage is shown in Fig. 18.3.
During deformation, the regularity of the crystal lattice is violated, which leads

to a change in resistance. It used to measure the deformation of solids.

AR/R x100%
504

25 N\ WN-type

'50 | A0

10 -5 0 5 10 -
Figure 18.3

4) THERMISTOR is a semiconductor device, the resistance of which
changes depending on the temperature. Thermistors are divided based on their
conduction model. Negative temperature coefficient thermistors have much less
resistance at higher temperatures, while positive temperature coefficient
thermistors (posistors) have much more resistance at higher temperatures.
Temperature characteristics of thermistors are shown in Fig. 18.4.

Thermistors are used for thermal protection, signaling, temperature

measurements, stabilization of semiconductor devices.
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Figure 18.4
5) PHOTORESISTOR is a semiconductor device, the resistance of which
depends on the illumination or light flux. They are made on the basis of
cadmium sulfide, cadmium selenide, sulphurous lead, etc. The photosensitive
element is usually in a plastic case, used in various areas of the spectrum.
The characteristic of the photoresistor is shown in Fig. 18.5, where the ®

is a light flux.
A

U=const

i

Figure 18.5

SEMICONDUCTOR DIODES.

Designation, appointment, types and characteristics

A semiconductor diode is a device with one p-n junction and two
electrodes. They distinguish: point-contact and planar diodes. A point-contact
diode uses a germanium plate with N-type electric conductivity, a thickness of
0,1 ... 0,6 mm and an area of 0,5 ... 1,5 mm?2. A pointed steel wire is in contact
with the plate, forming a p-n junction at the point of contact. These are low-
current diodes.

In a planar diode, the p-n junction is formed by two semiconductors with
different types of electric conductivity, and the junction area can be up to several
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tens of square centimeters. These are power diodes. Symbols of various diodes
are shown in Fig. 18.6.

- rectifier diode

- microwave diode

- Zener diode

- tunnel diode

V- Y@y

- unitunnel (backward) diode

- varicap diode

i

- photodiode

- light-emitting diode

QY

Y - optocoupler diode

A
W

Figure 18.6

1) RECTIFIER DIODE

Usually forward voltage Us does not exceed
1...2 V. In this case, the current density reaches 1
... 10 A/mm?. Reverse voltage Uy, is up to several
hundred volts. It is allowed U, = (0,7 ... 0,8) Uy,
(breakdown voltage). Permissible temperature T is

up to 85 ... 100°C (germanium). T is up to 150 ...

U."er U/.
r Ol

A 4

|
I
|
200° C (silicon). Diodes are mounted on radiators, ' Lyey

blowing, etc. is used for cooling. Figure 18.7
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It has a thermal irreversible breakdown. It is allowed 50 ... 100 times
current overload for 0,1 s. The volt-ampere characteristic of a rectifier diode is
shown in Fig. 18.7.

2) MICROWAVE DIODE works at very high frequencies.

3) ZENER DIODE (voltage-reference diode)

]/'A
IS a semiconductor diode, the voltage on which in '
the type of electric breakdown weakly depends on
the current (Fig. 18.8). They are used to stabilize UMU_S_[ 0 U_,-\
voltage. It works in the area of reversible electric M= Lmin -
[
breakdown. Stabilizing voltage Us; =1 ... 1000 V; I
Minimum Zener current lgmin=1 ... 10 mA; : —————————— Ltmax
]l'ﬁ‘l‘
Maximum Zener current lsmax = 50 ... 2000 mA. _
_ ) _ ) Figure 18.8
A semiconductor Zener diode, in which the
stabilization area is a direct branch of the I — U characteristic, is called a

stabistor (a forward reference diode).
4) TUNNEL DIODE is a diode in which

the tunneling effect leads to the appearance of It
negative differential conductivity on the | — U Ipf=p,
characteristic in the forward direction. 7 \
Incremental resistance of a tunnel diode Urev 01: -

_du_au

"l T AL

The work area is a forward branch of Lrey
Figure 18.9

volt-ampere characteristic (Fig. 18.9), where I,
is the peak current; I is the current of the hollow. It is used for generators of

high-frequency oscillations and high-speed pulse switches.
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5) INVERSED (unitunnel) DIODE is a type of tunnel diode in which the
peak current 1, = 0. It has valve properties at low voltages. The highest

conductivity is in the opposite direction.

CI\
6) VARICAP (variable capacitance diode) is a
semiconductor diode in which the dependence of the p-
n junction capacitance on the reverse voltage is used
and which is intended for use as an element with an U,,, U_f-\
. . 0 -
electrically controlled capacitance value. The Figure 18.10

characteristic of varicap is shown in Fig.18.10, where C is the varicap
capacitance.

The photodiode and light-emitting diode are semiconductor diodes that
use the effect of the interaction of visible, ultraviolet and infrared radiation with
charge carriers in the blocking layer of the p-n junction.

7) PHOTODIODE is a photovoltaic radiation detector without internal
amplification. 1o is the black current. The characteristics of photodiode are
shown in Fig. 18.11 a, b.

R/\

D

v

Figure 18.11

8) LIGHT-EMITTING DIODE (LED). LED is BA
a diode that converts electricity to energy of
incoherent light radiation. The most common LEDs
emitting in the visible part of the spectrum: yellow,

red and green light. The characteristic of LED is /

shown in Fig. 18.12, where B is brightness. Figure 18.12
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9) OPTOCOUPLER or PHOTOCOUPLER is T -~
an optoelectric semiconductor device containing m<7—> .

emitting and photodetector elements, between which

[(JHI
. . . . .. . . AN
there is optical communication and electric isolation is

provided. The diode optocoupler has the following
characteristic which is shown in Fig. 18.13.
In a source of light radiation (SLR), the energy

of an electric signal is converted into light radiation. I,

Light radiation is transmitted through an optical 0 Figure 18.13 .

channel (OC) to a photodetector (FD), in which it is converted into electricity.
Opto-coupler block diagram

/ ir [(J {
7 OC 1t
R —
(]fﬂ‘ S LR FD UOH?‘
—>
o— —0
Figure 18.14

SLR is usually a LED. OC uses polymer optical adhesives, varnishes,
fiber optic fibers, etc. Opto-couplers use photoresistors, photodiodes,
phototransistors, and photo thyristors as FD.

Depending on the type of FD, resistor, diode, transistor and thyristor opto-
couplers are distinguished.

Test questions
1. What is a semiconductor resistor?
2. What types of semiconductor resistors do you know?
3. How many p-n junctions are contained in semiconductor resistors?
4. What is the difference between negative and positive temperature coefficient
thermistors?
5. What are the characteristics of varistor, photoresistor, resistance strain gage,
varicup?
6. What is a semiconductor diode?
7. What types of semiconductor diodes do you know?
8. What is the volt-ampere characteristic of a rectifier diode?
9. What is electrical breakdown?
10. What is the difference between a thermal breakdown and an electrical
breakdown?
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LECTURE 19

BIPOLAR JUNCTION TRANSISTORS
DESIGN, TYPES AND DESIGNATIONS

A transistor is an electro-converting semiconductor device with one or
two interacting p-n junctions and three terminals, which has amplifying
properties.

A transistor with two p-n junctions is called a bipolar junction transistor
(BJT). "Bi" means two types of charge carriers: electrons and holes.

There are silicon and germanium transistors.

Three-layer semiconductor structure: principal (a) and structural (b)

embodiment is shown in Fig. 19.1.
Ge (n)

Cap

PN junction

B Il PN junction

a b
Figure 19.1

Pin electrode

Electrodes: E — emitter; B — base; C — collector.

In BJT, the central layer is called BASE.

The outer layer, which is the source of charge carriers (electrons or holes),
which mainly creates the current of the device, is called EMITTER.

The outer layer receiving charges coming from the emitter is called a
COLLECTOR.

The “base-emitter” transition is called EMITTER junction.

The “base-collector” transition is called COLLECTOR junction.

There are two classes of BJT: n-p-n type and p-n-p types (Fig. 19.2).
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Figure 19.2

BJT Switching Circuits

When we switch on the transistor in the circuit, one of its leads is made
common to the input and output circuits. Therefore, the transistor switching
circuits are (Fig. 19.3):

a with a common-base (CB);

b with a common-emitter (CE);

¢ with a common-collector (CC).

Relative to the general lead, on which the potential ¢ = 0 is considered,

the voltage of the input and output circuits of the transistor is measured.

+ - - -+
UBEl T UBC - /[UCE + lUCE
Us ET UB(‘l
o, g O (e, n O o, = O
¢=0 =0 o=
a b Cc
Figure 19.3

Modes of BJT
Depending on the polarity of the voltages applied to the emitter and
collector junctions, 4 modes of operation of the transistor are distinguished.

Consider a bipolar junction transistor with a common-base (CB).
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1. Active mode — forward voltage is Ep Ep
6_.

—
applied to the emitter junction, and the +Oi";'_4 p n p _i;”_q_
reverse is applied to the collector junction. UBEl RMT Rm/ TUBC
(Fig. 19.4). o - = °
In this case, the resistance of the Figlﬁ:(ig'z‘_

emitter junction is much smaller than the resistance of the collector junction:
Rem << Rcol.
Since currents: lem= leol, then U, = 1emRem <<Ucor = ot Reol
With this power: P, = 12, Re << P = 15,Repy s i.€. Py = Py << Pyt = Py
The output power Py, (collector circuit) is many times higher than the
input power Pj, (emitter circuit).
Active mode is used in amplifier circuits and in generating devices where

the transistor is an active element.

2. Cut-off mode — reverse voltages B B
are applied to both junctions (Fig. 19.5). l’
_ —0—1 2 I b—o—
Therefore, the current through them is U T T
BE R . . U
very small and is due only to minority ¢ ’T Reol .
o 0
carriers. The transistor is almost locked. (p‘I;O
The cut-off mode is used in key Figure 19.5
modes: the state is “Closed” or “Disabled”.
3. Saturation mode — forward Ey  Ey
voltages are applied to both transitions. + 1 D s P b +
The current in the output circuit of the
. . p ] UBEl R Reor lUBC
transistor IS maximum and s
o 9 0
practically not regulated by the current ¢=0
Figure 19.6

of the input circuit. The transistor is
totally opened. The saturation mode is used in key modes: the state "Enabled" or

"Open".

191



4. Inverse mode: reverse voltage is applied to the emitter junction, and
direct voltage is applied to the collector junction. The emitter and collector
functionally switch places. This mode does not correspond to the normal

operation conditions of the transistor.

The principle of operation of a BJT

Let’s consider the operation of a BJT with a p-n-p structure at a forward
current, switched on according to the circuit with CB in an active mode
(Fig. 19.7).

+ —

Figure 19.7

The source of the Ugg voltage creates a direct bias of the emitter junction.
The source of Ugc voltage creates a reverse bias of the collector junction. The
potential barrier due to sources at the emitter junction decreases, and at the

collector junction it rises.
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The emitter holes (majority carriers) are injected (penetrate) into the base,
and the base electrons are injected into the emitter due to diffusion.

Holes due to the difference in density along the length of the base diffuse
and reach the collector, some of them recombine with the base electrons. The
base is made very thin.

Since the blocking (turn-off) field Ey of the collector junction for holes is
accelerating, they are drawn into the collector, i.e. holes are extracted into the
collector. Propagating along the collector due to a difference in their density
over the collector, the holes reach the contact and recombine with the electrons
of the source.

The majority carriers (holes) of the collector, due to the high potential
barrier, do not pass into the base.

A part of the base electrons, which has recombined with the emitter holes,
is filled up by the source electrons, forming the base current. The relationship
between the increments of the emitter and collector currents is characterized by

the current transfer coefficient (for a circuit with CB is equal to):

o= et z( Al, ]
alem Alem U cp=const

Since Al,,; <Al,, and o = 0,9 ... 0,995.

When I, =0 there is an initial collector current 1, created by minority

carriers of the charge.

When I, #0 o =leoio +Uem = lem -

In a circuit with CB, a low current transfer coefficient. By changing the
emitter current (input) lem, you can control the collector current (output) lo. In
the circuit with CB, there is no current gain, but there is only voltage gain.

The main circuit of amplifier is a circuit with CE (n-p-n transistor).

The circuit is shown in Fig. 19.8, where base current Iy, is input current, and

collector current I is output current.
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Figure 19.8
According to Kirchhoff’s law for nodes
lem =1p + I ol (19.1)

Icol = ICOIO +O('Iem (192)
From
Ib = Iem - IcoI = Iem - IcoI _alem = Iem(l_a)_ IcoIO << Iem ~ IcoI (19-1)

Since . =0,9 ... 0,995, then

Ib << Icol'

The small value of the input (control) current I, caused a wide application
of the circuit with CE.
Base current transfer coefficient (increment of currents of input and

output circuits):

B:alcol Al .

b U cg =const Alp

But Alb :Alem _AICO|'

AIcoI
Therefore B~ Aoy Alen &
Algp — Al g ]__M l1-a

Al

o

b=

B =50 ... 100.
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Thus, in a circuit with CE, amplification occurs both in current and in
voltage.
Amplifying properties of a BJT
Basic indicators:
1) Current gain K, :M;
in

) AU
2) Voltage gain K, = —out -
) geg U AU,

3) Power gain Kp =K Ky ;

4) Input impedance R, = AUip

in

Table 19.1 Amplifying coefficients in active mode

Circuits of Rin, Ohm K| Ky Kp
switching
CB Units - Tens 1 Up to 1000 | Up to 1000
CE Hundreds 10...100 100 Up to 10000
CC Tens of thousands 10...100 1 Up to 100

A common-collector amplifier is built on the circuit with CC. It has a low

output resistance R,,; and a large input resistance R;,,.

It is used in cases where:

1) it is required to separate the previous part of the circuit from the load,
which has a small resistance R;;

2) it is used as matching (buffer) cascades: it is connected between
cascades with high output and low input resistances.

Static characteristics of a BJT with CE

Static characteristics describe the relationship between input and output

currents and transistor voltages. This is the volt-ampere characteristic of the

transistor.
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=0
Figure 19.9

Input BJT characteristic

l,(Uge)/at Ugg =const

It is shown in Fig. 19.10. The more Ugg, the I, mA
greater the current base Iy, tk. with an increase in the
forward voltage at the emitter junction, the potential 0,8

barrier decreases. It can be overcome by a larger

number of the main charge carriers of the emitter 0.4

(holes), and a larger number of them will be able to UV
BE;

recombine with the base electrons. 0 0.4 0.8

Figure 19.10

Output BJT characteristics

(set of characteristics are shown in Fig. 19.11):

leot(Uce)/ at 1, =const
At the initial moment, the characteristics are very steep, because at the

collector voltage |U ;| <|Uge|, the collector junction is turned on in the forward

direction and the resistance is small, i.e. the collector current I, varies strongly

at a low voltage Uce.
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Subsequently, with increasing voltage \UCE\, the collector junction is

shifted in the opposite direction and the output resistance is large, as a result of
which the current changes slightly.
Load limits:

1) leor = lem < leo max — OVerheating of the open emitter junction;
2) U g <U g max — breakdown of a closed collector junction;
3) P.oi = leoUce £ P.,;max — Overheating of the closed collector junction.

BJT are semiconductor amplifying and key devices for universal use.

[, mA ¢ —
100’: i i e o e e 1o _1{'01‘ max
[, ;= 600 pA
[, =400 pA
50 I, =200 pA

I;;=0

) :\: P oot max
0 10 20 UV

Figure 19.11

Test questions

1. What is a bipolar junction transistor?

2. How many p-n junctions and electrodes are in a bipolar junction transistor?
3. What are the names of electrodes in a bipolar junction transistor?

4. What are the transistor switching circuits?

5. What are the modes of operation of a bipolar junction transistor?

6. What is the principle of operation of a bipolar junction transistor?
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LECTURE 20

FIELD-EFFECT TRANSISTORS. THYRISTOR.
PURPOSE, TYPES, DESIGNATIONS,
PRINCIPLE OF OPERATION AND CHARACTERISTICS

Field-effect (unipolar) transistors (FET) are used:

1) in amplifier stages with high input impedance;
2) in gating and logical circuits.

Field effect transistors can operate at low temperatures (up to 0 K), have
high stability of parameters in time under the influence of various adverse
factors, have high radiation stability, work in space, etc.

FET is a semiconductor device, the amplifying properties of which are
due to the flow of the main charge carriers of the same sign flowing through a

conducting channel, and which is controlled by an electric field.

Table 20.1 Symbolic notation of FET

Gate type Kanan Symbolic notation
N-type 4@:
p-n junction

P-type 4®:
N-type (r—

Isolated "
Ptype =

L

In the field effect transistor there are:
A CHANNEL is a region in a transistor which resistance depends on the
potential at the gate.
GATE (G) is an electrode used to control the cross section of the channel.
SOURCE (1) is an electrode from which the majority carriers of charge
enter the channel.
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DRAIN (D) is an electrode through which the majority carriers of charge
escape from the channel.
FET are divided into transistors with N-type and P-type channels.
By the method of isolating gate, FET are divided into transistors with a

control p-n junction and transistors with an isolated gate.

FET with a gate in the form of p-n junction
Block diagram (Fig. 20.1, a) and the switching circuit (Fig. 20.1, b) of a

field effect transistor with an N-type channel and a gate in the form of p-n

junction.
channel
S G 7 I
| -QQG| —€——0
#S N-type /PR
[ P-type ) G(\
T o N -
G WS s
chl yI
UGSl UDSl, <
T T O " . O
T
Figure 20.1

At Ugs = 0, the channel thickness is greatest and its resistance is minimal.

If a negative voltage Ugs < 0 is applied to the gate with respect to the
source, then the p-n junctions will expand, the channel thickness will decrease,
and its resistance will increase.

If the source Ugs is turned on, then the drain current Ip flowing through

the channel can be controlled by the voltage Ugs supplied to the gate.
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Current-voltage characteristics of the FETr

1) DRAIN-GATE (TRANSITION) Ip,mA

characteristic: | (Ugs )\U DS —const " °

Ucscit — gate voltage at which the channel
completely overlaps.

Ioin at the start at Ups = 0 is the initial drain
current in Fig.20.2. T4 2 o0

L. UGScm
2) DRAIN (OUTPUT) characteristics: Figure 20.2

IpUps )‘UGS _ongt @reinFig. 20.3.

In the initial section:

Ups +|Ugs| <Uwm-or and the current lp /p.mA
N

increases with increasing Ups. 15 Ugs=0
With a further increase in voltage Upsto | AN

the value: Upg +Ugs|=Uwm_of - 10 oy,

The channel are closed, and the current growth Ip 5 : 3V

ceases (saturation section).

75 10 15 UV

With a further increase in the voltage Ups, Upsso=Uss
sat cut

a breakdown of the p-n junction occurs between _
the gate and the channel. Figure 203
Insulated Gate Field-Effect Transistor
An insulated gate field-effect transistor is a semiconductor device in
which a thin layer of dielectric (usually silicon oxide) is located between the
metal gate and the channel to reduce the gate leakage current Ig. The scheme of
an insulated gate FET is shown in Fig.20.4. These transistors are called MOS
transistors (metal - oxide - semiconductor) or MDS transistors (metal - dielectric

- semiconductor).

200



The | — U characteristics of
these FET transistors are similar, but

they can operate at Ugs> 0, when the

channel expands and the drain

current I increases.

Depending on the polarity of
%h_%;lggl the voltage, the Ugs channel can be
Figure 20.4 depleted or enriched with charge

carriers (electrons).

At a negative voltage Ugs < 0, conduction electrons are pushed out of the
channel region into the semiconductor volume, the channel is depleted in charge
carriers, and the drain current Ip decreases.

With a positive voltage Ugs > 0, conduction electrons are drawn into the
channel from the semiconductor. The enrichment of the channel occurs, and the

drain current Ip increases.

Thyristors. Purpose, types, designations, device,
Principle of operation and characteristics

A thyristor is a semiconductor device with ancde

two stable states, which has 3 or more p-n +I/ N

junctions, in the current-voltage characteristic of
which there is a section of negative differential P 5
. AU . ] n n
resistance VR and which can switch from a
, p —+p P
closed state to an open state and vice versa. control/
Applications of thyristors: uncontrolled and | 7 electrode |,
controlled rectifiers, inverters - DC-to-AC I
converters, voltage regulators, proximity switches, — cathode
electric  drives and automation  devices, :
Figure 20.5
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telemechanics and computer equipment, etc.

Thyristors are divided into with two-leads thyristors (Fig. 20.5, a), and
with three-leads thyristors (Fig. 20.5, b). Two-leads thyristors are uncontrolled
keys, and three-leads thyristors are controlled keys.

The electrode providing electrical connection with the external N-type is
called the CATHODE, and the electrode connected in the external P-type is
called the ANODE.

Table 20.2 Thyristor symbols

Symbol Designation Name

- two-lead thyristor

- Symmetric two-lead thyristor

- three-leads thyristor with anode control (the control

lead (gate) is closer to the anode)

three-leads thyristor with cathode control (the control

lead(gate) is closer to the cathode)

- lockable anode three-leads thyristor

- lockable cathode three-leads thyristor

- Symmetric three-leads thyristor

EECEE ST

Lockable thyristors are closed with a short pulse of reverse voltage
supplied to the control electrode.
Principle of operation
P1, P2, P3 are three p-n junctions which are shown in Fig. 20.6. With a

direct voltage Uy, junctions P; and P3 are open, and junction P; is closed.
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Moreover, all the forward voltage Usapplied to the junction P,. Since the
resistance of this junction is large, the current through the thyristor is small
(section A on the | — U characteristic is shown in Fig. 20.7).

After reaching Us = Uj, (input voltage), an avalanche-like increase in the
number of charge carriers in the P, junction occurs.

Due to this, the current increases rapidly, because electrons from the n,-
type and holes from the p;-type rush into the p,—type and n;—type, and saturate

them with non-basic charge carriers.

The thyristor  resistance  drops Uy
.. . . ]/—) L R,
significantly. The thyristor switches : 4 %—iE
. anode
because the voltage on it drops, the
current rises and the voltage increases Py
h E.");’T PI
on the resistance R;. R n,
. + [(.'rmr : EMJ/ R: Uf ‘
Sections A, B are two stable Hﬁ%ﬁ 2
conditions in Fig. 20.7. Ef B
. ] . . Ecom ”2
After switching, in point of X
: thod
opening (Uqp, lop), the voltage on the o lca ote o
thyristor decreases to 0,5 ... 1,0 V. ¢=0
With a further increase of EMF of the Figure 20.6
source or a decrease in R, the current in the 1A
S
device increases in section B. B
With a decrease of the forward current
I: below the holding current 1, the high Loons Leqn I =
] L 2
resistance of the P, junction is restored (off- ‘}" /é =g ../l U
rev h%)\f
state). The recovery time is 10 ... 30 ps. Ir———'— A/ A4
The turn-on (on-state) voltage Uq,, at 1
- - - ' [' b
which an avalanche-like increase of a current e
Figure 20.7

begins, can be reduced by introducing

minority carriers of charge into any of the layers adjacent to the P, junction.
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These additional charge carriers increase the number of atomic ionization
events in the junction, and therefore U,, decreases.

Additional carriers in the three-lead thyristor are introduced into the p2
layer by a controlled circuit from an independent source Econt.

When a reverse voltage Uy, is applied to the thyristor, a small current Iy,
appears, since in this case two junctions P; and P; are closed. To avoid

breakdown of the thyristor, it is necessary to provide Urey < Urey max-

Symmetric Thyristor Structure

In the five-layer thyristor design (Fig. 20.8, a) with the
- & —| @ initial polarity of the applied voltage (without brackets),
the left half of the device works (the direction of

electron motion is indicated by a down arrow).

ST ST

SIS TS

+ s
~~
L=
+
U’-‘\
L

With reverse voltage polarity (shown in parentheses),
the current flows in the opposite direction through the
_ right half. The role of a symmetric thyristor can be
Figure 20.8 ) ] _ )
performed by two diode thyristors connected in opposite
directions (Fig. 20.8, b).
Controlled symmetrical thyristors have leads from the corresponding base

areas.
Test questions

1. What is a field-effect transistor?

2. What is the main region in a field-effect transistor?

3. What are the names of electrodes in a field-effect?

4. What are the current-voltage characteristics of a field-effect transistor?
5. What is an insulated gate field-effect transistor?

6. What is the design and principle of operation of a thyristor?
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LECTURE 21

RECTIFIER DEVICES

Block diagram and parameters of rectifiers

RECTIFIER is a device that converts alternating current into direct

current. The rectifier block diagram is shown in Fig. 21.1.

Valve
- . Smoothing Voltage | |
e device filter stabilizer R lUd
o assembly
Figure 21.1

The transformer regulates the voltage to the required value.

The valve device assembly (valve group) contains elements with one-sided
conductivity: rectifier diodes in uncontrolled rectifiers and thyristors in
controlled rectifiers.

Smoothing filters are designed to reduce the ripple of the rectified voltage.

The voltage stabilizer (voltage regulator) keeps the constant voltage
across the load resistor R;.

There are single-phase and three-phase, controlled and uncontrolled rectifiers.
Single phase rectifiers
Schemes of circuits, principle of operation, parameters and characteristics

To rectify a single-phase alternating voltage, three circuits are used:

1) half-wave circuit;

2) bridge circuit (Grets circuit);

3) double half-wave circuit (with the lead of the midpoint of transformer).

One-half-wave circuit in which the current passes through the valve only
for one half-period of the alternating voltage of the source. Double half-wave
circuits in which the current passes through the valve group for two half-periods
of the alternating voltage of the source.

Consider the ratio of the parameters in the rectifiers under the following
assumptions:
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1) the leakage inductance of the transformer and the resistance of its
windings are equal to zero;
2) the resistance of the valve in the forward direction is equal to zero, and
in the opposite direction it is equal to infinity.
Single phase half wave rectifier. Time diagrams of voltages and currents

The circuit of the rectifier and time diagram are shown in Fig. 21.2, a, b.
U

2’\/ T ~J
U2m- =5 :
I
I
72! : :
i VD I I i
T a | 1 1
° ¥ i, : | |
(_) ? N I I [
"‘U a = | I I
1 § | g U, RI[]lUd I, : m )
- 0 PR TR P PR T RO T | YRl SO ST PO PR TR DOPPLTL >
) : g |
(o, O 1 - | 1
b | | 1
a b
Figure 21.2
Define the constant component of the rectified current:
T/2
0
Since, i, =1, sin ot then
TI2 T/2
: cosmt I
0T = [Ipsinotdt=—1,"—— =20
o
0 ol
: 2n .
But since o= e I.e. oT =2x, then
I
lp=20m _2Im _In oty Im L0318, |
ol 2n = T
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The constant component of the voltage, expressed in terms of the
maximum value

U0:|0R| :I—mR| U_m:O,318Um .
T T

The constant component of the voltage, expressed in terms of the actual

value
U, :U—mz U ~0,45-U
7T 7T

Thus, in this circuit, the maximum voltage on the diode
U, =U,, =1U,=314U, ,
the voltage across the diode is three times higher than on the load.

The average value of the diode current in this circuit 15, = Ig.

The ripple value of the rectified voltage is characterized by the ripple

factor

Kr:Uﬂ
Ug

where Uy is the amplitude (peak value) of the variable component of the
voltage, changing with the pulse repetition rate, i.e. amplitude of the first
harmonic.

For a half-wave circuit

U2m _ ‘EUO

Ulm:T :1,57'U0, and Kr 21,57.

The disadvantages of the circuit:
1) a large value of the ripple coefficient;
2) the voltage across the load is almost 3 times less than on the diode;
3) the constant component of the rectified current is much less than the current
in the secondary winding of the transformer, which leads to its insufficient

current use.
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Bridge circuit (Grets circuit)

The circuit of the rectifier and the time diagram are shown in Fig. 21.3 a, b.

L >

N

~
=
""-.
~
=

Figure 21.3

lo is 2 times greater than in a half-wave circuit. Therefore:

lo=2'm ~ 06361,

T
Uy = 1HR, :2'—mR, _2Un =0,636-U,,;
7T 7T
T TC
K, =0,67.

The frequency of the rectified current is 2 times higher than that of the network.
Double half-wave circuit with transformer midpoint output
The circuit of the rectifier and time diagram are shown in Fig. 21.4, a, b.

A
A r "
[~ Eal

I
- |
~m 1
I
VD1 /_\ t
T 4 N 0 >

ol + . T , !
L i : | |
~U U2 — R" + | | I
1 l_l" "] u ]{ | U | |
= " A : :
7 ng . ' ' |
]I | ,,ﬂ | ‘,‘f . I
o—o ( ) 7_} D: 0 | | l f>
a b
Figure 21.4
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This is actually a combination of two half-wave rectifiers connected to the
load resistor R, in different phases.

The ratio of the parameters in this circuit are the same as in the bridge
circuit.

Advantages of double half-wave rectifiers over single-half-wave rectifiers:

The average value of the rectified current and voltage is 2 times greater,
and the ripple is less. But double half-wave rectifiers have a more complex
design and cost.

Comparison of double half-wave circuits:

1) the bridge circuit is structurally simpler, its dimensions, weight and
cost are lower than the transformer circuit;

2) the maximum reverse voltage on the closed diodes in the bridge circuit
Is 2 times less (each of the two diodes accounts for half the voltage);

3) but in the bridge circuit, 2 times more diodes are needed.
When rectifying the currents | > lymax for one diode, in parallel, diodes of the
same type with additional resistances are included.

The values of the currents are determined by the

M~
resistance in the forward direction. But the resistance el
of the diodes in the forward directions Ry even for the _/ EV D| 2 Ry

same type of diodes are different. To equalize the

VD3 R,
currents of the diodes, additional resistances are > L1
sequentially included. Moreover, Ry is 5 ... 10 times

Figure 21.5

more than Ry (Fig. 21.5).

When rectifying a voltage exceeding the maximum allowable for the
diode Uyev.max, a Serial connection of diodes shunted by resistors are used. In this
case, the reverse voltage across the diodes is distributed in accordance with their

inverse resistances Rqy. To align the reverse voltages parallel to the diodes, we
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can include shunt resistors Rqp, the value of which is equal to Ry, = (0,1
Rq. (Fig. 21.6).

.. 02)
VDI VD2 VD3
| |
|| L~
RL\'J'.Q Ra‘fﬂ
1
| S|

Figure 21.6
Smoothing filters. Schematic diagrams, principle of operation,

parameters and characteristics

To reduce the ripple of the rectified voltage, smoothing filters (SF) are
used. Ripple reduction is estimated by a smoothing coefficient

where K; and K; are the ripple coefficients before and after the filter.
The main requirements for smoothing filters are the maximum reduction of the
high-frequency components of the currents in the load resistance.

The inductive element L= X, =wkL, and the capacitive element
1

C=>Xek=—+=
Ck ™ wokC

. where k is the harmonic number.

Therefore, the inductance is set in series, and the capacitance is parallel to
the load.

Capacitive filter
The schematic diagram of the filter is shown in Fig. 22.7, a.
VD ; U,
¥ oS
+ U7
)
"‘Ul

N
/W\
| .
U, 1 : .
= % of;
@Y

QD
~

b
Figure 21.7
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The capacitor is charged to voltage U, when U, > U, (interval t; — t;) as it
shown in Fig. 21.7, b. During the time interval (t, — t3), the voltage U.> U, — the
diode is closed, and the capacitor is discharged through the resistor R, with a
time constant.

From the moment of time t; U, < U, — the capacitor is charging, etc. That
IS, when the diode passes the current, the capacitor is charged, and when the
reverse voltage is applied to the diode, the capacitor is discharged to the load R;.

Inductive filter

The schematic diagram of the filter is shown in Fig. 21.8, a.

VD

[ L U |
! f 21
T d i
‘;!
: i”
Nbll ‘% l[juf ()é i‘ : \ ,4 i : \ )f
a b
Figure 21.8

During the positive half-cycle of voltage u,, when the current i rises, the
inductive coil L;stores energy, and in the negative half-period, energy is spent
on maintaining the current.

The duration of the current i; pulses in is determined by the time constant

L _ . :
r:?f. The larger the inductance L; the more the pulse is pulled and its
|

amplitude decreases due to inductive resistance X, =wlL; . The average current

value also falls.
Typically, the inductance Ls in half-wave circuits is not used, but used in

double half-wave.
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4
>

Figure 21.9
Varieties of smoothing filters (LC-RC filters; L-, P-, T- shaped) filters are

shown in Figure 21.10, a, b, c.

L./' R L,/' L./'
C, & C. o
Lo 4L A [k A
s — £ <
a b c
Figure 21.10

External characteristics of rectifiers
The load resistance R, changes during operation, which causes a change in
the load current I,.

U Transformers and valves (diodes) have
dh

~

U ; certain values Ry and R; of resistances. At these
mn

resistances, the voltage drops from the current
U l;, resulting in a change in the load voltage U,.

l . -
e 1 External characteristic of the rectifier U, (1))

3 3 Ui(1)=Upy — (R + Ryl =Upy —R¢ 1, =Ry 1,

0 _ > where Un is the rectified voltage at I, = 0;
Figure 21.11

R¢ l,— the average value of the voltage

drop across the diode resistance in the forward direction;

R, 1, — the average value of the voltage drop across the resistance of the

secondary winding of the transformer.
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The external characteristic defines the boundaries of the change in the
load current at which the rectified voltage does not decrease below the
permissible value.

1 — rectifier without filter (characteristic is non-linear due to Ry);

2 — rectifier with capacitive filter;

In the idle (no-load) mode (I, = 0), the rectified voltage is equal to the
amplitude value Uy, i, and without a filter, to the average value.

For a half-wave rectifier — U, ,, = UT’“ =0,318U,,;

For the double half-wave — U, ,, = 2U—m =0,636U, .
T

With an increase in the load current, curve 2 drops more sharply, since the
drop also occurs due to a faster discharge of the capacitor to a lower resistance,
which reduces the voltage on the load.

3 — rectifier with a L-shaped RC filter. An additional decrease in voltage
Is caused by a voltage drop across the series-connected resistor Ry.

Test questions
. What is a rectifier?
. What does the rectifier block diagram consist of?

. What do you know about single phase rectifiers?

2w N R

. What are the schematic diagram, time diagram and the parameters of a half
wave rectifier?
5. What are the schematic diagram, time diagram and parameters of a double
half wave rectifier?
6. What are the schematic diagram, time diagram and parameters of a bridge
circuit rectifier?
7. What the smoothing filters do you know?

8. What external characteristics of rectifiers do you know?
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LECTURE 22
CONTROLLED RECTIFIERS

In practice, rectifier installations often must provide smooth regulation of
the rectified voltage Up. In uncontrolled rectifiers with diodes, adjustment is
difficult to carry out. In controlled rectifiers, a three-lead thyristor is used as a

valve element.

Single Phase Half-Wave Controlled Rectifier

The circuit and time diagram of a single-phase one-half-wave rectifier is

shown in Fig. 22.1:

OI(EJ T/2 T W i

Figure 22.1

The control of the rectified voltage reduces to a time delay of the moment
of turning on the thyristor VS with respect to the moment of natural turning on
due to the voltage applied between its anode and cathode. This is done by
adjusting the phase angle between the anode voltage and the voltage supplied to
the thyristor control electrode.

This phase shift is called the control angle a. The angle o is controlled
using the phase-shifting circuit Ry, R, C.

Depending on the resistance of the variable resistor R, the angle o can
vary from or 0° to 90°, which allows you to smoothly adjust the rectified
voltage from the largest value to half.

The average rectified voltage is
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1T/2 T/2 T/2
UO:_

T
Disadvantage: at oT=Uy¥. But at the same ;4

ol o

time, the ripple of the rectified voltage increases, and
the efficiency of the rectifier decreases. Control

characteristic Up (o) (with active load R)) is shown in

21

N

futydt= = [Upsinotdt = Yncosat| = —M(1+cosa).
(03 (03

R

Fig. 22.2. 0

Voltage multipliers

0,57

Figure 22.2

T

Provide rectification with multiplying the output voltage any number of times.

Parallel voltage doubler

VD1
T |
O O— .|.l/|_ 2

)

U,

l
5
AN
~
|
|+

o
(o]

|+

<

JD2 Uinax

Figure 22.3

In the first half-cycle (Fig. 22.3), when a (+) and b (-), the diode VD1 is

open, and the diode VD2 is closed and the capacitor C; is charged to the

amplitude value of the input voltage Uiy max-

In another half-cycle, when a (-) and b (+), the diode VD1 is closed, and
the diode VD2 is open and the capacitor C; is charged to the amplitude value of

the input voltage Uin max.

Since the capacitors C; and C, are connected in series with respect to the
output terminals, and the polarity of the plates is such that the output voltage
Uout = Uy is equal to the sum of the voltages on the capacitors, the voltage across
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the load resistor is approximately equal to 2Ui, max (decreases at low R, due to
discharge capacitor to this resistor).
Series voltage doubler

The series voltage doubler has lower ripple and higher stability.

, G VD2
. © 1723 B P
4 §‘§ =l ] |7
@
O O 2
b
Figure 22.4

In one of the half-periods (Fig. 22.4), when the potential of point b (+),
point a (-), capacitor C; is charged through diode VD1 to the amplitude input
voltage Ui, max. In this case, the diode VD2 is closed.

In another half-period, when the potential of point b (-), a (+), the voltage
across capacitor C; is summed with the input voltage. Due to this, the capacitor
C, is charged through the diode VD2 to double the input voltage.

The combination of multipliers provides multiplication any number of
times. With the help of voltage multipliers, you can get any voltage at the output
when using small-sized and inexpensive devices and parts with low rated
voltages.

The voltage balancer (quadruplicater) is a 2 series-connected voltage
doubler shown in Fig. 22.5.

(¥
|
I

“—
Ui

3 9]

2U;

Mmax Mmax
R!

Mpax

Figure 22.5
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Inverter

To convert DC to AC, an autonomous inverter is used. It converts to
alternating current with any number of phases, and the magnitude and frequency
can be adjusted over a wide range.

Single phase self-commutated inverter

Thyristors are opened alternately

UG“I
with the help of triggering pulses supplied | |
from the Control Unit to the control T‘“’T‘“ﬁ
— o+

electrodes (Fig. 22.6). Iysi - i} Lz

The pulse to the thyristor Ty (Fig. 4 (‘)”?‘) I
AAN A
22.7) opens it and the current ity flows, VSI VS2

inducing EMF in the secondary winding of 8 N\ Control / g

Input 1 Unit | Input 2

the transformer and charging the switching

capacitor C to the maximum voltage of the FigTure 59 6
primary winding. U,/
The next positive pulse arrives at }\ K
thyristor T, and opens it. In this case, the o : : >t
capacitor C through the open thyristor T, " k }\
is connected to the thyristor T;. Such a AN

reverse voltage seeks to close it. I

The capacitor C is discharged

W

through both thyristors, creating a i

forward current in the open thyristor T

W

and a counter current in the thyristor T;. A

S

The discharge of the capacitor C

W™~

ends after the thyristor T is turned off

r

and it immediately starts recharging from Your/

ACA
/ N/ \
AN

the power source E through the left half \/

W~

Figure 22.7
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of the transformer primary winding and the thyristor T,. In this case, the voltage
across the capacitor reverses the polarity.

Changing the direction of the current in the primary winding of the
transformer T changes the voltage on the secondary winding Uo,.. With a large

value of capacitance C, the output voltage becomes close to sinusoidal.

Voltage stabilizer (Potentiostats or Surge Protectors)

R, They distinguish  between
+ parametric  and compensation

Z stabilizers.
Ufn ZSI []R! L/rm!: UZ

Zener

Parametric stabilizer
-0 @ & O
Figure 22.8 For a parametric voltage

stabilizer on a Zener diode (Fig. 22.8), within a certain portion of the | — U
characteristic, the voltage is practically independent of the current (Fig. 22.9).
We solve the problem graphically (Fig. 22.9).
With Rj=c0: U3 =U,; +Ryly
If the voltage at the input of the stabilizer has increased by Au;,, for example,

due to an increase in the network voltage, then the | — U characteristic of the
ballast resistor R, will move parallel to itself and take position 2:

Uinz =Ujmg + AUjp =Uz, + Ryl 75 .
4 The voltage at the Zener diode will
practically not change. The current of the

Zener diode must not go beyond lzmax ...

Ui‘(:‘l’ Uinl UZ] 0 U/' | Zmin.
IZmin .
i The value of the ballast resistor Ry
I is chosen so that the | — U characteristic
17 max . i
s of the resistor crosses the Zener diode at a
[]'é’l’

Figure 22.9
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point in the middle of the working section 0,5 (Izmax. . . 1zmin)-
The quality of work of voltage stabilizers is evaluated by the stabilization
coefficient — the ratio of the relative change in the input voltage to the relative

change in the output voltage at R, = const.

AUV
U, AU; U
Ky in _ AYinYout

B AU ot B AUy Ui

out

where Uin, Uoy: — rated voltage values.
Kt for a parametric stabilizer is up to 100 (this is not much).

Advantages: simplicity of design and reliability.

Disadvantages: low coefficient of stabilization and efficiency, narrow and
unregulated stabilized voltage range.

Compensation stabilizer

The compensation stabilizer (Fig. 22.10) work is based on comparing the
input voltage with a given stable.

Depending on the difference between the stable and output voltages

(mismatch), automatic control is carried out to reduce this mismatch.

in

:|l£]m.'!

+0
Figure 22.10

Stable (reference) voltage Ug is created on the Zener diode VD. The
bipolar junction transistor VT plays the role of a comparing and regulating
element. There is a slight positive voltage between the emitter and the base

Uge =Ug —Ugyt, since U, =~Ug. Suppose the input voltage Ui, has
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increased. This will increase Uy, Consequently, the voltage Uge decreases and

the current I, equal to I, decreases. Because of this U, =R/l,,, it will
decrease to the previous value, and the voltage on the transistor will increase

Uce — voltage across collector-emitter.

The stabilization coefficient K is up to several thousand.

Test questions
1. What are controlled rectifiers?
2. What is the circuit and time diagram of the single phase half wave controlled
rectifier?
3. What is the principle of operation the parallel voltage doubler?
4. What the voltage multipliers do you know?
5. What is the principle of operation of the single phase self-commutated
inverter?
6. What are the parametric stabilization and compensation stabilizers?

7. What is the stabilization coefficient?
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LECTURE 23

THE GENERAL CONCEPTS ABOUT AMPLIFIERS

The amplifier block diagram

An electronic amplifier is a device that provides an increase in the power

of electric signals supplied to its input.

The amplifier includes:

1) an amplifying (active) element is a nonlinear element (transistor,

electron lamp, etc.);

2) passive elements: resistive, capacitive, oscillatory circuit, etc .;

3) power supply (direct current, less often alternating current).

The source of input signals are: microphone, photocell, thermocouple,

chemical current source, previous amplifier, etc.

Load of the amplifier can be: a resistor, an oscillating circuit, a

transformer, an electric motor, a speaker, etc.

The purpose of the amplifier element is to convert the electric energy of

the power source into the energy of amplified signals.

The simplest amplifier contains one active element with passive

elements attached to it, and it is called an amplifier stage.

Block diagram of the amplifier stage

Block diagram is shown in Fig. 23.1. The amplification process is to

Source
of input
signal

“| Amplifying

circuit

convert the energy of the

Figure 23.1

i power source into the

: Load

—> energy of the output
signal.

The input signal is

E\Ampll‘fier a function of the input
; stage
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signal, and the power of the output signal due to the energy of the power source
Is much greater than the power of the input signal.
Amplifier Classification

By the nature of the amplified signals:

1) harmonic signal amplifiers;

2) pulse amplifiers.

By appointment:

3) voltage amplifiers;

4) current amplifiers;

5) power amplifiers.

By the nature of the amplifying elements:

6) transistor amplifiers (on bipolar or field effect transistors);

7) tube amplifiers (electronic tubes);

8) magnetic amplifiers, etc.

According to the frequency range of electric signals:

9) amplifiers of low frequency; from tens of Hz to tens of kHz.

11) DC amplifiers; more precisely, amplifiers of slowly changing signals:
from 0 Hz to tens and hundreds of kHz.

12) selective or selective amplifiers - amplifying signals in a very narrow
frequency band. They are characterized by a small ratio of the upper to lower
frequencies

fol fi < 1,1.

13) broadband amplifiers amplifying a very wide frequency band (from a
few kHz to several MHz).

According to the type of interstage connections:

14) amplifiers with galvanic coupling;

15) amplifiers with resistive-capacitive coupling;

16) transformer coupled amplifiers;

17) amplifiers with communication through an oscillatory circuit.
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Amplifier Key Features
1. Gain is the ratio of the signal at the output to the signal at the input of
the amplifier.
We can distinguish between gains:

— UOUt

voltage gain Ky =—2I current gain [K, =24
Uin Iin
: P Ugut |
power gain |[Kp = -t = =Zout _out — K /K, |,
I:)i Uin Iin

These are dimensionless coefficients. There are very large values and this
Is inconvenient. Therefore, gain factors are used in logarithmic units — decibels
(dB).

The relationship between dimensional and dimensionless coefficients is as
follows:

KP,dB :10 Ig Kp .

Since P~ 1% or U?, then |Ky 45 =20Ig Ky| [K, 45 =201 K,

Ku,dB

Reverse transition
If Ky, g = 1 dB, then Ky = 10¥20 =112, i.e. gain of 12%.

The values of the coefficients Ky or just K are tens ... hundreds.
Sometimes this is not enough. Then a series connection of amplification stages
IS used.

Block diagram of a multistage amplifier is shown in Fig. 23.2.

[J()m‘l = []in2 Uom‘E = []in3

211(1 o 3rd
stage l stage Uomii |R,
K2 o K3

Figure 23.2

lSl

o—
iU inl Stage
o— Kl

Q€— 0
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. U n
TOtal galn K=K1~K2~K3 or K:UO—UBZHKi.
inl i=1

Indeed K = Uour Yourz Yours _ Ugutz ’
Uin1 Uin2 Uin3 Uin1

because Uoutr =Vin2; Uourz =Uins-
For dimensional coefficients
n
Kag = Ky,ag + Kzg + Kagg = 2 Ki g -
i=1
2. Output power. With an active load, the output power of the amplifier

2 2
Uout _Ymout
R 2R

This is the net power developed by the amplifier in the load resistance. Its
increase is limited by distortions due to the nonlinearity of the characteristics of
the amplifying elements at large signal amplitudes.

The power at which the distortion does not exceed the allowable value is
called the rated output power.

3. Efficiency

n="Tou1000
P0

where Py is the power consumed by the amplifier from all power sources.

4. Rated input voltage — sensitivity. This is the voltage that must be
brought to the input of the amplifier in order to obtain a given power output.
Otherwise, there will be strong signal distortions.

5. The range of amplified frequencies or bandwidth — that region of
frequencies in which the gain does not change more than is allowed by the
technical conditions.

The expansion of the bandwidth leads to an increase in cost and complexity of

the equipment.
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Low frequency amplifier on common emitter bipolar transistor.
The transistor is n-p-n type. The polarity of the power supply E.. depends
on this. Its value is usually taken 10 ... 15 V.
Ecr >Uge: leot ®lemi Reot >> Rem» SO Ui = lemRem <<Uout =l coiReor -

col

o+ E,, —
n
; +o— p
5 T Ro | Yot
Uce lUm,, I:IR; U n
O ----- o o
a b
Figure 23.3

The input signal arrives at the base and changes its potential relative to the
grounded emitter. This leads to a change in the base current, and, consequently,
to a change in the collector current and the voltage at the load resistance R

The separation capacitor Cs; serves to prevent the DC component of the
base current from flowing through the input signal source (without Cg, the
source will heat up and the transistor will change its operation mode).

Using a capacitor Cs,, an alternating voltage component U is supplied to
the output of the cascade, which varies according to the law of the input signal,
but significantly exceeds it in magnitude.

The resistor R, provides the choice of the initial operation point on the
characteristics of the transistor and determines the mode of operation of the
cascade of direct current.

For the collector circuit according to Kirchhoff's voltage law

Ecor =Uce + lcoiReol

| - U characteristic of R.,;: 1.5 (Ucg) — linear,

| - U characteristic of VT: I, (Ucg) — non-linear.
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We build a load line Ugg =Ec =1 R, for the resistor

col

We can build on two points:

E
1) IcoI:O; - UCE:ECO|;2) UCE:OZICOI: col

col
For this and base currents I,, you can find the current I, and voltage Uce

(along the intersection of the curves). Fig. 23.4 shows the characteristics.

; output
transient Lo MA 1., mA o
response A A characteristic P
) E‘va'/ Rgo.‘ hs4s L
1:'1\‘3
Ips2
¥ !b.\'l load
: line
: 0
foss A 2 9 EU('EU: : Ecor Uce:V
:”:m‘
input

characteristic

/f:-HA ﬁf.f.-"U

Figure 23.4
Using the resistor Ry, it is possible to obtain in the absence of an input
signal a current lggo and a voltage Uggo corresponding to the middle of the linear

portion of the input characteristic (point A).
The resistance of the resistor Ry is selected from the equation:
ECOl =U BEO T IBEORb — at the idle mode.

E —
Ry = colI Ugeo
BEO
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The resistor Ry, provides the bias current in the base circuit. Such a shift of
the emitter junction is provided by a fixed base current. This is a fixed base
current amplifier.

Amplifier temperature stabilization

With increasing temperature, the

current le increases due to an increase in
minority charge carriers, which changes the
characteristics of the transistor (the
operation point shifts from point A).

In this amplifier, the offset of the

emitter junction is provided by a fixed base-

emitter voltage, and the amplifier is called a Figure 23.5
fixed base voltage.

The idle mode is ensured by the constant bias voltage of the emitter
junction using the R ps — R s divider that is shown in Fig. 23.5.

Voltage Uggo (direct current in the absence of Uyy):

Ugio = IpsRis = ——<2R0S_ _ jnitial shift of the base.

Ros + Rbs
According to Kirchhoff’s voltage law:

EcoI Rbs

' . IemRem :
Rbs + Rbs

UBE :UBEO - IemRem =

In the presence of a resistor Rem, an increase in current I, = l,o + 15, due
to an increase in temperature leads to an increase in the voltage drop I.,Rem,0N

the resistor Rem, Which causes a decrease in voltage Upe, and therefore currents

lemy @nd 1,,;:

TT= 1, 1= g T= L Ren T= Upe Y= I d= 1 4

Thus, the resistor Rem plays the role of DC feedback.
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For alternating current in the presence of Ui, the introduction of Ren

creates a voltage drop Uem =lemRem » Which reduces the amplified voltage.
Where Iom IS the alternating component of the emitter current.
Ugg =Uj - iemRem :

To attenuate this negative phenomenon, C.n is set in parallel with Repn.

The capacitance of Cey is such that X, = << R, for all frequencies of

® em
the amplifier and then the amplified voltage is almost equal to the input
Uge = Uin ,
So that we removed the feedback on alternating current.
Self-interference and distortion of the amplifier

The causes of interference at the amplifier output can be divided into 3 groups:

1) thermal noise;

2) noise of amplifying elements;

3) interference due to ripples in the supply voltage and interference from
external electromagnetic fields.
The amount of total noise at the amplifier output should be significantly less
than the signal voltage. Typically, the useful signal should exceed the
interference level by at least 2 ... 3 times (by 6 ... 10 dB).

Amplitude response (Gain characteristic)

It is dependence U, (U,) shown in U,,a

Fig. 23.6. At low voltage or in the absence of a U,

max

signal input, the output voltage is determined by

the level of intrinsic noise and the noise of the U

out _|

amplifier at U;,, <U; il U.

min -
INmin * ; : : in
At high input voltages U;, >U;, ., the 0 UiIn' Ui, .
min max
characteristic is distorted due to overload of the Figure 23.6
amplifying elements from the input side. 1 — ideal characteristic;

2 — a real characteristic
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Estimated by the dynamic range of amplitudes in decibels

U.
Dyg = 20Ig —nmax |

inmin

Amp distortion

Distortions can be: nonlinear, frequency and phase.

Nonlinear distortion is a change in the shape of the curve of amplified
oscillations caused by the nonlinear properties of the amplifier circuit (mainly
due to the nonlinear characteristics of the transistor).

For example, how do nonlinear distortions appear in the input circuit of an

amplifier due to a transistor? It is shown in Fig. 23.7.

[b.s'A [!),\‘A
/A \/ ’
: : Ug !
0 ¥ = 0 <
X1
Figure 23.7

A sinusoidal signal is applied to the input of the amplifier. Getting on a
non-linear section of the input characteristic of the transistor, this signal causes a
change in the input current, the shape of which is not sinusoidal. This means that
the output current and output voltage change their shape.

Frequency distortion is caused by a change in the magnitude of the gain at
different frequencies. Reason is the presence of reactive elements in the
amplifier (capacitors, inductors, mounting capacities, etc.).

Frequency distortion is estimated by the amplitude-frequency
characteristic K(f) or U, (f). It is shown in Fig. 2.38, where f, is the average

transmission frequency; fiow, fhigh are lower and upper boundary frequencies.
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In the mid-frequency area or bandwith, the gain K is independent of

frequency. The changes in the gain K are determined by the frequency distortion

0

K,/\2

-~
~ .
~
~

\l'--...\.

real
characteristic

Figure 23.9

the frequency.

o B~ W N

of the signal and are estimated

by the frequency distortion
coefficient
Ko
M(w)=—"—,
(@) K(©)

where K(ow)Iis the gain modulus

at a certain frequency lying

outside  the  mid-frequency
region.
Phase distortion of the

Is estimated by its phase-

frequency characteristic: the dependence

of the phase angle ¢ between the input

A
Low ! Medium ' High
frequency: frequency » frequency
area . area . area
4//’—5 0,707K, . ;‘ﬁ\\§
: : ¥
ﬁmr f() ﬂ?igh
Figure 23.8
/\q) deal amplifier
characteristic
\ /

and output voltages of the amplifier on

the frequency o(f) (Fig.23.9).

There is no phase distortion when

the phase shift is linearly dependent on

Test questions

. What is an electronic amplifier?
. What is block diagram of the amplifier stage?
. What is the amplifier classification?
. What are the amplifier key features

. What is the principle of operation of the low frequency amplifier on

common emitter bipolar junction transistor?
6. What is the amplifier temperature stabilization?
7. What are called as intrinsic noise and distortion of the amplifier?
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LECTURE 24
FEEDBACK IN AMPLIFIERS
Types of feedbacks and their influence on amplifier parameters
Feedback (FB) is a transfer of a part of the energy of the amplified signal
from the output circuit of an amplifier to the input circuit of the same amplifier.

Block diagram of a feedback amplifier is shown in Fig. 24.1.

{{m . Amplifier . l{g“f
Input (K) Output
N UFB A 4
Feedback
(B)

Figure 24.1

The feedback circuit is characterized by a transmission coefficient or
feedback coefficient 3, showing how much of the output signal is transmitted to

the input of the amplifier

U
p=pr
out

Usually B <1.
Types of feedbacks

If the voltage at the feedback output Ugg is in counter-phase to the input
Uin, then such feedback is called negative.

If the voltage at the feedback output Ugg is in phase to the input Ui, then
such feedback is called positive (it is used in oscillators to maintain oscillations).
1) internal FB — arises due to the physical properties of amplifying elements;

2) parasitic FB— arises due to parasitic capacitive and inductive connections

between the input and output circuits;
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3) artificial FB — it is specially created to reduce non-linear distortions, stabilize

the position of the operation point, etc.

Various types of feedbacks are shown in Fig. 24.2:
4) input feedback; 5) output feedback; 6) voltage feedback;

7) current feedback; 8) series feedback; 9) parallel feedback.

voltage feedback

Ur'n

Amplifier
(K)

Output feedback

Ur:u.'I Zl' Uf”

T
o—
o—
UFBI
o—

Feedback
B

series feedback

Uin

[

U, FBI

Input feedb

current feedback

o

Amplifier
(K)

Feedback
(B)

ack

parallel feedback

——o0 ——0
Amplifier il IUM Amplifier
(K) (K)
—o0 —0
—o - ——o
Feedback UFBI Feedback
(B) (B)
——o0 ———0
Figure 24.2

Feedback influence on gain

Consider the negative series feedback which is shown in Fig.24.3.

~E

(]I‘I‘?

Ui

Amplifier
(K)

UOH!l | | Zj

Feedback
(B)

Figure 24.3
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Feedback voltage is applied to the input circuit of the amplifier

Ugg =PU,,;, because B= Yes
out

U; =Ujy —Upg =U;p —BUgy,
whence we obtain : U;, =U; +BU ;.

Without feedback: K = Your = Yout

Uin Ul .
In the presence of a negative feedback (NFb):
Uout
KNFb :Uout — Uout .i: Ul — K .
Uin U1"'[~)’Uout Ul ﬂ_f_BM 1+BK
Ul Ul
K
Knep = :
NFb 1+ BK

Thus, the NFb reduces the gain by a factor of one (1+pK).
The value (1+BK) is called the NFb depth.
Using of negative feedback:
1) increases the stability of the gain K of the amplifier when changing the
mode of the amplifier element (frequency, temperature, signal amplitude, etc.);
2) extends the bandwidth, reduces the level of nonlinear distortion,

background and noise.
The frequency response is smoothed (Fig. 24.4):

A

K1 Low Medium '+ High
frequency: frequency « frequency
area area . area
Ky b= == ns ' , ' without
/—: ; T:\a negative feedback
KO/\E""."": """"" b

»a negative feedback

/

0 i 1 ) ~|
f.;ow j 0 -ﬁ?igh
Figure 24.4
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3) it is possible to reduce or increase the input and output resistances, for
example, when matching loads, amplifying stages, etc.

U, U
Zin:_m; Zout:|OUt -

Iin out
With a positive feedback (PFb), the gain increases:
K

1-BK |

Kprp =

If BK =1, then Kpg, — 0, i.e. the amplifier self-excites and begins to

work as an oscillator.
Interstage communications in amplifiers

There are 3 main types of connections between cascades in an amplifier:

1) communication through isolation capacitors (capacitive or resistive-
capacitive coupling) — in low-frequency amplifiers.

2) direct communication (galvanic) - in direct current amplifiers.

3) transformer — using transformers.

Schematic diagram of a two-stage low-frequency amplifiers with
resistive-capacitive coupling

It is shown in Fig. 24.5.

o+ Ec ‘ol

Figure 24.5
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The amplifier consists of two amplifier stages with a common emitter on
bipolar transistors. The cascades are interconnected using a coupling capacitor
Cc1 connected between the collector of transistor VT1 and the base of transistor
VT2,

The capacitor Cs; does not pass the DC component of the collector
voltage of the transistor VT1 into the base circuit of the transistor VT2.

The coupling capacitor Cs, does not pass the constant component of the
collector voltage of the transistor VT2 to the load device of the amplifier, which
Is connected to the capacitor Cs,.

In each amplifier stage, emitter temperature stabilization is applied,

provided by the elements of Rey and Cen,.

Test questions
1. What is a feedback in amplifiers?
2. What types of feedbacks do you know?
3. What is difference between a positive and a negative feedback?
4. What is diagram of a two-stage low-frequency amplifiers with resistive-
capacitive coupling?
5. What is appointment of elements in the circuit of a two-stage low frequency

amplifier with resistive-capacitive coupling?

235



LECTURE 25
PULSE TECHNOLOGY

General concepts and characteristics of pulse devices

Continuous operation requires a long exposure to the signals. The pulse
mode of operation is characterized by a short-term influence of the signal,
alternating with a pause.

The advantages of pulsed mode in relation to long-term:

1) high power during the pulse with a small average power of the device;

2) the influence of temperature and dispersion of parameters of
semiconductor devices is weakened (modes: “on”, “off”);

3) increases the bandwidth and noise immunity of electronic equipment.

Bandwidth is the highest possible speed of information transfer.

Immunity is the ability of the equipment to distinguish signals with a
given reliability.

4) to create pulsed devices requires a greater number of simple elements
of the same type, easily performed by the methods of integrated technology.
This increases reliability, reduces the weight and dimensions of the device.

Pulse devices are used in microprocessor technology, automatic
technology, radar, industrial electronics, etc. Pulses (video pulses) of various
shapes are used as shown in Fig. 25.1.

AL ING ALLAL LA

0 0 0 ~ 0 ) )
Figure 25.1
Radio pulses are packets of high-frequency modulated oscillations

(Fig. 25.2).

Figure 25.2
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Pulse technology typically uses video pulses. Pulses usually follow

periodically as shown in Fig. 25.3.

ik

r

v~

t
sl et

Figure 25.3

T is the pulse repetition period; tiy, is pulse duration;

is pulse duty factor.

(Electropedia: the ratio of the average pulse duration to the reciprocal of the

pulse repetition frequency in a pulse sequence)

In automation, the duty factor is ¢ = 2 ... 10, and in radar, q is up to 10*

and higher.

Electronic keys and simple shapers pulse signals

Many pulsed devices include electronic keys. The basis of the electronic

key is the active element (semiconductor diode, transistor, electronic lamp)

operation in the key mode. The key mode is characterized by two key states:

“On” but “Off”. The simplest type of electronic key is a diode key.

Circuit of a serial diode switch with a zero level of inclusion and its

transfer characteristic are shown in Fig. 25.4.

VD
o l|>|| * o
Uin N [] R ;
(o, @ O

out

N
out

switched-off

switched-on

Figure 25.4
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With a positive input voltage, the diode is open and the current is:
Uin

i = Uin
Ry +R

=—n__ U, =R -i=R
Rfr+RI out | |

where Ry is diode resistance in the forward direction;
R, is the resistance of the load.

Usually, Ry << R,then ugy, = Uj,.

With a negative input voltage:

. u. ) u:
j=—"0 Uyt =Ry - =R —"— ..
Rpack + Ry Rpack + Ry

. R
Since Rback >> R| , then uOUt ~ —Iuin << Uin,
back
where Rpack 1S the resistance of the diode in the opposite direction.

When the polarity of the diode changes, the function graph ug,(u;,) will
rotate by 180"

To change the level of inclusion in the key circuit, a bias source Eg is
introduced (Fig. 25.5).

o+ Ec'r)f
Rhl R:.'m' I
VTl | 0
C, |
O—
Urrm!
Um R
ent |
Ceml v
O O

Figure 25.5
When u;, > E; = u,,; = U;, the diode VD is open.

When u;, < Ey = U,y ® Eq the diode VD is closed.
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Circuit of a parallel diode key (Fig. 25.6):
With a positive input voltage, the VD diode is open (the key is closed)
and; at negative voltage the VD diode is closed (the key is open) and. When you
turn on the source E, (the key with a non-zero level of switching), the level of

the closed voltage increases.

]Ll U 1
+ 0 1 } P o) oul A\
switched-off
U;;"] SZ ,/D our
+|
-TE 0 switched-on
— O ® o
Figure 25.6
Dual diode key circuit (Fig. 25.7)
K U
= 0—:_' 4 o] out A
VD1 VD2 switched-on
N
Um K (]mu' E01 UI_”
T - 7 >
— N 02
— iy’ IEO] +‘ E()2 ’e) h 4
Figure 25.7

Transistor switch
Diode keys do not allow to separate the control and controlled circuits,
which is often required in practice. In these cases, transistor switches are used.
The key circuit on a bipolar junction transistor and characteristics of the

operation mode is shown in Fig. 25.8.
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' Uck>

Figure 25.8
The input (control) circuit is separated from the output (controlled) circuit.
The transistor operates in a key mode, characterized by two states:
1) The first state is determined by point A; on the output characteristics of
the transistor. It is called a cut-off mode.
In this case, the base current is I, = 0. The collector current I is equal to

the initial current lco, but U, =U o1 = Eco- The mode is realized at negative

base potentials.

2) The second state is determined by point A, on the output characteristics
of the transistor. It is called the saturation mode. It is realized with the positive
potentials of the base.

The base current is determined mainly by the resistor Ry:

Uin

b2 =75
Ry

because the resistance of the open emitter junction is small. Collector junction is

E
also open 1, ~ =% and collector voltage U, ~ 0.
col

From the cutoff mode to the saturation mode, the transistor is transferred

by the action of a positive input voltage. An increase in the input voltage (base

240



potential) corresponds to a decrease in the output voltage (collector potential)
and vice versa. Such a key is called an inverting (inverter).
Logical elements

Logical elements form the basis of digital (discrete) information
processing devices — computers, etc.

A logical operation converts, according to certain rules, input information
into output. Logic elements are built on the basis of electronic devices operation
in a key mode. Digital information is used in binary form: O (logical zero) and 1
(logical unit), corresponding to two key positions.

Logical conversions of binary signals include three elementary operations:

1) OR — logical addition (disjunction), denoted by the signs "V" or "+":

F=XivXavXavev Xy

2) AND - logical multiplication (conjunction), denoted by the signs "A"

OI’ II.II.
F=XiAXoAX3An..A X,
3) NOT - logical negation (inversion), denoted by a bar over a variable:
F=X.
Table 25.1 The basic logic operations
OR AND NOT PROHIBIT
Ov0=0 0A0=0 0=1 F=X;AXo
Ovi=1 0Al=0 1=0
1v0=1 1A0=0
1vi=1 1n1=1
Symbols of the main logical elements (Fig.25.8):
OR AND NOT  PROHIBIT = AND-NOT OR-NOT
N e 3 1 X & o e P g
— F — F X F F — F — F
— — — — — o— — o— — o—
= = 42 - -
X — X X, — X —
Figure 25.9
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Where sign ° means that the input (output) is inverse.

Depending on the type of signals used, the logic elements are divided into
potential and pulse.

In potential elements, logical “0” and “1” are represented by two different
levels of electric potential, and in impulse ones, by the presence or absence of
impulses (the most common are potential ones).

OR element (gate). The output signal F of the element is equal to one if
at least one of the n-inputs has a signal “1”.

VD1 When signals “1”
|1

© N (- E) are exposed to at

VD2 :

o M . least one input (for
z VD3 Signal encoding circuit example, X;=1), the
§°—|<]—" u corresponding diode (D,)

i j «» «1» ¢ opens and the output is

o O A >

A B _E connected to the input (F
=1
[1]R )
S
o + o The remaining
Figure 25.10 diodes are closed, i.e. the

output signal does not
reach the inputs on which u;, = 0.
AND element (gate). When the signal is “0”, the diodes are open at all

+E inputs (Fig. 25.11), and a current
T is generated in them and in the
VD1 K g Signal encoding circuit  resistor R, which is generated by
o o the source E and closed through
VD2 B the signal source. Since the
g° 1 ! resistance of the resistor
E‘ /D3 o R>>Rg, then all outputs
(o  J
VD4 signals are “0”.
O
Figure 25.11
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If the voltage at one of the inputs corresponds to a logical “1” (E > Ey),
then the corresponding diode is closed, but the remaining diodes are open and
the signal is still “0” at the output.

The signal “1” at the output will be only when the signal “1” will act on
all inputs. In this case, all diodes will be closed, the current through the resistor

will be zero and u,,; = E.y-

NOT element (gate).

A transistor switch with inverting properties
is usually NOT used as an element (Fig. 25.12).

In the initial state, the transistor is locked,
because the base potential is 0. The output voltage

corresponds to a logical “1” ( Uy = E,,;)-

When a high (positive) voltage is applied to

the base of the transistor, the transistor is unlocked

and a low voltage is set at the output — logical “0”.

Figure 25.12

Test questions

1. What are the advantages of pulsed mode in relation to long-term?
2. What are the shapes of pulses (video pulses)?

3. What is pulse duty factor?

4. What is the circuit of a serial diode switch?

5. What is the circuit of a parallel diode key?

6. What is dual diode key circuit?

7. What are the logic operation and logic elements?
8. What is the OR element?

9. What is the AND element?

10. What is the NOT element?
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LECTURE 26

INTEGRATED CIRCUITS. (MICROCHIP)
(MULTI-CHIP INTEGRATED CIRCUIT)

An integrated microcircuit is a microelectronic device consisting of active
elements (diodes, transistors), passive elements (resistors, capacitors, smoothing
inductors) and connecting wires, which are made in a single technological
process, are electrically interconnected, enclosed in a common building and
constitute an indivisible whole (Fig. 26.1).

Electropedia: microcircuit in which all or some of the circuit elements are
inseparably associated and electrically interconnected so that it is considered to
be indivisible for the purpose of construction and commerce.

According to the manufacturing technology, integrated circuits are
divided into:

1) HYBRID made in the form of films deposited on the surface of a
dielectric material, and mounted frame elements (transistors, capacitors, etc.)
attached to the base.

2) SEMICONDUCTOR in which all elements are formed in the volume
of the semiconductor.

Hybrid integrated circuits include the following key features:

1) an insulating base made of glass, ceramics, etc., on the surface of which
are film conductors, contact pads, resistors, low-power capacitors;

2) mounted open-frame active elements (transistors, diodes);

3) mounted passive elements in a special miniature
design, which cannot be made in the form of films (high-

capacity capacitors, transformers, smoothing inductors).

4) a plastic or metal case, which serves to seal the circuit

Figure 26.1

and fasten the lead lobes.
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Hybrid Integrated Circuit (Chips) Elements

Production technology is a vacuum thermal spraying method. To give the
films a given configuration, the free mask method is used, which is based on
shielding the substrate using special removable stencils, except for those areas
on which the elements of this layer are applied.

Films are up to 1 micron thick.

FILM RESISTOR

With small (Fig. 26.2, a) and large (Fig. 26.1, b)

. I
resistances R=p—.
S

In the form of thin films of pure chromium,

a b

nichrome or tantalum are applied directly to the Figure 26.2
insulating base R =107*...10° Ohm.
FILM CAPACITOR. (Fig. 26.3) o
Substrate Lining

Size: 103 ... 1cm?,
Capacitance : 107 ... 10° pF.

The lower and upper plates of the

Diel/ectric /

capacitor in the form of thin films of
copper, aluminum, silver, gold. Figure 26.3

Dielectric is a film of aluminum silicate, barium
titanate, beryllium oxide, silicon, etc. These films have good electrical strength
and high dielectric constant.

THIN FILM INDUCTION is in the form of a single-

layer spiral. The material is gold. It has good conductivity.

The shape is square as shown in Fig. 26.4.
MOUNTED ELEMENTS with rigid “ball” leads for

mounting and electrical connection is shown in Fig. 26.5.

Figure 26.4
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Mounted element

RO / «Ballpoint» output
1 Contact

Substrate

Figure 26.5

Hybrid integrated circuits have high reliability 10°® hours uptime.

Installation density is up to 100 elements per 1 cm?.

Semiconductor integrated circuits (chips)
They consist of a single semiconductor crystal, separate areas of which

serve as a transistor, diode, resistor or capacitor.

The sequence of obtaining isolated sections of silicon N-type is:
Etching  Imitial Si (N-type)
X

Mask

SiQ> Polycrystalline silicon

........

...........
........................................

Regions of/original silicon («pockets»)

P <« DDODD N~

Figure 26.6
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A protective mask is applied to the plate of initial N-type silicon by
photolithography and selective etching of the initial crystal (Fig. 26.6, a) is
performed. Then, after washing off the mask, the surface of the silicon crystal is
oxidized, on which an SiO; insulating layer is formed (Fig. 26.6, b).

A polycrystalline silicon layer (Fig. 26.6, c) is sprayed onto a surface
protected by a SiO, layer.

After repeated etching of the initial silicon crystal, isolated regions
("pockets") of the initial N-type silicon are formed (Fig. 26.6, d).

In these isolated areas with the help of various impurities (acceptor and
donor) create areas with electric conductivity of N-type and P-type, which form

different parts of the chip (Fig. 26.7).

Conductors
Transistor Diode Resistor

p
Polycrystalline
silicon

Figure 26.7

A transistor is a three-layer structure with two p-n junctions (Fig. 26.8).
A diode is a two-layer structure with one - junction, or diode-type

transistors (these diodes are characterized by different speed and breakdown

aSar-Yals

Figure 26.8

voltage).

In microelectronics there is a multi-emitter transistor (there is no analogue

in discrete devices) (Fig. 26.9)
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A capacitor is implemented at the p-n junction, locked by reverse
constant voltage.

A resistor is a section of a doped semiconductor with two leads
(resistance depends on geometry and resistivity).
Semiconductor integrated circuits are placed in the housing. Reliability is high.
Uptime (2 ... 5) 107 hours.

Installation density is up to 500 elements per 1 cm?.

Test questions

1. What is an integrated circuit?
2. What hybrid integrated circuit elements do you know?
3. What are semiconductor integrated circuits?

4. What is the sequence of obtaining isolated sections of silicon N-type?
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ENGLISH-UKRAINIAN
ELECTRICAL ENGINEERING DICTIONARY

A
absolute term — BibHU WwieH AudepeHIIHHOTO PIBHIHHS
absolute permeability — aGcortoTHa MaraiTHa MPOHUKHICTD
accumulator (UK) — akymynsrop, akyMyisiTopHa Oarapest
active mode — akTUBHUH peXHUM TPaH3UCTOPA
active power — akTHBHA TIOTY>KHICTh
adjusting characteristic — perymoBaibHa XapaKTepHUCTHKA
admittance — moBHa MPOBIAHICTD
aiding connection — y3rojpkeHe BMUKaHHS
air-core coil — xotyIika iHIyKTHUBHOCTI 0€3 )epOMAarHiTHOTO OcCepst
air gap, air-gap — noBiTPsIHUIA TPOMIXKOK
apparent power — nosHa (a0o0 ysBHa) MOTY>KHICTh
algebraic sum — anre6paiuna cyma
arithmetic sum — apupmeTruHa cyma
alternating current (AC) — 3MiHHUIT cTpyM
Ampere's circuital law — 3akoH OBHOTO CTpyMy
Ampere's law — 3akon Ammnepa
amplifier (amp) — miacuroBay
angle — kyr
angular — kyToBui
antiphase — nporu-daza
arc discharge — qyroBuii po3psi
argument — aprymeHT
armature — sikip eJIeKTpPOBUTYHA
armature reaction — peaxkiist sKOpsi
asymmetric(al) — acumerpuunmii
asynchronous motor — acCHHXpOHHHM# IBUTYH
autotransformer — aBrotpanchopmarop
average — cepeHiii
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B
bandwidth — miama3oH miaCHIIEHHS EJIEKTPOHHOTO IiJICHIIIOBada, CMyra
IPOIYCKaHHS
base — 6a3a (0IMOJISIPHOIO TPAH3KUCTOPA)
battery (US) — akymynarop, akymyJissTopHa Oatapest
bar — crpwkens Tpanchopmaropa
bearing — miamUmHUK
belt leakage — moTik po3citoBaHHs
bias (bias voltage) — nanpyra 3mimnieHHs
bipolar junction transistor — GinossspHUI TPAH3UCTOP
booster transformer — tparcdopmatop, sikuii 301IbIITY€E HAIPYTY
blocking layer — 3anipunii map
brake — raiema
braking — ranemoBwuii
branch — BiTka enexTpuyHOrO KOJIA
break contacts — HopManbHO-3aMKHEHI KOHTaKTH
breakdown — nipo0iii
breakdown torque — MmakcUMaIbHHI CTATUYHUIA MOMEHT aCHHXPOHHOTO JBUTYHA
bridge circuit — mocToBa cxema
brush — mriTka
brush holder — miitkorpumay
bypass — 00xi

capacitance — eMHiICTb

capacitive — eMHiCHUiA

capacitor — KoHJeHcaTop

cage rotor — KOpoTKO3aMKHEHUH POTOP

charge — enekTpu4HHMI 3apsi, 3apsHKaHHS, HAp. KOHIEHCATOpa

channel — kanan y mosiboBoMy TpaH3ucTOPI

choke (smoothing inductor) — napocens (deprecated, tooto Electropedia

MPAKmye 5K 3acmapiiutl mepmin)
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Circuit — eJIeKTpUYHE KOJI0

circuitry (US) — enexrpuuHa cxema

circular speed — xpyroBa mBHIKICTb

clutch — mydra

COercivity — koepluTHBHA CHJIa

Ccoil — koTymIKa IHAYKTHBHOCTI, CYKYITHICTh BUTKIB OOMOTKH TpaHcpopMmaTopa

collector — xkonekTop

common-collector amplifier — emitepHwmit moBTOpIOBaY

complex number — KoMIIIEKCHE YHCIIO0

compound-wound (compound) generator/motor — reHepaTOp/ABUTYH i3
3MIIIAHUM 30y KEHHSAM

commutating [compensating] poles — nogaTkoBuit mosrOC

commutation — xomyTarrist

commutator — koiexTop

compensating current — BUpiBHSIIBHHIA CTPYyM

compensating flux — togaTkoBuii MarHiTHUI TOTIK

compound-wound — 3i 3mimanuM 30y HKSHHIM

condition — ymoBH po0OTH KOJIa, TIPUJIaIy, IPUCTPOIO,

conductance — npoBiHICTh, AKTHBHA MTPOBIAHICTD

conduction — mpoBigHICTh y HAIIIBOPOBIAHUKAX

conduction band — 30Ha mPoBiIHOCTI Y 30HHIH Teopil OyIOBH PCUOBHHU

conductivity — nmuToMa IpOBiAHICTh, MPOBIIHICTH Yy HAIIBITPOBITHUKAX

conductor — npoBiAHUK

conjunction — joriuHe MHOXEHHS

connection (US) — 3'enHaHHs, SICKTPUIHHUIA KOHTAKT, BMUKAHHS

constant of integration — crana iHTerpyBaHHs

construction — KOHCTPYKIIis, yCTpii

consumer — ciokuBay eJeKTpoeHeprii (pi3uyHe ado HPUANIHE JIUIIC)

contact — eeKTpUYHUN KOHTAKT

control angle — kyT kepyBaHHs

control current — ctpym kepyBaHHs

converter — repeTBoproBay
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copper l0Sses — eneKTpuYHI BTpaTH, BTPaTH B MiIi

core — ocepas

core-type transformer — crpmwxkHeBUi TpaHchopMaTop
counter-EMF — npotu-EPC

cross-sectional area — mroia momnepevYHOro nepepizy

crystal lattice — xpucraniuna perriTka

current — eeKTPUIHHUA CTPYM

current resonance — pe3oHaHC CTPyMiB

current source — JpKepeIio CTpymy

current-voltage graph (characteristic) — ammep-BobTHa XapaKTEPUCTHKA
current surge — KUAOK CTPyMy

cut-off — Binciuka y HamiBIPOBIAHUKOBUX MPHIIAAAX Ta MPUCTPOSIX
cut-off mode — pexxum BiJICIUKH y TpaH3UCTOpaAX

cycle — nepion, uk

cyclic magnetization reversal — nukiiuHe IepeMarHiayBaHHs

D
delta — TpukyTHUK, BU 3’ €THAHHS PE3UCTOPIB B EJACKTPUIHOMY KOJIi
delta-connected — 3’eqHaHU# TPUKYTHUKOM
delta connection — 3’e1HaHHS TPUKYTHUKOM
design — ycrpiid, iHKEeHEpHE-TeXHIUHE PIIICHHS, IPOSKT
designation — ymoBHe mo3HauCHHSI
differential equation — mudepentiiitae piBHIHHS
diffusion current — mudy3iitauii cTpym
diode — miox
direct current (DC) — nocriitHuii cTpym
discharge resistor — po3psiaHuii pe3UCTOp
discharging — po3psmxanHs
disconnection — po3MukaHHs
disjunction — au3’1OHKIIiS, JOTIYHE J0JaBaHHS
displacement angle — kyT 3cyBy ¢a3
distortion — cioTBopeHHs
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double half-wave — nBonamniBnepioaHuii
doubler — moxBoroBau

drain — cTik y moJ50BOMY TPaH3UCTOPI
drift current — ctpym npeiidy

driving force — cuna Tru enekTpoMartita

duty — pexxum (poOOTH) IPHCTPOIO

eddy current — BUXpOBHii CTPyM

eddy-current l0ss — BTpaTu Ha BUXPOBHIA CTPYyM

efficiency — xoedirient kopucuoi aii, KK/

effective — mirounii

effective value — xiroue 3HaUYeHHS CHHYCOITHOI BEJIMUYNHU

electric — enexTpuyHuil, TOH, 1110 Mae (Hi3UYHI BIACTHBOCTI, SKi XapaKTEPU3YIOTh

CIICKTPUYHI sBUINA (3apsj, CIEKTPUYHE TOJIe, CICKTPUYHE KOJIO,
CTpyM, Hampyra, €Heprisi, HOTYHICTb TOIIIO)

electric circuit — enekTpudHe K0JI0, CJIEKTPHYHA CXEMa

electric charge — enexkTpuuHii 3apsi

electric current — enekTpudHui CTpyM

electric field — enextpuune mose

electric losses — enexkTpuyHi BTpaTH MOTYKHOCTI

electric power — enexTpoeHepris

electric power carrier— Hociii eekTpoeHeprii

electric power converter — nepeTBoprOBaY €ACKTPUIHOT CHEPTii

electric motor — ejxekTpu4HUN TBUTYH

electric machine — enexkrpuuna mammHa

electric network — enekTpruna cxema, eIeKTpHYHA MEPEKa

electrical — exexTpuunuii, TOH, M0 Ma€ BiIHOIICHHS J0 CIEKTPUKH, aje HEMAE
GI3MYHUX  BIACTHUBOCTEH, $KI XapaKTepU3YIOTh EJICKTPUYHI
sBUIIA (HaBYAJIbHA TUCIUILIIHA, TIAPYYHUK, EJICKTPUK 3a haxom,
MaTepia Ta iH.)

electrical (avalance) breakdown — enexrpuunmuii npo06iii
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electrical engineering — enexTpoTexHika

electrical steel — enexTporexHiuHa cTab

electromotive force (EMF, e.m.f., emf) — enexrpopymiiina cuna, EPC
electron — eixexTpon

electron-hole junction — eaekTpOHHO-IIPKOBHI ITEPEXiT

element of a circuit — ereMeHT eIEKTPUYHOIO KOJIa, Y4aCTOK KoJjia
EMF source — mxepeno EPC

EMF of self-induction — EPC camoinayxkiii

embedded coil side — ma3oBa yactuHa OOMOTKH

emitter — emitep (OIMOJIAPHOTO TPAH3UCTOPA)

enclosure — kopmyc

energy — enepris

engine — IBUTyH BHYTPIIIHLOTO 3TOPSTHHS

energy band — enepreTnyHHl PiBEHb

end coil — moboBa yacTHHA OOMOTKH €JICKTPOABUTYHA

entry conditions — moyaTkoBi yMOBH

equivalent resistance — exkBiBaJieHTHHH OIIIp

Euler number — gucno Eiinepa abo ocHOBa HaTypaJIbHOTO JIoropudma
excitation — 30y mKeHHS

excitation winding — oOMoTka 30y KeHHS

fan — BenTHIIATOP

Faraday's law of induction or Faraday's law — 3akoH enekTpoMarHiTHOT iHIYKIIi1
feedback — 3BopoTHuii 3B's130K

ferromagnetic-core coil (inductor) — koty1ika 3 pepoMarHiTHUM OCepIsaM
filament lamp — namma poskaproBaHHs

field-effect transistor — moIb0BHI TPAH3UCTOP

flash — nyroswuit po3psn

flux linkage — motoko3uerIeHHs

forbidden band — 3aboponeHe 30Ha B 30HHIH TEOPil PpCUOBHHH

force — cuna
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forced component — Bumyiiiena ckiiaaoBa
forward voltage — npsima Hanpyra
forward current — npsimuii cTpym
frame — cTaHuHA €NIEKTPOABUTYHA
frame yoke — sipmMo craHuHM (cTaTOpa) EISKTPOBUTYHA, & CAME MICIIE JIO0 SIKOTO
HPUETHYIOTHCS MOJIOCH CTAHUHHM (CTaTOpa)
free component — BiibHA CKi1a0Ba
frequency — yacrora
G
gain — koediIieHT MiACKICHHS CIEKTPOHHOIO iACHIIOBaYa
galvanic cell — ranpBaniuna GaTapes, aKyMyJIsSTOP, EICKTPOXIMIUHE JHKEPEIIO
gas turbine — rasoma TypOiHa
gate — 3aTBOp y MOJILOBOMY TPAH3UCTOPI, JIOTIYHUN BEHTUIIb
general solution — 3aranbHe pimeHHS AUPEPEHIIITHOTO PIBHSHHS
generating device — mpucTpil, KK TCHEPYE EIEKTPOCHEPTIO
generator — remepaTop
H
half-wave — ogHoHamiBIepioHUH
heat — rerutoTa
heater — o6irpiBau, HarpiBHUK, HarpiBaJbHUN TPUCTPIN
holding current — ctpym yTpuMaHHS y THPHCTOPI
homogeneous — ogHOpiIHU#
housing — xopmyc
hysteresis loop — metns ricrepesucy

hysteresis 0SS — BTpaTi MOTY>KHOCTI Ha TiCTEpPE3uUC

I
ideal voltage (tension) source — ijeanbHe JHKEPEIO HAIPYTH
idle mode — pexxuM X0J10CTOTO X0y 200 OYIKYBaHHS y €ICKTPOHHUX MPUCTPOSIX
imaginary — ysiBHHi
Immunity — 3aXHINEHICTh BiJ MEPEIIKO,T

Impedance — moBHUI OMip SIEKTPUIHOTO KOJIa
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impurity — momimika

in a short circuit — 3aMKHYTH HAKOPOTKO

inductance — iHIYKTHBHICTb

induction — iHAYKIis, 1HIYKITIAHAR

induction coil — kotymika iHgyKTHBHOCTI PyMKOpdhdha

induction  machine, motor, generator —  iHAYKIiHHA/IHAYKIIAHAN
(aCHHXpOHHA/aCHHXPOHHHMI) MaIlliHa, IBUT'YH, TEHEPATOP

inductive — iHIyKTUBHUIH

inductive reactance — iHIyKTHBHHI OIIIp

inductor — xoTyIka iHAYKTHBHOCTI

initial — moyarkoBuit

IN-Series — mocIiI0BHO BBIMKHYTHIA

inverse proportion — oGepHEHO-POIIOPIIIIHO

instantaneous — MuTTEBE

insulated — i3o1pOBaHMI

internal resistance — BHyTpilIlIHii OmTip

integrated circuit — inTerpajgbHa cxema

intrinsic conductance — BiacHa MpOBIAHICTH HAIIBIPOBIIHUKA

intrinsic conductivity — BracHa mpoBiAHICTh HaIiBIPOBITHUKA

inverter — iHBepTOp

iNVerse resonance — pe3oHaHC CTPYMiB

iron-core inductor (coil) — xoTymIka 3i cTaeBHUM OCEPIAM

jaggedness — 3ybuacTticTh

Joule law — 3axon [Ixxoyns-Jlenma

joule — mxoyIb

junction, junction point — 3'eqHaHHS, KOHTAKT, BY30JI

K
Kirchhoff’s laws — 3akonu Kipxroda
Kirchhoff’s current Law — 3akon Kipxroda ams ctpymiB (riepiimii 3aK0H)
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Kirchhoff’s voltage law — 3akon Kipxroda mist Hanpyr (apyruii 3aKoH)
[Electropedial:
Kirchhoff laws — 3akonu Kipxroda
Kirchhoff current law (Kirchhoff law for nodes) — 3axon Kipxroda mns crpymis
(n1s By3J11B)
Kirchhoff voltage (tension) law (Kirchhoff law for meshes) — 3akon Kipxroda

JUTS HampyT (U1 KOHTYPIB)

L
lag, lag behind — BigcTaBatu (cMHycoima Hampyrd BiJl CHHYCOiAM TOKa, a0o
HaBIAaKH
laminated — mmxToBaHMit
laminated core — muxToBaHe ocepas
lattice — kpucraniuHi rpatu
laws of switching — 3akonu KomyTarii
lead — BUBIT IS i KITFOUCHHS HABAHTAKCHHS
leakage flux — marHiTHHI TOTIK PO3MOPOIICHHS
length — noBxxuHa
Lenz’s rule — mpaswiio Jlenna
light emitting diode — cBiTioaion
line — minis
line of force — cumnoBa ninis
linear — minifiHui
linked flux — moroko3uemnaenns (deprecated in Electropedia)
longitudinally demagnetizing reaction — npoonapHa po3MarHidyBajibHa PEaKIlis
load — HaBaHTaxXeHHS
load characteristic — xapakTepucTiKa HaBaHTaKEHHS
load-lifting — BanTaxkomigiOMHUIA
logic(al) addition (disjunction) — joriune g01aBaHHS
logic(al) multiplication (conjunction) — joriuHe MHOKEHHS
logic inversion — yroriune 3anepeyeHHs
logic(al) operation — noriuna omeparris
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logical negation — noriune 3anepeyeHHs
l00p — KOHTYp €NeKTPUIHOTO KOJIa

loop current — koHTYypHU CTpyM
loss(es) — Brpara(u) MOTY>KHOCTI

lugs — nanu enekTpoABUTyHA

M
magnetic circuit — MarfiTHe K0J10, MarHiTOIPOBIT
magnetic constant — MarHiTHa KOHCTaHTa a0O a0COJIOTHA MAarHiTHa
MIPOHUKHICTH

magnetic field — marunitHe mose

magnetic field strength (intensity) — manpy»eHicTh MarHiTHOTO TOJIS

magnetic flux — maruiTHU# OTIK

magnetic induction — maruiTHa iHAYKIIis

magnetic loss(es) — MaruiTHi BTpatu

magnetic loss angle (magnetic delay angle) — kyr Mar"iTHuX BTpar (KyT
MAarHiTHOT 3aTPUMKH )

magnetization curve — kprBa HaMarHi4yBaHHs

magnetizing force — HamarHiuyBajgbHa cuiIa

magnetomotive force (MMF) — maruitTopyriiina cuia

main poles — rojoBHI MOIFOCH MAIIMHU TOCTIHHOTO CTPyMY

mains — eekTpomMepexa

make contacts — HopMaTbHO-PO3IMKHEHI KOHTAKTH

matched load — y3romkeHne HaBaHTa)KEHHS

maximume-current relay — peie MaKCUMaJIbHOTO CTPYMY

mesh — KoHTyp

mesh analysis — anai3 eJIeKTPUYHOTO KOJIa METOOM KOHTYPHHUX CTPYMiB

mesh current — koHTYpHU# cTpyM

meter (US) — meTp (oAMHUIIS TOBKUHU)

metre (UK) — meTp (oaMHHULIST JOBKHUHH)

mode — pexuM (pexuM poOOTH) SIIEKTPOHHKUX MPUIIAIIB 1 IPUCTPOIB

MOtor — eJIeKTpOABUTYH

motor speed — yacTota 0OepTaHHS EIEKTPOIBUTYHA
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multipath — posranyxeHuii

multiplier — momHOXyBau

multichip integrated circuit — 6araTokpucTaibHa iIHTErpajibHa cXeMa
multi-turn — 6araToBUTKOBUI

mutual induction — B3aeMoinayKIIis

N
negative temperature coefficient thermistor — repmicrop
network — emekrpomeperka
neutral — HyJIbOBHIA, HEUTPATEHUIA
neutral bias voltage — manpyra 3mitieHHs HeHTpai
node — By3ou
non-linear — HemiHiHHMIA
no-load, no-load operation — xomocTuii Xia, HEPOOOUHIA Xif
non-magnetic — HeMarHiTHUH
nominal — HoMiHaBHUI
non-coulomb force — HekysOHIBChKa cHIIa
non-uniform — HeoxHOpiAHUIT
normally-on — 3amukansHui
normally-off — posmukansamii
non-salient — HesIBHO MOJTFOCHUI

N-type - HamiBOpOBIIHUK N-TUITY

O

Ohm’s law — 3akon Oma

on-load, on-load operation — pekxuM HaBaHTaKEHHS

open-circuit, open-circuit operation — xoaocTuii Xia, HEPOOOUMIA XiI IIst

CJIEKTPUYHUX K1JT
operating characteristic — poboua xapakTepucTHKa
operating condition — po6o4i yMOBH

operating mode — pexxum poOOTH IS €IIEKTPOHHUX TPUIIAIIB 1 MPUCTPOIB,

CUCTEM YMPaBIIIHHS, CUCTEM 30€pIraHHs eleKTPOeHepril
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operation — ais, po6oTa (eKcruTyarTailist) IpHIaiB Ta MPUCTPOIB

operation duty — pexumM poOOTH €ICKTPOTEXHIYHUX MPUCTPOIB

operation (operating) speed — yactora o0epTaHHs ab0 MIBUAKICT OOEPTAHHS
JIBUTYHA

opposite connection — 3ycTpiuHe BMUKAHHS

opposition circuit — mpoTy BMUKaHHS

optocoupler — onTpoH, onronapa

overload capacity — nepeBaHTa)KyBaIbHA 31aTHICTh

OVerrunning — po3Hoc eJICKTPOBUTYHA

P

parallel resonance — napanensHuit pe30HaHC, PE30HAHC CTPYMIB

part of a circuit — ygacTok eJIeKTpUIHOro KoJjia

particular( partial) solution — qactkoBe pitreHHs AU(EPEHIIIHHOTO PIBHIHHS

pass-band — cmyra nponyckanus ¢inbTpa

path tracing — o0xix KOHTYpY

peak value — amrutiTy THE 3HAUCHHS

permeability of vacuum - BigHOCHAa MarHiTHa NPOHHMKHICTH Bakyymy a0o

a0COJIIOTHA MarHiTHa MPOHUKHICTh

phase — ¢aza

phase angle — ¢a3oBuii kyT

phase lag — BincTaBaTH 3a da3zoro

phase lead — Bunepemxaru 3a pazoro

phase sequence — mopsI0K YepryBanus ¢a3

phase difference angle — kyt 3cyBy (a3

phase difference — pi3uurs ¢as

phase-wound rotor — da3uuii potop

phasor — BekTOp B e€JICKTPOTEXHill a00 CHHYCOIAHA BEIMYMHA Y BHIJISII
KOMIUIEKCHOTO YHCJIa, SKE MOXEe OyTH MPEICTaBICHE BEKTOPOM

phasor diagram — BekTopHa Jiarpama B €JICKTPOTEXHIIII

photocoupler — ontpoH, onromnapa

photoresistor — poTopesucrop
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photovoltaic cell — poroenemenT, PoTOCTEKTPUUHHUI CITEMEHT
period — mepion

permeability of vacuum — marniTHa crajia

p-n boundary — p-n mepexin

PN junction, p-n junction — p-n nmepexin

pole — nosroc, B TOMy YHCIII 1 €IEKTPOABUTYHA

pole pitch — monrocHuit momin

pole piece — moarOCHUI HAKOHEYHUK

pole tip — moroCHUI HAKOHCYHHK

positive charge — mo3uTUBHUM 3apsi

positive temperature coefficient thermistor (posistor) — mo3ucrop
potential difference — pisauis moTeHmiaIiB

POWEl — MOTYXHICTh, €HEPTis

power balance — 6aranc oTyXKHOCTEH

power-angle curve — kyToBa XapakTepHCTHKA

power factor — koedimieHT MOTYXHOCTI

power electromagnet — cuoBHI €IEKTPOMArHiT

power l0ss(es) — BTpaTH MOTY>KHOCTI

power station, power plant — enexrpocraniis

power supply — mkepero enekTpoeHeprii, K MpaBHiI0, BTOPUHHE
power transformer — cunosuii Tpancdopmarop

power transmission line — niHis enexkTponepeaayn

principle of operation — nmpuHIMT Aii

product — anredpaiuamii 100y TOK

protective equipment — 3axucHa anaparypa

protoflux — moroko3vernieHHs

P-type — HaniBNpOBIJHUK P-THUITY

pulse — immynbcHUH

pulse duty factor — koedirieHT 3aMOBHEHHS, CKBAXHICTh

Q

Q-factor, quality factor — moOpoTHiCTE
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quadrature-axis armature reaction — momnepeyHa peaxiis SKOps
quantity — ¢isnuHa BeIMYnHA, KUIBKICT
R
radius-vector — paaiyc-BeKTop
rated — HOMiHAJIBHHMA, TACTIOPTHHI
rated operation, duty, mode — HOMiIHAJIBHHUI PEKUM
reactance — peakTUBHUI OIIIP
reactive power — peakTUBHa MMOTYXHICTh
real — miticuuii
real source - peaJibHe JKEPEIIo
rechargeable cell — akymynstop, akymynsropHa GaTapes
reciprocating — 3BOpOTHO-ITOCTYAJIbHUA
rectifier — Bunpsimitsta
relative permeability — BimHOCHaA MarHiTHA MPOHUKHICTH
relay — pene
reluctance — maruiTHUIt omip
remanent (residual) flux — 3aiumkoBuii MarHiTHHI MOTIK
remanent (residual) magnetization — 3anuikoBe HaMarHiuyBaHHS
resistance — omip, aKTUBHHUH OIIIp
resistance strain gage — TeH30pe3uCTOp
resistive element — pesucTuBHuUIl eIeMEHT
resistivity — mutomuii omip
resistor — pesuctop
resonance — pe30HaHC
resonant — pe3oHaHCHUU
reverse voltage — 3BopoTHa Hamnpyra
rheostat adjustment — peocraTHe peryroBaHHS
ripple coefficient —xoedimienT mynbcarrii
root-mean-square (RMS) — cepenHbO-KBaApaTUYHUM, TIFOUHIA
rotational frequency — yactota oGepTaHHs

rotational (rotation) speed — wactoTa (4rc0) 0OEPTIB CICKTPOABUTYHA
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rotor — porop

salient-pole — ssBHOMOTIOCHMI

saturation — Hacu4eHHA

saturable reactor — gpocenp HaCHYCHHS

schematic diagram — cxema eIeKTpUYHOTO KOoJia

scheme — cxema, sIK MOPSIOK M1l PO3B’sI3aHHs 1HKEHEpHOT a00 HayKOBOI 3a1a4i

self-induction — camoinayKiis

self-interference — BaacHi mepemKkoau miacuIroBaya

semiconductor — HamiBIPOBIIHUK, HAIIIBIIPOBIIHUKOBUI

separately-excited generator/motor — reHepaTOp/ABUIYH 3 HE3aJICKHUM

30yIKEHHSIM

series-connected — nociiToBHO 3’ €HAHUN

series-wound (series) generator/motor — reHepaTop/ABUTYH 3 TOCIIIOBHHM
30y IKEHHSIM

series connection — mocnigoBHE 3’ €THAHHS

series resonance — moCIIiIOBHUIA PE30HAHC, PE30HAHC HAIPYT

shaft — Ban

short circuit — kopoTke 3aMHKaHHS

shunt-wound (shunt) generator/motor — reHepaTOp/IBUTYH 3 TapaieabHUM
30y IKEHHSIM

shell-core transformer — nannepuuii Tpanchopmarop

single-path magnetic circuit — HeposranykeHe MarHiTHE KOJIO

sinusoidal — cunycoinuuii

slot — ma3 B cTaropi a0o SIKOPi €ACKTPUIHUX MAIITHH

smoothing inductor (choke — deprecated in Electropedia) — npocens

smoothing filter — srnamkyBanbHuiA GiaLTP

source — KEpesto eJIEKTPOEHEPTii, BUTIK y MOJLOBOMY TPAH3UCTOPI

source EMF (e.m.f., emf) — EPC mxepena

source of EMF — mxepesno EPC

source voltage — nanpyra Jokepesa

source current — ctpym mxepena
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sparking — ickpiHHs
specific conductance — nuroma MpPOBIAHICTD
specific resistance — muTomuii orip
squirrel-cage rotor — KopoTKO3aMKHEHHI POTOP
star — 3ipka
star connection (UK) — 3’eananHs 3ipKoro
star-connected — 3’eqHaHMIt 31PKOFO
starting torque — myckoBUii MOMEHT
start-up — BMukanHs (IIyCcK) JBUTyHa
stator — crarop
steady-state, steady state — piBHoBara a0o cTarioHapHHI CTaH
step-up transformer — Tpancdopmarop, sIKuit 301IbIITy€E HATPYTY
storage battery (US) — akymyssitop, akymysisitopHa OaTapest
storage cell — akymyssiTop, akyMyJIATOpHA Oarapest
strain gauge — TeH301aTYHK
stray-load (added) losses — momaTkoBi BTpaTH MOTY»KHOCTI
supply — mxepeno Harpyru a00 eJIEKTPOSHEPTii, B TOMY YHUCIIi 1 BTOPHHHE
susceptance — peakTUBHA MPOBIAHICTh
swinging choke (deprecated, Electropedia) — apocens 31 3MIHHOIO
1HITYKTUBHICTIO
switch — npucTpiid JuIs 3MiHM €IEKTPUYHUX 3’ €JHAHb MK HOT0 KJIEeMaMH, K09
switching device — komyTaniiHui pUCTpiid
switching — BMukaHHs, MEpeMUKAHHS, KOMYTaIlis
switching off — Bumukanus
symbolical — cumBobHUI
symbolic notation — ymoBHe nmo3HaueHHS
symmetric(al) — cumerpuuHmit
synchronous — cuHXpoHHU
synchronous speed — cuHXpoHHa 4acTOTa, MIBUAKICTH POTOpA MPH XOJIOCTOMY
X011
T
tension — Hanpyra
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terminal — BBix; BuBIg; KiemMa

terminal voltage — mampyra Ha BUBOJAX €JIEKTPOJBHIYHA, 30KpeMa SIKIPHOTO
KOJIa €JIEKTPOIBUTYHA MTOCTIHHOTO CTPYyMY

thermal breakdown — tepmiunwmii ipo6iii

thermal resistance — repmiunuii omip

thermal relay — terioBe pene

thermistor — Tepmopesucrop

thermocouple — Tepmonapa

three-phase — tpudazunii

thyristor — Tupucrop

time constant — craia yacy

total current — moBHwuit ctpym

total flux — moBHMIT TOTIK 200 OTOKO3YEIICHHS

total loss (of a machine) — moBHi BTpaTu MOTYXHOCTI €ICKTPUIHOT MAIITIHA

total power — moBHa MOTYXHICTh

total resistance — exkBiBaJIeHTHHMIA OTTip

torque — obepTaIbHUIT MOMEHT €JICKTPOABUTYHA

traction — tsira

transformer — trpancdopmarop

transformation ratio — koedirtieHT TpaHchopmarrii

transmission line — minis enekrponepenadi

transient — mepexigHuA, IEPEXiTHII MPOLIeC

transient response — nepexijHa XapakTepUCTHKA, TIEPEXiTHUI MPOIIeC

tractive force — migifoMHa cuiia eJIeKTpoMarHita

transformer winding — ooMoTka TpanchopmMaropa

transmission line — minist enekrponepenadi

traverse — tpasepca

three-lead thyristor — rpunicTop

true power — akTUBHA MOTY>KHICTb

tunnel diode — TynenbHuit qiox

turn — BUTOK KOTYIIKUA, OOMOTKHU 30Y/DKEHHS SJICKTPUYHOT MAIIUHU

turn on — BMuKaTu

265



turn-off — 3amipuuii
two-lead thyristor — aqunictop
U

unbalanced load — HecumeTpryHEe HaBAaHTAXKCHHS

\

vacuum tube — enekTpoHHO-BaKyyMHa JlaMIia

valence band — BaneHTHa 30Ha

value — 3HaYCHHS

valve — BeHTWIb, HAMIBIPOBIIHUKOBUA TMpWIaa i3 OIHOCTOPOHHBOIO

MPOBIAHICTIO

varistor — BapucTop

VECtor — BeKTOp B MaTeMaTHIll Ta (i3ulll

velocity — miHilHa MBHIKICTh

volt-ampere characteristic — BoyibT-aMIiepHa XapakTepUCTHKA

voltage — nanpyra

voltage resonance — pe3oHaHc HampyrT

voltage regulation characteristic — 30BHIIIHS XapaKTEPUCTHKA EICKTPUYHUX
MallH (renepatopa Ta
TpaHchopmaropa)

voltage source — mxepeio Hanpyru

voltage drop — maginHs HanpyTH

voltage-reference diode — crabimiTpon

voltage regulator, stabilizer — cra6inizaTop Hanpyru

W
wave period — nepioJ1 CHHYCOiJHOT BEJIMYMHU

welding transformer — 3BaproBanbHHIA TpaHCHOPMATOP
wind farm (park), wind power station (plant) — BiTpoenekTpocTaHIIis

wind turbine — BiTpoTypOina

winding — oOMoTKa, HanpuKJIaa, TpaHchopMaTopa ado eICKTPUIHOT MAITUHH
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wire — mpoBij, apit

work — po6ora

wound-rotor — ¢a3auii poTop

wye connection (US) — 3’eaHanHs 3ipKOIO
wye-connected — 3’eaHaHMIA 31pKOIO

X

Y
Y connection, Y-connection (US) — 3’ennaHHs 3ipKOI0
yoke — sipmo

Z
Zener diode — crabiniTpoH

Zero — HyJib
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