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Sinal Senoidal

Vi

0 T = periodo

Forma geral da funcéo senoidal: v(t) =V, sen(aot +6)



Sinal Senoidal
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Diferenca de Angulo de Fase
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Periodo: T = e = Diferenca de fase:



Valor Médio e Valor Eficaz
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Ffuncao senoidal

Seja a fungdo senoidal:  v(t)=V, sen(et +6)

Substituindo a relacéo trigonometrica (5):
v(t)=V, (senwt-cosd+send-cosmt) = A senot+ Bcosot

na qual:

v(t)=v A + sten{a}t +arctg (%ﬂ

Vp :\/A2+B2 e Gzarctg(%j



Variavel Complexa

Variavel complexa Z em coordenadas retangulares:

A

£ =Imi2) Modulo:
Y ...........................................
Z| =V X% +Y?
|Z| o
Angulo de fase:
0 0= arctgi
: > X

0 X Z' = Re(2)



Variavel Complexa

Variavel complexa: Z=X+]Y

Componentes da variavel complexa Z:
Componente real Z”=Re(Z): X = ‘Z‘ -C0S 0O

Componente imaginaria Z” =Im(Z): Y = ‘Z‘ -Sen o



Variavel Complexa

Variavel complexa Z em coordenadas polares:
Z =|Z|-(cosO+ j-send)

e =cosO+ j-send

ldentidade de Euler:

Forma exponencial (polar) da variavel complexa Z:

Z=|z|-e"



Variavel Complexa

Variavel complexa: Z =X+ jY
Variavel complexa conjugada: 7" = X — jY
Z2-Z7=(X+jY)(X=jY)

Modulo:  |Z|=vZ-Z" =X +Y?




Variavel Complexa

Variavel complexa Z em coordenadas polares:

Z =|Z|-(cosO+ j-seno)

Variavel complexa conjugada Z* em coordenadas polares:

Z" =|Z|-(cos®- j-seno)

Forma exponencial (polar) da variavel complexa Z conjugada:

Z" =|z|-e7



Variavel Complexa

Fatoracdo de variaveis complexas

Seja a variavel complexa: Z = L _
X+ Y
Fatoramos dividindo e multiplicando , _ 1~ X—JY XY
Z pelo complexo conjugado X - jY: X+jY X—=jY X?%4Y?
De modo que: Z X Y

} X2+Y? X2+Y?
X% +Y?

No qual: e Z"=Im(Z)=

Z'=Re(Z)=

Y
X2 4+Y?




Fasores

Quantidade fisica que é expressa como uma variavel complexa:

Z=7'+]-2" Coordenadas retangulares

Z =|Z|-(cos®+ j-sen®) Coordenadas polares

Notacéo polar do fasor Z:

Z=|z|-e? =|z|£0



Fasores

Equacdo na forma fasorial: ~ A— jB=|D|£8

im®) 4

0 . >

B ----------------------------- :

Médulo:  |D|=+ A2 +B?

Angulo de fase:  6=-arctg(B/ A)



Fasores

Funcéo senoidal na forma complexa:

v(t)=V, sen(at +6)=V, (Asenat + Bcosat)

V, =V A? + B

B
O =arctg| —
g(Aj



Fasores




Relacao de Fasores para
Elementos de Circuito

Circuito Resistivo
Circuito Capacitivo
Circuito Indutivo



Fasores para o Circuito Resistivo
so—n ot)=R-i(t)

v(t) =i(t).R Vp ej(“’”ev) —R-1 ) eJ'((DHGi)

iy _p. j 6
Vpe v =R Ipe i

-0
| Forma fasorial:
+ O -
V=R-I
V=R R V =Vp46\,
- O I — I péel




Fasores para o Circuito Resistivo

Forma de onda temporal Diagrama fasorial

m A

AAA p

VYV

Re




Fasores para o Circuito Capacitivo

) = deo

+ O D
v(t) _
-0
| = joCV
+ O .
v _
-0

. dv(t)
t)=c. W

i(t)=C-—

| ej(®t+9) C. EV ej(o)t+9)
P dt p

1,e1% = joCV el®

Forma fasorial:

| = jJoCV

V =V, 20, j=1ei%”
| =1,26,+90°



Fasores para o Circuito Capacitivo

Forma de onda temporal Diagrama fasorial




Fasores para o Circuito Indutivo

I(t) :
+ 0 > v(t)=L- di(t)
dt
v(t)=L% L Vpej(®t+9v):L,i|pej(®t+9i)
dt
-0 Vyel% = joLl el
+ 0 | > Forma fasorial:
V = jolLl
o | =1,2£6, -90°




Fasores para o Circuito Indutivo

Forma de onda temporal Diagrama fasorial




Impedancia

Definicao de impedancia:  Z :\IL (Ohm = Q)
Impedancia como fasor: 7 — Vo £, — Vo . /0, -0, = ‘z‘ /0,
1,206, 1,

Z(m)=R(m)+ j- X(c)

Componente real ou ativa: R(w) (Resisténcia)

Componente imaginaria ou reativa: X (w) (Reatancia)



Impedancia

Z =|z| 20, =R+ j X

na qual: R
Im(Z
Z|=JR?+ X2 m(;
X
0, =arcth
R=|Z|-cos6,
0 : >
X =|Z|-sen#, R Re(2)




Impedancia de Elementos Passivos

Resistor, R Zn =RA0°

im) 4




Impedancia de Elementos Passivos

1 1

i Zo=——=—jXc=—-2/-90°
Capacitor, C C joC J Ac oC
Reatancia capacitiva: Im(2) T
1 0 - >
Xo=—— 92 =-90 Re(2)
®C
|Z| = 1/C

e



Impedancia de Elementos Passivos
Indutor, L Z, = joL=jX, =nLL90°

Reatancia indutiva:

Im(2)
X, =olL X
1Z] = el
0,=90

Re(Z)



Impedancia de Circuito RC em Série

1 J
A . . Z=R+—=R——
Impedancia na forma retangular: joC oC

Impedancia na forfma fasorial:

Z|=R%+1/(C)’

1
=—arctg| ——
¢ g(mRCj

Xc=1oC




Impedancia de Circuito RL em Série

Impedancia na forma retangular: Z=R+ joL

Impedancia na forma fasorial: Z=|Z|4

Z| = R? + (0L’

oL
¢ =arctg (?j

- |
R  Re(2



Admitancia

Definicao de admitancia: Y = \L/ :% (siemens = S)
. _ |, £6; |
Admitancia como fasor: Yy =_F __P .0, -0, = MgeY
vV, 20, V,
Y(0)=G(w)+ j-B(o)

el

: 1
Condutancia: G ()= =
L
X

Susceptancia: B(o)=



Impedancia Equivalente

Associacao de Impedancias em Serie: Z=2Z,+Z,+...+Z,




Impec -z = »<+ralente

90°, se 1/wC <wlL

Exemplo: Associacao de Impedancias em Série

| |
° U °
| |
C L
Impedancia na forma retangular:

L=2-+7Z, :—%+ JoL = j-(coL—iCj
©® ©®




Impedancia Equivalente

Exemplo: Associacao de Impedancias em Série (cont.)

| |
Ao VU UV U

C L

Impedancia na forma polar e fasorial:

L=L.+Z, =(a)L—1j-e+j'9°0 =(a)|_—1)4i90°
aC aC



Impedancia Equivalente

Exemplo: Associacao de Impedancias em Paralelo

C i
7o R Y =Y +Y, =+ 4 joC = T IORC
1} (oRC) R

o0—— —0

VRW ,_1__ R 1- joRC _R— joCR?

Y 1+ joRC 1-joRC 1+(oRC)

R joCR?

Z= - 1% ¢ =—arctg(wRC)

1+(wRC)* 1+ (wRC)



Impedancia Equivalente

Exemplo: Associacao de Impedancias em Paralelo (cont.)

1+ joRC  1+(wRC) - Zarctg (wRC)

Y =Yo+Y, 00

R£0° R

£ T I (oROF ZarctgloRC)  yir(oRCF

Z—arctg(oRC)

L
Y

VA :‘Z"l(l) d):—arCtg((oRC)



Funcao de Transferéncia

Representacao simplificada de um circuito:

+
o

ENTRADA
o——

CIRCUITO

+
O

SAIDA
e © ]

Representacao simplificada de um circuito com terra comum:

+
ENTRADA O—

INPUT (in)

CIRCUITO

+
—O0 SAIDA
OUTPUT (out)

-l TERRA

—_ COMUM



Funcao de Transferéncia

Representacao simplificada de um circuito:

+ ,
o SAIDA
OUTPUT (out)

+
ENTRADA .
|
INPUT (in) l
Zq




Funcao de Transferéncia

Vi o— ; T -0\, Razao de transferéncia, A
Zl
Z7 A :VO - =
Vi Z,+7Z,



Funcao de Transferéncia

Circuito Divisor de Tensao Resistivo Razdao de transferéncia, A
V, o— AN o v, A\/ :VO — R2
R, V. R +R,



Funcao de Transferéncia

Circuito RC em Série Razao de transferéncia, A,
A VvV, Z:  -]jleC
Vi — VWV —p—0 V. R+Z. R-j/aC

R

~j  oRC+j 1-joRC

" @RC—j oRC+]j 1+(wRC)
Fasor A, = |A/| £

B 1
A= J1+(oRCY

¢ = —arctg (oRC)



Funcao de Transferéncia

Circuito RC em Série Razao de transferéncia, A,

R R
R+Z. R-j/oC

_VO —
A=

R ~ oRC fDRC4—j_fﬁﬁK3y—thRC
AV_(DRC—j ®RC+j  1+(wRCY
= Fasor A, = |A] £¢

RC

Q) 1
= — arctal ——
(v )




Funcao de Transferéncia

Circuito RL em Série

Razao de transferéncia, A,

Z, _  joL
R+Z, R+joL

Vo A/=\\;—‘i’=

joL R-joL (oL) + joRL

AV:R+jooL.R—j0)L_ R?+(wLY
Fasor A, = |A/| Z¢
~ o(L/R)
A J1+(oL/RY (I):arCtg(wL/Rj



Funcao de Transferéncia

Circuito RL em Série Razao de transferéncia, A,
Vi o—I YT o Vo AV:\\//_?zszL:RJrF;@L
L
R R R-joL R°—joRL
R+ joL R-joL R?+(oLf
— Fasor A, = |A/| £¢

1
_ ¢ =—arctg (oL / R)
A J1+(wL/R)




Resposta em Frequéncia

Circuito RC Filtro Constante de tempo: t=RC
Passa Baixa
Vi o—AAA——0 v .1
o Al 2
R J1+ (o)
—_C

¢ = —arctg (o)

- A = T(w) ¢ = T(w)



Resposta em Frequéncia

L
Circuito RL Filtro Constante de tempo: T = E
Passa Baixa
1
L \/1+ (oo r)

¢ = —arctg(cwr)

A/ =T(o) ¢ = f(w)



Resposta em Frequéncia

Diagrama de Bode: diagrama de resposta em frequéncia

0 Filtro Passa Baixa (r = 1 ms)

10” ¢
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¢ (graus)
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Resposta em Frequéncia

Circuito RC Constante de tempo: t=RC
Filtro Passa Alta
@OT
V. o I V ‘A\/‘ -
| | ; i+ (1)
C
R

¢ =arctg(l/ wr)

— A = T(w) ¢ = T(w)



Resposta em Frequéncia

" L
Circuito RL Constante de tempo: T = o

Filtro Passa Alta

Vi o—AAAN ° v, A= ———
~ J1+ (1)

¢ =arctg(l/ wr)

- A = T(w) ¢ = T(w)



Resposta em Frequéncia

Diagrama de Bode: diagrama de resposta em frequéncia

Filtro Passa Alta (t = 1 ms)
10° — — ‘
< 107¢
2
10
10’ 10° 10° 10 10° 10°
100
n
b=}
s
2
=
10° 10°

o (rad/s)



Resposta em Frequéncia

Definicao de frequéncia de corte, o,

Frequéncia na qual: X, =X, ou |A,| =1/2 ou ¢ = 45°



Resposta em Frequéncia

Frequéncia de corte do circuito RC em seérie

A= —— =7 R=Xe= oG
V(o cf V2

Vi o— AVVV——7ap—0 11

R ““Rec 1

m— k

¢ = —arctg(m,t) = —45°



Resposta em Frequéncia

Diagrama de Bode para o filtro passa baixa

O L]
log 0,707 ================= .

log Ay

Faixa passante Faixa de atenuacéo

<

®c

Frequéncia, ®



Resposta em Frequéncia

Diagrama de Bode para o filtro passa alta

0 . —_—
log 0,707
log Ay
Faixa de atenuacao ' Faixa passante
N = N
" >-< Y
0’ :
¢ ) :
45 === mmm e m e
90’

Frequéncia, o



Aplicacao

Aplicacéo do circuito RC filtro passa baixa

FILTRO PASSA BAIXA

SENSOR ] C AMPLIFICADOR

Sinal com ruido Sinal de baixa frequéncia filtrado



Faixas de audio e radiofrequéncia (RF)

Espectro de radiacao eletromagnética HF

[ Micr-onda
Farno de
EHF

micno-ondas

SHF [30 GHz - 300 Gz
(Freguincia cxtremamenic alia)

3 GHz — 30 GHz (Froguiéncia supcralia)

LIHF

VHF

100 MHz - 3 GHr (Fregoéncia ultra-alia)

30 MHz — 300 MHz (Freguéncia muito alta)

ME

3 MHz - 30 MHyx (Froquéncia alta)

LF

300 kHz — 3 MHz (Frogquéncia média)

¥LF

10 kHz - 300 kHz (Froguiéncia baixa)

ELF

3 kHx — 30 kHz (Froguéncia muite baixa)

30 Hz -3 kHz :I'n:ql.'Er.-ciu-.'-.I.r..'l.-u.'m'nh_.' baixa)
FREQUENCIAS DE RADIO (ESPECTRO)
. 1 kHz — 300 GHz Infmvermelho
FEE{NJENC]PS I}E.iUI[:lI(}
| ]
" 15Hz-20kHz

1
1 Ha

Faixas de aplicacao

Espectro de radiacao eletromagnética

1 1 1 1
I0Hz 10Hz 1kHz 10kHz 100

AM

053 MHz - 1,71 MHz

FM

&% MHz — 108 MHz
Canals de TV 2-6
54 MHz — BE MHz
Canais de TV (7 - 13)
TV Hm WHz — 216 MHz
Cunais de TV (14 - £3)
470 MHz — 590 MHz

GIFS 157 GHz

2AS GHe forno de micro-omdss

u Wi-Fi 2.4 GHz — 2.56 GHz
ndas curtas

1.5 MHx — 30 MHz

n |:|T-\:I;.'rl:-m' ociular
E24 — BG4 MHx. 1850 — 1990 MHz

H 3 Iphonc 87,9 MHz - 107.9 MHz

1 1 1 1 1 1 1
kHz 1MHz 10MHz 100 MHx 10GH: 10GHz WOGHz 10000Hz  fcscala k



ALTERNATING CURRENT CIRCUITS

FRECUENCY = F OR o
Emax = MAXIMI'M EMF
e =INSTANTANZOUS EMF
T ~INSTAMTANEOUS CURRENT
V=8NS YOLTS

T =RMS CURRENT
A=RTACTANCE
Z=IMPEDANCE

£ =INDUCTANCE
C=CAPACITARCE

u=_Iny

Quadro resumo

Circuitos em corrente alternada

ton 0= %

CURRENT LAGS IF X, = X-
CURRENT LEADS IF 2> X,
ANGLE OF LAG OR LEAD
(®) 15 GIVEN RY

X = X, A
L [ OR C 4

Tan & = 7 a




Histdrico que vale a pena conhecer

Nikola Tesla (1856-1943) was a Croatian-American engineer whose
inventions—among them the induction motor and the first polyphase
ac power system—agreatly influenced the settlement of the ac versus dc
debate in favor of ac. He was also responsible for the adoption of 60 Hz
as the standard for ac power systems in the United States.

Bom in Austria-Hungary (now Croatia), to a clergyman, Tesla had
an incredible memory and a keen affinity for mathematics. He moved
to the United States in 1884 and first worked for Thomas Edison. At
that time, the country was in the “battle of the currents™ with George
Westinghouse (1846-1914) promoting ac and Thomas Edison nigidly
leading the dc forces. Tesla left Edison and joined Westinghouse be -
cause of his interest in ac. Through Westinghouse, Tesla gained the
reputation and acceptance of his polyphase ac generation, transmission,
and distribution system. He held 700 patents in his lifetime. His other
inventions include high-voltage apparatus (the tesla coil) and a wireless
transmission system. The unit of magnetic flux density, the tesla, was
named in honor of him.

Library of Congress
[LC-USZ62-61761]

ALEXANDER, C.K.; SADIKU, M.N.O. Fundamentals of electric circuit. 6th. Ed. New

York: McGraw-Hill, 2013.



Histdrico que vale a pena conhecer

George Westinghouse. Photo
© Bettmann/Corbis

Nikola Tesla (1856-1943) and George Westinghouse (15846-1914)
helped establish alternating current as the primary mode of electricity
transmission and distribution.

Today it 1s obvious that ac generation 1s well established as the form
of electric power that makes widespread distribution of electric power effi-
cient and economical. However, at the end of the 19th century which was
the better—ac or dc—w as hotly debated and had e xtremely out spoken
supporters on both sides. The dc side was led by Thomas Edison, who had
earned a lot of respect for his marny contributions. Power generation using
ac really be gan to build after the successful contrib utions of Tesla. The
real commercial success in ac came from Geor ge Westinghouse and the
outstanding team, including Tesla, he assembled. In addition, tw o other
big names were C. FE. Scott and B. G. Lamme.

The most significant contribution to the early success of ac w as the
patenting of the polyphase ac motor by  Tesla in 1888. The induction
motor and polyphase generation and distrib ution systems doomed the
use of dc as the prime energy source.

ALEXANDER, C.K.; SADIKU, M.N.O. Fundamentals of electric circuit. 6th. Ed. New

York: McGraw-Hill, 2013.



Histdrico que vale a pena conhecer

© Bettmann/Corbis

James Clerk Maxwell (1831-1879), a graduate in mathematics from
Cambridge University, in 1865 wrote a most remarkable paper in which
he mathematically unified the laws of Faraday and Ampere. This relation-
ship between the electric field and magnetic field served as the basis for
what was later called electromagnetic fields and waves, a major field of
study in electrical engineering. The Institute of Electrical and Electron -
ics Engineers (IEEE) uses a graphical representation of this principle in
its logo. in which a straight arrow represents current and a curved arrow
represents the electromagnetic field. This relationship 1s commonly
known as the right-hand rule . Maxwell was a very active theoretician
and scientist. He 1s best known for the “Maxwell equations.” The max -
well, a unit of magnetic flux, was named after him.

ALEXANDER, C.K.; SADIKU, M.N.O. Fundamentals of electric circuit. 6th. Ed. New

York: McGraw-Hill, 2013.



Histdrico que vale a pena conhecer

© Hulton Archives/Getty Images

Heinrich Rudorf Hertz (1857-1894), a German experimental physi-
cist, demonstrated that electromagnetic waves obey the same fundamen-
tal laws as light. His work confirmed James Clerk Maxwell’'s celebrated
1864 theory and prediction that such waves existed.

Hertz w as born into a prosperous f amily in Hamb urg, German y.
He attended the Umi versity of Berlin and did his doctorate under the
prominent physicist Hermann von Helmholtz. He became a professor at
Karlsruhe, where he be gan his quest for electromagnetic w aves. Hertz
successfully generated and detected electromagnetic w aves; he was the
first to show that light 1s electromagnetic ener gy. In 1887, Hertz noted
for the first time the photoelectric effect of electronsin a molecular struc-
ture. Although Hertz only lived to the age of 37, his discovery of electro-
magnetic waves paved the way for the practical use of such waves in ra-
dio. television, and other communication systems. The unit of frequency.
the hertz, bears his name.

ALEXANDER, C.K.; SADIKU, M.N.O. Fundamentals of electric circuit. 6th. Ed. New

York: McGraw-Hill, 2013.



Histdrico que vale a pena conhecer

Charles Proteus Steinmetz (1865-1923), a German-Austrian
mathematician and engineer, introduced the phasor method (covered in
this chapter) in ac circuit analysis. He is also noted for his w ork on the
theory of hysteresis.

Steinmetz was born in Breslau, Germany. and lost his mother at the
age of one. As a youth, he was forced to leave Germany because of his
political activities just as he w as about to complete his doctoral dis -
sertation in mathematics at the Uni versity of Breslan. He migrated to
Switzerland and later to the United States, where he w as employed by
General Electric in 1893, That same vear, he published a paper in which
complex numbers were used to analyze ac circuits for the first time.
This led to one of his man vy textbooks, Theory and Calculation of ac
Phenomena, published by McGra w-Hill in 1897, In 1901, he became
the president of the American Institute of Electrical Engineers. which

later became the IEEE.

i E-ettn*aﬁm-tcrtig

ALEXANDER, C.K.; SADIKU, M.N.O. Fundamentals of electric circuit. 6th. Ed. New
York: McGraw-Hill, 2013.



