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B
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B
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M
agnetic strength is determ

ined
M

agnetic strength is determ
ined

by the density of m
agnetic flux, 

by the density of m
agnetic flux, 

w
hich flow

s from
 the N

orth pole 
w

hich flow
s from

 the N
orth pole 

to the S
outh pole.

to the S
outh pole.

W
hen current flow

s through a w
ire, a 

W
hen current flow

s through a w
ire, a 

m
agnetic flux is generated around the 

m
agnetic flux is generated around the 

w
ire according to the right hand rule, 

w
ire according to the right hand rule, 

assum
ing current flow

s from
 +

assum
ing current flow

s from
 +

ve ve
to 
to – –ve ve

and the flux direction N
 to S

. 
and the flux direction N

 to S
. C

S
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ee
C
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B
asics of a D

C
 M

otor (
B

asics of a D
C

 M
otor (con’t

con’t)_ )_

W
hen live w

ire (w
ith D

C
 current flow

ing) is placed into a 
W

hen live w
ire (w

ith D
C

 current flow
ing) is placed into a 

m
agnetic field, a force is generated, w

hich w
ill push the 

m
agnetic field, a force is generated, w

hich w
ill push the 

w
ire to side w

here the m
agnetic flux is w

eaker.
w

ire to side w
here the m

agnetic flux is w
eaker.

The force generated is proportional to the strength of the 
The force generated is proportional to the strength of the 

m
agnetic flux, 

m
agnetic flux, � �

and the current flow
ing in the w

ire, I.
and the current flow

ing in the w
ire, I.
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B
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W
hen this effect is 

W
hen this effect is optim

ised
optim

ised
and configured in a loop, w

ith a 
and configured in a loop, w

ith a 
brush to change the flow

 of current in the w
ire, the 

brush to change the flow
 of current in the w

ire, the 
resultant linear m

otion can be transform
ed into a 

resultant linear m
otion can be transform

ed into a 
rotational m

otion and the linear force transform
ed into  

rotational m
otion and the linear force transform

ed into  
effective torque. 
effective torque. 
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The torque generated can be calculated as:
The torque generated can be calculated as:

� �
= K
= K

t t
� �

F F
I IA A

w
here

w
here

� �
= Torque
= Torque

K K
t t = Torque constant
= Torque constant

� �
F F

= Field Flux
= Field Flux

I IA A
= A

rm
ature current

= A
rm

ature current

The rotational speed of the m
otor is determ

ined by:
The rotational speed of the m

otor is determ
ined by:

N
 = ( E

N
 = ( E

T T
– –

I IA A
R R

A A
) / K
) / K

V V
� �

F F

w
here

w
hereN

 = speed
N

 = speed
E E

T T
= term

inal voltage
= term

inal voltage
I IA A

= A
rm

ature current
= A

rm
ature current

R R
A A

= arm
ature resistance

= arm
ature resistance

K K
V V

= voltage constant  
= voltage constant  � �

F F
= Field Flux 
= Field Flux 

In practice, the w
ire w

ill be w
ound into a core of m

ultiple loop
In practice, the w

ire w
ill be w

ound into a core of m
ultiple loops. 

s. 
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G
eneral M

otor D
rives

G
eneral M

otor D
rives

2 m
ain characteristics of the D

C
 m

otor are:
2 m

ain characteristics of the D
C

 m
otor are:

• •
S

peed is proportional to the applied voltage
S

peed is proportional to the applied voltage
• •

C
urrent is proportional to the load carried by the m

otor.
C

urrent is proportional to the load carried by the m
otor.

Thus, in order to control the m
otor perform

ance, logically 
Thus, in order to control the m

otor perform
ance, logically 

speaking, w
e should be controlling the voltage being sent 

speaking, w
e should be controlling the voltage being sent 

to the m
otor, w

ith sufficient current lim
it from

 the source.
to the m

otor, w
ith sufficient current lim

it from
 the source.

This is not done in practice, as variable analog voltage output 
This is not done in practice, as variable analog voltage output 

w
ith large current is not available, and is not practical.

w
ith large current is not available, and is not practical.

The solution is to efficiently control the pow
er being sent to t

The solution is to efficiently control the pow
er being sent to the 

he 
m

otor through the P
W

M
 m

ethod.
m

otor through the P
W

M
 m

ethod.
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Introduction to P
ulse W

idth M
odulation (P

W
M

)
Introduction to P

ulse W
idth M

odulation (P
W

M
)

A
 P

W
M

 signal consists of a fixed frequency logic pulse train 
A

 P
W

M
 signal consists of a fixed frequency logic pulse train 

w
ith controllable duty cycle.

w
ith controllable duty cycle.

Im
agine a norm

al clock signal, i.e. 50%
 duty cycle, as show

n 
Im

agine a norm
al clock signal, i.e. 50%

 duty cycle, as show
n 

below
 is sent to an electronic sw

itch.
below

 is sent to an electronic sw
itch.

The blue section w
ill be the sw

itch
The blue section w

ill be the sw
itch- -on period. If applied 

on period. If applied 
voltage is V

, then the equivalent voltage is V
/2, as show

n 
voltage is V

, then the equivalent voltage is V
/2, as show

n 
by the green line, w

hich is 50%
 of V

.
by the green line, w

hich is 50%
 of V

.
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P
W

M
 (

P
W

M
 (con’t

con’t) )

If a low
er duty cycle is set, say 25%

, then the P
W

M
 signal w

ill 
If a low

er duty cycle is set, say 25%
, then the P

W
M

 signal w
ill 

look like this.
look like this.

The equivalent output voltage shall then be V
/4.

The equivalent output voltage shall then be V
/4.

If a higher duty cycle of 75%
 is used, then the output w

ill be 
If a higher duty cycle of 75%

 is used, then the output w
ill be 

sim
ilar to 3V

/4.
sim

ilar to 3V
/4.
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P
W

M
 (

P
W

M
 (con’t

con’t) )

P
W

M
 C

ircuit 1
P

W
M

 C
ircuit 1
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P
W

M
 (

P
W

M
 (con’t

con’t) )

P
W

M
 C

ircuit 2
P

W
M

 C
ircuit 2

U
sing 2 LM

555 tim
er chips. P

W
M

 is controlled by 5K
ohm

 
U

sing 2 LM
555 tim

er chips. P
W

M
 is controlled by 5K

ohm
 

variable resistor. 
variable resistor. 
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P
W

M
 (

P
W

M
 (con’t

con’t) )

P
W

M
 signals can also be generated by m

any M
icrocontrollers 

P
W

M
 signals can also be generated by m

any M
icrocontrollers 

directly, w
ithout having to build external circuitries. For 

directly, w
ithout having to build external circuitries. For 

such situations, only the driver circuits need be 
such situations, only the driver circuits need be 
incorporated. E

xam
ples of D

river chips are the L293D
 

incorporated. E
xam

ples of D
river chips are the L293D

 
and the L298N

. 
and the L298N

. 
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G
ears &

 G
earbox

G
ears &

 G
earbox

P
rinciples of operation for gear trains are sim

ilar to that of t
P

rinciples of operation for gear trains are sim
ilar to that of the 

he 
lever. In the lever system

, the balancing force is inversely 
lever. In the lever system

, the balancing force is inversely 
proportional to the m

om
ent arm

, as show
n below

.
proportional to the m

om
ent arm

, as show
n below

.

In equilibrium
:

In equilibrium
:

F1.a1 = F2.a2
F1.a1 = F2.a2

G
ears are norm

ally used to change the output torque and 
G

ears are norm
ally used to change the output torque and 

speed of a rotary actuator. 
speed of a rotary actuator. 

The input shaft is connected to the 
The input shaft is connected to the 
actuator and norm

ally to a sm
aller gear.

actuator and norm
ally to a sm

aller gear.
The output shaft connects to the w

heel 
The output shaft connects to the w

heel 
or linkages and a bigger gear.
or linkages and a bigger gear.C
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G
ears &

 G
earbox (

G
ears &

 G
earbox (con’t

con’t) )

If If 
S

haft 1 = input shaft &
 S

haft 2 = output shaft
S

haft 1 = input shaft &
 S

haft 2 = output shaft
Let
Let

T1 = input torque, T2 = output torque
T1 = input torque, T2 = output torque
w

1 = input rotational speed, and
w

1 = input rotational speed, and
w

2 =output rotational speed
w

2 =output rotational speed

Then,
Then,w

2 = w
1 x r1 / r2, and T2 = T1 x r2 / r1

w
2 = w

1 x r1 / r2, and T2 = T1 x r2 / r1

Thus, if r2 > r1 then
Thus, if r2 > r1 then

w
2 < w

1, and 
w

2 < w
1, and 

T2 > T1
T2 > T1

The gears can be appended to create gear trains to achieve highe
The gears can be appended to create gear trains to achieve higher r 

m
agnification factors, but the efficiency can take a beating !!

m
agnification factors, but the efficiency can take a beating !!

H
uge gear trains can have efficiency as low

 as 20%
, due to frict

H
uge gear trains can have efficiency as low

 as 20%
, due to friction, etc.

ion, etc.
M

ultiple gears placed in plenary m
anner m

ay increase the efficie
M

ultiple gears placed in plenary m
anner m

ay increase the efficiency 
ncy 

slightly.
slightly.
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 S
ervo M

otors
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 S

ervo M
otors

A
 S

ervo is a sm
all device that has an output shaft. This shaft c

A
 S

ervo is a sm
all device that has an output shaft. This shaft can be 

an be 
positioned to specific angular positions by sending the servo a 
positioned to specific angular positions by sending the servo a 
coded signal. A

s long as the coded signal exists on the input 
coded signal. A

s long as the coded signal exists on the input 
line, the servo w

ill m
aintain the angular position of the shaft.

line, the servo w
ill m

aintain the angular position of the shaft.A
s 

A
s 

the coded signal changes, the angular position of the shaft 
the coded signal changes, the angular position of the shaft 
changes. In practice, servos are used in radio controlled 
changes. In practice, servos are used in radio controlled 
airplanes to position control surfaces like the elevators and 
airplanes to position control surfaces like the elevators and 
rudders. They are also used in radio controlled cars, puppets, 
rudders. They are also used in radio controlled cars, puppets, 
and of course, robots.
and of course, robots.
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S
ervos are extrem

ely useful in robotics. The m
otors are sm

all, a
S

ervos are extrem
ely useful in robotics. The m

otors are sm
all, as you 

s you 
can see by the picture on the right, have built in control 
can see by the picture on the right, have built in control 
circuitry, and are extrem

ely pow
erful for their size. A

 standard
circuitry, and are extrem

ely pow
erful for their size. A

 standard
servo such as the Futaba S
servo such as the Futaba S

- -148 has 42 oz/inches of torque, 
148 has 42 oz/inches of torque, 

w
hich is pretty strong for its size. It also draw

s pow
er 

w
hich is pretty strong for its size. It also draw

s pow
er 

proportional to the m
echanical load. A

 lightly loaded servo, 
proportional to the m

echanical load. A
 lightly loaded servo, 

therefore, doesn't consum
e m

uch energy. The guts of a servo 
therefore, doesn't consum

e m
uch energy. The guts of a servo 

m
otor are show

n in the picture below
. Y

ou can see the control 
m

otor are show
n in the picture below

. Y
ou can see the control 

circuitry, the m
otor, a set of gears, and 

circuitry, the m
otor, a set of gears, and 

the case. Y
ou can also see the 3 w

ires 
the case. Y

ou can also see the 3 w
ires 

that connect to the outside w
orld. O

ne 
that connect to the outside w

orld. O
ne 

is for pow
er (+5volts), ground, and the 

is for pow
er (+5volts), ground, and the 

w
hite w

ire is the control w
ire.

w
hite w

ire is the control w
ire.
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S
o, how

 does a servo w
ork? The servo m

otor has som
e control 

S
o, how

 does a servo w
ork? The servo m

otor has som
e control 

circuits and a potentiom
eter (a variable resistor) that is 

circuits and a potentiom
eter (a variable resistor) that is 

connected to the output shaft. In the picture above, the pot can
connected to the output shaft. In the picture above, the pot can
be seen on the right side of the circuit board. This pot allow

s 
be seen on the right side of the circuit board. This pot allow

s 
the control circuitry to m

onitor the current angle of the servo 
the control circuitry to m

onitor the current angle of the servo 
m

otor. If the shaft is at the correct angle, then the m
otor shut

m
otor. If the shaft is at the correct angle, then the m

otor shuts s 
off. If the circuit finds that the angle is not correct, it w

ill
off. If the circuit finds that the angle is not correct, it w

illturn the 
turn the 

m
otor the correct direction until the angle is correct. The outp

m
otor the correct direction until the angle is correct. The outp

ut 
ut 

shaft of the servo is capable of traveling som
ew

here around 180 
shaft of the servo is capable of traveling som

ew
here around 180 

degrees. U
sually, it is som

ew
here in the 210 degree range, but i

degrees. U
sually, it is som

ew
here in the 210 degree range, but it t 

varies by m
anufacturer. A

 norm
al servo is used to control an 

varies by m
anufacturer. A

 norm
al servo is used to control an 

angular m
otion of betw

een 0 and 180 degrees. A
 norm

al servo is 
angular m

otion of betw
een 0 and 180 degrees. A

 norm
al servo is 

m
echanically not capable of turning any farther due to a 

m
echanically not capable of turning any farther due to a 

m
echanical stop built on to the m

ain output gear.
m

echanical stop built on to the m
ain output gear.
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The am
ount of pow

er applied to the m
otor is proportional to the 

distance it needs to travel. S
o, if the shaft needs to turn a large 

distance, the m
otor w

ill run at full speed. If it needs to turn only 
a sm

all am
ount, the m

otor w
ill run at a slow

er speed. This is 
called proportional control.

H
ow

 do you com
m

unicate the angle at w
hich the servo should turn?

The control w
ire is used to com

m
unicate the angle. The angle is 

determ
ined by the duration of a pulse that is applied to the 

control w
ire. This is called P

ulse C
oded M

odulation. The servo 
expects to see a pulse every 20 m

illiseconds (.02 seconds). The 
length of the pulse w

ill determ
ine how

 far the m
otor turns. A

 1.5 
m

illisecond pulse, for exam
ple, w

ill m
ake the m

otor turn to the 
90 degree position (often called the neutral position). If the 
pulse is shorter than 1.5 m

s, then the m
otor w

ill turn the shaftto 
closer to 0 degrees. If the pulse is longer than 1.5m

s, the shaft 
turns closer to 180 degrees.
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A
s you can see in the picture, the duration of the pulse dictate

A
s you can see in the picture, the duration of the pulse dictates the 

s the 
angle of the output shaft (show

n as the green circle w
ith the 

angle of the output shaft (show
n as the green circle w

ith the 
arrow

). N
ote that the tim

es here are illustrative and the actual
arrow

). N
ote that the tim

es here are illustrative and the actual
tim

ings depend 
tim

ings depend 
on the m

otor 
on the m

otor 
m

anufacturer. 
m

anufacturer. 
The principle, 
The principle, 
how

ever, is the 
how

ever, is the 
sam

e. 
sam

e. 
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H
acking a S

ervo
H

acking a S
ervo

This section is going to describe how
 to take an R

C
 servo and m

a
This section is going to describe how

 to take an R
C

 servo and m
ake it 

ke it 
into an excellent gear
into an excellent gear- -head m

otor. The changes are quite easy 
head m

otor. The changes are quite easy 
to do, once you have seen the insides. This m

odification is 
to do, once you have seen the insides. This m

odification is 
know

n to w
ork quite w

ell on Futaba S
know

n to w
ork quite w

ell on Futaba S
- -148 servos, w

hich are 
148 servos, w

hich are 
com

m
only available. 

com
m

only available. 
The theory behind this hack is to m

ake the servo think that the 
The theory behind this hack is to m

ake the servo think that the output 
output 

shaft is alw
ays at the 90 degree m

ark. This is done by rem
oving 

shaft is alw
ays at the 90 degree m

ark. This is done by rem
oving 

the feedback sensor, and replacing it w
ith an equivalent circuit

the feedback sensor, and replacing it w
ith an equivalent circuit

that creates the sam
e readings as the sensor being at 90 

that creates the sam
e readings as the sensor being at 90 

degrees. Thus, giving it the signal for 0 degrees w
ill cause the

degrees. Thus, giving it the signal for 0 degrees w
ill cause the

m
otor to turn on full speed in one direction. The signal for 180

m
otor to turn on full speed in one direction. The signal for 180

degrees w
ill cause the m

otor to go the other direction. S
ince th

degrees w
ill cause the m

otor to go the other direction. S
ince th

e e 
feedback from

 the output shaft is disconnected, the servo w
ill 

feedback from
 the output shaft is disconnected, the servo w

ill 
continue in the appropriate direction as long as the signal 
continue in the appropriate direction as long as the signal 
rem

ains. 
rem

ains. 
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A
s for the details, there are actually only tw

o m
odifications to

A
s for the details, there are actually only tw

o m
odifications to

m
ake to 

m
ake to 

the servo. 
the servo. 

1. 1.
R

eplace the position sensing potentiom
eter w

ith an equivalent 
R

eplace the position sensing potentiom
eter w

ith an equivalent 
resistor netw

ork 
resistor netw

ork 
2. 2.

R
em

ove the m
echanical stop from

 the output shaft 
R

em
ove the m

echanical stop from
 the output shaft 

H
ere are the steps. Y

ou w
ill need a few

 supplies
H

ere are the steps. Y
ou w

ill need a few
 supplies

1. 1.
sm

all 
sm

all philips
philips

screw
driver for opening the case 

screw
driver for opening the case 

2. 2.
a soldering iron 
a soldering iron 

3. 3.
a a desoldering

desoldering
pum

p or solder w
ick for rem

oving the 
pum

p or solder w
ick for rem

oving the 
potentiom

eter 
potentiom

eter 
4. 4.

a sharp knife or w
ire cutters for rem

oving the m
echanical stop 

a sharp knife or w
ire cutters for rem

oving the m
echanical stop 

5. 5.
Tw

o 2.2k resistors (actually, anything betw
een 2.2k and 3.3k w

il
Tw

o 2.2k resistors (actually, anything betw
een 2.2k and 3.3k w

ill l 
w

ork, as long as they are equal values)
w

ork, as long as they are equal values)
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The follow
ing steps w

ill help you m
ake the m

odifications. 
The follow

ing steps w
ill help you m

ake the m
odifications. 

O
pen the case by rem

oving the 4 screw
s located at the bottom

 
O

pen the case by rem
oving the 4 screw

s located at the bottom
 

of the servo. The bottom
 plate should com

e off easily. R
em

ove 
of the servo. The bottom

 plate should com
e off easily. R

em
ove 

the top of the case. Y
ou w

ill find a set of gears under the top 
the top of the case. Y

ou w
ill find a set of gears under the top 

case, a several blobs of w
hite grease. Try hard to save the 

case, a several blobs of w
hite grease. Try hard to save the 

grease by leaving it on the gears.
grease by leaving it on the gears.
B

e careful to note how
 the gears are arranged, and rem

ove them
 

B
e careful to note how

 the gears are arranged, and rem
ove them

 
from

 the top of the servo. I usually place them
 as they are 

from
 the top of the servo. I usually place them

 as they are 
supposed to sit. The large fine tooth gear in the m

iddle does no
supposed to sit. The large fine tooth gear in the m

iddle does no
t t 

need to be rem
oved. S

ee the picture below
.

need to be rem
oved. S

ee the picture below
.



C
S

 Y
ee

C
S

 Y
ee

21 21

R
C

 S
ervo M

otors P
g.9

R
C

 S
ervo M

otors P
g.9

Locate and rem
ove the tw

o sm
all 

Locate and rem
ove the tw

o sm
all philips

philips
head screw

s on the left 
head screw

s on the left 
shaft in the picture above. These screw

s go through the top 
shaft in the picture above. These screw

s go through the top 
case and into the drive m

otor. 
case and into the drive m

otor. 
N

ext, you need to rem
ove the circuit board from

 the case. To do 
N

ext, you need to rem
ove the circuit board from

 the case. To do 
this, you w

ill probably need to press dow
n hard on the brass 

this, you w
ill probably need to press dow

n hard on the brass 
shaft on the right side. This is the top of the position 
shaft on the right side. This is the top of the position 
potentiom

eter. I
potentiom

eter. Ifind that pressing that brass shaft against the 
find that pressing that brass shaft against the 

edge of the w
orkbench helps push it through. 

edge of the w
orkbench helps push it through. 

From
 the bottom

, very carefully pry up on opposing corners of 
From

 the bottom
, very carefully pry up on opposing corners of 

the circuit board. The board should 
the circuit board. The board should 
slide out w

ith the m
otor and 

slide out w
ith the m

otor and potentio
potentio

- -
m

eter attached. Y
ou should end up 

m
eter attached. Y

ou should end up 

w
ith the follow

ing parts on the table.
w

ith the follow
ing parts on the table.
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N
ow

 for the actual m
odifications. Y

ou w
ill need to de

N
ow

 for the actual m
odifications. Y

ou w
ill need to de- -solder the 

solder the 
potentiom

eter from
 the board. I usually cut the long leads off a

potentiom
eter from

 the board. I usually cut the long leads off a
quarter inch or so from

 the bottom
. I then use 

quarter inch or so from
 the bottom

. I then use solder w
ick

solder w
ick

on 
on 

the back side of the board. 
the back side of the board. 
O

nce the pot has been rem
oved, you need to w

ire in the resistor 
O

nce the pot has been rem
oved, you need to w

ire in the resistor 
netw

ork in its place. To do this, place the resistors side by si
netw

ork in its place. To do this, place the resistors side by side 
de 

and tw
ist one pair of leads. S

older them
 together, but leave one

and tw
ist one pair of leads. S

older them
 together, but leave one

of the leads long enough to m
ake a 3 w

ire part. Then replace the
of the leads long enough to m

ake a 3 w
ire part. Then replace the

pot w
ith this 3 w

ire pot. A
s seen 

pot w
ith this 3 w

ire pot. A
s seen 

in the picture below
, the pot has 

in the picture below
, the pot has 

been replaced by the resistor 
been replaced by the resistor 
netw

ork. The unm
odified unit is 

netw
ork. The unm

odified unit is 
on the left, w

hile the right unit 
on the left, w

hile the right unit 
w

as after m
odification. 

w
as after m

odification. 
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N
ow

, reassem
ble the circuit board into the case. N

ote that the 
N

ow
, reassem

ble the circuit board into the case. N
ote that the 

pot is now
 m

issing, so only the m
otor w

ill protrude through the 
pot is now

 m
issing, so only the m

otor w
ill protrude through the 

top of the case. 
top of the case. 
B

efore reinstalling the gears, you w
ill need to m

odify the gear 
B

efore reinstalling the gears, you w
ill need to m

odify the gear 
w

ith the output shaft so the m
echanical stop is rem

oved. The 
w

ith the output shaft so the m
echanical stop is rem

oved. The 
m

echanical stop is a sm
all tab of plastic on the low

er gear 
m

echanical stop is a sm
all tab of plastic on the low

er gear 
surface. In the picture below

, you can see the tab on the left 
surface. In the picture below

, you can see the tab on the left 
gear. This should be cut dow

n flush w
ith the surface. Try to get

gear. This should be cut dow
n flush w

ith the surface. Try to get
all of the tab rem

oved, as is show
n w

ith the gear on the right 
all of the tab rem

oved, as is show
n w

ith the gear on the right 
side.
side.
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R
eplace the gears as they w

ere w
hen you took the m

otor apart, 
R

eplace the gears as they w
ere w

hen you took the m
otor apart, 

replace the top of the case, the bottom
 plate, and the tw

o 
replace the top of the case, the bottom

 plate, and the tw
o 

screw
s. 

screw
s. 

Y
our done! 

Y
our done! 

The m
otor should now

 be able to turn all the w
ay around. C

onnect
The m

otor should now
 be able to turn all the w

ay around. C
onnect

a a 
control horn, and carefully apply enough pressure to m

ake the 
control horn, and carefully apply enough pressure to m

ake the 
horn turn around. Feel for any m

echanical problem
s, such as a 

horn turn around. Feel for any m
echanical problem

s, such as a 
gear catching on the cut off section of the tab. Y

ou should not 
gear catching on the cut off section of the tab. Y

ou should not 
feel any catching or resistance. It w

ould be best not to play w
i

feel any catching or resistance. It w
ould be best not to play w

ith 
th 

turning the servo by hand too m
uch. This device is not intended 

turning the servo by hand too m
uch. This device is not intended 

to be driven from
 the output shaft, and it m

ay cause undo w
ear 

to be driven from
 the output shaft, and it m

ay cause undo w
ear 

and tear on the servo m
otor.

and tear on the servo m
otor.


