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3.1 Series and Parallel Connections of Resistors

» Elementsin series share the same physical* current

¢ Elementsin parallel share the same physical* voltage

* Physical as opposed to numerical; e.g., two elements
having the same numerical current are not necessarily
in series, etc.

=]

Two elementsin series Two elementsin parallel
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3.1 Series and Parallel Connections of Resistors

* Resdorsinseriesadd: R, = R+ R+ ...+ R,

+Ry - +Rji -

rwv-wv----vw----

+Rj- +Rj-
)
N\

\

tot

g g .
KVL: Vie= SRi =1 SR =Ry
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3.1 Series and Parallel Connections of Resistors

* Resistorsin paralel add reciprocally:
Rto{l = Rl_:L + RZ_l ..t Rn *

. And conductanc&s in paraIIeI add directly:
=G+ G,+. (Seetext p. 60)

[ IV/R2 %VIR, %V/Rn

KCL: i,y = SV/R VSR}l VR,
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3.1 Series and Parallel Connections of Resistors

* Special case: Two Resistorsin parallel:
R = (RIR )R+ Ry)
* N.B.: Product-over-sum rule and notation
(seetext p. 61)% memorize!

AN

1 1

[ RR

=R ER, B £ R«¢R,= —2
_1 R+ R,
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3.1 Series and Parallel Resistors. Example 3-1
Example 3-1: Caculae R,

9% |
Ra® ? W 20w

50 W
§60W

;
[ e

30W
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3.1 Series and Parallel Resistors. Example 3-1
Example 3-1: Calculate R

«

[
Rq® ? 0w

50 W % 0w
NEVVAVAN % 60 W 30w

[ e

Sep 1: 20 W+ 40 W= 60 W (two series resistors)
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3.1 Series and Parallel Resistors. Example 3-1
Example 3-1: Cdculae R,

Ra® ? 0w

50 W
o

Step 2: 60 W60 W= 30 W (two paralld resistors)

60 W 60 W 30W
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3.1 Series and Parallel Resistors. Example 3-1
Example 3-1: Caculate R,

Ra® ? 0w

o

Step 3: 30 W30 W= 15 W (two pardld resistors)
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3.1 Series and Parallel Resistors. Example 3-1
Example 3-1: Caculate R,

Step 4: 30 W+ 15 W= 45 W (two seriesresistors)
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3.1 Series and Parallel Resistors. Example 3-1
Example 3-1: Calculate R,

Ra® ? 0w B w
50 W
VAVAVAN

Step 5: 90 Weed5 W= 30 W (two parallel resistors)
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3.1 Series and Parallel Resistors. Example 3-1
Example 3-1: Caculae R,

Ra® ? 0w
50 W

Sep 6: 50 W+ 30 W= 80 W (two seriesresistors)
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3.1 Series and Parallel Resistors. Example 3-1
Example 3-1: Calculate R,

|
Rq® ? %E’OW

Step 7: Ergo, Ry, =80W
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3.2 Voltage and Current division

 Voltagedivision: Seriesresistor voltages
dividein proportion to resistances

+V +V, =Rii-

:Ri'.
J’W\'I—‘\M————’\M,—————Rm—‘
’7 +V,=Rji-  +V,=Ri-
o

i N\
V tot

KVL: V= Ryi = (jzngj)i 0

Ohm'sLaw: V, = Ri (D))

an, ()yidds: xi = Et Memorize!
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3.2 Voltage and Current division

e Current divison: Perallel resistor currents
dividein proportion to conductances

it sz__ G,v_ - GV
\Y
. izp
KCL: i,y =GV = (J_:S1 GV ()
Oohm'sLaw: i; =GV (D)
. i G
1 l)yieldss —— —
. Myl - S

Itot tot

L Memorizel
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3.2 Voltage and Current division

Circuit Analysis Tool kit: Recapitulation
* Specid case: Two Resistorsin paralldl:

iyfi = R,/(R+ R,), etc. (see below) * Single-loop circuit analysis
* N.B.: “Other” resistor over sum of * Single-node-pair circuit analysis
resistors (see text p. 68)%s memorize! « Source transformations
It iy R, * Series-parallel resistance combinations
® . . - =
iy i ot RitR, « Voltagedivision
R R b _ _R « Current division
ot R +R,
Memorize!
8:44 PM 19 8:44 PM 20
Example 3-2 Example 3-2 cont.
Find V, Step 1 1w+ Iw=2w
+ é | +
Siw 2w 1w 2w
2w A 10V. 2w ‘ Vi 1ov
21w §| w
N.B.: Seetext Problem 3.9, p. 97.
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Example 3-2 cont. Example 3-2 cont.
Step 2: 2wsc2w= 1w
+ ' +
é 2w ‘ 2w
2w saw Vi %) 10V. 2w §‘2\N Vi 10V.
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Example 3-2 cont.

8:44 PM

Example 3-2 cont.
Step 3: Single-loop circuit

KVL: 10V.- 2Wxi - IWxi=0V.
Which has solution i = 10/3 A.

G —
+ 2wxi o
wizw Voo Tonov,

Sowhat’sV, ?

26

+
2w
1w Vy 10V
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3.3 Superposition

* Superposition is the defining (inherent)
property of linear systems

* Ergo, linearity and superposition are
Ssynonymous

« Electric circuits are electrical systems

» The behavior of all voltages and currentsin
electric circuits consisting of constant valued
resistors and (independent) voltage and/or
current sources is governed by linear
algebraic equations in these voltages and
currents; e.g., consider ...

3.3 Superposition cont.

TV, 2W
2w§ 2Wi,

§ 2W |% 3A. V,

N.B.: Seetext Problem 3.23, p. 99.
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3.3 Superposition cont.
n
V,/2W ] + "
1 2W< 2wi,
; 2w o 3Al V,
i 5V.

N.B.: Seetext Problem 3.23, p. 99.
KCL an
V, /2W+i, - 3A.=0A.
(Whichislinear inV, and 1, )

8:44 PM 29

Find V, and |,
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3.3 Superposition cont.
n

TV, /2W ] + ’
4 2W<Z 2w,
; 2w i~ 3AlL)V,

i 5V.

8:44 PM

N.B.: Seetext Problem 3.23, p. 9.

KVL (right mesh)
5V.+2Wi -V, =0V.
(Alsolinear inV, andi, )

30




3.3 Superposition cont.

TV, /2W ] +
2w§ 2wl
i

§2W

+

3A! V

X

5V.

N.B.: Seetext Problem 3.23, p. 99.
V,/2W+i - 3A. =0A.
5V.+2Wi -V, =0V.

Have solution
V,=55V.and |, =0.25A.
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3.3 Superposition cont.
» What is the definition of the Superposition
property?
« | effect E; results from cause C,
* And if effect E, results from cause C,
* And if effect K E, results from cause K-C,
(where K is a constant)

* Then cause (C, + K -C,) resultsin effect
(E, +KE,)

» And the cause-effect relationship (system)
possessing the above superposition
property issaid to be linear

3.3 Superposition cont.

» Arethe aforementioned electric circuits linear systems?

* Yes! Consider the one-variable case below where there
is one independent voltage source (the cause) and one
dependent current variable (the effect)

» Then the cause-effect relationship is mathematical and
manifestsitself as the linear algebraic equation | = E/R
(Ohm'’s Law) in the dependent variable |

®

|
E (effect) R
(cause) -

8:44 PM 33

3.3 Superposition cont.
« Thenif E=E,, I=1,=E/R and ...
« And if E=E,, 1=1,=E/R and ...

« And if E=KE, | =KE/R=KI,
« Sothat when E = (E, +K E,)
e |=(E,+KE)R=E/R+KEJ/R=1+KI,

* Ergo, superposition applies!
®

I
E (effect) R
(cause) -
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3.3 Superposition cont.
What' sthe practical use of this property;
i.e., what'sits application?
One-sour ce-at-a-time superposition!
Which works because, in alinear system, partial
effects caused by partia causes can be added to
produce thetota effect resulting from the sum-total
of the partial causes
The key to the method’ s success lies in partitioning
agiven problem into single-source sub-problems
(which are relatively easy to solve) and then
applying superposition to the sub-problems
solutions¥s by just adding them up!
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3.3 Superposition cont. % Example 3-3

n
] +
TV, /2w +
4 2W<Z 2wi,
; 2w i 3Al)V,
5V.

N.B.: Seetext Problem 3.23, p. 9.

Find V, and I, using one-source-
at-a-time superposition
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3.3 Superposition cont. %2 Example 3-3 cont.

] +
TV, /2w +
i 2 §ZW|X
g 2w i 3al) V.,

5V.

N.B.: Seetext Problem 3.23, p. 99.

Step 1: Calculate the components of V, and i, that
are caused by the 5 V. voltage source only. This begs
the question “how is the influence of the 3 A. current
source to be withdrawn from consideration?’
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3.3 Superposition cont. ¥4 Example 3-3 cont.

I +
V., 2W +
i 2 §2WIX
g 2w e 3alL)V,

5V.

N.B.: Seetext Problem 3.23, p. 9.

Step 1 (cont.): The answer isto replace it with azero
(no) Ampere current source (j.e., an open circuit)¥s no
current, no influence!

8:44 PM
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3.3 Superposition cont. %2 Example 3-3 cont.

] +

AR +

1 w2wi,® oA

; 2w Rl et \/, &
5V.

N.B.: Seetext Problem 3.23, p. 99.

Step 1 (cont.): N.B.: The partial answers (caused by
the 5 V. voltage source only) have been flagged with
primes.

8:44 PM
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3.3 Superposition cont. % Example 3-3 cont.

v, Fow [ .

| 2W§2W|X" 0A. -

g 2w el e \/ ¢
5V.

+

N.B.: Seetext Problem 3.23, p. 99.
Step 1 (cont.): What'sleft isjust aone-loop circuit
having (by Ohm'’s Law) a counterclockwise current of
V. ¢/ 2W=5V., 2W+2W\)=125A.\ V,%*=25V.
and KCL at node nyieldsi#=-1.25 A.

8:44 PM
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3.3 Superposition cont. %1 Example 3-3 cont.
n

] +
V. /2W +
4 2w<< 2w,
; 2w il 3A) V,
5V.

N.B.: Seetext Problem 3.23, p. 99.

Step 2: Calculate the components of V, andi, that
are caused by the 3 A. current source only. This begs
the question “how is the influence of the 5 V. voltage
source to be withdrawn from consideration?’
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3.3 Superposition cont. % Example 3-3 cont.
n

] +
TV, /2w +
4 2W<T 2w,
; 2w i 3AlL)V,
5V.

N.B.: Seetext Problem 3.23, p. 9.

Step 2 (cont.): The answer isto replaceit with azero
(no) Volt voltage source (i.e., ashort circuit)¥ano
voltage, no influence!
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3.3 Superposition cont. %2 Example 3-3 cont.

- 2 ] +
v, 12w +

| 2w§2wﬁ

g 2w i - YNEPAY

X

0 V.| Shortcircuit

N.B.: Seetext Problem 3.23, p. 99.

Step 2 (cont.): N.B.: The partial answers (caused by
the 3 A. current source only) have been flagged with
doubleprimes.

8:44 PM 43

3.3 Superposition cont. ¥4 Example 3-3 cont.

- 2 I *
V, 2N +
| zwg 2wi
g 2w el 3Al )V ?
) 0 V.| shortcircuit

N.B.: Seetext Problem 3.23, p. 9.

Step 2 (cont.): What's left is just atwo-(egual) resistor
current divider for whichi *=[2W/ (2W+2W)] . 3A.
=15A.s0that V,*=2M. i, =2W 15A. =3 V.
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3.3 Superposition cont. %2 Example 3-3 cont.

] +
~V,/2W +
g 2w<Z 2wi,
; 2w i 3A V,
5V.

N.B.: Seetext Problem 3.23, p. 99.

Step 3: Calculate each answer by summing its respective
components; i.e, i, =1,C+ 1,2 =-125A. + 1L5A. = 0.25 A.
and: V, =V, &V 2= 250V.+30V.=550V.
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3.3 Superposition cont.
Does superposition work for power?
No! If it did (it doesn’t), the power absorbed by
the 2wresistor (the one through which i, flows)
would be 2w(i, 9 + 2W(i,2)? = 2W(- 1.25A.)% +
2W(L5A.)2 = 7.625 W.
However, the power actualy is 2wW(i ,)> =
2W(0.25A.2 = 0.125 W.
Why didn’t superposition work for power?
Because (i,)? = (i, ¢+ 1,2)2= (i, 92+ 2i, 6,2 + (i,2)21
(i,92+ (i,2)* (i.e,thequadratic’s cross-product
term is missing)
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3.4 Thevenin and Norton Equivalent Circuits

e Thebasicideaisto replace arelatively
complex (linear) circuit with asimple single-
loop circuit having a single voltage source
and a single resistor¥awhich is called the
complex circuit’'s Thevenin Equivalent Circuit

a RTh a
41 .8"

Complex Circuit b

Thevenin Circuit b
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3.4 Thevenin and Norton Equivalent Circuits

» What's needed are rules for how to calculate
Vo, and Ryy,
» Notethat al of the numerical dataisin the left

(complex) circuit whereasthe right (Thevenin)
circuit is entirely conceptua

a Rry a
2w
A 2w (=3 Vo,
sv.Q
Complex Circuit b Thevenin Circuit b
Data here Concepts (theory) here
8:44 PM 48




3.4 Thevenin and Norton Equivaent Circuits

* This suggests that the rules for how to
calculate Vo, and R+, should be derivable
from the Thevenin (theory) circuit and ...

» Once derived, these rules are then always
applied to the data¥snamely the original

complex circuit Ry
W
2w 1
C%BA. i 7z ® ? Vi
5V.
Complex Circuit b Thevenin Circuit b

Data here Concepts (theory) here
49
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3.4 Thevenin Circuit Element Rules

« KVL applied to the Thevenin circuit with
terminals a-b open (so 1 =0 A.) yields:
* V- OV.- V=0V, \

o VTh = VOC (Thevenin voltage = Open circuit voltage)

R
a
s +
+Ryl=0v.- '=0A
VTh VOC
Thevenin Circuit b
8:44 PM 50

3.4 Thevenin Circuit Element Rules cont.

* R, istheresistance of the circuit when all
independent sources of energy are removed
from consideration (all voltage sources
shorted, all current sources opened)

3.4 Thevenin & Norton Equiv. Circuits cont.
Example 3-4
Find | using Thevenin's Theorem

ézw ) 3A.C> %4W
©sv “
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RTh a
AAN— 2
4 +
J Vm=0V. @R= RTh
b
3.4 Example 3-4 cont.

Step 1.  Get the Thevenin Equiv. of the
circuit to the left of teranaIs ab

+
2w

§ 2w ) 3A.C>
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3.4 Example 3-4 cont.

Step 1la: Open circuit voltage calculation

a

g 2w - 3A-C> Voe=V=5.5V.

(See Example 3-3)
5V.
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3.4 Example 3-4 cont.

Step 1b: Determination of Ry,

§ A h - 0A. Rm= 2Mwg2w= 1w

8:44 PM
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3.4 Example 3-4 cont.
Ergo, finding | using Thevenin’s Theorem becomes

a

2w 7‘|
gzw ) 3a () %4W
@sv.
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3.4 Example 3-4 cont.

|=55V./(1+4)W=11A.
(Ohm's Law)

MA 2

Ry, = 1W 1

™ V;,=55V. Zaw

8:44 PM
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3.4 Example 3-4 cont.

Using source conversions, the Norton
solutionis: | = [1W/(1+ 4W] «5.5A.
=1.1A. (Current ,) a

) 1y=55V/1W ;é =R =W§4W

=55A

()

N.B.: Seetext pp. 76-81 for further information
regarding Norton Equivalent circuits
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3.5Node & Mesh Analysis

Node voltage analysisis just
organized KCL(9)

Likewise, mesh current analysis
isjust organized KVL(s)

First consider node voltage
analysis

But before that, consider the
following useful rule

59

From-to-through Rule

- + Ver = Ry |-
~

other _— - other

\
“
- I
+
nodes / RThru \ nodes
F for “From” T for “To”

(Reference node from which all other voltages are measured)
KVL:V.-V-Vi=0\ Ve =V-V =R, | (WsLaw)
| = Ve - Vio Memorize this formulal
Thru
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3.5 Node Voltage Analysis: Example 3-5
There are three nodes (m, n and the Ref. node)
V,isknowntobe5 V. (by inspection or by KVL)
Write KCLs a nodes where the voltage is unknown

KCL at noden: (OV.- V,)2w+(5V.- V,) [2W+ 3A.=
0 A. ¥which hassolution V,, =55 V.

® n -
|- 3A. *
| 2W:
é 2w + m 3A Vv,
<<
V., 5V

Ref.
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Example 3-6 cont.
(Find | using nodal analysis)

3w
NN

6V

3w 1 1 2

VW ® T ]
2A.
17 V| Vlgzw VoSow CE

Ref.
The node voltages V, and V, are with respect to
the reference (bottom) node as shown

®;

8:44 PM
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3.5 Node Voltage Analysis. Example 3-6
Find | using nodal analysis

3W
VAVAYAN

6V.

(H)—2

VWV ® |
() 2A.
17v! 2w 2w
3 4

Thefirst step isto (arbitrarily) establish the
“bottom” (physical nodes 3 and 4) of the circuit
asthe (electrical) reference node (Ref)

62
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Example 3-6 cont.
(Find I using nodal analysis)

3W

5

Ref.

KVL: V,+6V.- V,=0V.\ V,=V,+6 (A)

Example 3-6 cont.
(Find | using nodal analysis)
3W

KCL at Node 1:

[(-17V.) - V,]/3W+2A.- |- =0A. (B)

8:44 PM
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8:44 PM

64

Example 3-6 cont.
(Find I using nodal analysis)

3W

3

- | svisaw=2A.
(D)

- - +
VW ® + ]
2A.
17 V. Vl§ 2w VoSow CE
Ref.

KCL at Node 2
- 2A.- 2A.- =0A. (C)

8:44 PM
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Example 3-6 cont. 3.5 Mesh Current Analysis. Example 3-7
(Find I using nodal analysis)

There are two (left & right) meshes (“window panes’)
aw | ,isknown to be - 3 A. (by inspection or by KCL)
AN\, Write KVLs around meshes whose mesh currents are
v unknown
3w__ 1 1 N 2 KVL (left mesh): - 2WI, - 2W(l,-1,) - 5V.=0V.
W AN | whichgiven!, = - 3A. hassolution 1, = - 2.75A.
17V ow W 2A u
| , , > (\flz)] byK_ELaln
Rer ] | oW 2w(i 11,
Equations (A.), (B.) and (C.) have solution: 2WI1<§2W o 3A.
V,=-8V.,V,=-2V.and| =3A. l sv. |
Ergo, | = 3A. — £
8:44 PM 67 8:44 PM 68
3.5 Mesh Current Analysis. Example 3-8 Example 3-8 cont.
Find | using mesh analysis (Find I using mesh anaysis)
ARA AAA
g S evin=2a
6V. 2A. 8V. 2A.
Q) o g DD e % " @?
| B 3 B 4 B | 3 4 -
The first step isto (arbitrarily) establish Next, observethat [, =2A. and1,=-6V./AW=-2A.
the mesh currents| , |,, | ; and |, as shown and alter the schematic accordingly (see next dide)
8:44 PM 69 8:44 PM 70
Example 3-8 cont. Example 3-8 cont.
(Find I using mesh anaysis) (Find I using mesh anaysis)
A
+ 3W (-2A) =-6V. -
-2A.
3 1 2 3 1 2
4O | -0
é) + W, - + 6V + oA é) + 3w, - + 6V +
17V 2w ;2\”“1- 1) 2W Q2w (I,- 2)? ' 17V 2w ézvxml- ) 2W Q2W (I,- 2)
| I, 3 - I, 4 - 2A. | N 3 - I, 4
Next, place voltage dropsadjacent to the resistors Next, write KV Ls around meshes
as shown¥a note the use of the passive sign whose mesh currents are not known
convention in assigning each voltage polarity!
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Example 3-8 cont.
(Find I using mesh analysis)

3w 1 1 f\ 2
\ A% | ® U |
+ W, - + BV, +
17V 2W Q2W (I;- 1) 2W Q20 (I,- 2)
[, sf - af -
MeshKVLs:

S17V.- 3W 1, - 2W (I,- 1)=0V. (A)
2W (I,- 1,)+6V.- 2W (I,- 2)=0V. (B.)
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Example 3-8 cont.
(Find I using mesh analysis)

AW\
®

-
2

|
VWV ® 1
é) 8V. 2A.
®2w§ D 2w D

| 3 4

3w 1

+

Equations (A.) and (B.) have solution |, = -3 A.
andl,=1A.sogivenl,=-2A, it followsthat
I=1,-1,=1A.- -2A)=3A.\ I=3A.
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3.6 Maximum Power Transfer

To extract maximum power from a
Thevenin circuit, load it with a
resistance equal to R, % seetext
pp. 95-96 for (calculus) proof

It follows then that to extract
maximum power from any (linear)
circuit, load it with its Thevenin
resistance R+, with respect to the
extraction point
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3.6 Maximum Power Transfer: Example 3-9

What' s the maximum power that can
be extracted from terminals a-b?

a

§2W i BAC
q>sv.

8:44 PM 76
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3.6 Maximum Power Transfer: Example 3-9 cont.

The circuit’s Thevenin equivaent (found in Example
3-4) loaded with Ry, a terminas a-b yields:

I =55V./(1+ 1)W=2.75A. so the (maximum) load
power is. P, = IPR=(275A.)2-1 W= 75625 W.

AMN £
Ry =1
() V;,=55V. Rl = Ry = 1W§
|
- b
8:44 PM 77

3.6 Maximum Power Transfer: Example 3-10

Determine the value of R in the circuit which
will draw maximum power and calculate the
corresponding maximum power.

3W

3 ) 6V. 5
-0 .
17v.<:$ %R EZW @“'
; 4 |

8:44 PM 78




Example 3-10 cont.

Solution strategy: Determine the Thevenin circuit
with respect to terminals1 & 3% thenR =Ry,
will draw maximum power from the remainder of

the circuit 3w
VaVAVAN
W |
VWV e U 1
oR
v R=Ryp, %ZW
; a |
844 PM 79

Example 3-10 cont.
First find V4, = open-circuit voltage
across termai Qals 1&3

- |6V.3W=2A.
6V.

3w 1 | 2
+

D)
VWV o U/
+ + 2A
17 V| Vi V,Sow '
3" !

KCL at Node I [(- 17V.) - V;,J/3W+ 2A.- 1 =0A. (A)

KCL at Node 2 - 2A.- V,2W- 2A.=0A. (B)
KVL: Vi, +6V.- V,=0V. (C)
(A.), (B.) and (C.) have solution V1, =-12.8 V.
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Example 3-10 cont.
R, = Resistance across (open-circuited) terminals
1 & 3withthe indepeg%mt sources deactivated

3w 1 e 2

A J
‘SC i 4%”“ l

The parallel combination of theO W SC and the 3 Wresistor
isO W (another SC) so the circuit becomes (next slide) ...
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Example 3-10 cont.
R, = Resistance across (open-circuited) terminals
1 & 3 with the independent sources deactivated

3w 1 2

\a%% |_. 1
7 Ry, 2w
3]— 4

Ry, = 3WIL2W=12W
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Example 3-10 cont.

Thecircuit’s Thevenin equivalent loaded with R= R,
draws a current of:
I =V /(R + R) = (- 128 V.)/(1.2 W+ 1.2 W) =- 5Y3A.
and the corresponding maximum power is
Poax =12R=( 543A.)7 L2 W= 34/15W. » 34.13W.
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3.6 Maximum Power Transfer: Example 3-11

%
40V C)

Cdculate the value of resistance (in W) of the
resistor R which maximizes the power absorbed
by the 2 W resistor.
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Example 3-11 cont.

—/\g\_|

zw%ﬂ Pow=2 W~ 12
40\/(:') L

% 6 WH3W=2W

P,y ismaximizedwhen1 =40V./(R+2W+ 6 Wi 3W)
is maximized¥awhich occurswhen R = 0OW

Ergo, forR=0W,1=40V./4W =10A. so that
Powma, =2W 12=2 W (10 A.)2=200W.
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Example 3-11 cont.
Vo= 40V, 2W=Riox

What' s required for maximum power transfer
from the Thevenin circuit to the 2 W load?
Ry, = R+6 WA 3W=2W=R_,whichyidds:
R=0W
If the 6 Wresistor isremoved from the circuit, what
valueof R maximizesthe 2 Wresistor’'s power?
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Example 3-11 cont.

40 VC) 1

% 6WH3W=2W

What isachieved if R=2W+ 6 W 3W =4 W?
P is maximized¥ but the goal is to maximizeP,,, (not Py)
NB.. IfR=4W 1=5A.\ P,,=2W(5A.)2=50W.<200W. =Py, .,

Can maximum power transfer theorem impedance matching
be used to solve this problem?

Yes (Seenext dide)
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