Exercise 5: LEDs and MatLab

(a modification of a lab developed by Peter Mathys at the University of Colorado at Boulder---full credit for this exercise goes to Peter Mathys)
Goals of this Exercise
· Measure the i-v characteristic of a resistor and a LED.

· Plot i-v characteristics in Matlab and estimate model parameters.

· Learn how to use Ohm's law.

· Learn how to use the Shockley equation to model diodes and LEDs.

1. Introduction

Circuits are analyzed or "solved" by deriving equations from two types of constraints:

i. The element constraints.

ii. The connection constraints.

For 2-terminal devices such as independent sources, resistors, lamps, diodes, LEDs, etc, the element constraints are expressed in the form of an i-v characteristic. The following figure shows the i-v characteristic of a resistor with resistance R. 
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The black line is the i-v characteristic of a real resistor. It typically has a linear region, but the power rating of the device limits the range over which the i-v characteristic is (approximately) a straight line through the origin. The red line is the i-v characteristic of an ideal linear resistor. According to Ohm's law 

v = R i   or   i = (1/R) v 
More generally, the i-v characteristic of a linear 2-terminal element has the following properties:

i. It is a straight line through the origin.

ii. It is bilateral, i.e., it has odd symmetry about the origin.

An ideal voltage source, for instance, has an i-v characteristic that is a straight line, but it does not pass through the origin and it is not bilateral. Thus, an ideal voltage source is a nonlinear element. As another example, the i-v characteristic of a diode goes through the origin, but it is neither a straight line, nor bilateral, and thus the diode is a nonlinear element.

The two schematics below show how to measure the i-v characteristic of a 2-terminal element E. 

[image: image2.png]adustable
source

amp meter

device
under test



    [image: image3.png]adustable
source

amp meter

device
under test




The schematic on the left uses a variable voltage source to change the voltage v across the element E, which in turn induces a change in the current i through E. The one on the right uses a variable current source to change the current i through E, which causes the voltage v across E to change. For a linear resistor either arrangement works well to measure the i-v characteristic. For (forward biased) diodes and LEDs, where a small change in v leads to an exponential change in i, it is much better to use the setup with the variable current source. However, variable voltage sources are much more common in a lab than variable current sources. To convert a variable voltage source into a (approximate) variable current source, use a current limiting resistor Rlim in series with the voltage source as shown in the following schematic. 
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The i-v characteristics of an ideal and a real diode are shown in the following graph.
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Clearly both are nonlinear 2-terminal elements. The main difference between the ideal diode and the (idealized) real diode is that the latter has a nonzero forward voltage drop VF. For silicon p-n junction diodes VF is approximately 0.6 to 0.7 V. 

The Shockley equation for p-n junction diodes which is shown below closely approximates the i-v characteristic of real diodes. 

[image: image6.png]The Shockley equation (named after William Bradford Shockley, one of the inventors of
the transistor) computes the diode current ip as a function of the diode voltage vp as

where

ip =g (/0D 1),

reverse saturation current, o = 107...1071% A,
diode ideality factor, n=1...5,

thermal voltage, vy = kT/q = 25.7 mV at 25°C,
Boltzmann constant, k= 1.38 x 10"®J/K,
absolute temperature in °K, 25°C = 298.15°K,

: electron charge, ¢=1.6x 1071°C.




To determine the parameters n and i0 from the measurement of a i-v characteristic, the following derivation is useful.
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The second approximation for large vp/(n vr) shows how the parameters n and io can be
casily determined from a measured i-v characteristic. Plot the natural logarithm of ip versus
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Plotting Graphs in Matlab. Matlab (the name stands for matrix laboratory) is a program that is widely used in academia and industry for numerical computations and simulations, especially in signal processing, communications, and control theory. An attractive feature of Matlab that will be used here are the many built-in graphing capabilities. 

Suppose you have measured a whole set of (v,i) pairs, e.g., the ones shown in the following table. 

	Volts
	Milliamperes

	1.26
	1.261

	2.48
	2.482

	5.61
	5.616

	7.23
	7.237

	9.55
	9.560

	12.04
	12.05


The easiest way to visualize and interpret this data is to make a plot of i versus v, e.g., in Matlab.

After starting Matlab, the Matlab workspace environment (with a >> prompt) can be used directly to type such commands as

5+3   or   sin(pi/6)   or   exp(-1)   etc.



Matlab is matrix and vector oriented, and most commands work directly on matrices and vectors. To plot i versus v for several (v,i) pairs, you enter the voltage data in one vector, say v, and the current data in a second vector, say i, as shown in the Matlab code example below. Note the semicolon (;) at the end of each vector. If you leave it out (try it!), Matlab prints the vectors in the workspace immediately after you press the "Enter" key.

	Simple Plot of i-v Characteristic in Matlab 

	>> v = [1.26  2.48  5.61  7.23  9.55  12.04];

>> i = [1.261 2.482 5.616 7.237 9.560 12.05];

>> plot(v,i)


To plot the data in vector i versus the data in vector v, simply use the command plot(v,i) as shown in the last line of the above Matlab code. The resulting graph is shown in the following figure. 
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While this is a great initial result, several improvements can (and should) be made. First of all, rather than working directly in the Matlab workspace and retyping a lot of things while developing and debugging a program, it is easier to use a Matlab script file or m-file. This is a file that contains Matlab statements and comments (separated by %) and is saved with a .m filename extension. To invoke the m-file editor type edit at the Matlab command prompt. Then enter the improved version of the i-v characteristic plot program as shown in the next figure and save it as ivplot01.m (or any other name of your choice, but with a .m extension) in the default directory.
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ivplotOl Plots i-v characteristic using (v,i] pairs obtained from
B neasuring a device under test.

1-20-03, P. Hathys

[1.26 2.8 5.61 7.23 9.55 12.04]; =Measured voltage in ¥
i = [1.261 2.482 5.616 7.237 9.560 12.05]; “Measured current in mh

plot(v, i), arid
xlabel('Voltage [V]'),ylabel('Current [ud]')
title('i-v Characteristic of 1 k\Omega Resistor')





Note that a header and other comments (preceded by %) were added for clarity. But the main improvement, besides using an m-file, is that the graph has a grid (invoked by the grid command) and is labeled, using the xlabel and ylabel commands for the x-axis and the y-axis, and the title command for the title of the graph. Special characters, like capital omega for ohm, can be included using TeX or LaTeX notation, like \Omega. To run the script, either click on the run symbol [image: image10.png]


in the m-file editor, or type ivplot01 in the workspace at the Matlab prompt. The resulting graph is shown in the next figure.
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By default, Matlab interconnects all points specified by a vector pair using straight lines. This may create the false impression that all points along the line are actually known. To show the measured points explicitly, use the plot command to plot the same set of data in two different ways, once by interconnecting all data points using straight blue lines (invoked by '-b'), and once by placing red 'o' marks at the actually measured points (invoked by 'or'). The script file for this, named ivplot02.m, is shown next.
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[1.26 2.8 5.61 7.23 9.55 12.04]; =Measured voltage in ¥

i = [1.261 2.482 5.616 7.237 9.560 12.05]; “Measured current in mh

Plot(u, i, -b',v,4, 'or') arid
xlabel('Voltage [V]'),ylabel('Current [ud]')
title('i-v Characteristic of 1 k\Omega Resistor')

|
pIOOTm__ ivplotoz.m





This yields the final version of the graph of the i-v characteristic shown below.
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Sooner or later you will want to know more about the plot commmand (or any other Matlab command). Type help plot (or, more generally, help command for any other command) at the Matlab prompt to see a description of all the possible options. Typing help general will show a set of general purpose commands. To see how the help mechanism works in Matlab, try typing help ivplot01 or help ivplot02 (after you typed and saved these m-files).

The Shockley diode equation can be programmed and plotted in Matlab as shown in the following m-file, called diode_iv.m.
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Fle Edt Vew Tet Debug Breakpoints Web Window Help

DeE& ] #H | On n
“diode iv Computation and plot of diode i-v characteristic
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%1-20-03, P. Hathys

10 = le-7; “Reverse saturation current

n “Diode ideality factor

T = 25.7e-3; “Thernal voltage, 25 deg C
Linspace(-0.1,0.9,200; 9D = -0.1...+0.9, linearly spaced
0% (exp(vD/ (0T} -1};  %Shockley diode equation for iD

Blot(vD,iD, -1 ')
axis((-0.10.9 -0.2 1.2]) %Set limits for x and y axis
arid

xlabel{'vD [V]'),ylabel('iD [A]')

title('i-v Characteristic of p-n Junction Diode'}

|
plotod m_|_wolotoZm __diode_ivm





Note the linspace(x1,x2,N) command which produces a vector of N values linearly spaced from x1 to x2. Also note that the exp function works directly on all components of the vector vD/(n*vT), without the need of using a for loop and treating each vector component separately. Finally, the axis([xmin xmax ymin ymax]) command sets the limits for the x and y axis of the plot. The result is shown in the following figure.
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To fit the Shockley equation to (v,i) points that were measured on a real diode, use the command

plot(vD,log(iD))


to plot the natural log of iD (i.e., ln(iD)) versus vD. Then fit a straight line to the plot. From the slope of the line determine the diode ideality factor n and from the offset (crossing with the vertical axis) determine the reverse saturation current i0. 



Activities:
1. i-v Characteristic of a resitor. Measuring the i-v characteristic of a resistor whose value is known from the color code is not very exciting but perhaps instructive; we will use a 220 Ohm resistor.  For i in the range from 0 to around 60 mA, measure about 7 i,v pairs. Note that the resistor gets noticeably hot when i ~ 60 mA.. 
a.  Plot the i-v characteristic in Matlab.  Show your instructor or TA your plot and get their initials._______________________

b. Estimate the resistance of your resistor in Ohms from your plot._______________________________

c. How linear/nonlinear is the resistor? ​​​​​

d. Does the resistance increase, decrease, or stay constant as the resistor gets hotter? 

2. i-v Characteristic of a LED. Measure the i-v characteristic of the standard red (other colors are fine also) LED over the range 0..20 mA for the diode current. Use two 220 ohm resistors in series (or one 470 Ohm resistor) for the current limiting resistor Rlim. Note: The maximum continuous current that these LEDs are rated for is about 30 mA. Be careful not to exceed this limit.  

a. Plot the i-v characteristic in Matlab for both iD versus vD and ln(iD) versus vD. It is recommended that you express current (i.e., iD ) in milli Amps.  Show your plots to your instructor or TA  and get their initials__________________________________

b. Estimate the parameters n (diode ideality factor) and i0 (reverse saturation current).  Note: You can use the Matlab function POLYFIT to find a least-squares fit of the ln(iD) versus vD points.  Remember not to include iD values of 0 when defining the input to POLYFIT because log(0) is not defined.
n _____________________

i0 _____________________

c. Plot the resulting iD versus vD using the Shockley equation and check how well it matches your measured (v,i) pairs; modify the diode_iv.m  file defined above to accomplish this task.  Show your instructor or TA the plot and get their initials._______________________

