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electrons can flow
in a path without
beginning or end,

continuing forever!

no flow!

continuous
electron flow cannot
occur anywhere
in a "broken" circuit!

(break)

no flow!

A marble-and-

hula-hoop "circuit"

no flow!



no flow!

no flow!

continuous
electron flow cannot
occur anywhere
in a "broken" circuit!

(break)

no flow!
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Energy stored

Q Pump

More energy stored
A

Q Pump

\

Energy released
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Water analogy
Electric Battery No flow (once the
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No flow — Battery
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Electric Circuit
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electron flow!

Water analogy

T |

water flow!

T water flow!

Q Pump l




no flow!

1
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no flow!



no flow!
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— Battery (break)
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+
4 3
no flow!
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(break)



electron flow
—_— —_— —_—

!

. /
Battery — - CE - Electric lamp (glowing)
AN

!

- - -
electron flow



no flow! no flow!

(break)
- +
) voltage
1 drop
Battery — CB Electric lamp
+ ] (not glowing)
no flow!
switch
o
It doesn’t matter how twisted or
- convoluted a route the wires take
- conducting current, so long as they
Battery "—  form a complete, uninterrupted
+ loop (circuit).













same rate of current . . .

1 2 l
Battery é —:(B:—
+
4 3

... atall points in this circuit
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Quantity i Megsndtrgrfnent AbbPeQ/i;[ation

Current I Ampere ("Amp") A

Voltage E or V Volt \
Resistance R Ohm Q




= i R = i
R I
electron flow
- - -
+ AN T/
Battery —— - - Electric lamp (glowin
) p (glowing)

—_— —_— —_—
electron flow



+
Battery — (Y- Lamp
E=12V —— _/<>Q\_R:3Q

| =772

| = E _ 12V —4A
R 3Q

I=4A

+ T
Battery — _\CB/— Lamp
E=36V MA RE?Z
[ —_— —
I1=4A
R = E _ 3BV - 90



E=IR= A(7TQ) =14V

E
1| R

=

E R=—~
R

= _E

E TR




| R
Pressure = increase
Flow rate = increase
Resistance= same

Voltage =

Current =
Resistance=

increase
increase

same



Pressure = same Voltage = same

Flow rate = decrease Current = decrease
Resistance= increase Resistance= increase
E=IR

\

Pressure = decrease Voltage = decrease
Flow rate = same Current = same
Resistance= decrease Resistance= decrease

~m
I
Y



2nST

Horsepower = ———
33,000

Where,
S = shaft speed in r.p.m.

T = shaft torque in Ib-ft.

Horsepower « ST

This symbol means
"proportional to"



1 Horsepower = 745.7 Watts



+
Batt — > L
Batery = -(D-r 30

E 18V
R =~ 3Q

P=1E= (6A)(18V) =108 W



—— —~ ~
8 + AN T/ L
attery I amp
E=36V — _/CB\_R:3Q
—_— —_— —
| =77?
- E 36V _19A
- R 30
P=1E= (12A)(36V)=432W
|f, |:£ and P=I1E
R
2
Then, P=—E o P=—
= R
f, E=IR and P=1E
2
Then, P=I(IR) or P=IR



Ohm'’s Law for Power

150

R, %25

= _— P= IR

This is resistor "R;"
with a resistance value
of 150 ohms.

This is resistor "R,"
with a resistance value
of 25 ohms.



variable
resistance

.or. ..









I=2A

Battery —
E=10V ——




R =

IIE— and

R:&: 5Q
2A

P= (2A)(10V)=20W



+
Battery —— SN Lamp
8V — _/<>°\_R=BQ
I=12A
+
Battery —— SN Lamp
BV — _<>° " R=3Q
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(current)

|
(current)

E
(voltage)

E
(voltage)
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(current)

E

!
(voltage) i

ionization potential
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(current) ~

E
(voltage)






Battery —_ Resistor

10V T 5Q

Battery E Resistor

10V T 5Q




Battery — 4
0V T W\
Resistor
5Q




E=IR

E=(2A)0Q)
E=0V
1 wire #2 2
wire #2
Battery —
10V —_ 4 \/\/\/‘
Resistor
wire #1 5Q
6 5 s
wire #1

wire #1



~— current
+
Battery CM
— 4 - +
0V T W\
Resistor
5Q
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bird (not shocked)

e

High voltage
across source
and load
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across source
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path for current through the dirt




bird (not shocked)

&Y

High voltage
across source
and load

& person (not shocked)

sl

no current! TTT=--__ —
bird (not shocked)
erson (not shocked
& - P ( )
L
—  High voltage JA\
_—  across source 1
i and load -
T Y




bird (not shocked)
/
Y

(- Person (SHOCKED?!)

High voltage
across source
and load

i

Y
PUHin-

accidental ground path through tree
(touching wire) completes the circuit
for shock current through the victim.



bird (not shocked)

person (not shocked)

N A
_:—_ High voltage
—  across source
= = and load
T Y

accidental ground path through tree
(touching wire) completes the circuit
for shock current through the victim.

bird (not shocked)

e

() Person (SHOCKED!)
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High voltage
across source
and load

i

- | -

(5 person (SHOCKED!)






Ohm’s Law

Voltage

Current= —————=~
Resistance









2kQ

1.5" metal pipe



1.5" metal pipe

Two 2 kQ contact points in "parallel"
with each other gives 1 kQ total
pipe-to-body resistance.



— % Body resistance

Person in direct contact with voltage source:
current limited only by body resistance.

_ E
Rbody
- |
Glove resistance
VWA

— Body resistance

VA
Boot resistance
| —



Person wearing insulating gloves and boots:
current now limited by total circuit resistance.

E
Rglove + Rbody + Rboot




Disconnect
switc

On/Off
switch

Yo

Load



Disconnect On/Off
switch switch

Yo Yo

hE
Power — -
— temporar
source — gr(pJundy
Disconnect On/Off
switch switch
Yo Vo
AN
Power —— zero voltage
source — ensured here
e

=

temporary
shorting wire

Load

Load












current through the earth



downed power lin

volts

1 2390 !

current through the earth

10
volts \

downed power lin

i person !

! (SHOCKED!) !

U A !
current through the earth —»  i<—250volts

2390
volts




"Hot" conductor

Source —

— "Neutral" conductor
Ground point



Electrical

"Hot" appliance
plug
Source —_
120V T
n n /
—  "Neutral metal case T
Ground point
no voltage
between case
and ground
-
accidental
contact
“Hot J/
plug
Source —_
120V T
—  "Neutral"

- voltage between
Ground point case and ground!



llHOtll

plug

Source —_
120V T

accidental
contact

—  "Neutral"
Ground point no voltage between
case and ground! L
IIHOtII
P9 idental
— accidenta
Slozuorc\cle — T contact
—  "Neutral"

voltage between

Ground point case and ground!




llHOtll

3-prong
plug
Source —_
120V T —
"Neutral" T
Grounded case
"Ground" ensures zero
1 voltage between

= case and ground
Ground point

-+
"Hot"
— <_
Source —
120V T .
—  "Neutral" no voltage
Ground point between case

and ground



accidental

H contact
n Ot"
(more) '/
1 - |
Source —
120V T | —
(less)
— "Neutral"
i Shock current | |
! lShock current L
L !
Shock current —
IIHotII
Source — T~
ource — ———
120V T o T T
— "Neutral" T

switches open automatically
if the difference between the
two currents becomes too =
great.







Multimeter




tip

probe

lead

lead

probe

tip




large spark
| from short-
circuit!







P19




carbon-composition
resistor




simple battery-lamp circuit

volts




lamp goes out

9
volts

circuit current now has to
go through the meter




- SHORT-CIRCUIT!




Indication with a good fuse Indication with a "blown" fuse

touch probe tips
togpether P
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%59
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1 A 2
= =
_ . 3



) 2 3 4
B S - B S
+
_ T%Rl T%Rz T§R3
— e —
8 7 6 5
Series-parallel
R, 2 3
I—w —
<—
+
= ELIREL
—_— —
6 5 4



Series connection

Rl R2 R3 R4
MM A—— M

only one path for electrons to flow!

Parallel connection
These points are electrically common

%Rl %RZ §R3 §R4

These points are electrically common



1 M 2
3kQ
+
gy — 1OkQ§R2
4 R, 3
1 2
+
9V _— %31@
4 3
|:£
R
| :9\/—0Its = 3mA

3kQ



1 AN 5
3kQ
+
oV — 10kQ SR,
4 R, 3
ERl

|o, = Er, = | 3kQ
RL= 375 r1= lra( )



Rioa = R + Ry + Rg

Row = 3KQ +10kQ +5kQ

1
+
g Ri+R,+R;=
oV - % 18kQ
4
| _ Etotal
total —
N Rtotal
9 volts
l,.,=—— """ =500uA
total 18 kQ I"l
1 RlJ\/\i kQ 5
MRS
+ | =500 pA
oy — R,
p— 10 kQ
- | =500 pA
—




Eri= 1l Ry Ero= IR Ry Ers=lrs R3
Er; = (500 pA)(BkQ) =15V
Er, = (500 pA)(10kQ) =5V

Ers = (500 pA)(5KQ) = 2.5V

R, R, Rs Total
E Volts
I Amps
R Ohms
Ohtn’s Ohtn’s Ohtn’s Ohtn’s
Law Law Law Law
R, R, Rs Total
E 9 Volts
I Amps
R 3k 10k 5k Ohms




Volts
Amps
Oohms ———

R, R, Rj Total
9
3k 10k 5k 18k
Rule of series
circuits
Rr=R + R+ R,
R, R, R, Total
9
500
3k 10k 5k 18k
Ohm's
Law
R, R, R, Total
9
500u 500u 500u 500u
3k 10k Bk 18k

Rule of series
circuits

lr=1,= 1,= Iy

Volts
Amps
Ohms

Volts
Amps
Ohms



R, R, Rj Total
E 15 5 25 9
| 500u 500u 500u 500u
R 3k 10k 5k 18k
Ohm’s Ohm’s Ohm’s
Law Law Law
Rl
1 AMA 2
3kQ
+
oV — R% 10kQ
5kQ
0 A% 3

Volts
Amps
Ohms



1 2 3 4
+

oV — %Rl %Rz %R:,;
. 10kQ [2kQ [1kQ
8 7 6 5



R, R, R, Total
E 9 9 9 9 Volts
I Amps
R 10k 2k 1k Ohms
| — ERl [ - | — ER3
R1 Rl R2 R3 R3
g1 = oV - 0.9mA
10kQ

9V
I = = 45mA
R72kQ

9V
Ipg = = 9mA
RTT1kQ

R, R, R, Total
E 9 9 9 9 Volts
I 0.9m 4.5m 9m Amps
R 10k 2k 1k Ohms
Ohm’s Ohm's  Ohm’s
Law Law Law



oV — IRl% R, IRZ% R, IR3T§ R,

- 10kQ [2kQ 1kQ

—
8 7 6 5
R, R, R, Total
E 9 9 9 9 Volts
I 0.9m 4.5m 9m 14.4m | Amps
R 10k 2k 1k Ohms
Rule of parallel
circuits
lots = 11+ 12+ 13
R, R, Rs Total
E 9 9 9 9 Volts
I 0.9m 4.5m 9m 14.4m | Amps
R 10k 2k 1k 625 Ohms
_ E’(otal _ oV Ohm'’s

= 625 Q

R = =
o4 . 144mA Law



R =
total 1 1 1
+ +
IQl RZ R3
1 2 3 4
+
V= SR SR SR
; 10kQ [2kQ [1kQ
8 7 6 5
1 1 1 1
+
oV = % R, R, Rs
- 10kQ [2kQ  [1kQ
0 0 5 0



| +

- 10kQ |2kQ 1kQ

0 0 0 0
NOTE: vrl, vr2, and vr3 are all

"dummy" voltage sources with
values of 0 volts each!!



Conductance = 1

Resistance



SR,

/E\

Rioia IS €SS than Ry, R,, R3, or R, individually

/
2 Se,

e,

3

G

Gyoral IS greater than G,, G,, G, or G, individually



Gia =G, + G, + G+ G,

1
R =
total 1 1 1 1
+ + +
R, R, R, R,
Ohm'’s Law for Power
2
P=I|E pP= E P= IR

R



Rs

Total

Volts

Amps
Ohms
Watts



R, R, Rs

Total

bt

T

Ohm’s Ohm’s Ohm’s Ohm’s
Law Law Law Law
For series circuits:

R, R, Rs Total
Add
Equal
Add
Add

Eoa =E1 +E; + E5
lota =11 =12= 13

Rioa =Ri * Ry + Ry

Piota =P+ Py + P3

Volts

Amps
Ohms
Watts

Volts

Amps
Ohms
Watts



For parallel circuits:

R, Rs

Total

Equal

Add

Diminish

Add

Boa =E1=E,=Eg

lota =11+ 12+ 13

1
R =
total 1 1 1
+
Rl RZ RS

Pota =P1+ P, + P

Volts

Amps
Ohms
Watts



I:el I:QZ R3
VWWA VWWA VWV
100 Q 300 Q 50 Q
9V —
R, R, Rs Total
E 2 6 1 9
I 20m 20m 20m 20m
R 100 300 50 450
jumper wire
Rl RZ RS
VWA VW VW]
100 Q 300 Q 50 Q

Volts
Amps
Ohms



!

Open
resistor

R, R; Total
6 3 9 Volts
60m 60m 60m 60m Amps
100 50 150 Ohms
Shorted
resistor
Ry R, Rs
Wk
300 Q
Ry R, R; Total
0 9 0 9 Volts
0 0 0 Amps
100 > 50 &0 Ohms



| +

resistor

9V _L__ % Ry % R, Rs
- 0Q 45Q 180Q
R, R, Rs Total
E 9 9 9 9 Volts
100m 200m 50m 350m Amps
R 90 45 180 25.714 | Ohms
+
gV — %Rl R, Rs
- Q [45Q 180Q
R, R, R, Total
E 9 9 9 9 Volts
I 100m 0 50m 150m Amps
R 90 o 180 60 Ohms
Open



+
120 —
V. —
+
oV — SR SR 3SR
- 90Q L3450 180 Q
R, "shorted" with a jumper wire
R, R, Rs Total
E 9 9 9 9
I 100m o0 50m o0
R 90 0 180 0

i

Shorted

resistor

Volts
Amps
Ohms



9V —

Ri nternal
Battery +

oV 0Q L4450 180 Q

Ri nternal
Battery + % R R, % Rs
L

R, "shorted" with a jumper wire

R, R, Rs Total
E low low low low Volts
I low high low high Amps
R 90 0 180 0 Ohms
? Supply voltage
Shorted decrease due to
resistor voltage drop across

internal resistance






W%
5KkQ
-+
45V — 10k2 SR,
75kQ
VWA
Rs
R, R, R, Total
- 45
|
R| sk 10k 7.5k

Volts
Amps
Ohms



R, R, R, Total
45
5k 10k 7.5k 22.5k
R, R, R, Total
45
2m 2m 2m 2m
5k 10k 7.5k 22.5k
R, R, R, Total
10 20 15 45
2m 2m 2m 2m
5k 10k 7.5k 22.5k
R, R, Rs Total
40 80 60 180
8m 8m 8m 8m
5k 10k 7.5k 22.5k

Volts
Amps
Ohms

Volts
Amps
Ohms

Volts
Amps
Ohms

Volts
Amps
Ohms



Eri 10V 40V

- - = 0.22222
Eny 45V 180V
E

w _ 20V _ 8V _,
Eny 45V 180 V
E

Re _ 1BV _ 60V _ gaaass
Eny 45V 180V

Voltage drop across any resistor E.=I,R,

Current in a series circuit liota = Fo
I:Qtotal
o Etotal . . .
. . . Substituting for 1, in the first equation . ..
otal
. . _ E’(otal
Voltage drop across any series resistor  E, = R,
Rtotal
.or. ..

En= Eioa R
total




| +

45V —

Eny = 45V

En, =45V

Ers =45V

In
vol

5kQ

22.5kQ

10 kQ

22.5kQ

75kQ
22.5kQ

=10V

=20V

=15V

Divided
voltage




Potentiometer

%é wiper contact

1 1

[ less resistance AN

Imore resistance |
i .

|more resistance | T

/ /| less resistance |

Using a potentiometer as a variable voltage divider

more voltage less voltage

e




Adjust potentiometer
to obtain desired

voltage
1/

Battery _—_ S VWA

2

Circuit requiring

less voltage than

what the battery
provides



2 A 3
+ 5kQ +
4V _— 10kQ %Rz
) 7.5kQ+ i
—M
1 R, 4
E,,=+45V
E2_3 :-J.OV
E3_4 :'ZOV
E4_1 =-15V

+45V voltage from point 1to point 2
-10V  voltage from point 2to point 3
-20V  voltage from point 3to point 4
+ -15V voltage from point 4to point 1

oV



+10V voltage from point 3to point 2
-45V voltage from point 2to point 1
+15V voltage from point 1to point 4
+ +20V voltage from point 4to point 3

oV

current -~
R R R
2 13 2 4 Rs 1
— MWW | I}
"5 kQ iokQ”  75ko Py
- current
current

Y

2| R 3 R 4 R

— W W | 1]
5kQ 10kQ 75kQ my T
ﬁﬁ EE ﬁa
black black black

-10V -20V -15V +45V




current

Y

A AW |1
+red *red +red +red
black black black black
-10V -20V -15V +45V
+ red
black
-30V
+ red g
~ black )
-45V
+ red g
black



oV

1 2 3 4
+ + + +

6V — % Ry % R, % Rs
8 7 6 5
0V voltage from point 2to point 3
0V voltage from point 3to point 4
-6V voltage from point 4to point 5
0V voltage from point 5to point 6
0V voltage from point 6to point 7
+ +6V voltage from point 7to point 2



11V
v
v/'
1 2 3 4
+ + + +
6V_—__ %Rl %Rz %Rs
8 7 6 5




0V voltage from point 2to point 3
-6V  voltage from point 3to point 6
+6 V  voltage from point 6to point 3

+ 0V voltage from point 3to point 2

oV

1 2 5 6
+ -
%15v 13v§
L ; :
BV = 3 4 =25V
i} + - +
§2ov 12\/%
- +
7 8 9 10

By st B ot Bt B ;=0

E,,+12+0+20 =0

E, ,+32=0

E,,=32V



1 2 5 6
+ -
%15V 13V§
+ : + )
BV — N —
- 3 S/; >4 — »V
B + - - +
EZOV Ess 12V§
+
7 8 9 10

Measuring voltage from point 3 to point 4 (unknown amount)

Es .

| +

3BV —

7

8 9

10

Measuring voltage from point 4 to point 9 (+12 volts)

By, +12V



1 2 6
+
%15V 13V§
+ - -
— 3 — BV
- + oV +
EZOV P 12\/%
i +
L
7 8 10

Measuring voltage from point 9 to point 8 (0 volts)

E,,+12V +0V

1 2 6
+
15V 13V
: 3 +20V Ezsv
} + + +
EZOV 1zvi
7 8 10

Measuring voltage from point 8 to point 3

E,,+12V +0V +20V =0V



1 2 5 6
+
zlsv 13V %

i - + -
BV = glw—t[m2v |- —|sa =BV
) + +
§2ov 12V %

- +
7 8 9 10

+ + + +
6V — SR 3R 2SR
- -[1kQ -[3kQ -[2kQ
R, R, Rs Total
E 6 6 6 6 Volts
I Amps
R 1k 3k 2k Ohms




R, R, Rs Total
6 6 6 6
6m 2m 3m

1k 3k 2k

R, R, R, Total
6 6 6 6
6m 2m 3m 11m
1k 3k 2k

R, R, Rs Total
6 6 6 6
6m 2m 3m 11m
1k 3k 2k 545.45
R, R, Rs Total
24 24 24 24
24m 8m 12m 44m
1k 3k 2k 545.45

Volts
Amps
Ohms

Volts
Amps
Ohms

Volts
Amps
Ohms

Volts
Amps
Ohms



lre 6 mA 24 mA

= = = 0.54545
l ot 11 mA 44 mA
I
RR__ 2mA _ 8mA _ 0.18182
l ot 11 mA 44 mA
I
R3S _ 3mA _ 12 mA — 027273
liotal 11 mA 44 mA
. En
Current through any resistor I, = =
n
Voltage in a parallel circuit Eiota = En = liota Riota

... Substituting I,y Rt fOr E, in the first equation . . .

i _ Itotal Rtotal
Current through any parallel resistor 1n= R
n
.or. ..
Rtota]

Inzltotal




I, = 11 mA
Rl 1kQ

I, =11 mA
R2 3kQ

lo.= 11 mA
R3 2kQ

Voltage divider

545.45 Q

545.45 Q

545.45 Q

= 6mA

= 2mA

= 3mA

Current divider

formula formula
Rtotal
En = Etotal - In = Itota]
Rtotal Rn
liota == Renunt > |
l -
fraction of total

==

current

sensitive device



1 3 4
| tota ~—
+ +
6V — IRlT %Rl IRZT %Rz IR3T %Rss
- 1kQ - [3kQ -[2kQ
| ot —>
8 6 5
R, R, R, Total
E 6 6 6 6 Volts
I 6m 2m 3m 11m Amps
R 1k 3k 2k 545.45 Ohms
Rl OB =) lro + Irs Irs
- 4
liota ~—
+ +
6V — IRlT %Rl IRZT %Rz IRST %Rg
-1 1kQ -[3kQ -[2kQ
| ot —>
—_— —
8 lre + 1ot Igs lro + Irs Irs 5



lro + Irs

uf

exiting = lenteri ng

Ientering + ('Iexiting) =0

l,+15+1=0

2ZMA+3mA+1=0

...solvingforl...
I=-2mA -3 mA
| =-5mA










Series
Ry

| +

VWA

~—




=L e e



A series-parallel combination circuit

100Q < R, R, <250 Q
20V —
350Q I R, R, < 200 Q
R, R, Rs R, Total
E 24
|
R 100 250 350 200

Volts
Amps
Ohms






A series-parallel combination circuit

1000 < R, R, <250 Q
24V —_
350Q <2 R, R, < 200Q
R, R, R, R, Total
E 24 Volts
I Amps
R| 100 250 350 200 Ohms
71.429Q % R,/ R,
24V —_

127.27Q §R3 /IR,




R, R, R, R, R,/IR, Ry/IR, Total

E 24

|

R| 100 250 350 200 | 70429 | 12727

24V — 198.70 Q %Rlll R, - Ry/IR,
R, // R,
Ry /I R,

R, R, R, R, R,/IR, Ry/IR, Total

E 24

|

R| 100 250 350 200 | 71429 | 12727 | 19870

Volts
Amps
Ohms

Volts
Amps
Ohms



R, /I R,

Ry /IR,
R, R, R, R, R, /IR, Ry/iR, Total
E 24
| 120.78m
R 100 250 350 200 71.429 127.27 198.70
-
| =120.78 mA
24V — 198.70 Q % R, /IR, - Ry /IR,
| =120.78 mA
—_—
-
| =120.78 mA
71429 Q % R, /IR,
24V _— | =120.78 mA T

127.27 Q % Rs /I Ry

| =120.78 mA

—_—

Volts
Amps
Ohms



R, /I R,

Volts
Amps
Ohms

Volts

Amps

Ohms

Ry /IR,
R, R, R, R, R, /IR, Ry/IR, Total
E 24
| 120.78m | 120.78m | 120.78m
R 100 250 350 200 71.429 127.27 198.70
e S
| =120.78 mA
B +
71429 Q % R, /IR, 8.6275 V
24V — | =120.78 mA T
B +
127.27Q % Ry /IR, 15.373 V
| =120.78 mA
—
R, /I R,
Ry /IR,
R, R, R, R, R, /IR, RylIR, Total
E 8.6275 15.373 24
| 120.78m | 120.78m | 120.78m
R 100 250 350 200 71.429 127.27 198.70




<—
| =120.78 mA
\\ +
100Q SR, R, $250Q [8.6275V
-/
28V —_
\\ +
3500 SR, R,S200Q [15373V
-/
| =120.78 mA
—_—
R, /I R,
Ry /I R,
R, R, R, R, R,/IR, RylIR, Total

8.6275 8.6275 15.373 15.373 8.6275 15.373 24 Volts

120.78m |120.78m |120.78m | Amps

100 250 350 200 71429 | 12727 | 198.70 | Ohms
R, /I R,
R, /I R,

R, R, R, R, R,/IR, RylIR, Total

8.6275 8.6275 15.373 15.373 8.6275 15.373 24 Volts

86.275m | 34.510m |43.922m | 76.863m |120.78m |[120.78m |120.78m | Amps

100 250 350 200 71.429 127.27 198.70 | Ohms




-

| =120.78 mA

| = 120.78 mA
RZ
100Q SR, T
T 34510 mA
86.275 mA
R,
350Q SR, T
76.863 mA
43.922 mA
—

\ +
250Q [8.6275V
—

N\

+
200 Q
- /-



T 1
— vil — Vi2
2 3

1000 <R, R, < 2500Q
—
— Vi3 — vid
5 6

3500 SR, R, S 2000
0 0

NOTE: voltage sources vil,
vi2, vi3, and vi4 are "dummy"
sources set at zero volts each.



— |1




Polarity of voltage drop
VWA

—_— o —_—
Direction of electron flow

J_» _»_;—W. R,

| +




—|IH

R, loops aroundR,

R,

R, loops aroundR,

| +







| +

| +

Rs andR;
loop around

Re



+
SR,
+
i R; andR,
R, . loop around
3 §R4 R5
I + Rl - R5
+ N VWA=
— 7 Re




| +

R, loops aroundR;,







— |1




L
+ +
SR, R,
+ L
- q
+ +
%Rg R,
L
R, R, Ry R, R, /IR, R3/IIR, Total
E
|
R
R, R, R, R, R, /IR, R3/IIR, Total
E same
|
R same + same same

Volts
Amps
Ohms

Volts
Amps
Ohms



R, R, Rs R, R, /IR, R3lIR, Total
E same
|
R same + same same + same

R, R, Rs R, R, /IR, R3lIR, Total
E same
|
R same + same same + same +
| = E

R

E (same)

Ry

* I:E(same)

Ry

Volts
Amps
Ohms

Volts
Amps
Ohms



R, R, R, R, R,IR, R;/R, Total
same

4

same Y same same Y same Y
R, R, R, R, R /IR, RylIR, Total
same

i i i

same y same same y same Y
R, R, R, R, R /IR, RylIR, Total
} same

i i i

same y same same y same Y
R, R, R, R, R,IR, R;/R, Total
i 4 same

4 i 4

same Y same same Y same Y

Volts
Amps
Ohms

Volts
Amps
Ohms

Volts
Amps
Ohms

Volts
Amps
Ohms



R, R, R, R, R,//IR, R,/IR, Total
i 4 \ A same

4 4 4

same + same same + same +
R, R, R, R, R,//IR, R,/IR, Total
Y Y 4 A Y A same

4 4 4

same + same same + same +
R, R, R, R, R,//IR, Ry/IR, Total
\ \ 4 A 1 A same

\ 4 4 4 4 4

same + same same + same +
R, R, R, R, R,//IR, R,/IR,  Total
\ \ 4 A 1 A same

\ 4 4 4 4 4 4

same + same same + same +

Volts
Amps
Ohms

Volts
Amps
Ohms

Volts
Amps
Ohms

Volts
Amps
Ohms












D’Arsonval electromechanical meter movement

50

0 100

magnet

N

magnet

L/

wire coil
T } } lcurrent through wire coil

causes needle to deflect

meter terminal
connections



A "zero-center" meter movement

0

_M_J \20




Electrostatic meter movement

—_—
force

Voltage to be measured

voltage to be measured

electron "gun”

—" U [ —
_ﬁﬂﬂ bl

x

plates "+

(vacuum)

view-
screen

P light






black test red test
lead lead



500Q FS =1mA

A
_ + I:emultiplier
VWA
black test red test
lead lead
Movement Ry yipier  Total
E Volts
I Amps
R Ohms




Movement R pier  TOtal
10
Im Im Im
500
Movement Ry pier  TOtal
10
Im Im Im
500 9.5k 10k
Movement R pier  TOtal
0.5 9.5 10
Im Im Im
500 9.5k 10k

Volts
Amps
Ohms

Volts
Amps
Ohms

Volts
Amps
Ohms



Meter movement ranged for 10 volts full-scale

500Q F.S.=1mA

R

multiplier

9.5kQ

black test red test
lead 10V lead

- |+
||
Y

10 volts gives full-scale
deflection of needle




A multi-range voltmeter

500Q F.S.=1mA

2%
q [
- +
Ry
ector § J\/\/R
range seilector 2
switch WR3
e W
4
T.— VWA
black test red test
lead vy lead
500Q FS.=1mA
-@*‘
1000V A R, =999.5kQ
range _selector 100V \/\/\/‘RZ R, = 99.5kQ
switch 10V R
M2 R;=9.5kQ
1v yvL R,=5000Q
1 off
black test red test
lead lead




black test
lead

500Q F.S.=1mA

A

/

range selector
switch

1 off R; =900 kQ
R, =90 kQ
red test R;=9kQ

lead R,=500Q



24V

EZSOMQ

+
%250 MQ (i ) voltmeter

%250 MQ

& voltmeter
%250 MQ (10 MQ)




231111V %250 MQ

08889 V]S

9.615 MQ
(250 MQ // 10 MQ)



500Q FS.=1mA

A

10(1)0 v MR R, = 999.5 kQ
range selector 10V \\Re R, = 99.5kQ
switch 10V R

e R;=9.5kQ

1V MR R, =500 Q
1 off
black test red test
lead lead

100 volt range % = 1000 Q/V sensitivity
100V

10voltrange —0K2 1000 Q/V sensitivity
10V

1voltrange K2 _ 1000 Q/V sensitivity
1V



red test
lead

Amplified voltmeter

25

?

|

-

Amplifier

— ||

black test
lead

Battery



Potentiometric voltage measurement

1

R1§250 MQ

"null" meter

R2§250 MQ

2

;Z/ adjustable
~— Voltage

B source

A



unknown mass mass standards

R1§250 MQ

_ "null" meter
1
null

7 C 2
R, %250 MQ %’ adjustable 9
voltage
T source _

Adjust voltage source until null meter reads zero. Then, read
the voltmeter to tell what the voltage is across R,




black test red test
lead lead



500Q F.S.=1mA

Y

black test

lead

Movement Ry Total
Im 5
500

Movement  Rgyun Total
0.5
Im 5
500

Movement Ry Total
0.5 0.5 0.5
Im 5
500

Y

red test
lead

Volts
Amps
Ohms

Volts
Amps
Ohms

Volts
Amps
Ohms



Movement  Rgyun Total
E 0.5 0.5 0.5
I im 4.999 5
R 500

Movement  Rgyun Total
E 0.5 0.5 0.5
I im 4.999 5
R 500 100.02m
Repunt = 1 1 1

100m 500

Ry = 100.02 mQ

Volts
Amps
Ohms

Volts
Amps
Ohms



black test
lead

A multirange ammeter

500Q F.S.=1mA

\

/(\
- +
1 ML
range selector R
switch . VW2
*~—>o VWA R3
MR
| I
red test
lead




500Q FS.=1mA

A

100 A J\NRl R; =5.00005 mQ
range selector {10A R, R, = 50.005 mQ
switch Wy -
1A WRg R; = 500.5005 mQ
100 mA WR4 R,=5.05051 Q
1 off
black test red test
lead lead v
2 2
P, = E (0.5V) ~ 50W
R,  5.00005mQ
2 2
P, = E (0.5V) ~ BW
R, 50.005 mQ
2 2
R, 500.5 mQ
2 2
P, = £ O5V)” | 495mw
R, 5.05Q



current to be
measured

current to be
measured

T

13 Ron

o)

T

voltmeter



3

1 1
Rshunt
: % Load
R
1Q
12V = R
— 15 kQ
0



2V —
666.7 MA T




2V

571.43 MA

"y

Ri nternal
05Q

T

666.7 mA

&isg

lAT

R2§1.SQ

I

Ri nternal
05Q



magnetic field
encircling the

current-carrying
conductor /

clamp-on
/ ‘\ mmeter
C#{ésgngy

magnetic field
encircling the

current -carrying
conductor /

clamp-on

am meter

/

current to be
measured/






A simple ohmmeter

500Q FS =1mA

black test red test
lead lead
500Q FS. =1mA
9V /.\_‘\
| I} - +
| I
- 18mA
black test red test
lead lead



500Q F.S.=1mA

/T\
|9V | > o X R
1| YW
Y
black test red test
lead lead
E 9V
Roa = 7= = THa

R= Ry - 500 Q = 85kQ



An ohmmeter’s logarithmic scale

3Q0
15k 790 150

o0 0

E _ 9V
I 500 pA

Riotal =




E _ 9V
| 250 pA

R = 36 kQ

Riota =

Riest = Riota = Rintera

Ry = 36 kQ - 9KQ

E 9V
Riota = =

[ 750 pA
Rigia = 12 kQ

Riest = Riotal = Rinterna
Ries = 12 kQ - 9kQ

9k

3k







|
(current)

E

4
(voltage) i

ionization potential

Simple high-voltage ohmmeter

2

Lo +
i)

black test red test
lead lead



Lo +
Iaail

black test red test
lead lead

"Megger" movement




High voltage

e UG —

2 3
VWA 4115 4115

1
VWA 4115

Red
Test leads

\

,Black

Current through coils 2 and 3;
no current through coil 1




High voltage

— 1[I i1 ——

2 3
VWA 4115 4115

o

Guérd Line Earth




cable
sheath

conductor
insulation

wire wrapped
aroun
cable sheath



—_ ——

sheath

3l té;m

Rcl—cz
conductory” <Y

conductor,

2

Line

Megger with "Guard"
connected

Sy I

Megger

Earth

wire wrapped



sheath

a2

conductor;

f2R..

Rcl—cz

conductor,
b =
Line & E|1] 1|1 ]1] 1}
~—— o
Guard

Megger

) Earth















Bridge circuit is
balanced when:

Ra_ I:el
Rx_ RZ




Electrodynamometer movement

4115
<)

% Load




Electrodynamometer movement

e

Rshunt
VWA
@ > voltage _
current - coll (moving)
_ coll
(stationary)
RmuItipIier









Storage tank

pipe or tube
\‘ 20 PSI compressed
air supply
—~— air flow
analog_ air pressure
. Signal
water "level transmitter" @ water "level indicator"
(LT) /4 w

pipe or tube



Storage tank

24V

i
— I —

!

water "level transmitter" T analog electric
(LT) current signal

- - (Ln

water "level indicator"”




Level transmitter
Level indicator

potentiometer
moved by float

two-conductor cable

float



Level transmitter
Level indicator

potentjometer
moved by float

e voltage drop

TerL L ;
e

- M
output
P — M

voltage drop

Due to voltage drops along
cable conductors, there will be
slightly less voltage across the
indicator (meter) than there is
at the output of the transmitter.

float

current source



electron flow
—_—

<¢ current source /%/

+

electron flow

Current in this circuit remains
constant, regardless of circuit
resistance. Only voltage will
change!

Level transmitter

voltage drop

Level indicator

WA
o

+

J
;

—_— | |-

output of current source

O—

float

i float position changes voltage drop

Being a simple series
circuit, current is equal
at all points, regardless
of any voltage drops!



Indicator (1-5 V instrument)

-+ -
- \/\/\/\ -
250 Q
’ +
4 - 20 mA current signal
— — — -
Transmitter Indicator

(4-20 mA instrument)



Tachogenerator

voltmeter with
scale calibrated

in RPM (Revolution
Per Minute) -

+ shaft




Seebeck voltage

iron wire -
. . -<—| small voltage between wires;
Junction < more voltage produced as

(heated) — _ ——| Junction temperature increases.
T / copper wire

Seebeck voltage



a second iron/copper
junction is formed!

4 iron wire + l - copper wire +
junction <

copper wire copper wire -

These two junctions in series form

the equivalent of a single iron/constantan
junction in opposition to the measurement
junction on the left.

iron/copper
+ iron wire copper wire
measurement
junction
constantan wire copper wire
constantan/copper
o + iron wire iron wire .
junction junction
#1 _ W) _ #2
copper wire U copper wire






- output voltage

VAR ARV VRV

copper wire
+ iron wire
< copper wire
+ iron wire
< copper wire
+ iron wire
< copper wire
+ iron wire
< copper wire
+ iron wire
< copper wire

"Thermopile”



4 iron wire copper wire +
junction L
#1 constantan wire [ copper wire -
iron wire
junction
#2 constantan wire [ . .
] ) -« reference junctions
Iron wire
junction
#3 constantan wire [
+ iron wire
junction <
) constantan wire
+ iron wire Rayamp copper wire +
junction
#lo - constantan wire copper wire -
+ iron wire Rayamp
junction
# - . The meter will register
constantan wire a more realistic average
. . R of all junction temperatures
+ iIron wire Swarmp with the "swamping'
junction resistors in place.
#3 - constantan wire
+ iron wire Rayamp
junction <

constantan wire



The pH scale

0 12 3 45 6 7 8 910 1112 13 14
T T A TR A N AN N N TR H B
A B B B B B B B B e E—

Acid =—— —> Caustic

Neutral



Voltage produced between
electrodes is proportional
to the pH of the solution

/N




wire connection point

<<

MEASUREMENT

ELECTRODE glass body

seal

silver
wire

bulb filled with
potassium chloride
"buffer" solution

very thin glass bulb,
chemically "doped"” with
— lithium 1ons so as to react
with h){grogen ions outside

voltage produced the bu
across thickness of
glass membrane



wire connection point

\

REFERENCE

ELECTRODE glass or plastic body

silver
wire

filled with ™
potassium chloride
"buffer" solution

silver chloride

porous junction



R

measurement electrode

6/5 precision voltmeter

~400 MQ
voltage  _|
produced by —
electrodes " ——
Rreference electrode
VWA
=3 kQ
R t electrod
measurement electrode @
=400 MQ U
voltage _1_ L
produced by — i
electrodes " —— voltage
R source
reference electrode

=

VWA
~3kQ






Bonded strain gauge

tension or compression along the length
of the gauge will cause the greatest
changes in resistance.

- —
—_— -

N

resistance measured
between these two points

rd

/ very thin metal wire

strain gauge conductors bonded
(cemented) to backing surface

AN N NN N

X




O
strain gage / strain gage
#1 / #2

(subjected to
mechanical force)

/

(isolated from
mechanical force)










B,

By

Rs




E=IR (E isunknown; | andR are known)
.or. ..

I :% (I is unknown;EandR are known)
.or. ..

R:IIE— (R is unknown; Eand | are known)



Ry Rs
VWWA VWWA
4Q 1Q
B, — 28V 20 3R, 7V =B,
chosen node
Ry l Rs
VWWA VWWA
4Q 1Q
B, — 28V 2Q§R2 7V — B,
Ry Rs
VWWA VWWA
4Q l Iy 1Q
+ |2T +
B, — 28V 2Q§R2 7V — B,




Kirchhoff's Current Law (KCL)
applied to currents at node

'|1+|2'|3=0

+ Ry Rs +
VWA= VWA
40 TN T 1 19
+ |2 + +
B, — 28V 2Q§R2 7V — B,




Voltmeter indicates: -28V

[+

S,
1]
3
<
W
e

-
<
Al

red
Voltmeter indicates: 0V
+ Ry ) - Rg +
VWA VWA
+ + +
— 28V 2R, Vv —
T black /o red - T-
D,
Y Y
Voltmeter indicates: a positive voltage
+E
.\ Rl ] R2 ] R3 .\
VWA VWA
red |
+

| +
+
|

— 28V @) %Rz (A=




Voltmeter indicates: a positive voltage

+E
.\ Rl_ R2 ] R3 .\
—/W— VWA
V)
+| red \Y black + +
— 28V %Rz 7V —

Kirchhoff's Voltage Law (KVL)
applied to voltage drops in left loop

Ohm’'s Law: E=IR

... Substituting IR for E in the KVL equation . . .

-28+2,+41,=0



Voltmeter indicates: a negative voltage

- ERZ
+ R, i R, +
VWA VWA
<black
+ + +
— 28V %Rz @) 7V —
~“red
Voltmeter indicates: 0V
+ Ry ) - Rg +
VWA VWA
+ + +
— 28V % R, A
T ~ /V\ T-
black 4 red
Y Y
Voltmeter indicates: +7V
R
* A «33*
- red
+ + +
— 28V 2R, V= Q)

black




Voltmeter indicates: a negative voltage

-E
R R3
+ 2 i R3+

VWW —/WW

A

(Vb |+
1 red \I/ black |~

+
+

Kirchhoff's Voltage Law (KVL)
applied to voltage drops in right loop

-l +1,-13=0 Kirchhoff's Current Law
-28+21,+41,=0 Kirchhoff's Voltage Law
-20,+7-153;=0 Kirchhoff's Voltage Law

-1, +1,-11;=0 Kirchhoff's Current Law
41, + 21, + 0l; =28 Kirchhoff's Voltage Law

ol,-21,-13=-7 Kirchhoff's Voltage Law

P

All three variables represented
in all three equations



Solutions:

l,=5A
,=4A
l;=-1A
+ Ry R,
VWS VWA=
4Q  |;5A l, 1A 1Q
+ +
B, — 28V I T R, A
T AN 2Q

Ery= 1R, = (5A)4Q) =20V
Ery=1L,R, = (4A)(2Q) =8V

Ers=1sRs=(1A)1Q) =1V



R 3
VWA
10
7V — B,
0






228+ 2(I,+1,) +41,=0

-28+2(1,+1,) +41,=0 Original form of equation
... distributing to terms within parentheses . . .
-28+21,+2,+41,=0

... combining like terms . . .

-28+6l,+21,=0 Simplified form of equation



. .. rearranging equations for easier solution . . .

6l,+21,=28
'2'1'3'2:'7
Solutions:
I,=5A
L=-1A
R
LYVVE - JF&W
4Q 1Q
Tl + 1+
B, — 28V @ %Rz @ N =
—_ ZQ —_
5A 1A




1A

5A




node 1 node 2

Y

- - —

B + +
B, — I, E R, u% R, — B,

-+, +15=0 Kirchhoff's Current Law at node 1

-lg+1,-15=0 Kirchhoff's Current Law at node 2
-Eg; +I,R, +13;R; =0 Kirchhoff's Voltage Law in left loop
-ILR, +1,R, +13R; =0  Kirchhoff's Voltage Law in middle loop

-1,R,+ Eg, - 1sRs=0  Kirchhoff's Voltage Law in right loop



-Eg + Rl + 1) +1,R; =0

“Rolz+ 1) - Ryl +13) - 1,R3 =0

Ryl 1) + Egy +15R5 =0

Kirchhoff's Voltage Law
in left loop

Kirchhoff's Voltage Law
in middle loop

Kirchhoff's Voltage Law
in right loop



R%lg



Millman’s Theorem Equation

EBl EBZ + EBS
Rl RZ RS
= Voltage across all branches
1 1 1
+
Rl RZ RS
28V oV 7V
4Q 2Q 10
=8V
1 1 1
4Q 2Q 1Q
- +
R, <20V R;< 1V
+ + - +
R %8 Vv V]
B, — 28V B




Er; =8V -28V =-20V (negative on top)
Er, =8V -0V =8V (positive on top)

Ers =8V -7V =1V (positive on top)

20V
Iy = =5A
R340
8V
R2= 50 =4A
R3 = 12/2 =1A
IRl IRB
5Al TlA
- 4AT +
R, <20V R R, 1V
R2
+ -
R2§8v
+ +
B, — 28V B, — 7V




Ry R
VWA VWA
4Q 10
B, — 28V 2Q§R2 7V — B,
Ry Rs
VA VA
4Q 1Q
B, — 28V R%m




VWA
1Q
B, — 7V
R, + Ry//R,
R; R,/IR, Total
24 4 28 Volts
6 6 6 Amps
4 0.667 4.667 Ohms
RS
VW=
Tav
R;+ Ry//R,
R; R/IR, Total
4 4 7 Volts
1 3 3 Amps
4 1.333 2.333 Ohms



N — R3
~W ~W
4V 3V
a1
+ +
R2§4v B, — 7V
With 28 V With 7 V
battery battery With both batteries
24V 4V EOV
- - + -
e S Eri —AW—
Ere Ere 24V -4V =20V
+ + +
Er: %4V Ere %4V Er: %BV
4V+4V=8V
AV 3V, L1V,
—~W— —~W— Ers —\W—
Ers Ers AV-3V=1V
Rl RS
VWS VW
20V 1V
+ + +
= — 28V R2§8V 7V = B,




With 28 V With 7 V
battery battery With both batteries
< BA — 1A < 5A
—~W— —~W— IRt /W
Irg IRy 6A-1A=5A
IRZ%TZA IRZ%TZA IR2%T4A
2A+2A=4A
-— 4A —» 3A -— 1A
—~W— —~W— lrg —VVV—
'rs 'rs 4A-3A=1A
Rl R3
VWA VWA
< 5A -— 1A
+ +
B, — 28V 4AT§R2 B, — 7V







Ry R;

VA VA

4Q | 10
B, — 28V R%(Load) B, — 7V

— 20 —
Thevenin Equivalent Circuit
RThevenin
VWWA .
Ehevenin — R, % (L oad)
1 20




R1 R3
VWA VWA
40 ! 10
— Load resistor —
B, — 28V removed B, — 7V
R; R; Total
E 16.8 4.2 21 Volts
I 4.2 4.2 4.2 Amps
R 4 1 5 Ohms
R, 4Q R; 1Q
M AW
16.8V 1 42V
+ + +
B, — 28V [11.2V] B, — 7V
. - _
42A —> 42A —>



Thevenin Equivalent Circuit

RThevenin
Ethevenin_— 11.2V R, %(Load)
T 2Q
1 R,
VWA AN
4Q 1Q
A
080
Y
Thevenin Equivalent Circuit
RThevenin
08Q
Erhevenin_—_ 11.2V R, %(Load)
T 2Q




RThevenin RLoad Total

3.2 8 11.2 Volts

4 4 4 Amps

0.8 2 2.8 Ohms




R R;
VA VA
4Q ! 1Q
B, — 28V R%(Load) B, — 7V
— 20 —
Norton Equivalent Circuit
| R R; < (Load)
Norton <*> Norton% 2 Q %
1 RS
VA A%
4Q l 10
p— Load resistor p—
Bl _— 28V removed Bz — 7V




R, Rs
VWA VWA
4Q = ' > 1Q
7A 7A
+ +
B, — 28V T14A B, — 7V
) lshort = lr1 * ro )
Norton Equivalent Circuit
I Norton <*> RNorton % 2R£_22 % (Load)
14 A l




Norton Equivalent Circuit

INorton <$> RNorton% 0.8Q 2R§22 %(Load)

14A l
RNorton RLoad Total
8 8 8 Volts
10 4 14 Amps
0.8 2 571.43m | Ohms




Thevenin Equivalent Circuit

RThevenin

08Q

— 112V

ETheveni n




Norton Equivalent Circuit

INorton <$> RNorton% 0.8Q

14Al

RThevenin = RNorton

EThevenin = INortonRNorton

ETheveni n

I Norton R
Thevenin



Millman’s Theorem Equation

+ +
Rl RZ RS
= Voltage across all branches
1 1 1
+ +
Rl RZ RS




EBl EBZ EBB
liota = + +
Rl R2 RB
Riota =
1 1
+ +
Rl RZ RS
14 A D 571.43 mQ

Era = (14 A)(571.43 mQ)

Biota =8V

Millman’s Theorem Equation

E E E
BL  FB2 _ FB3
Ry R> R3
1 1 1
+ +
Ry R, Rs

E E E
BL , 82 a3
Ry R, Rs
1 1 1
— + +
Ry R, Rs



<
-¢

14 A D

+
571.43 mQ

<
-¢

Ohm'’s Law: IXR=E

E E E
RBl + RBz + ;3 X 1
1 2 3 1 + 1 + 1
Ry R, R
.or. ..
E E E
RBl + Rsz + B3
! 2 3 = (total voltage)
1 1 1

(total current) x (total resistance) = (total voltage)

= (total voltage)



RThe'veni n

08Q
Eheverin— 112V RLME 0.8Q
RThevenin RLoad Total
E 5.6 5.6 11.2 Volts
I 7 7 7 Amps
R 0.8 0.8 1.6 Ohms
P 39.2 39.2 78.4 Watts
RThe-\/enin RLoad Total
E 6.892 4.308 11.2 Volts
I 8.615 8.615 8.615 | Amps
R 0.8 0.5 13 Ohms
P 59.38 37.11 96.49 | Watts




T U — m

Rhevenin RLoad Total
4.716 6.484 11.2
5.895 5.895 5.895

0.8 11 1.9
27.80 38.22 66.02

Volts

Amps
Ohms
Watts



Delta (4) network

R
A AC C
VWA
Rag Rsc
B

Pi (I'T) network

A &;@ c

RAB% § Rsc

wi

To convert a Delta (4) to a Wye (Y)

_ Rag Rac
Ry =
Rag + Rac + Rec
R.g R
Ry = AB Rec
Rag + Rac + Rec
R, R
Re= ac Rec

Rag + Rac + Rec

Wye (Y) network

A C

Tee (T) network

To convert a Wye (Y) to a Delta (A)

RaRg + RaRc + RgRc

Ran =
AB Re
RaRs + RaRc + ReRe
Rgc =
Ra
RaRg + RaRc + RgRc
Rac=

Re



Ry R,
12Q 18Q
1 R
0V — VA
T 6Q
R4 R5
18Q 120

Selecting Delta (4) network to convert:




Aconvertedtoa Y

10V —
(12 Q)(18 Q) _ 216 _ .o
= = =
(12Q) + (18Q) + (6 Q) 36
(12Q)(6 Q) _ 2,4
.= - =
(12Q) + (18Q) + (6 Q) 36
(18 Q)(6 Q) _ 18 _ .,
o= - =
(12Q) + (18Q) + (6 Q) 36

10V —




Ry Rg Re R, Rs
E 4.118 588.24m 1.176 5.294 4.706
| [686.27m | 294.12m | 392.16m | 294.12m | 392.16m
R 6 2 3 18 12
Re + Ry
Re+R;, R:+Rs  R:+Rs Total
E 5.882 5.882 5.882 10 Volts
[ 294.12m | 392.16m | 686.27m | 686.27m | Amps
R 20 15 8.571 14571 Ohms
A
+
. RySE.118V N
4706 V - 5.294 \/
k 0588 )
V
* \
0V — B
B +
5.294
V
Eng=4.706V
Epc=5294V

Ep.c = 588.24 mV

Volts
Amps
Ohms



Iy =

lro =

lgs =

lra =

Igs =

10V

5204
476 9
470V _39216mA
120
524V _o9412maA
180
58824V _ oo
60
524V _o9410mA
180
AT06V 390 16mA
20
1 1
R, R,
120 180
aE R,
— 2 AAA 3
- 50
R, 4
180Q 120
0













@ = electron

@ = proton
@ = neutron






Voltaic cell

electrodes

The two electrodes are made of different materials,
both of which chemically react with the electrolyte
in some form of ionic bonding.



Lead-acid cell discharging

N load
VWA

D — I

PbO, electrode Pb electrode

At (+) electrode: PbO, + H,SO, —> PbSO, + H,0 + O
At (-) electrode: Pb + H,SO, —> PbSO, + 2H



Lead-acid cell charging

PbO, electrode Pb electrode

At (+) electrode: PbSO, + H,O0+ O —> PbO, + H,SO,
At (-) electrode: PbSO, + 2H —>= Pb + H,SO,



Cell

Battery

AllE

2.2V
|+

22V
Lt

22V
Lt

22V
Lt

22V
Lt

22V
Lt

132V n




symbol for a battery with
an unusually high voltage

=[P

Real battery

Ideal battery (with internal resistance)
—-— 8.333A
-— 10A
— 02Q
10V — %1 Q
T 1Q
Ejoeq = 10V
10V — Ejoeq = 8.333V



0.294% 0.294% 0.294% 0.294% 0.294%
22V — 22V — 22V — 22V — 22V —

T i

equivalent to +

N
0.04 Qi

22V







Scenario for a moderately discharged battery

01Q ¥

©

132V — -
No load

5Q +

©

130V — )
No load

20Q +

©

115V _— -

No load

Scenario for a fully charged battery

Voltmeter indication:
132V

132V

T

+

1000 (V)

Scenario for a slightly discharged battery

Voltmeter indication:

Voltmeter indication:
115V

Under load

130V —

+

100Q (V)

Under load

20Q

115V _—

+

1000 (V)

Under load

Voltmeter indication:
13187V

Voltmeter indication:
12.381V

Voltmeter indication:
9.583V



50Q

75V —

Continuous current (in Amps) =

Charge/discharge time (in hours) =

L

No load

G

Scenario for a dead battery

¢ Voltmeter indication:

) 75V

Amp-hour rating

75V —

Under load

Charge/discharge time (in hours)

Amp-hour rating

Continuous current (in Amps)

%1009 @j Voltmeter indication:

5V



Mercury "standard" cell

glass bulb
+ cadmium .
sulphate
\ | solution . /(N
N— Ire

wire

cork washer —=|_ _|=~— cork washer

mercurous __§ | cadmium
sulphate sulphate
solution

mercury cadmium amalgam



Hydrogen/Oxygen fuel cell

_ load
VWA

—_— —

electrodes

rd

N

- +
hydrogen in —I, ET i l—_
— H2 e H+—>: 02 —
H, ET H*—»i 0,
H |1 | ©
' electrolyte
S T
H |1 € | o
| HY —)
H; :T 'l O2
e |
X L
membranes

l

water out

oxygen in



Solar cell

wires thin, round wafer of

crystalline silicon

e

w4
<

schematic symbol



T ||+ ||+ - ||+ T ||+
RN | | RN
- +
VWA
load
+ + + +
— — — — %Ioad
Lt L+ B L+ . L+
fuse
- +
VWA




main
fuse

load












wire resistance

W%
+ \+vgltage-/ T\

il . rop

Source — Load something less than
e voltage source Voltage

- dro -
L

wire resistance




Cross-sectional area

end-view of is 0.008155 square inches

solid round wire

- 0.1019
inches

A =112

A= (31416 / 0.1019 inch%\2
=@ )\ > /

A =0.008155 sguare inches

Cross-sectional area

end-view of is 8155.27 square mils

solid round wire




A =112 ,
101.9mils
A =(3.1416) #

A =8155.27 square mils

Circular Wire Area Formula

A=d
Area = 0.7854 square mils Area = 1 square mil
Area = 1 circular mil Area = 1.273 circular mils

.,

1 mil 1 mil



Area = 3.1416 square mils Area = 4 square mils
Area = 4 circular mils Area = 5.0930 circular mils

e

2 mils 2 mils






A=1?  (Square units)

A=d? (Circular units)





















C
(%]
|1 —




J blown
480 V fuse

drop
;:E % Load

480V —
T

When the fuse "blows," full
supply voltage will be dropped
across it and there will be no
current in the circuit.

excessive A arc!

voltage |
i % Load

480V —

—
If the voltage across the blown
fuse is high enough, a spark may
jump the gap, allowing some
current in the circuit. THIS WOULD
NOT BE GOOD!!!




llHOtll

2\

_ blown fuse

T o I

"Neutral"

no voltage between either side —
of load and ground

"Hot"

/

"Neutral"

voltage present between either side
of load and ground!






[+——2300 feet ——1

wire resistance

VWA
—25A

230V — Load
— (requires at least 220 V)

25A —>
—/\W!
wire resistance







A = (10.00 Q-cmil/fty (22001t
020

A =116,035 cmils

R=p—
P A
R = (10.09 Q-cmil/ft) (2000 feet )
4107 cmil
R=5.651 Q
[+——2300 feet ——1
wire resistance
VA
5651 Q
230V — Load
— (requires at least 220 V)
5651 Q
VA

wire resistance



Area = Width x Height
A =(4cm)(3cm)

A =12 square cm

|
R=p—
pA

R = (2.65 x 10° Q-cm) <125—°m>
12 cm?

R = 27.604 pQ



R= Rref [1 + G(T - Tref)]

Where,
R = Conductor resistance at temperature "T"

R« = Conductor resistance at reference temperature
T, Usually 20° C, but sometimes 0° C.

o = Temperature coefficient of resistance for the
conductor material.

T = Conductor temperature in degrees Celcius.

T+ = Reference temperature that a is specified at
for the conductor material.



Rwi rel = 150
VWA

14V = Temp=20T R|oad§250 Q
VWWA
Rwire#z =15Q
Wire, Wire, Load Total
E 0.75 0.75 12.5 14
I S0m S0m S0m S0m
R 15 15 250 280

R =Ry [1+a(T - Tre)]

R = (15 Q)[1 + 0.004041(35° - 20%)]

R =15.909 Q

Wire, Wire, Load Total
E 0.79 0.79 12.42 14
| | 49.677m | 49.677m | 49.677m | 49.677m
R | 15.909 15.909 250 281.82

Volts
Amps
Ohms

Volts
Amps
Ohms



R=Re [1+0(T - Tr)]

Where,
R = Conductor resistance at temperature "T"

R« = Conductor resistance at reference temperature
T, Usually 20° C, but sometimes 0° C.

o = Temperature coefficient of resistance for the
conductor material.

T = Conductor temperature in degrees Celcius.

T,« = Reference temperature that a is specified at
for the conductor material.






electrons will flow unimpeded by
resistance, continuing to flow
forever!
















Capacitor symbols

+ 1

. T

modern
obsolete



deficiency of electrons

| +

T+t [ t++  metal plate

o metal plate

s

excess free electrons

voltage (charge) sustained with
the capacitor open-circuited




Energy being absorbed by
the capacitor from the rest

of the circuit.
- |
. to the rest of C ::J’ increasing
the circuit - voltage

| —
The capacitor acts as a LOAD

Energy being released by the
capacitor to the rest of the circuit

| —

. to the rest of C ::J’ decreasing
the circuit - voltage

- |
The capacitor acts as a SOURCE






"Ohm'’s Law" for a capacitor

|:C—dt

Where,
i = Instantaneous current through the capacitor

C = Capacitance in Farads

dv
—— = Instantaneous rate of voltage change
dt  (volts per second)

Ammeter
(zero-center)

T

— </ | ]

| +

I
&
+




Capacitor

voltage
EC
Time —
Potentiometer wiper not moving
Capacitor
current
lc
Time —>
Potentiometer wiper moving
slowly in the "up" direction
Steady current
+ 4 7/7\7
— </ |1
e - -
— + _
- T__ Increasing
. voltage




T e

Capacitor ’//’ P S
voltage I change

EC
Time —>
Potentiometer wiper moving slowly "up"
Capacitor
current
lc
Time —>
Potentiometer wiper moving
quickly in the "up” direction
(greater)
Steady current
: t 4
— << [
— ~~ |4 + (faster)
- T__ Increasing
T voltage




’<7Time — ¥

Capacitor \éﬁg?]%‘g
voltage *
Ec

Time —

Potentiometer wiper moving quickly "up"

Capacitor
current

lc

Time —



Capacitor

voltage
EC
Time —>
Potentiometer wiper moving "up" at

different rates

Capacitor -

current
IC
|

Time —

Potentiometer wiper moving
in the "down" direction

| +

<

Lo
iy

+

— + _
- l Decreasing
1. voltage




less capacitance

less capacitance

.
T

more capacitance

more capacitance

.
B



less capacitance more capacitance

L

air — L g|ass

(relative permittivity (relative permittivity
= 1.0006) =7.0)



Where,

C = Capacitance in Farads

€ = Permittivity of dielectric (absolute, not
relative)

A = Area of plate overlap in square meters
d= Distance between plates in meters



equivalentto —>= __ Cyya

1
Ctotal = 1 1 1
-+ + R
G G C,
C, C, equivalentto —>

Parallel Capacitances

CtotaI: C1+ C2"'-'- Cn

Ctota]



Electrolytic ("polarized")
capacitor

i curved side of symbol is
_’I\ always negative!

Capacitor equivalent circuit

Rseries

% RI eakage

Cidea =T



















... after breaking in half . . .






(unmagnetized)







The "left-hand" rule

AN



Relay
P

3

Applying current through the coil
causes the switch to close.

Multiple-contact

relay
BV AR Relay with "normally-
Ao closed" contact
iy e

3 3






Unit of Measurement

and abbreviation

Quantity | Symbol
CGS Sl English
Field Force | mmf | Gilbert (Gb) Amp-turn Amp-turn
Field Flux ® | Maxwell (Mx)| Weber (Wh) Line
Field Amp-turns Amp-turns
Intensity H | Oersted (Oe) perpmeter pelr3 inch
Flux Lines per
Density B Gauss (G) Tesa(T) | square fheh
Gilberts per Amp-turns Amp-turns
Reluctance O M axweFI)I per \F;Veber peP line
- Gaussper | Tedameters | LiNESper
Permeabilit inch-Amp-
y| H Oersted | per Amp-turn P

A comparison of "Ohm’s Law" for
electric and magnetic circuits:

E=IR

Electrical

mmf = &

Magnetic




A comparison of electrical
and magnetic opposition:

I
R=p—
pA

Electrical

Flux density
(B)

J=—

HA
Magnetic
sheet steel
et eI cast steel
cast iron

Field intensity (H)



Flux density
@

Field intensity (H)




Flux density
(B)

Field intensity (H)

Flux density
(B)

Field intensity (H)




Flux density
(B)
Field intensity (H)

Flux density
(B)

Field intensity (H)



An ideal steering system

angle of front wheels
(right)

rotation of

(Ccw)

(left)

A "loose" steering system

angle of front wheels
(right)

(CW) steering wheel

rotation of

(ccw)

(left)

~amount of "looseness"
in the steering mechanism

(W) steering wheel



Hysteresis curve for ferrite

Flux density

(B)

Field intensity (H)




Electromagnetic induction

_current changes direction /
with change in miagnet motion

- 1+ voltage changes polarit
@) with ch%nge ingmagpnet m)c/Jtion

N
S
- —_—
magnet moved
back and forth
do
e=N—
dt
Where,

e= (Instantaneous) induced voltage in volts

N = Number of turns in wire coil (straight wire = 1)
@ = Magnetic flux in Webers

t= Time in seconds









Torque-reducing geartrain
Large gear
(many teeth)

Small gear
(few teeth)

low torque, high speed

high torque, low speed

"Step-down" transformer

high voltage

low voltage

AC voltage <f\/> many

source turng =few turns Load

high current

low current













Inductor symbols

: 3|

generic, or air-core iron core
iron core generic
(alternative) (newer symbol)
-




—_

current sustained with
the inductor short-circuited

Energy being absorbed by
the inductor from the rest
of the circuit.

~— increasing current

+ N\
e st volage a5

increasing current —>

The inductor acts as a LOAD



Energy being released by
the inductor to the rest
of the circuit.

—~—decreasing current
. to the rest of ) voliaae dro
the circuit
M
decreasing current —>

The inductor acts as a SOURCE




"Ohm'’s Law" for an inductor

V= L_dt

Where,

v = Instantaneous voltage across the inductor

L = Inductance in Henrys
L = Instantaneous rate of current change
dt  (amps per second)



Voltmeter
(zero-center)

T

]

+
N
&)
Inductor
current
IL
Time —>
Potentiometer wiper not moving
Inductor
voltage
E

Time —



Potentiometer wiper moving
slowly in the "up” direction

Steady

/7\, voltage

hd

[

=+ -
- -

= 1]

—_— -

| +

A +
(o
Increasing

current



Inductor
current

I

Inductor
voltage

E

Inductor
current

I

Inductor
voltage

E

r—Time —»‘—i
R

Time —

Potentiometer wiper moving slowly "up”

Time —

Time —

Potentiometer wiper moving "up” at
different rates

Time —




Potentiometer wiper moving
in the "down" direction

4

| +

- \/
= =]
— -®+

Decreasing
current




Neon lamp

o

| +

2115

Switch

no light

| +




| +

less inductance more inductance

3 :

less inductance more inductance

3 =



less inductance more inductance

3

less inductance more inductance
air core soft iron core
(permeability = 1) (permeability = 600)
2
L= NpHA
I
Where,

L = Inductance of coil in Henrys

N = Number of turns in wire colil (straight wire = 1)

K = Permeability of core material (absolute, not relative)
A = Area of coil in square meters

| = Average length of coil in meters












- |total voltage drop | *

voltage voltage
dropg dropg
oL \‘+ I L \+
2115 2115

increase in current —

Series Inductances

Ligg =Ly +Lo+...L,

+ + |
ILlT Ly ILZT L, |vgltage
- -

. total
increase in current —>

Parallel Inductances













100 pF

Capacitor voltage

16—
14— 7
12— /
107
8 — !
6 — !
4—
2

0 1
01 2

T T T T 1 11
3456789 10

Time (seconds)









16—
14—

12—

Inductor voltage 10— \
8— |

6—

a— N

2 h

Time (seconds)









For resistor-capacitor circuits:
T=RC

For resistor-inductor circuits:

L

I= —
R

Percentage of change = <1 %) x 100%
€

<1- i) x 100% = 63.212%
el

<I. - %) X 100% = 86.466%
€

<I. - i) X 100% = 99.995%
elo



Universal Time Constant Formula

Change = (Final-Start) <1 - i>
etjt
Where,

Final = Value of calculated variable after infinite time
(its ultimate value)

Start = Initial value of calculated variable
e= Euler’'s number (=2.7182818)
t= Time in seconds

T = Time constant for circuit in seconds

Switch
R
Vo A
10kQ
15V _— C == 100 uF

T=RC
T = (10 kQ)(100 pF)
T =1 second



Change = (Final-Start) <1 L >
et/T

Change=(15V -0V) < 1>

1
Change=(15V -0V) < >
e7.25/1

Change = (15 V - 0V)(0.99929)

Change = 14.989 V

15V
10kQ

Starting current =

Starting current = 1.5 mA

Change=(0mA - 1.5mA) <1 ! >
e7.25/1

Change = (0 mA - 1.5 mA)(0.99929)

Change = - 1.4989 mA



E

R

_ 15V -14.989V

- 10 kQ

| = 1.065 pA

Switch




Change=(15A-0A) <1 1>

e3.5/1
Change = (15 A - 0 A)(0.9698)

Change = 14.547 A

Er= (14547 A)(1Q)

En= 14547V

Bl = Boatery - Er
E =15V -14547V
E, =0.453V

Universal Time Constant Formula

Change = (Final-Start) <1 i>
et/T

Where,

Final = Value of calculated variable after infinite time
(its ultimate value)

Start = Initial value of calculated variable
e= Euler's number (=2.7182818)
t= Time in seconds
T = Time constant for circuit in seconds






Capacitor and inductor discharge

Stored D|SS|pated Stored D|SS|pated
energy energy energy energy

% /heat g/heat

Time —» Time —»



Potential energy storage
and release

Cart

|

gravity

S/O,OG

Kinetic energy storage
and release




15V —



Change=(75A-5A) <1 Wls> Calculating current
0.

.or. ..

Change=(0V -5V) <1 t/§5> Calculating voltage

€



Ry
Yo A
2kQ
20V — Rzisoosz C == 100 pF
R,
VWA
3kQ
Switch
(closed) R,
o—T VWA
2KQ
20V = R, %500 Q Thsvenin = 18182 v
R3
A
3kQ
R, R, Rs Total
E 7.273 1.818 10.909 20 Volts
I 3.636m | 3.636m | 3.636m | 3.636m | Amps
R 2k 500 3k 5.5k Ohms




Switch

Thevenin
resistance =454.545Q

(closed) R,
o—7 VWA
2kQ
R, %500 0
R3
VA
3kQ

RThe'venin = RZ 1 (Rl o R3)

Rrpevenin = 500 Q // (2kQ + 3kQ)

Rrhevenin = 454.545 Q

L 100 pF

Switch
Thevenin
Vo A
454.545 Q
EThe'venin e —
1.8182V —/ 1
T=RC

T = (454.545 Q)(100 pF)
T = 45.4545 milliseconds




Change = (Final - Start) <1— 1 >
et/r

Change= (L8182V -0V) (1- — =
eGOm/45.4545m

Change = (1.8182 V/)(0.73286)

Change=1.3325V






Change = (Fina-Start) <1 -

et/r



t=1 <| n 1 >
1 Change

" Find - Start

Switch

15V _— Cc == 100pF

t=( second)<|n ! >
12970V

15vV-0V

1

t = (1 second)in ———
0.13534
t = (1 second)In 7.389

t = (1 second)(1.618)

t = 2 seconds



o
1 Change

) Fina - Start




























































