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Electromagnet and the

Permanent Magnet DC Motor Lab
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Motor Principles:

A machine that converts electrical energy into mechanical energy is a motor.  Current flowing in a loop of wire produces a magnetic field.  Since opposite magnetic poles attract (and like poles repel), the coil will spin until it is aligned with its own north pole adjacent to the south pole of the permanent magnet.  If at this time the current in the coil reverses itself, the coil will again produce a magnetic field but with the poles reversed.  This causes the coil to flip over.  The commutator and brushes are positioned so that the current in the coil changes direction just after the coil aligns itself with the permanent magnets.  This happens over and over again making the coil and shaft rotate.

This lab uses only a single loop of wire.  More sophisticated motors use multiple loops of wire with each loop having its own commutator contacts.  Multiple loops of wire ensure a more uniform and powerful torque.

A DC (Direct Current) motor operates with a DC voltage.  As the commutator turns current direction in the coil alternates.  The commutator is responsible for making an alternating current in the coil.

The motor in this lab is a Permanent Magnet Motor.  Permanent Magnet Motors are more efficient than motors with field coils in the stator.  With a permanent magnet motor the only current drawn from the power source is for the coil in the armature because the stator is comprised of permanent magnets – not coils.
Torque vs. RPM

Torque is the twisting force of a shaft.

Torque = F X (distance from where force is applied to center of shaft)
RPM stands for Revolutions-per-Minute.  RPM is used to describe a motors speed.

When a fixed voltage is applied to a DC motor, there is a linear relationship between RPM and Torque:
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Maximum torque, or stall torque, is at 0 RPM and maximum RPM has zero torque and occurs when the motor does not have a load.  
The relationship between Power, Torque, and RPM (speed):


Power = Work/Time

Power = Force X Distance/Time


Power = 2  X  Torque  X  RPM


When RPM is low, torque is high.  When RPM is high torque is low.
Components of the Motor:


Rotor and Shaft


The rotor is the part of the motor that rotates.


Armature and Coil
The coil is wrapped around the armature.  The armature is attached to a shaft that is supported by the ends of the motor’s housing.  The armature in this lab is made of two bolts made of steel (an iron-based metal).


Stator
The stator is the part of the motor that is stationary.  The permanent magnets are the main part of the stator.


Commutator
A cylindrical piece that has a few or many electrical contacts attached to it.  The brushes slide across the commutator connecting the coil to the voltage source.  As the commutator rotates the current is switched in the coil.


Commutator Contacts
The commutator contacts are the electrical contacts seen on the commutator.


Permanent Field Poles
These are the north and south poles of the permanent magnet.  The rotating coil responds to this magnetic field.


Brushes
The brushes slide over the commutator contacts.  The brushes are made of a conducting material such as carbon or graphite.  The brushes temporarily connect the coil to the voltage source.


Housing
The housing is the enclosure that holds the motor.  The rotor’s shaft runs through the housing and is supported by bearings.  The bearings allow the rotor to spin freely without unnecessary friction.

Materials List:


26 gauge magnet wire


High quality 12” Bamboo Skewer (as stiff as possible) 

Wine cork


Small storage bin with open top

Two 3/8” X 2” steel lag screws

Two inches of 0.004” thick by 6” wide brass sheeting


Four Neodymium magnets

Small rubber band

Aluminum Tape

Office Tape or electrical tape

Utility Knife or sandpaper


Plastic Food Wrap and spool of thread


Power Supply or 4 AA Batteries with receptacle

Four small brads for making wire connections (optional)
Step 1:  Forming the Commutator
Drill a hole lengthwise through a cork.  Choose a cork that is symmetrical (avoid corks from Champagne and those mangled by a corkscrew).  Run a 12” bamboo skewer lengthwise through the cork.  Push the cork to the center of the skewer.  Spin the skewer to see if the skewer runs through the mid-line of the cork.  If there is a lot of wobble then try this step again with another cork.

Slide the cork to the middle of the skewer.

[image: image3.jpg]



Step 2:  Forming the Electromagnet
Run a skewer through two bolts held together with a rubber band.  The rubber band holds the screws in place while you’re pushing the skewer through.  Make sure you run the skewer through the middle so the weight is balanced on both sides. The skewer should run between two threads.  

Push the screws about 3” from the pointy end of the skewer.  You may want to tape the screws together as shown.  

The steel bolts increase the magnetic field strength of the coil. These two bolts will serve as the armature of the motor.  

Make sure the two bolts cannot rotate around the skewer.  If they do, wrap the bolts tightly with electrical tape.

Take care in this step.  The armature must be both balanced and tight around the skewer.
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Wind 26 gauge magnet wire around the bolts.  Use a thickness of four.  It is important to have a generous number of windings to increase the inductance and the push/pull forces needed to spin the rotor.  Always wind in the same direction so that the magnetic field is additive.  If the wire breaks you must splice on new wire.  This will require that you scrap off some of the enamel insulation.  Ask for help if this happens.
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Wind the ends of the wire around the skewer to keep the wire tight and secure around the armature. You may want to gentle tie a half square knot.

Leave about 6” of each end of the wire free.

Step 3:  Test the Electromagnet
Scrape the ends of the wire with sandpaper.  The wire’s red color is insulating enamel.  When the enamel is completely removed from the ends of the wire you will see the copper color of the bare wire underneath.
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Apply a voltage to your coil using a power supply or the 6V battery pack for this lab.  Sending current through the coil should induce a magnetic field around the coil.  This is the electromagnet.  When the coil is magnetized it will attract anything that is attracted to a permanent magnet (steel, nickel, ferrous based metals, etc.).

Your electromagnet should pick up about 10 steel washers.  When the voltage is removed and current ceases to flow in the coil, the washers should fall.
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If your coil does not pick up washers it is most likely because:

1. The ends need more scraping – enamel is insulating the wire ends and current is not flowing through the coil.

2. The coil windings are not all going the same direction.

3. The wire is broken somewhere so current is not flowing in the coil.

4. The windings are shorting out because non insulating wire was used (or poor wire with insulation that is flaking off).

Test your coil with a multimeter.  You should have only a few ohms from end to end.  

If you have a DC power supply, test your coil with different voltages.  Consider number of washers held by coil, managing heat in the coil, etc.

Record the following for your coil:


1.  Resistance of coil:


___________  ohms


2.  Voltages used:




___________
volts

___________  washers held

___________
volts

___________  washers held

___________
volts

___________  washers held

___________
volts

___________  washers held

___________
volts

___________  washers held

(You will have only one entry for #2 if you have just one battery.)
Effects from Heat in the wire:
As current flows in the wire, the copper heats up.  The thermal vibration of the copper atoms leads to higher resistance because it is more difficult for electrons to pass through the heated copper.  Since voltage is fixed, as resistance slowly increases current will slowly decrease.  This relationship is based upon Ohm’s Law, V = IR

As current decreases, the strength of the magnetic field also decreases.


B = o I N/L


B – Magnetic Field


I – Current


N – Number of turns of wire


L – Lenth of the coil

o – Magnetic Permeability of the core (The property of increasing the magnetic 

field to a greater value than the magnetic field that would exists without the core material.)

The magnetic field is proportional to the current and the number of windings of the coil.

As the coil heats, current drops, and in turn the strength of the magnetic field drops.  This will impact the interaction between the coil and the permanent magnets later when running the motor.  As current decreases the power of motor will drop.

Also excessive heat means energy lost making the motor less efficient (and less powerful).

If the wire routinely overheats, over time the insulation will deteriorate prematurely.  Once the insulation fails, the windings will short and the coil will likely need to be replaced.

How can heat be managed in the coil with large currents?

One alternative is to use a larger diameter magnet wire to accommodate larger currents.   The analogy is a water pipe; A larger diameter pipe will move a higher volume of water than a small pipe.  The drawback is that thicker wire is more massive and may only fit if a smaller number of windings are made.

It is also possible to have more windings using a longer, thinner wire.  Using a longer length of wire with more windings will increase the coil’s resistance and bring down the current, thus lowering the heat lost in the wire.  While lowering the current decreases the magnetic field, having more windings will increase the magnetic field.

Resistance from a length of wire can be calculated with:

R =  L/A


R – resistance


 – resistivity.  This is a property of the type of material.  Copper has low 

resistivity while insulators have very high resistivity.

L – length of the wire

A – cross sectional area of the wire

How to optimize the magnetic field of this coil?

Objective:  Accommodate high currents with out excessive heat while maintaining magnetic field strength.

This can be achieved by adding more wire to the coil.  If you should do this make sure you connect the end of the old wire to the end of the new wire.  Check for good electrical contact.  Once the two ends are connected electrically you can add more magnet wire to your coil.  You are splicing two separate wires together and making one long continuous wire around the armature.

You can come back to this step if you determine later that your coil needs to have a stronger magnetic field.

Test interaction between the electromagnet and a permanent magnetic field:

Place the permanent magnets an inch or so from the coil’s ends.  
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When the coil passes current in one direction the magnets should get pulled into the ends of the coil.  When the voltage polarity is reversed and the coil passes current in the other direction the magnets should be repelled away, should flip over, or should flip and get pulled into the coil’s ends.  If there is negligible response to this test, then the coil is too weak.  Experiment with various voltages from 3V to about 9V.

Make sure the magnets are positioned such that north faces in on one side and south faces in on the other side as shown above.  

Step 4:  Constructing the commutator contacts

Cut a piece of aluminum tape (type used in ducting work) as shown:
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Cut this piece of tape in half so that there are two pieces each about 1 ¼ “.  You may have to trim the two pieces to get the correct width.  Before removing the backing, wrap the commutator cork with the two pieces to test their size.  The pieces should cover the cork but there should be a gap on each side of the cork so that the two pieces are not electrically connected.
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After the sizes of the foil pieces are adjusted (if needed), peel off the backing and stick the Al tape to the commutator cork.  Press down firmly on the ends of the Al tape.
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Make sure the two foil pieces don’t touch.  They must not be electrically connected.  There should be two narrow gaps on each side of the cork.
Tape each end of the coil’s wire to one of the commutator contacts.  Each wire should make electrical contact with one of the commutator contacts. 
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Apply voltage to the commutator contacts by touching the two foil pieces with leads from a battery or power source.  The coil should behave as before and pick up about 10 steel washers.  If it does not attract the washers then the wire ends are not making electrical contact with the commutator contacts.  Re-tape the wire ends and press down firmly on the tape that holds the wire ends to the commutator contacts.

Twist the commutator so that the break in the two contacts is positioned relative to the coil as shown in the picture below:
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The current in the coil must change directions right after the coil lines up with the permanent magnets.  This will keep the shaft spinning because the coil will continue to flip over as it tries to align itself with the permanent magnets.

Step 5:  Construct the housing for the motor
Make holes in the sides of a storage bin with a power drill and bit.  If the holes are too small there will be too much friction making it hard for the motor to spin.

Slip the motor shaft into the holes by inserting one end and then the other.  It should spin on its own 5- 6 times around once you give the skewer a good twist.  If there is too much friction then the holes need to be made bigger.

[image: image26.jpg]


[image: image15.jpg]AN N W

\\.\\““‘
S >





Position the coil and magnets close to one end of the box. The bin is strongest at the corners.  Placing the magnets near the corners will keep the bin’s sides from bowing in.

Attach your magnets to the two sides of the bin.  Put one magnet on the inside and one on the outside.  This will hold the magnets to the side of the bin and eliminate the need to tape magnets to the bin.

Make sure that one side is south-facing-in (south pole) and the other side is north-facing-in (north pole).
To keep the motor from sliding back and forth inside the storage bin, wrap tape around the skewer ends.  These tape sleeves should keep the skewer in place.

Step 6:  Initial Motor Test
Test the motor using a power supply or your 6V battery pack and alligator clips.  The alligator clips should run from the battery or supply terminals to the two commutator contacts.  

The alligator clips act like the brushes if you can gently hold them to the two sides of the commutator while is spins.  You might need a friend to turn the skewer to get it going initially while you rest the alligator clips on the commutator contacts.

Do not feel discouraged if this test does not work.  The current in the coil must change direction as soon as the coil lines up with the permanent magnets.

Basic Test to verify presence of the push/pull forces:

Align the coil so that it is almost perpendicular to the permanent magnetic field.  The ends of the coil should be about 80o away from a permanent magnet.
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When you apply a voltage to the coil via the commutator contacts, the rotor should spin such that the coil is now lined up with the permanent magnetic field.  If this does not happen there are likely three reasons:

1. There is too much friction.  Make bin holes slightly bigger so there is minimal friction.

2. The permanent magnetic field is too weak or the permanent magnets are both south facing-in or both north facing-in.  One magnet has to be north facing-in and the other has to be south facing-in as shown above.

3. No current is passing through the coil because there is poor electrical contact either between the alligator clips and the commutator contacts or between the coil wire and the commutator contacts.  Remove the skewer and test the coil again to verify that it is producing a magnetic field.

Step 7:  Adding brushes

Brushes will be cut and formed from a brass sheet (0.004 inch thick) .  The brass sheeting works well because it is stiff yet springy.  
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Cut the brass into ½ “ X 3 ¼” strips.  These strips are your brushes that will brush across the commutator as it spins.

Curl the brushes gently so that each brush can slide across the commutator contacts and make good contact.  The bottom brush should protrude through a hole cut in the side of the storage bin.  The brush that will brush the top of the commutator can be run over the other side of the storage bin.
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Voltage will be applied to the ends of these brass strips.  

As the commutator spins the contact to the brushes will alternate.  This will force current in the coil to change directions every 180o.  

It is important that current change direction when the coil is lined up with the permanent magnetic field.  Make sure the brushes slide over to another commutator contact right after the coil lines up with the magnets.

To make adjustments to the timing you can:

1. Adjust where brushes make contact.

2. Twist the commutator.

Always make adjustments to reduce friction.  The brushes should not grip or press too tightly on the commutator.
Step 8:  Testing the Motor

Once the motor runs reliably try applying various voltages to the ends of the brass pieces.  Record the following data:

Voltage ___________
(v)
Running Time ________(s) 
Speed (fast, med, slow, 0)

Voltage ___________
(v)
Running Time ________(s)
Speed (fast, med, slow, 0)

Voltage ___________
(v)
Running Time ________(s)
Speed (fast, med, slow, 0)

Step 9:  Applying a load to the Motor
Motors convert electrical energy into mechanical energy.  Motors can be rated by watts or by horsepower.  Watts and horsepower are units of power.  Power is the rate at which work can be done.  


1 watt = 1 joule/second


1 horsepower = 746 watts

work = force X distance.


1 horsepower = moving 550 lbs. a distance of one foot in one second 


1 watt = 0.74 lbs. X 1 foot / one second 


1 watt = 335 grams X 1 foot / second  


1 joule = 335 grams moved a distance of 1 foot

To measure the motor’s power, it needs to be loaded.  

Loading the Motor

The motor will be tested by having it drive a LEGO gear box that has gear reduction.

Attach the second to the smallest LEGO gear to the end of the motor shaft as shown.   
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Next build a gear box with gear reduction of approximately 1:20.  Below is one possible solution.
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Next attach a spool of thread to the slowest turning shaft.

Make sure the spool is attached in a way that when the shaft spins thread is taken up.   

In order to get good contact you will have to wrap the end of the shaft in plastic food wrap or tape.  After doing this press the spool over the wrapped shaft.  There should be a strong grip between the spool and the shaft because the spool and shaft must move together.  As the motor spins, the spool needs to spin with out any slippage.

Next attach some weight to the end of the string.  Try 30.5 grams.  This is one hook and two-10 gram weights.  You can use any weight as long as your motor can lift it and the weight doesn’t strain the LEGOs.  Allow the weight to rest on the ground while the motor sits above on a countertop.

Your Weight used: _____30.5 gr________________
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Finding Power, Torque, and RPM:
Attach roughly 30 grams to the end of the string.  Remove slack in the string and allow the weight to rest on the ground while the motor sits up on a countertop.  Use the voltage that produced the best rpm in step 8.  Record how long it takes to pull this weight up to the level of the countertop.  You can also mark the string with a marker so you can record time for a fixed distance, such as 24 inches.

Push the motor gear onto the first gear of the gear box to begin lifting the weight.

Record time it takes to lift your weight the distance from the ground to the floor.

Time to lift ___30.5________ grams from floor to counter: 

Time  ______12.0 avg___________(seconds)

Distance from floor to counter: 
24 inches, or 2.0 feet
Calculating power:

1 watt = 335 grams X 1 foot / second  

Power = (your_wt./335) X distance in feet / your-time-seconds )  
(Watts)

Power = (30.5/335) X 2 feet / ( 12.00 seconds  ) 

(Watts)

Power = 0.0152 Watts = 15.2 mWatts

Finding Torque at spool:

Using the weight and the distance from the center of the spool to where thread is taken up, you can calculate torque.
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Torque = your-wt X radius of spool
Torque = (30.5 grams) X (5/8 inch) = (30.5) X (5/8) / (335*12) = 0.0047 (Joules or N-m)

Finding RPS of spool (Revolutions per Second):

RPS = distance/2r / your_time = 24 inches/2(5/8) / 12 seconds = 0.51 RPS
Calculate Power again using Torque and RPS:

Power = 2(Torque) X RPS = 2(0.0047 Joules) X 0.51 RPS = 15.0 m Watts

Relationship between Torque and RPS

Torque is high when RPS is low and RPS is high when torque is low.  The permanent magnet motor has a linear (torque vs. RPS) relationship as shown below:

Finding two points along this line will allow us to determine:

1. Maximum Torque at spool

2. Maximum RPS at spool

3. Maximum Power by plotting 2(Torque) X RPS
Decreasing Torque at the expense of raising the speed:

Using different weights you should find that the motor can lift lighter weights more quickly than heavier weights.  Try two other weights and record the time it takes to lift them the same distance.


Weight from above_30.5 (grams)

Time to lift __12_____(seconds)


Weight __10.5________ (grams)

Time to lift __7______(seconds)


Weight ___20.5_______ (grams)

Time to lift __8.3_____(seconds)

Now convert weight to torque:

1. 30.5 grams ( 0.0047 Joules

2. 10.5 grams ( (10.5) X (5/8) / (335*12) = 0.0016 Joules

3. 20.5 grams ( (20.5) X (5/8) / (335*12) = 0.0032 Joules

Now convert time_to_lift to RPS:

1. 12 seconds ( RPS = 24 inches /2(5/8) / 12 = (6.11)/time = 0.51 RPS

2. 7 seconds ( RPS = (6.11)/time = (6.11)/7 = 0.87 RPS

3. 8.3 seconds ( RPS = (6.11)/ time = (6.11)/8.3 = 0.74 PRS

Plotting the data in Excel gives:

	0.0016
	0.87

	0.0032
	0.74

	0.0047
	0.51
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Add a linear Trendline and display the equation on the chart as shown.

Using the trendline we find that if Torque = 0, then RPS max  = 1.07 RPS

If RPS = 0, then Torque max = 0.0093 Joules

Now plot Power on top of this graph using a range of data from 0 to Torque max:

Use your trendline to generate the RPS for the torque values.

Power = 2(Torque) X RPS

	Torque
	RPS
	Power

	0
	1.0732
	0

	0.001
	0.95746
	0.006016

	0.002
	0.84172
	0.010577

	0.003
	0.72598
	0.013684

	0.004
	0.61024
	0.015337

	0.005
	0.4945
	0.015535

	0.006
	0.37876
	0.014278

	0.007
	0.26302
	0.011568

	0.008
	0.14728
	0.007403

	0.0092
	0.008392
	0.000485
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The power peaks midrange between maximum torque and zero torque.

Resources:

www.gizmology.net/motors.htm
http://lancet.mit.edu/motors/motors3.html
Electric Motor Maintenance and Troubleshooting, Augie Hand, McGraw-Hill

Audel Electric Motors All New Sixth Edition, Rex Miller, Wiley Pub.

Electric Motor Handbook, H. Wayne Beaty, McGraw-Hill Handbook
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Run top brush over the side of the bin.
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Cut one of the bin’s plastic members to make a hole large enough for the bottom brush.
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Coil should spin as opposite poles attract.
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Break in foil is perpendicular to coil.














