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Electrical Energy In > Mechanical Energy Out 
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Electric Motors 

DC Motors 

Permanent Magnet 

Brushed 

Brushless 

Stepper 

Series Wound 

Compounded 

Shunt Wound 

Separately Excited 

AC Motors 

Reluctance 

Hysteresis 

Synchronous 

Induction 

Wound Rotor 

Squirrel Cage 

Permanent Magnet 
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 AC motors becoming more 
prevalent with advancing 

control technology… 
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•
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•
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 … but DC motors are still 
widely used in low-power 

applications 
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


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$2.95 each 

Image: http://www.surplustraders.net/specialist/24VDC%20MOTOR-MF858 
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






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V IN 

GND 

 TO COMPUTER 

 TRANSISTORS 
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V IN 

GND 

COMPUTER 
0     1     0    1 

Forward Operation 

+ 

– 

V IN 

GND 

COMPUTER 
1    0    1     0 

Reverse Operation 

– 

+ 
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Braking Operation Braking Operation 

Connecting motor leads 
causes the motor's generator 
effect to work against itself… 

V IN 

GND 

COMPUTER 
1     0     0    1 

V IN 

GND 

COMPUTER 
0    1    1     0 



Jeff Shelton – 26 February 2015 14 

V IN 

GND 

COMPUTER 
0    0    1     1 

"Shoot thru" (not desirable) 

V IN 

GND 

COMPUTER 
1     1     0    0 

"Shoot thru" (not desirable) 



Jeff Shelton – 26 February 2015 15 

V IN 

GND 

COMPUTER 
0     0     0    0 

V IN 

GND 

COMPUTER 
1    1    1     1 

"Shoot thru" (not desirable) 

V IN 

GND 

COMPUTER 

Motor "free run" 
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

Upper Left Upper Right Lower Left Lower Right Description

On Off Off On Forward Running

Off On On Off Backward Running

On On Off Off Braking

Off Off On On Braking

16 
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





17 

L298 Multiwatt15 package 
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




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Nominal voltage is the input voltage used to 
establish published specifications. You can apply 
higher and lower voltages, but watch out not to 
exceed max. current ratings! 

20 



Jeff Shelton – 26 February 2015 




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
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

𝑞
𝑣

23 

Charge 

𝑣  

q 
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

24 

Magnetic Field ℬ Electric Field ℰ  

𝑣  

𝐹𝑞 

q 
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

𝐹𝑞
𝑞

𝑣 

ℰ ℬ

𝐹𝑞 = 𝑞ℰ + 𝑞(𝑣 × ℬ )

25 

Electric Force 

Magnetic Force 
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

ℰ 

𝐹𝑞 = 𝑞(𝑣 × ℬ)

26 
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

𝜆
𝑑𝐿

ℬ 

𝑑𝐹 =  𝜆 ∙ 𝑑𝐿 ∙ 𝑣 × ℬ 

27 

𝑑𝐿 
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

𝐼  = 𝜆 ∙ 𝑣 𝑑𝐿

 

𝑑𝐹 =  𝐼 ∙ 𝑑𝐿 × ℬ  

28 

𝑑𝐿 

𝑑𝐿 
𝑑𝐹 

ℬ 
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





29 

𝑖  electrical 
current 

ℬ flux density 

𝐹  
electromagnetic 
(Lorentz) force 
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



i 

𝐹 = 𝑖 ⋅ 𝐿 ⋅ ℬ 

𝜏𝑐𝑜𝑖𝑙 = 2 ⋅ 𝐹 ⋅ 𝑅 
= 2 ⋅ 𝑖 ⋅ 𝐿 ⋅ ℬ ⋅ 𝑅 

30 

ℬ 
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ℬ

𝑖𝑎

31 

𝑇𝑀 = 𝑁 ⋅ 2 ⋅ 𝑖 ⋅ ℬ ⋅ 𝐿 ⋅ 𝑅  
= 2 ⋅ 𝑁 ⋅ ℬ ⋅ 𝐿 ⋅ 𝑅 ⋅ 𝑖 

𝐾𝑇 = 2 ⋅ 𝑁 ⋅ ℬ ⋅ 𝐿 ⋅ 𝑅 [Nm/A] 

𝑇𝑀 = 𝐾𝑇 ⋅ 𝑖𝑎 
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𝑇𝑀 = 𝐾𝑇 ⋅ 𝑖𝑎 

32 
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 ℬ 
𝑅

33 

ℬ  

𝐹 

𝐹 

𝜏 

𝑅 
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

34 

𝐹 

𝐹 
𝑅 

ℬ  
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

35 

𝐹 

𝐹 

𝑅 

ℬ  
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

36 

𝐹 

𝐹 

𝑅 

ℬ  
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
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𝐹 

𝑅 

𝐹 ℬ  

𝐹 

𝐹 

𝜏 
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

38 

𝐹 

𝑅 

𝐹 ℬ  

𝐹 

𝐹 

𝜏 
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

39 

𝐹 

𝑅 

𝐹 ℬ  

𝐹 

𝐹 

𝜏 
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

40 

𝐹 

𝐹 

ℬ  

𝐹 

𝐹 
𝜏 

3-pole PMDC motor 
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


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Electric Motors 

DC Motors 

Permanent Magnet 

Brushed 

Brushless 

Stepper 

Series Wound 

Compounded 

Shunt Wound 

Separately Excited 

AC Motors 

Reluctance 

Hysteresis 

Synchronous 

Induction 

Wound Rotor 

Squirrel Cage 

Permanent Magnet 
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







Motors are actuation devices 
(actuators) that generate torque. 

43 
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Image: https://en.wikipedia.org/wiki/File:Electric_Motor_Rotor.jpg  
http://motorcorechina.com 
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







Motors are actuation devices 
(actuators) that generate torque. 

45 
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Images: http://static.howstuffworks.com/gif/motor8.jpg 
http://www.johnsonelectric.com/common/en/images/resources-for-engineers/automotive-

applications/motion-technology/pmdc-motor/basic-configuration-04.jpg 
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







Motors are actuation devices 
(actuators) that generate torque. 

47 
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Image: http://www.daviddarling.info/encyclopedia/C/commutator.html 


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







Motors are actuation devices 
(actuators) that generate torque. 

49 
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Image: https://en.wikipedia.org/wiki/File:Tiny_motor_windings_-_commutator_-_brushes_in_Zip_Zaps_toy_R-C_car.jpg 
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



•

•



52 



Jeff Shelton – 26 February 2015 





Motors are actuation devices 
(actuators) that generate torque. 
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



Motors are actuation devices 
(actuators) that generate torque. 

54 
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

– 

+ 
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Brushes 

Commutator 
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

– 
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

– 

+ 

N S 
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

– 

+ 

𝑖 𝑖 

N S 
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

– 

+ 

𝑖 𝑖 

N S 
F 

F 
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

– 

+ 

𝑖 𝑖 

N S 
F 

F 

𝜏 
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

– 

+ 

N S 
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

– 

+ 

𝑖 

𝑖 

N S 

F 

F 

𝜏 
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

– 

+ 

𝑖 𝑖 

N S 
F 

F 
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



𝜏 

𝜃 

Single Phase, Two Pole 

𝜏 

𝜃 

Two Phase, Four Pole 
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

𝜏 

𝜃 

Single Phase, Two Pole 

𝜏 

𝜃 

Two Phase, Four Pole 
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

𝜏 

𝜃 

Single Phase, Two Pole 

𝜏 

𝜃 

Two Phase, Four Pole 

66 

Unfortunately, NO! 
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Speed,  

Torque, TM 

NO LOAD 

TSTALL 
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Speed,  

Torque, TM 

NO LOAD 

TSTALL 

Internal 
Combustion 
Engine 
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Speed,  

Torque, TM 

NO LOAD 

TSTALL Low Power 𝑃 = 𝜏 ∙ 𝜔 
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Speed,  

Torque, TM 

 = 0.5 NL 

NO LOAD 

TSTALL Max Power 

T = 0.5 TSTALL 

𝑃 = 𝜏 ∙ 𝜔 
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Speed,  

Torque, TM 

NO LOAD 

TSTALL Low Power 𝑃 = 𝜏 ∙ 𝜔 



Jeff Shelton – 26 February 2015 72 

Speed,  

Torque, TM 

NO LOAD 

TSTALL 
 Power Curve 
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Speed,  

Torque, TM 

NO LOAD 

TSTALL 
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Speed,  

Torque, TM 

NO LOAD 

TSTALL 
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Speed,  

Torque, TM 

NO LOAD 

TSTALL 
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𝑇𝑀 = 𝐾𝑇 ⋅ 𝑖𝑎 

Stall torque is a test parameter, not a upper bound on the torque you should 
expect from your DC motor during continuous operation! 

Not long if you're 
running applying a 
high load torque! 

How long can you run 
with a stalled out 
motor? 

76 
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Speed,  

Torque, TM 

NO LOAD 

TSTALL 

Our theoretical peak power output is: 

𝑃𝑚𝑎𝑥 =
0.240 N∙m
2

9660 rpm
2

min
60 s

2𝜋 rad
rev

𝑊∙𝑠

𝑁∙𝑚
= 60.7 𝑊  

77 
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Speed,  

Torque, TM 

NO LOAD 

TSTALL 

𝑃𝑚𝑎𝑥 =
0.240 N∙m
2

9660 rpm
2

min
60 s

2𝜋 rad
rev

𝑊∙𝑠

𝑁∙𝑚
= 60.7 𝑊  

The manufacturer is 
being conservative in 
assigning a power level 
for continuous 
operation. 

78 

Our theoretical peak power output is: 
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Speed,  

Torque, TM 

NO LOAD 

TSTALL 

𝑃𝑚𝑎𝑥 =
0.240 N∙m
2

9660 rpm
2

min
60 s

2𝜋 rad
rev

𝑊∙𝑠

𝑁∙𝑚
= 60.7 𝑊  

Note that the max. 
power output listed 
here is closer to our 
theoretical calculation 

79 

Our theoretical peak power output is: 
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𝑇𝑀 = 𝐾𝑇 ⋅ 𝑖𝑎 

This manufacturer is conservative in its recommendations… 

240 

This manufacturer recommends keeping the torque at about 1/8th of stall torque 
for continuous operation! A more common rule of thumb is limiting continuous 
torque from 1/3 to 1/2 the stall torque. The higher the continuous torque, the 

closer you need to watch the motor temperature! 

80 
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Speed,  

Torque, TM 

NO LOAD 

TSTALL 
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Speed,  

Torque, TM 

NO LOAD 

TSTALL 

How can the motor speed be greater 
than no load speed? 

82 
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Speed,  

Torque, TM 

NO LOAD 

TSTALL 

83 
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


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

𝑑𝑒𝐸𝑀𝐹 = 𝑣 × ℬ ⋅ 𝑑𝐿 

85 

Despite the name, EMF is a voltage, not a mechanical force! 
 

Back-EMF opposes the voltage applied to drive a DC motor. 
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







𝑑𝑒𝐸𝑀𝐹 = 𝑣 × ℬ ⋅ 𝑑𝐿 

𝑒𝐸𝑀𝐹 = 𝑣 ⋅ ℬ ⋅ 𝐿 

𝑉𝐸𝑀𝐹 = 2𝑁(𝑅𝜔)
𝑣

𝐵𝐿 = 2 ⋅ 𝑁 ⋅ 𝑅 ⋅ ℬ ⋅ 𝐿 ⋅ 𝜔 

𝐾𝐸𝑀𝐹 = 2 ⋅ 𝑁 ⋅ 𝑅 ⋅ ℬ ⋅ 𝐿 [V/(rad/sec)] 

86 

𝑣 × ℬ 
ℬ 

𝑣  
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



Note: KT = KEMF only if SI units are used ! 

𝐾𝐸𝑀𝐹 = 2 ⋅ 𝑁 ⋅ 𝑅 ⋅ ℬ ⋅ 𝐿 [V/(rad/sec)] 

𝑉𝐸𝑀𝐹 = 𝐾𝐸𝑀𝐹 ⋅ 𝜔 

87 

𝑣 × ℬ 
ℬ 

𝑣  
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This spec sheet gives the inverse of KEMF 

88 
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

𝑇𝑀 = 𝐾𝑇 ⋅ 𝑖𝐴 



𝑉𝐸𝑀𝐹 = 𝐾𝐸𝑀𝐹 ⋅ 𝜔𝑀  

iA LA 
RA 

+ 

VIN 

_ 

+ 

VEMF 
_ 

JM 

TM 

TL 

q,  

In SI units, 𝐾𝑇 = 𝐾𝐸𝑀𝐹   

89 
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

Motor 
Speed, 
Torque 

Voltage, 
Current 

91 
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

𝑇 = 𝐾𝑇 ⋅ 𝑖 𝐾𝐸𝑀𝐹 = 𝐾𝑇
 𝑉𝐼𝑁 = 𝐾𝐸𝑀𝐹 ⋅ 𝜔

92 

𝑃 =  𝑉𝐼𝑁⋅ 𝑖 = 𝑇 ⋅ 𝜔  

𝑃 = 𝐾𝐸𝑀𝐹 ⋅ 𝜔 ⋅
𝑇

𝐾𝑇
= 𝑇 ⋅ 𝜔 

iA LA 
RA 

+ 

VIN 

_ 

+ 

VEMF 
_ 

JM 

TM 

TL 

q,  
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𝑉𝐼𝑁 = 𝑖𝐴 ⋅ 𝑅𝐴 + 𝑉𝐸𝑀𝐹 + 𝐿𝐴 ⋅
𝑑

𝑑𝑡
𝑖𝐴 

 



iA LA 
RA 

+ 

VIN 

_ 

+ 

VEMF 
_ 

JM 

TM 

TL 

q,  

Speed,  

Torque, TM 

NO LOAD 

TSTALL 

VIN  increase 

𝑉𝐼𝑁 = 𝑖𝐴 ⋅ 𝑅𝐴 + 𝑉𝐸𝑀𝐹 =
𝑇𝑀
𝐾𝑇
⋅ 𝑅𝐴 + 𝐾𝐸𝑀𝐹 ⋅ 𝜔 

⇒ 𝑇𝑀 =
𝐾𝑇
𝑅𝐴
𝑉𝐼𝑁 − 𝐾𝐸𝑀𝐹 𝜔  

𝑇𝑆𝑇𝐴𝐿𝐿 =
𝐾𝑇
𝑅𝐴
⋅ 𝑉𝐼𝑁 

𝜔𝑁𝑂 𝐿𝑂𝐴𝐷 =
𝑉𝐼𝑁
𝐾𝐸𝑀𝐹
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

𝜔NO LOAD

94 

Speed,  

Torque, TM 

NO LOAD 

TSTALL 

Time, t 

Sp
ee

d
, 

 

𝜔NO LOAD 

voltage step at 𝑉𝐼𝑁  

iA LA 
RA 

+ 

VIN 

_ 

+ 

VEMF 
_ 

JM 

TM 
q,  
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iA LA 
RA 

+ 

VIN 

_ 

+ 

VEMF 
_ 

JM 

TM 

TL 

q,  

95 

Q: Does the load on the 
mechanical side affect the 
steady-state speed? 

 

𝜔𝑆𝑆 
Speed,  

Torque, TM 

NO LOAD 

TSTALL 

Time, t 

voltage step at 𝑉𝐼𝑁  

Sp
ee

d
, 

 

𝜔NO LOAD 

𝜔SS 
Acceleration 

Torque, 𝑇𝐿 = 𝐽𝛼 

𝑇𝐿 = 𝐽𝛼 + 𝑏𝜔 
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The mechanical time constant tells us the time it takes an 
unloaded motor to reach 63% of its no-load speed under a 
constant voltage, when starting from rest 

96 
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Speed,  

Torque, TM 

NO LOAD 

TSTALL 

Why doesn't the no load current go to 
zero? 

97 
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Maximum efficiency in converting electrical power 
to mechanical power usually occurs at high speeds 
and low torques 

98 

Speed,  

Torque, TM 

NO LOAD 

TSTALL 
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



𝑉𝐸𝑀𝐹 = 𝐾𝐸𝑀𝐹 ⋅ 𝜔 

𝑇𝑀 = 𝐾𝑇 ⋅ 𝑖𝐴  
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

 

 











Motor Electrical Energy Mechanical 
Energy 

Heat 

Generator Mechanical Energy Electrical Energy 

Heat 

Mechanical Energy Brake 

Heat 

Electrical Energy 

100 
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




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



•

•

•

•

•



102 
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








