Lighting
Energy Management / Iterative Programming Methods
Overview:

Student groups design and test an automatic control system for lighting a room. They evaluate the system in terms of energy efficiency, response time and general effectiveness.
PART 1   Manual Control
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Assemble the calculator and interface (CBL2 or LabPro) and connect them with the black link cable. Verify that the interface has power from either its internal batteries or the external AC adapter by pressing its “Quick Setup” button. The interface should beep and two of its lights should flash briefly.

2. Use the grey phone-style cable to connect the Binary Basic Trainer to the “Dig/Sonic” port on the CBL2 or “Dig/Sonic 1” port on the LabPro as shown at right.
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Connect the light probe to CH1 (analog input #1) of the CBL2 or LabPro.

4. Test the equipment by running the calculator program LIGHTING and selecting “CHECK FULL.” The calculator should display a value for E (light intensity) which changes as you cover or uncover the end of the light probe. When you press the up arrow near the top right corner of the calculator keypad, all 4 LEDs on the Binary Trainer should light. When you press the calculator’s down arrow, all 4 colored LEDs should go out. Quit the LIGHTING program after you have verified that everything is working correctly and turn off the calculator.

5. Connect the light stand as shown by your instructor. The common (positive) wire to the 4 bulbs should be connected to either of the two “+” terminals on the Binary Trainer. Each of the four individual wires from the bulbs should be connected to one of the terminals numbered 1, 2, 3 or 4 on the Binary Basic Trainer. Run the LIGHTING program and the “CHECK FULL” option again and verify that the four light bulbs go on and off in the same way as the 4 LEDs.
6. Select the “INPUT LEVELS” option within the LIGHTING program and verify that you can control the number and intensity of the light bulbs. Try, for example, to lighting 3 bulbs at 50% power level or 2 bulbs at 80% power.

7. Answer the questions on the Report Form, Part 1.

LIGHTING
REPORT FORM (Part 1)
NAME(S)  ____________________________________________________________________

1) The controls under the “Check Full” option in the calculator program are like the basic on-off switches which operate many room lights. The “Input Levels” option is more complex but it is also more flexible. Describe a situation in which the more flexible control system could reduce energy consumption.
2) What would be some disadvantages in using the “Input Levels” system (rather than a simple on-off switch) to control lighting in a room such as your classroom?

3) Think about one of the rooms in your home where you spend a significant amount of time studying, working, eating or doing other activities which require electric lights. If the lighting in that room were controlled by a system that required you to type in the number of lights and their power level, how often do you think you would actually readjust the lighting?
4) Complex lighting control systems are most likely to be found in office buildings, stores and other commercial areas rather than in individual homes. Why is the incentive greater to install lighting controls in these large public areas?
PART 2   Writing a Threshold Control Program
Few people want to spend time making frequent adjustments to their lighting. In many cases, people even forget such basic actions as turning off the lights when they leave a room for a long time or they forget to turn on an outdoor security light when the sun sets. The low-cost solution to this problem is often either a timer set to turn the lights on and off at specific times of the day or a light sensor with a “threshold” control system. Threshold control systems are often used, for example, to detect when the sun sets and rises so that street lights are illuminated at night but not during the day. In this part of the activity, you are to create a threshold control program and test it with the light stand.
The “Automatic” option in the lighting program has the same flexibility as “Input Levels,” but it uses an algorithm to determine L (the number of lights to be illuminated) and P (the percent of maximum power). The algorithm is contained in a separate subprogram, named LIGHTSUB. Every 5 to 10 seconds, the main LIGHTING program checks the value of E, calls the subprogram LIGHTSUB, and then implements the new values for L and P. You will create or modify this subprogram. LIGHTSUB can be a very brief program—short enough to be entered easily from the calculator keypad. It is written in the TI-Basic programming language.

The most important inputs available for LIGHTSUB are:

E, the current illumination as measured by the light probe,

B, the desired level of illumination, and
C, the acceptable tolerance—how far above or below the value of B the illumination can vary without requiring a readjustment.
The required outputs of LIGHTSUB are

L, the number of light bulbs which are to be illuminated, and

P, the percent of full power that the bulbs should provide.
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L needs to be an integer, either 0, 1, 2, 3 or 4. P should have a value from 0 to 100, where 0 means the lights should be turned off, 100 means the lights should be turned on to maximum power, and intermediate numbers correspond to intermediate power levels.

The 5-line program at right is the threshold algorithm which you should enter into your calculator. (There are step-by-step instructions below for entering the program.) The first line of the program specifies that all 4 bulbs will be controlled as a group, all either on or off. Lines 2 and 3 specify that if the current illumination, E, is below the acceptable range, E<(B-C), then the bulbs should be turned on at full power. Lines 4 and 5 specify that if the current illumination is higher than desired, E>(B+C), then the lights should be turned off. Notice that there is a range of values for E between (B-C) and (B+C) for which this program does not set a value for P. Within this range the illumination is neither too high nor too low, and the subprogram lets P retain its previous value. If the lights are on with P=100, they will remain on. If the lights were off with P=0, they will remain off.
Enter the LIGHTSUB program into your calculator as follows:
	· Press the [PRGM] key and use the right arrow to highlight “NEW.”
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	· Press [ENTER].
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	· The calculator should automatically be in alpha mode, ready for you to enter the program name. Enter LIGHTSUB letter by letter
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	· Press [ENTER] again. (If there was already a program named LIGHTSUB in your calculator, it will appear instead of the blank program line shown in screen 4 at right. In this case you can either edit the exiting program or delete the lines and start over.)
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	· Enter the first program line using the same key strokes you would use from the normal home screen. Type “4 [STO>] [ALPHA] L [ENTER]”
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	· The second program line is a bit harder to enter, since it requires that you select special commands from the calculator’s menus. To enter the “If” command, press [PRGM], verify that “If” is selected, and press [ENTER].
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	· Press “[ALPHA] E” then select the “less than” symbol from the calculator’s TEST menu by typing “[2nd] [TEST]” and using the down arrow key to highlight the “<” symbol. Press [ENTER] to insert the symbol and return to the program screen,
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	· Complete the second program line by typing “( [ALPHA] B – [ALPHA] C ) [ENTER]”. (The parentheses are not essential, but it is safer to make sure the calculator will perform the subtraction before it performs the comparison test.)
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	· Complete the third program line by typing “100 [STO>] [ALPHA] P [ENTER]”.
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	· Complete the fourth program line using the same procedure you used for the line 2..
	

	· Complete the final program line by typing “0 [STO>] [ALPHA] P [ENTER]”.
	


	· This is not essential to the functioning of the program, but you may want to add 2 additional lines to make it clear what happens if E is already within tolerance. Note: The calculator does not correctly interpret statements in the form, “(B-C)<E<(B+C)”.
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	· Press [2nd] [QUIT] to quit programming mode. The program is saved automatically. 
	


Open-Loop Threshold Control
In an open loop system, the light sensor will record and respond to light levels, but it will not receive feedback about the results of the changes made by your control program. Examples of open-loop lighting controls include sensors which detect sunrise and sunset but which do not respond to the street lights or security lights which they actually control.

To investigate the behavior of your control algorithm open-loop mode, run the LIGHTING program and select the “Check Full” option. Place the light sensor well away from the light stand and note the readings from the light sensor when the lights are on and off and when the sensor is covered and uncovered. Record these results on the Report Form, Part II. Continue as described on the Report Form to answer questions 2 through 5.
After you answer the first 5 questions on the Report Form, Part II, run the “Automatic” option in the LIGHTING program to test your algorithm. Answer question 6 on the report form to report how your algorithm functions. If it does not function as planned, modify either the sensor position or the LIGHTSUB program as required.

Lighting
REPORT FORM (Part 2)

NAME(S)  ____________________________________________________________________

1) Using the “Check Full” program with the light sensor well away from the light stand, record the values measured for light intensity, E, under each of the conditions below.
	
	Bulbs On
	Bulbs Off

	Sensor Uncovered
	
	

	Sensor Covered
	
	


2) For an open-loop control system, the sensor value should respond significantly to covering the sensor and it should not respond near as much to turning the lights on and off? Does your system satisfy this description? If not, relocate the sensor and try again.

3) Select a threshold value for E which is about midway between the highest and lowest values you observed above. This value will be “B” in the control program. Also select a tolerance, “C” which is about one tenth of the difference between the maximum and minimum values you observed for E. Record both below.
B = ________

C = _______

4) Based on your values for B and C and the LIGHTSUB program you wrote, what should be the threshold value below which the light bulbs should always be on?

5) Based on your values for B and C and the LIGHTSUB program you wrote, what should be the threshold value above which the light bulbs should always be off?

6) Run the “Automatic” option and use your algorithm to control the lights as you cover and uncover the light sensor. Do the light bulbs actually go on and off when they should? Check the behavior of your algorithm for all three important conditions—E < (B-C), E > (B+C), and also cases where E is between (B-C) and (B+C).
PART 3   A Closed-Loop Threshold Control System
An open-loop control system can work very well for many applications, such as turning outdoor lights on at dusk and off at dawn. In many applications, however, more detailed control is needed. When an organization is seeking to provide optimal lighting while also avoiding unnecessary expenses, a closed-loop system can often be better than an open-loop system. This simply means that the control program uses feedback and responds to the changes which the program itself produces. It is important to realize, however, that some closed-loop systems work better than others. The development of an appropriate algorithm is often critical to the success of the system. In this part of the activity, you will use the same threshold algorithm you wrote in Part 2, but placing the light sensor where it can monitor the lighting it controls.
The exact placement of the light sensor is itself very important. Ideally, lighting experts would like to place the light sensor in the work area (on top of a table, for example) facing upwards to measure the illumination being received from overhead lights. This is seldom possible, simply because a sensor in the work area would interfere with the work. In practice, work-place light sensors are almost always located in the ceiling, facing downward.
· Hang your light sensor in from the “ceiling” of your light stand as shown in the photo. Run the LIGHTING program’s “Check Full” option and record on the Report Form the lighting levels reported when the light bulbs are on and off.
· Determine appropriate values for B and C as described in question 2 on the Report Form.
· Test the threshold algorithm using the “Automatic” program option and describe how the system responds. Also answer question 4, describing how you think the algorithm might be improved.
Lighting
REPORT FORM (Part 3)

NAME(S)  ____________________________________________________________________

1) Using the “Check Full” program with the light sensor facing downwards from the “ceiling,” record the values measured for light intensity, E..

	
	Bulbs On
	Bulbs Off

	Sensor Suspended from ceiling
	
	


2) Select a threshold value for E which is about midway between the highest and lowest values you observed above. This value will be “B” in the control program. Also select a tolerance, “C,” which is about one tenth of the difference between the maximum and minimum values you observed for E. Record both B and C below.

B = ________

C = _______

3) Run the “Automatic” option and use your algorithm to control the lights with the sensor suspended from the “ceiling.” Describe how the system responds. Does it maintain the light level “within tolerance between B-C and B+C? Is the system energy efficient?
4) What changes do you believe should be made to improve the algorithm?

PART 4   A Closed-Loop Incremental Control System
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The threshold control system used in the previous parts of this activity fails to take advantage of the system’s ability to turn the lights on “part way” when only some extra light is required. The incremental algorithm at right is more flexible in that it “searches” for the correct power level, turning the lights up when they are too weak and turning them down when they are stronger than necessary.
· On the calculator, press [PRGM], use the right arrow to select “EDIT,” and use the down arrow to select your LIGHTSUB program. Press enter to enter edit mode.
· Modify lines 3 and 5 of the program as shown at right. (If you added lines 6 and 7 before, leave those unchanged.)

· Run the program in Automatic mode using the new algorithm and using the same values for B and C that you used before. Let it run continuously for at least 3 minutes. While the program is running, describe the system’s behavior on the Report Form.
· After 3 minutes, press [ENTER] to stop the control program and record on the Report Form the values shown for total energy used.
· View the graph of the system’s behavior and use it to help you answer the questions on the Report Form.

Lighting
REPORT FORM (Part 4)

NAME(S)  ____________________________________________________________________

1) When used in closed-loop mode, is the incremental algorithm faster or slower than the threshold algorithm in its response? 
2) Which of the two algorithms is more stable when used in closed-loop mode?

3) What further improvements do you think could be made to the algorithm?

PART 5   Developing a Better Control System
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The control algorithm used in part 5 (and shown again at right) is effective in setting the correct lighting level, but it is not as fast and efficient as it might be. With a calculator, the cycle time for an adjustment is several seconds and the delays are obvious. ALL control systems—even those which must operate as quickly as an automobile’s airbag deployment system—also have hardware constraints which limit response time. It is important that software developers be able to devise algorithms which function as quickly and efficiently as possible within the constraints of their system. Your task here is to modify or replace the program above with a better one of your own design. You will evaluate your design by testing its performance in a realistic series of lighting changes.
Design criteria:

· When first started, the system will adjust the lighting to a specified target range, between (B-C) and (B+C), within 20 seconds or less.
· The system will hold the lighting within this target range despite changes in ambient lighting,

· The system will be highly efficient in its consumption of electrical energy.

1. Work with the class to design an appropriate test sequence and data plan which will verify that your software design satisfies these criteria. Describe the test and data plan in your own words on the Report Form.

There are many different approaches which can be used to design a better system. One possibility is to focus on the number “5” in the program above. As written, this algorithm changes the lighting level by just 5 percent, even when the current lighting level, E, is very far from the target level, B. A better search algorith might replace the constant “5” with a quantitity that changes depending on the current difference between E and B.
It is also possible to use more elaborate algorithms, for example changing the value of L (the number of bulbs illuminated) as well as P (the percent power).
A third, more advanced strategy might include a calculation of the rate at which power changes influence lighting changes. The main program uses three lists to store the history of the key variables, where N represents the number of times that data has been recorded so far.
LE(N-1) is the illumination reading which preceded the latest one.
LP(N-1) is the power level which was set the previous time LIGHTSUB was called.
LL(N-1) is the number of bulbs which were set on the previous call to LIGHTSUB.

“E- LE(N-1)” for example, is the increase in illumination which occurred as a result of power change “LP(N-1)- LP(N-2)”. If the next desired illumination change is (B-E) and the next power change will be “P- LP(N-1)”, it is possible to use ratios to calculate what should be the next value of P. Warning: this method requires that there be 2 previous values for P stored in the list. The command “LP(N-2)” will crash the program unless N>2.
2. The three strategies above are only examples and many other strategies are also possible. Decide as a team on the strategy you will try and describe it briefly on the Report Form.
3. After you plan your team’s strategy, write the program. Enter it into your calculator and also record the program on the Report Form.
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You may need to consult the calculator manual for additional information about programming commands. (The manuals for TI graphing calculators are available on the internet at http://education.ti.com/educationportal/sites/US/sectionHome/download.html.) The example at right is not a particulary good strategy but it illustrates the syntax for multi-line “If” statements. This syntax may be helpful if you are writing a complex algorithm. Keep in mind, however, that simple programs and algorithms are often superior to more complex ones. It is also very important to avoid changing any variable which is also used in the main LIGHTING program. If you wish to introduce a new variable, select one of these: F,H, I, O, R, V, X, Y and Z.
4. Record the data from testing your algorithm in questions 4 through 6 on the Report Form. Also answer question 7, summarizing the results of the test.
Lighting
REPORT FORM (Part 5)

NAME(S)  ____________________________________________________________________

1) Describe in your own words how the software designs will be tested. How will the test be conducted and what data will you collect?
2) Describe briefly the strategy which your team plans to test. Be as systematic as possible in your description.
3) Enter below the program you wrote for LIGHTSUB
4) For the test of your algorithm, enter below the target illumination, B, and the tolerance, C.

B
= __________

C
= __________

5) Enter below the energy data reported for your trial.

Total energy used 
= __________ J

Time


= __________ s

Average Power
= __________ W
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Sketch at right the graph which shows how the illumination level E changed as a function of time with your algorithm. Also draw horizontal lines which represent the upper and lower bounds for acceptable illumination.

7) Describe below the results of testing your algorithm. Did it satisfy the design criteria? Are there cases in which the algorithm does not perform as well as it might? In what ways might the algorithm be improved still further?
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� There can be only one value of P which applies to all of the bulbs that are illuminated. It is not possible, for example, to operate one bulb at 50% power and another at 80% power. Although no real value for P will crash the program, all P values will be converted within the main program to integers from 0 to 100, rounded to the nearest increment of 5. If the subprogram sets L to a non-allowed value (for example, calling for 5 bulbs to light), the main program will convert L to the nearest allowed value.
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