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Presented by:  Ken Leung

A Part of Motor mounts/Drive train/Motors selection workshop

By Mark Dunn, Charlie Steele & Ken Leung

WRRF Nov. 17th Workshop

Motor Selection workshop:  Lecture notes

Work shop outline:

· Little physics behind motors

1. Concept of Power

2. Calculation of power requirement

· Motors characteristics

1. Free Speed, Stall Torque, and Motor Power, and electric power

2. Motor Curves

3. Motors Power calculation, Available motor power 

4. Internal thermal protection, back-drive-able motors

· Gear and Sprocket
1. Gear concept and ratio

2. Efficiency, effective gear ratio

· Solve the whole problem / Putting everything together

1. Finding required power and force for the job

2. Deciding gear ratio and the right motor

3. Power needed vs. effective power

· Advices for Setting up motors

Special thanks to Joe J. and Mike C. of team 47 Chief Delphi for making this possible!!!

Introduction questions:

1. Which one is more powerful:  Van Door Motor or this little Fisher Price Motor?

2. Can this little Fisher Price motor lift up two 200 lbs man in the air with a 1 ft arm?
3. Do you know what a motor is???

By the end of this part of workshop, you should be able to answer these questions.

Little physics behind motors…
Concept of power:

Power = Force X Velocity = Torque X Angular Velocity
We can see power as a unit to measure the net force applied to an object and how fast it is moving.  In terms of motors, power measure how strong and how fast the motor is spinning.
Velocity = Distance / Time


Measurement of speed
Angular Velocity = Rotation / Time

Measurement of rotational speed
Torque = Force X Distance


Measurement of rotational force
Power (electric) = Voltage X Current

Electric power of motor (power source)
Unit Conversion:



Use these to convert units in calculation
1 lbs = 4.45 N


1 inch = 0.0254 meters

1 inch-lbs = 0.11 N-M

1 N-M/sec = 1 Watt

(unit of motor power~!)
1 RPM = 0.104 Rad/sec

Power Calculation- 
Calculate how much power is needed for a task, to see how much is needed to complete motion within a desired time period.
Example 1:
Imagine the game of 2000 when you want to lift the robot up…  Say a 130 lbs robot 1ft in the air within 2, 4 seconds.  How much power is needed to accomplish this?
Power needed:

1a. Within 2 seconds-

Power = Force X Velocity = 130 lbs X 1ft/2sec = 580 N X 0.31 m/2sec = 87 Watt

1b. Within 4 seconds-
Power = 580 N X 0.31 m/4sec = 45 Watt

Example 2:
Imagine the game of 2001 when you have to lift a 5 lbs big ball 7ft in the air on top of the goal within 6 seconds, and you decide to use a 3.5 ft long 20 lbs arm by rotating it 180 degrees.  How much power needed?
Power needed:

Power = Torque X Angular Velocity
There’re two torque in this device:  torque from the ball, and torque from the arm itself
Torque of ball = 5 lbs (how heavy) X 3.5 ft (how far from center of rotation)

Torque of arm = 20 lbs (how heavy) X 1.75 ft (how far is the arm’s center of mass from center of rotation)

Total torque = torque of ball + torque of arm = (5 lbs X 3.5 ft + 20 lbs X 1.75 ft)  
= 630 in-lbs = 69 N-m
**This is the worst case when arm is parallel with the ground…  It take less torque to rotate arm when it is point toward the ground or upward**
Angular Velocity = 180 degrees / 6 sec. = 5 RPM = 0.5 Rad/sec

Power = 69 N-m X 0.5 Rad/sec = 34.5 Watt

For advance students:  What is the actual power?  (hint: use integral)

Characteristics of motors…
Stall torque-  The highest amount of torque a motor can generate, the motor will be stalled with this much load.  Basically, the motor won’t be able to move when it is pushed too hard.
Stall Current-  The amount of current drawn when a motor is stalled.
Free Speed-  How fast the motor is spinning under no load, which is the fastest speed of motor.
Motor Power-  How much mechanical power a motor have
Gear Box ratio-  How much gear reduction on the motor from the included gearbox

Speed, power, current vs. torque:
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Speed vs. Torque:  An inverse linear relationship.  The more torque a motor is running under, the slower the motor will be spinning.  Basically, the harder the motor is pushing, the slower it gets.
Current vs. Torque:  A direct linear relationship.  The more torque the motor is running under, the higher the current.  So, when the motor is pushed really hard, current get higher and higher.
Power vs. Torque:  There is no power at either end points of this curve, due to the fact that power = Torque X angular velocity.  Power is zero when torque is zero- no matter how fast the motor is spinning, because motor isn’t exerting any force.  Power is also zero when motor is stalled, because the motor isn’t spinning.  When motor power approach near zero, or at least not maximum, the extra electric power actually turned into heat.  Maximum power happens at the peak of curve, when torque pushing the motor is ½ stall torque, and when speed is ½ free speed.  
Motor Power:
Motor Power can be obtained from the following equation:

Motor power = ½ Free Speed X ½ Stall Torque


Free Speed in Rad/sec  (1 RPM = 0.104 Rad/sec)


Stall Torque in N-m  (1 in-lbs = 0.11 N-m)

(Free speed and stall torque all proportional to voltage…)

Look up competition manual for numbers.  They can be found in “The robot” section.

Also online at http://www.usfirst.org/2001comp/Docs/ 
"The Robot - Part 4"  (PDF format)
Drill Motor Power with Gear Box (High):

Power 
= ½ Free Speed X ½ Stall Torque
= ½ 1,000 RPM X ½ 10 N-m



= ¼ X 104 Rad/sec X 10 N-m = 260 Watt
This is the maximum amount of power you can get out of drill motor in high gear.
Available Power from FIRST 2001 Motors
Bosch Motor Only



340 Watt


Bosch Motor w/ Gear box in HIGH 

260 Watt


Bosch Motor w/ Gear box in LOW 

230 Watt


Fisher Price Motor Only


140 Watt


Fisher Price Motor w/Gearbox

91 Watt


Delphi Sliding Door Motor (MFG: Taigene)
69 Watt


Globe Motor Only



63 Watt


Globe Motor w/ Gearbox


50 Watt


Delphi Seat Motor (MFG: Keyang)

31 Watt
Delphi Window Motor (MFG: Valeo) 
22 Watt

Some other important features of motors

Internal Thermal Protection: 

Motor power reduced when motors heat up.  This is a feature of Sliding Door Motor, Seat Motor, Window Motor.  Avoid running these motors near stall because motors will heat up, since a lot of electric power turned into heat instead of motor power.  The heat also comes from competition usage…  The longer you use a motor, the hotter it gets.
Other motors can take the heat instead, they might lose some motor power into heat, but there’s no thermal protection to dramatically reduce power output, or even turn off the motor.
Some other important features of motors

Back-drive-able Motors:
Drill motors, drill motors with modified gear box, Fisher price motors, Sliding Door motors, and globe motors are back-drive-able.  With enough torque, these motors can be driven backward, where as others have locking devices.  These Motors will need electricity to hold their position under constant force.  When the matches end and electricity is cut, these motors won’t be able to counter the force.  On the other hand, you will need electricity to move the motors with locking device, so it could get annoying when you want to retract device with the robot turned off.  
Motors with locking device can be damaged by too much external force, as well as the components using them.  Experiences tell us that the locking pin inside drill motor gear box can be broken under large amount of load.  There can be other damages such as bending shafts, or breaking gear teeth… etc.  
Gear and Sprocket…
Usually, motors provide enough power, but not enough torque.  Gears and sprockets can be use to reduce speed and increase torque, or the other way if necessary.  Gears and sprockets can also be used to change direction of rotation or motion, and transfer power from one place to another.
How does gear ratio work?

Gear transmit load (force) at the teeth.  Load = Torque / radius (pitch diameter)
The load comes from torque of the gear.  Under the same torque, the bigger gear has a smaller load on the teeth.  Also, when one gear is driving another gear, the load on the both gear’s teeth is the same.  So, the bigger gear have more torque than the smaller gear.

Number of teeth is proportional to gear’s radius, therefore we can calculate gear ratio by:
Gear ratio =           # teeth of gear      .



# teeth of driving gear

8 teeth gear driving a 24 teeth gear have a 3:1 ratio (three-to-one ratio, 3 turn of 8 for 1 turn of 24)
These calculation also apply to sprockets.  In return, the 24 teeth gear have 3 times the torque.
Efficiency

Gear, sprocket, chain… don’t transfer 100% power due to friction, heat lost… etc.
Spur Gears: 90-95%

Worm Gear: 10-60%

Nut on a Tread (not ball nut): 10-60%

Twist Cables: 30-70%

Chain: 85-95%

Cable: 0-98%

Rack & Gear 50-80%
Effective gear ratio

We have to calculate the effective gear ratio to figure out how much power is actually transferred to the other gear after some of it is wasted.  Effective ratio = gear ratio X efficiency

Effective gear ratio example:

Imagine two gear stage, a and b, with spur gears, each 2:1.  Figure out the overall effective ratio.

Over all ratio = ratio of a X ratio of b
Effective ratio = gear ratio X efficiency

Overall effective ratio = (a-ratio*a-efficiency)*(b-ratio*b-efficiency)



= 2 * 90% * 2 * 90%




= 3.24

Solve the whole problem…
At this point, you can put together everything from power calculation to motor characteristic to gears and sprocket, and use them to solve the two problems:  What motor(s) can we use to complete certain task the way we want it to?  How can we set up motor with the component?
Calculating power requirement:
Think back to power calculation example 2- Using a 3.5 ft long 20 lbs arm to lift a 5 lbs big ball 7ft in the air by rotating it 180 degrees.  We found out that it takes 34.5 Watt to complete the motion in 6 seconds.
Choosing the right motors:

This can be done with Bosch drill Motor w/ gearbox (260W & 230W), Fisher Price Motor w/ gearbox (140W), Sliding Door Motor (69W), and Globe Motor w/ gearbox (50W).
Try using Globe motor w/ gearbox.
Calculating working torque and applying gear ratio
Maximum Torque required for this task = (5 lbs X 3.5 ft + 20 lbs X 1.75 ft) 




     

          = 630 in-lb

Best to design a gear ratio such that the load reflected back to motor is around 20%~50% stall torque when motors are most happy.  Globe motor w/ gearbox has a stall torque: 170 in-lbs

20%~50% S.T. = 34 in-lb~85 in-lb
Max. torque / working torque = 630 in-lb / 34in-lb ~ 630 in-lb / 85 in-lb
Gear ratio requires to increase torque up to Max. torque=  18.5:1 ~ 12.6:1

We will run motor at 45% of stall torque with a little room before maximum motor power:

Working Torque = 170 in-lb * .45 = 77 in-lb

Gear ratio = 630 in-lb / 77 in-lb = 8.2:1
Choosing the gears/sprockets
Many combinations between gears or sprockets can be used to obtain a certain ratio.

Two of many options:  

(Basically, the less gears, the more efficient)
One stage of 10:1 gear ratio with 0.9 efficiency, or

Two stages of 3.3:1 with 0.9 efficiency per stage.
Effective gear ratio = 3.3 * .9 * 3.3 * .9 = 8.82:1

Effective Power:
Calculate effective power to double check if motor really has enough power for task, since no gear/sprocket system has 100% efficiency.  100% efficiency only when direct drive from motor.

Globe motor with gearbox @ 45W ~ 50W
Effective power = motor power * total component efficiency…  We will just consider the gears’ efficiency for this purpose

.
Effective power = 45W ~ 50W * (.9  * .9)
= 36.5 W ~ 40.5 W
It take 34.5 W to complete the task, and the way we set up this motor, we will be getting at least 36.5 W out of the globe motor w/ gear box.  So we know this motor is good enough for this component.
(50W only true at near peak power range with perfect gearing.  Usually power loses cause by heat and friction.)
Advices for designing components…

· Use springs to help your motor along

· Use more motors if necessary

· Control motor motion with limit switches, sensors, and programming

· Think about space and weight limit on robot at all time!!!

· Avoid using thermal protected motors in continuous high torque motion for a long time

· Less load on motors for lower current

· Reduce side load on motor/output shaft

· Make use of accessories of motors 
(i.e. Window tape drive)

E-mail me at:  ken_leung@hotmail.com if you have any questions, or just want to chat about robotics in general (AIM: LKen541).  Since I don’t really belong to any teams out there…  I am more than happy to help out anyone with problems on their robot…  Or at least I can try to…  
Visit www.chiefdelphi.com and read messages from teams across the country about this competition.  You are all welcome to post your questions and thoughts in the forum…  And the white paper section has some great papers about motor mount design and drill motor advice…
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