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[bookmark: _Toc111329118]LAB SAFETY PROTOCOLS
Safety in the laboratory is of utmost importance. Not following the lab safety protocols may cause injury to yourself and/or others in the lab. Accidents are typically caused due to the lack of preparation and/or carelessness in the lab. You are expected to come prepared in each lab. Read the appropriate sections of the lab manual before coming to the lab in-person. Also complete the prelab exercises and watch any associated tutorial video(s) before coming to the lab in-person. You are also expected to pay attention and follow instructions given by your lab instructor during a lab exercise. Inform your instructor if you are unclear about a lab procedure. Do not attempt any trial and error or try to invent your own techniques. Do not use your mobile devices for any other work unrelated to the lab. If you must pick up an urgent call, then please go outside of the lab so that others are not disturbed or distracted. 
The following general rules apply to all circuit labs: 
1. Place book bags, backpacks, large purses, etc. under your lab workbench or where instructed. The only items (that belong to you) allowed on the lab workbench are your lab kit, breadboard, and writing utensils (or a digital device, such as a laptop or an iPad to record lab data). Note that each lab workbench is already equipped with a computer which you can also use to open the lab manual and record your lab data.
2. Eating and drinking in the lab are strictly prohibited. If you need to drink water, then you must walk out of the lab with your water bottle to drink. Your water bottle must be put under the workbench with the lid tightly closed and away from any electrical wires or outlets. Do not bring any fountain drink (typically served in fast food restaurants, contained in a foam cup having threadless flimsy plastic lid) in the lab. 
3. Do not apply cosmetics, body spray or fragrances inside the lab. 
4. Dress appropriately and professionally. Wear close-toed shoes. Flip flops, open-toed shoes, and bare feet are prohibited in the lab. 
5. If you brought a wet umbrella or raincoat, it must be placed inside a dry plastic bag, which then should be placed under the workbench or at a place instructed by your lab instructor.
6. If you have any medical condition that might prevent you to fully participate in the lab, then you should discuss with your instructor in advance.
7. Always use the lab instruments that are available on your workbench. Do not bring or try to use your own personal equipment in the lab.
8. If your workbench is missing a required equipment or any of the equipments available on your workbench is not working, then inform your instructor immediately. In such scenarios, you would be allowed to borrow a replacement equipment. Never try to grab an instrument from another workbench without the explicit permission from your instructor.
9. Never perform any unauthorized experiments.
10. Put all cables and probes back to the hangers once your experiments are done. 
11. Make sure to turn off the lab instruments you have used before leaving the lab. 
12. If you borrowed a lab instrument from another workbench (with explicit permission from your instructor), then make sure to place it back from where you have taken it before leaving the lab.
[bookmark: _Toc111329119]PARTS LIST

	Item Number
	Item Description
	Value
	Quantity

	1
	Resistor
	
	1

	2
	Resistor
	
	1

	3
	Resistor
	
	1

	4
	Resistor
	
	1

	5
	Resistor
	
	1

	6
	Resistor
	
	1

	7
	Resistor
	
	1

	8
	Resistor
	
	1

	9
	Resistor
	
	1

	10
	Inductor
	
	1

	11
	Inductor
	
	1

	12
	Capacitor
	
	1

	13
	Externally Powered Solderless Breadboard
	
	1

	14
	Jumper Wires (male-to-male)
[image: Photograph of jumper wires.]
	Varies in length.

	At least 20 pcs.





[bookmark: _Toc111329120]Lab Exercise # 1: Introduction to MATLAB and LTspice
Circuit Analysis – I

[bookmark: _Toc110978798][bookmark: _Toc110980119][bookmark: _Toc111329121]Objectives: 
1. [bookmark: Required_Software_and_Hardware:][bookmark: Kennesaw_State_University][bookmark: Objectives:]Familiarize with “MATLAB” to perform basic calculations and learn two key math skills – complex number calculations and simultaneous equation solutions.
2. Familiarize with “LTspice” circuit simulation software and learn the use of LTspice to construct and simulate DC, AC and transient behavior of RLC circuits.

[bookmark: _Toc110978799][bookmark: _Toc110980120][bookmark: _Toc111329122]Required Software and Hardware:
· Install MATLAB in your computer following the instructions provided within the Appendix Section of this Lab Manual – “Handout # 1: How to Install MATLAB”. 
· Install the latest version of LTspice. Windows 10 OS or later is preferred. Follow the instructions provided within the Appendix Section of this Lab Manual – “Handout # 2: How to Install LTspice”. 
· A personal computer with Windows 10 operating system or later is recommended. LTspice and MATLAB functionality/features can be different and limited in other platforms (such as a Mac). Hence, a Windows-based PC is preferred for best experience.   

LAB-1 PROCEDURE
Prelab Exercises: None.
[bookmark: _Toc110978800][bookmark: _Toc110980121][bookmark: _Toc111329123]Task 1. MATLAB – Self-learning Exercises:
Create an account on the MathWorks website and launch “MATLAB Onramp” following the link below:
https://matlabacademy.mathworks.com/
There are approx. 12 interactive Onramp exercises to get new users familiar with MATLAB. Students
are recommended to complete the following Onramp exercises: 
Module # 2: Commands
· Entering Commands
· Naming Variables
· Using Built-in Functions and Constants
Module # 3: MATLAB Desktop and Editor
· MATLAB Desktop and Editor
· The MATLAB Editor
· Running Scripts
· Debugging MATLAB Code
Module # 4: Vectors and Matrices
· Manually Entering Arrays
· Creating Evenly-Spaced Vectors
· Array Creation Functions
Module # 5: Indexing into and Modifying Arrays
· Indexing into Arrays
· Extracting Multiple Elements
· Changing Values in Arrays
Module # 6: Array Calculations
· Performing Array Operations on Vectors
Module # 8: Obtaining Help
· Obtaining Help (Using MATLAB’s Documentation)
· Obtaining Help (Practice)
Module # 9: Plotting Data
· Plotting Vectors
· Annotating Plots

[bookmark: _Toc110978801][bookmark: _Toc110980122][bookmark: _Toc111329124]Task 2. MATLAB – Exercises to Submit for Credit:
Exercises in ‘Task 1’ were to familiarize yourself with the MATLAB syntax and get started. Do not submit any results from Task 1 in your lab datasheet/lab report. 
In this section (Task 2), you will perform some more calculations in MATLAB. In Task 1, you performed the interactive exercises online (through web browser). However, for the exercises in Task 2 (and for all future instances whenever you will need to use MATLAB in this course), you must use the MATLAB desktop program installed in your computer, not online using your web browser. 
[bookmark: _Toc110978802][bookmark: _Toc110980123][bookmark: _Toc111329125]How to Perform Task 2 Exercises?
For all Task 2 exercises, you must write your codes in a single MATLAB script file. Do not perform coding or calculations within the MATLAB ‘Command Window’. Once you complete Task 2, submit the MATLAB script file (having ‘.m’ extension) namely “Lab1_Task2_First Name_Last Name.m”.  
[bookmark: _Toc110978803][bookmark: _Toc110980124][bookmark: _Toc111329126]What is a MATLAB script file?
The simplest type of MATLAB program is called a MATLAB script. A script is a file that contains multiple sequential lines of MATLAB commands or codes.
[bookmark: _Toc110978804][bookmark: _Toc110980125][bookmark: _Toc111329127]How to Create and Run a MATLAB script file? 
After installing MATLAB, open the MATAB desktop program and you will see a menu on the top. A screenshot of the top menu is shown below. Under the Home tab, click on the New Script button to create a new script file. 

To learn more about creating Scripts, visit this link: https://www.mathworks.com/help/matlab/matlab_prog/create-scripts.html
Codes for all Task 2 exercises must be written within a single script file. Do not create different script files for different exercises. When you run the completed final MATLAB script file, it should execute the codes and display the results (answers) for all Task 2 exercises within the MATLAB command window. 
Make sure the coding is neat and clean. Insert ample comments to make the code easily understandable. Check the following link to learn how to add comments in your code. 
https://www.mathworks.com/help/matlab/matlab_prog/comments.html 
[bookmark: _Toc110978805][bookmark: _Toc110980126][bookmark: _Toc111329128]Good Coding Practices: 
A neat way of writing codes is to create Code Sections. It is recommended that you create three different Sections (within the same script file) for the following three MATLAB exercises. Visit the following link to learn how to create Sections in your code.
https://www.mathworks.com/help/matlab/matlab_prog/run-sections-of-programs.html

For your help, some example MATLAB codes are provided at the end of this Lab Manual within the Appendix Section – “Handout # 3: MATLAB Example Codes”. You can copy these codes into your MATLAB script file and play with the code to understand and learn how each line of the code works and then apply your learnings to complete the following three MATLAB Exercises.
____________________________________________________________________________________
a. [bookmark: _Toc110978806][bookmark: _Toc110980127][bookmark: _Toc111329129]MATLAB Exercise # 1:
First, create a new MATLAB script file. Then go to  ‘Save’  ‘Save As’ and then save it with the filename – “Lab1_Task2_First Name_Last Name.m”. Save it within a folder of your choice in your computer. 
Now write codes within the MATLAB script file to perform the following complex number calculations in MATLAB. Then fill up Table 1 of the Lab-1 Datasheet.
Consider two complex numbers:   (3 + j4)   and   (4 – j2). Store the complex numbers in two variables ‘a’ and ‘b’, respectively. Now perform the following mathematical operations using the variables ‘a’ and ‘b’.
Note: Electrical engineers use j instead of i for the imaginary component, but MATLAB accepts i. 
(i) Add the complex numbers and display the result in rectangular and in polar form. For all exercises, angles for the polar form must be calculated in ‘degrees’. Write your answer in polar form in the following format:
                    Where,  is the magnitude and  is the angle in degrees.
(ii) Subtract the 2nd complex number from the 1st one. Display the result in rectangular and in polar form. 
(iii) Multiply the complex numbers and display the result in rectangular and in polar form.
(iv) Divide the complex numbers (2nd one will go in the denominator) and display the result in rectangular and in polar form.

b. [bookmark: _Toc110978807][bookmark: _Toc110980128][bookmark: _Toc111329130]MATLAB Exercise # 2:
Create a new section within the same MATLAB script file and write codes to solve the following system of equations for the unknown voltages , , and . Once you get the results by running the script, fill up Table 2 of the datasheet.



c. [bookmark: _Toc110978808][bookmark: _Toc110980129][bookmark: _Toc111329131]MATLAB Exercise # 3:
[image: Resistor diagram.]
You have three resistors () connected in series as shown on the right. The resistance measured between the nodes N1 and N4 was found to be 3.09 kΩ. The resistance measured between nodes N2 and N4 was 2.76 kΩ, and the resistance measured between the nodes N1 and N3 was 890 Ω.
Write a set of three equations based on the information provided above (write in Table 3 of the datasheet). Then, create a new section within the same MATLAB script file and write codes to –
solve the system of equations for the unknown resistances , , and . Once you get the results, fill up Table 3 of the datasheet.
[bookmark: _Toc110978809][bookmark: _Toc110980130][bookmark: _Toc111329132]Task 3: LTspice Simulations – Self-learning Exercises:
Note: If you are using a Mac, watch the video tutorial: “Using LTspice on the Mac” before starting.


[image: Screenshot of LTSpice main page.]
Getting Started: Open LTspice in your PC. Then go to File  New Schematic to start a new schematic. A new blank window should appear as shown below. This is your workspace where you will sketch/draw your circuits.
· First, you will construct a simple DC circuit with two resistors connected in series. To add, move or delete circuit components and wires, right-click anywhere on the schematic (the blank grey background). Then from the pop-up window select Draft  Component.
· The component selection menu will open as shown below. Scroll to the right and select res from the component list. Alternatively, you can also type and search for res within the search box instead of scrolling and manually finding it.

· Click OK and then drag the resistor symbol into the schematic area (the workspace). Left click to place it on the schematic. 
[image: Resistor symbol screenshot.]
Note: A second resistor will appear as soon as you left click and place the first resistor. If you left-click again, it will place another resistor. Place a second resistor R2 below R1 as shown in the image below. Now right-click to stop placing more resistors.
[image: Resistor symbol screenshot.]
· [image: Resistor symbol screenshot.]To rotate R1, go to Edit from the top menu, then select Move (a hand icon appears). Drag the hand icon over R1. This will select R1 and as you move your mouse, R1 should move. Now you can rotate R1 by Ctrl+R key. Place the rotated R1 by left-click. Then right-click anywhere on the schematic to get rid of the hand icon. R1 should now be aligned horizontally, whereas R2 would be aligned vertically as shown on the right.
[image: Voltage source screenshot]


· For our circuit, we will also need a voltage source. Open the component list again. Scroll to the right and find the voltage source. 
· Click OK and then drag the voltage source to the schematic and left-click to place it. Then press the Esc button on your keyboard or right-click anywhere on the schematic to stop placing more voltage sources. At this point, your screen should look similar to the one shown below.
[image: Resistor symbol screenshot.]









· Right now, we have two resistors and a voltage source. A ground reference must be connected to the circuit. Go to Edit, then choose Place GND and place it on the schematic by left-click. 
· Now, you need to wire up the circuit (i.e., interconnect individual circuit components using wires). Go to Edit, then choose Draw Wire. A crosshair of dotted lines will appear on the schematic area. Bring the crosshair at the top (tiny) square on the voltage source symbol. Left-click on the small square and drag the mouse to start wiring  drag the crosshair vertically up and then left-click to make a corner in the wire at a point horizontal to R1  then drag toward right and bring the crosshair on the (tiny) square at the left end of R1  then left-click to complete the wiring of this portion. At this point, your screen should appear similar to the one shown below. 
Note: The wire appears thicker until you make a connection between two circuit elements.
 
· Now, complete wiring the circuit. To stop wiring, right-click on the schematic area. 
Note: If you left-click the crosshair on the top (tiny) square of the triangular Ground symbol, it will rotate! To avoid such undesired rotation of the GND symbol, wire the GND symbol by dragging the wire horizontally across the top flat edge of the triangular GND symbol.
· [image: Complete wiring screenshot]When the wiring is complete, it should look similar to the image shown on the right.


· Now we need to define the component values by Right-clicking on each component and changing the value. To change R1’s value, hover the mouse over R1, the cursor icon changes to a pointing hand, and then right-click. Now you can enter a value for the resistor within the field “Resistance[Ω]” or choose a value from the list under Select Resistor. Delete the default ‘R’ value and change the value of R1 to 2k and R2 value to 3.3k.
[image: Circuit diagram.][image: Screenshot where Select Resistor is selected.]










· Similarly, to change the value of the voltage source, right-click on the voltage source symbol. Set the DC value to 5  then click OK. 
[image: Screenshot where DC Value is being entered.]
· Prior to simulating, save the LTspice schematic file. Go to File  then select Save As and save with the filename: “Lab1_Circuit1_First Name_Last Name”.
· Now, before you can simulate the circuit, the type of the simulation must be defined. Go to Edit, then choose SPICE Analysis. The following window will pop up.
[image: Screenshot of SPICE Analysis window.]
· We intend to simulate the circuit to find its DC operating points (i.e., DC voltages at different nodes and DC currents in the branches). To simulate the DC operating points  go to DC op pnt tab. Then click OK and place the .op text anywhere on the schematic (see the image on the next page).
[image: DC Op Pnt Tab Selected.]
[image: Circuit screenshot.]

· [image: Text file with calculated DC values. ]Now go to Simulate, then Run. A successful simulation will produce a window with the calculated DC values (node voltages and branch currents) listed in a Table format as shown on the right.




· [image: Screenshot of circuit with displayed results.]One method for displaying simulation outputs of interest is to display the results directly on the circuit schematic. To display node voltages directly on the schematic, right-click anywhere on the blank schematic area and under the Draft menu choose .op Data Label. Place the label on a node of interest and the DC operating point value will appear. See the image below where the node voltage between R1 and R2 is displayed on the schematic. You can put more .op Data Labels at other nodes to display the voltages at those nodes on the circuit schematic. 
Note: This only works for node voltages, not branch currents. 
· Another useful method for viewing simulation results is through the Waveform Plot. To enable this, go to Edit, then select SPICE Analysis. Set the values for Transient analysis as shown on the next page.

[image: Screenshot of setting values on SPICE analysis.]
[image: ]
· Click OK then RUN. 
· [image: Screenshot where V(n002) is selected.][image: ]A Waveform window (or blank plot window) will be visible below the circuit schematic window if the Tile Windows icon is clicked. 

· To add Traces to the blank plot window, right-click anywhere within the empty plot window, then click on Add Traces. Select the voltage at node 2, which is V(n002) and then click OK. 


· The DC voltage at that node should be plotted as follows:
[image: Voltage screenshot.]

Important Note: The above exercise was for your learning only. Do not submit any results from Task 3 in your lab datasheet/lab report.
Do the following exercises (Task 4) using LTspice to submit and receive credit.
[bookmark: _Toc111329133]Task 4: LTspice Simulations – Exercises to Submit for Credit:
a. [bookmark: _Toc111329134]LTspice Exercise # 1:
Construct and Simulate a Series DC Circuit
Use your Student ID to set the values of R1 and R2 as follows:
The middle three digits are the value of R1, the last three digits are the value of R2. 
Example: KSU ID 123456789  R1 = 456 Ω, R2 = 789 Ω.
Run the Transient Simulation again with your KSU ID values. An example is shown below.
[image: Voltage and circuit screenshot.]
· [image: Color palette screenshot. ]Once you have successfully run the simulation, fill up Table 4 of the Datasheet.
Preparing the waveform for screenshot and submission: 
· First, change the waveform background color to white. To do so, go to Tools  Control Panel  Waveforms  Color Scheme[*]  Use the dropdown list labeled Selected Item to choose Background. Slide Red, Green, and Blue all the way to the right (values will become 255 for all), then click Apply. Click OK, then OK to view the waveform with a white background.
· Next change the trace color to Red. To do so, go back again to the Tools menu  Control Panel  Waveforms  Color Scheme[*]  Use the dropdown list labeled Selected Item to choose Trace (V1). Adjust the slider to obtain the following: Red (255), Green (0), Blue (0). Then click OK  OK to view the trace color changed to Red.
· Next, make the trace thicker so that it is easier to see. To do so, go back again to the Tools menu  Control Panel  Waveforms  Data trace width[*]  Use the dropdown list to choose a value between 6 to 8. Then click OK to make the waveform trace thicker. At this point, you should have your plotted waveform (trace) thicker with Red color on a white background.
· Add Screenshot # 1 to Datasheet: Use the snipping tool of windows to capture your screen including the circuit schematic and the plotted voltage waveform (similar to the one shown in the previous page) and put it in your Lab-1 Datasheet. 
Note: Make sure that both the circuit schematic and the waveform are clearly visible once you put the screenshot in the word file. The x-axis and y-axis scales should be easily readable. The mouse wheel can be used to Zoom in/out the LTspice circuit schematic for best view. 
· Save the LTspice schematic file (the circuit schematic, not the plots) with a filename: “Lab1_Circuit1_First Name_Last Name.asc”.

b. [bookmark: _Toc110978811][bookmark: _Toc110980132][bookmark: _Toc111329135]LTspice Exercise # 2:
Perform Time Domain Analysis on an RC Filter
· Create a new Schematic and place a voltage source. Right click on it and click the Advanced button.
· Select the SINE function and set the parameters: DC Offset = 0, Amplitude = 5, and Freq = 1000.
· Add a 1kΩ resistor, a 160nF capacitor and a Ground to your schematic. Then wire the circuit as shown below.

· To simulate the Time Domain (Transient) behavior of a circuit with an AC source, it is required to set the end time to an appropriate value based on the frequency of the source. In this case the time for one complete cycle of the SINE source is 1ms (since the frequency is 1kHz). Therefore, to display 4 cycles of the Waveform, edit the simulation settings as – Stop time to 4m (‘m’ stands for milliseconds). Set the Maximum Timestep to 1u (‘u’ stands for microseconds). See the screenshot on the next page.
· [image: Screenshot changing Maximum Timestep to 1u. ]Now click Apply, then OK, and place the .tran statement anywhere on the schematic.  
· Now save this LTspice file with a filename:
“Lab1_Circuit2_First Name_Last Name.asc”. 
· [image: ]Now Run.

· [image: ]A Waveform window will be visible below the circuit schematic window if the Tile Windows icon is clicked.

· [image: ]To add Traces to the blank plot, click the Add Traces icon.

· Select the voltage at nodes 001 and 002 to be visible (use the <Ctrl> key to select both). Your waveform display should be similar to the following. Adjust the colors and thickness of the traces as necessary.
[image: Screenshot of voltage graph.]

Note: The above exercise was for your learning only. Do not submit the above work. Do the following exercise to submit and receive credit for this part (Task 4b) of the lab.
Use your Student ID to set the values of R1 and C1 as follows:
The middle three digits are the value of R1, the last three digits are the value of C1 in nF.
Example: KSU ID 123456789, R1 = 456, C1 = 789nF
Run the Transient Simulation again with your own KSU ID values. An example is shown below.
[image: Screenshot of circuit diagram and voltage graph.]

Note: In the above example screenshot, notice that the circuit schematic has a white background unlike the grey background as seen in the previous circuit screenshots provided in this manual. A white background provides better visibility. To change the schematic background from grey to white, go to Tools  Control Panel  Drafting Options  Color Scheme[*]  Use the dropdown list labeled Selected Item to choose Background. Slide Red, Green, and Blue all the way to the right (values will become 255 for all), then click Apply. Click OK, then OK. Now you will have the circuit schematic with a white background. Also, you will notice that in the above example screenshot, the wires in the circuit schematic are thicker than yours. Again, the reason to increase the thickness of the wires is to provides better visibility. To make the wires thicker, again go to Tools  Control Panel  Drafting Options  Pen thickness[*]  Select 3 from the dropdown list, then click OK. Now you will have your wires thicker like the example screenshot provided above.   
· Add Screenshot # 2 in the Lab-1 Datasheet. Use the snipping tool to capture the screen image as shown above. Make sure both the circuit schematic and the waveform are clearly visible. The x-axis and y-axis scales should be easily readable. The mouse wheel can be used to Zoom in/out the LTspice schematic for best view. 
· Save the LTspice schematic file with a filename: “Lab1_Circuit2_First Name_Last Name.asc”.

c. [bookmark: _Toc110978812][bookmark: _Toc110980133][bookmark: _Toc111329136]LTspice Exercise # 3: 
Perform AC Sweep analysis on an RC filter
· ‘Save As’ the previous RC circuit schematic (created in Task 4b) with a new filename: “Lab1_Circuit3_First Name_Last Name.asc”.
· Modify the Voltage Source V1 to input the values for the AC Amplitude and AC Phase parameters as shown in the image on the next page.
[image: Screenshot of Independent Voltage Source with AC Amplitude and AC Phase typed in. ]
[image: ]
· Delete the .tran statement from the schematic. Use the scissor (cut) tool for this purpose.   
· Then change the SPICE Analysis type to AC analysis. To do so, go to  Simulate  Edit Simulation Cmd. Select ‘Type of sweep’ to ‘Decade’. Set the Start frequency to 10, the Stop frequency to 10k and plot 100 points/decade as shown below. Then Run the simulation.
[image: Screenshot of Stop Frequency set to 10000.]
· A waveform window will be visible below the circuit schematic window if the Tile Windows icon is clicked. To add Traces to the blank plot, left-click on the node between the resistor and the capacitor. 
· You will see the plot of the magnitude and phase as a function of frequency. Note that due to the lower impedance of the capacitor and the series network configuration, the voltage across the capacitor drops as frequency increases.

· [image: Screenshot of circuit and voltage diagram. ]Put a screenshot of your circuit & simulation result (similar to the one shown above) in the Datasheet. 
Note: Make sure the circuit schematic and the waveforms are clearly visible. The x-axis and y-axis scales should be easily readable. The mouse wheel can be used to Zoom in/out the LTspice schematic for best view. 

[bookmark: _Toc111329137]Task 5: Writing Conclusions
a. Once you complete the datasheet, then write a conclusion. A thoughtful conclusion summarizing your key observations and learnings should be documented in the Conclusions section. The Conclusions section should be at least 150 words in length. Conclusions must be typed in and not hand-written.
[bookmark: _Toc110978813][bookmark: _Toc110980134][bookmark: _Toc111329138]Point Distribution:
The entire Lab-1 is worth total 100 points. Task 1 is for your learning only, no submission is required for Task 1. Task 2 is worth 45 points and Task 3 is worth 50 points. The conclusions section is worth 5 points.

[bookmark: _Toc110978814][bookmark: _Toc110980135][bookmark: _Toc111329139]Submission Instructions: 
Once the Datasheet is complete, save/convert the word file as a .pdf file with a filename: “Lab-1 Datasheet_First Name_Last Name.pdf”. 

You should have total five files for Lab-1 as listed below:
(i) Lab-1 Datasheet (filename: “Lab-1 Datasheet_First Name_Last Name.pdf”) 
(ii) MATLAB script file (filename: “Lab1_Task2_First Name_Last Name.m”)
(iii) LTspice file # 1 (filename: “Lab1_Circuit1_First Name_Last Name.asc”)
(iv) LTspice file # 2 (filename: “Lab1_Circuit2_First Name_Last Name.asc”)
(v) LTspice file # 3 (filename: “Lab1_Circuit3_First Name_Last Name.asc”)
Check with your lab instructor about specific instructions on how to submit your work (these five files) for assessment and grading.


End of Lab 1





[bookmark: _Toc111329140]Lab Exercise # 2: Introduction to Circuit Measurement
Circuit Analysis – I

[bookmark: _Toc110978816][bookmark: _Toc110980137][bookmark: _Toc111329141]Objectives: 
1. Apply Kirchhoff’s Laws and Ohm’s Law to determine the voltages and current in a simple voltage divider circuit.
2. Use LTspice to predict and determine the voltages and current in the circuit.
3. Use a Digital Multimeter (DMM) to measure resistance, voltage, and current in the circuit.

[bookmark: _Toc110978817][bookmark: _Toc110980138][bookmark: _Toc111329142]Required Software and Hardware:
· LTspice installed in a computer (Windows 10 OS or later is preferred). This lab manual include instructions based on the LTspice functionalities on a Windows 10-based PC.
· Lab Kit (including the Breadboard* and Resistors), jumper wires, DC Power Supply, Digital Multimeter, Banana Plug Cables and Test Probes.
*Connection posts must be properly installed on the breadboard before you come to the lab.
Note: Student will bring the parts listed in blue above. The red ones are available in the Lab.   

[bookmark: _Toc110978818][bookmark: _Toc110980139][bookmark: _Toc111329143]PRELAB-2 EXERCISE
[bookmark: _Toc110978819][bookmark: _Toc110980140][bookmark: _Toc111329144]Task 1. Identify Resistors from color codes:
Resistors are color coded to easily and quickly identify a resistor value. The resistor color code chart along with sample calculations have been provided in the Appendix Section – “Handout # 4: How to Read Resistor Color Codes”. Consult the Handout # 4 to learn how to identify resistor values from its color code and vice versa. Then complete Table 1 of the ‘Prelab-2 Worksheet’. Note that the R1 and R2 resistors listed in Table 1 are the resistors you will use to build the voltage divider circuit in this lab.

[bookmark: _Toc110978820][bookmark: _Toc110980141][bookmark: _Toc111329145]Task 2. Analytical Calculations:
a. Perform analytical calculations (Applying Kirchhoff’s Laws and Ohm’s Law) to compute the voltage drop across  and the current (𝑰) flowing through the circuit. You must show “complete step-by-step” work including equations and calculations to receive full credit. 
b. Complete Table 2 of the Prelab-2 Worksheet. 

[bookmark: _Toc110978821][bookmark: _Toc110980142][bookmark: _Toc111329146]Task 3. Circuit Simulation using LTspice:
a. Sketch the voltage divider circuit of Fig. 1 in LTspice. Check the ‘Prelab-2 Worksheet’ which lists the required values of  and the resistances () for this lab exercise. 
b. Once the circuit is completed in LTspice, use the .op simulation (as you learned in Lab-1, Task 4a) to find the DC operating points in this circuit (i.e. node voltages and branch currents). Then complete Table 3 of the ‘Prelab-2 Worksheet’.
c. Add a text box containing your Name(s), Prelab # and Date in the upper right corner of the LTspice circuit schematic. To add text on the schematic, go to  Edit Text.
d. Save the LTspice schematic file with a filename: “Prelab2_Circuit_First Name_Last Name.asc”.
e. Now take a screenshot (Screenshot # 1) of the LTspice circuit schematic and put the screenshot within the ‘Prelab-2 Worksheet’ file.

Task 4. Preparing for Lab 2:
Watch the following four Tutorial Videos and prepare yourself for Lab-2. 
(i) Intro to Circuits Lab 
(ii) Preparing the Breadboard 
(iii) “Breadboard Basics_How to Use – Part 1” and “Breadboard Basics_How to Use – Part 2”
(iv) “Circuit Building & Measurement – Part 1” and “Circuit Building & Measurement – Part 2”
Follow the instructions in the videos to prepare your breadboard before you come to the in-person lab. 

Prelab Submission Checklist: There should be two files submitted for your Prelab-2 assignment. One is the LTspice schematic file (.asc) and the other one is the Prelab Worksheet (.pdf).
Check with your lab instructor about specific instructions on how to submit your Prelab files for assessment and grading.


[bookmark: _Toc110978822][bookmark: _Toc110980143][bookmark: _Toc111329147]LAB-2 PROCEDURE

[bookmark: _Toc110978823][bookmark: _Toc110980144][bookmark: _Toc111329148]Task 1. Construct the Circuit on the Breadboard:
Construct the voltage divider circuit on your breadboard. The ‘node A’ and ‘node B’ of the circuit (see Fig. 1) should be connected to  through the connection posts on the breadboard (watch the video tutorials to learn how to do this). You can choose any two posts to serve as node A and node B. However, for easy tracking and diagnosis in the lab, it is recommended that you connect node A to the Red post and node B to the Black post. Use jumper wires to complete the connections to the posts. 
Figure 1. Voltage Divider Circuit. 
Figure 2. Photograph of the voltage divider circuit
built on a breadboard.  
[bookmark: _Hlk110954957][image: Voltage Divider Circuit diagram.]          [image: Photograph of the voltage divider circuit built on a breadboard.  ]

Note: A sample photograph of the circuit built on a breadboard is shown in Fig. 2. Note that, the red power rail should be connected to the Red connection post using a jumper wire (not shown in the photograph). Similarly, the blue power rail should be connected to the Black post using a jumper wire (not shown in the photograph).

[bookmark: _Toc110978824][bookmark: _Toc110980145][bookmark: _Toc111329149]Task 2. Resistance Measurement:
Press Ω2W to set the DMM in Ohmmeter mode


Terminals used for Resistance
and Voltage
Measurement

1
2

Figure 3. Benchtop Digital Multimeter (DMM) showing the Resistance Measurement ports.

[image: Text

Description automatically generated with medium confidence][image: Text

Description automatically generated with medium confidence][image: Text

Description automatically generated with medium confidence][image: Text

Description automatically generated with medium confidence][image: Text

Description automatically generated with medium confidence]A Digital Multimeter (DMM) can be used to measure voltage, current, resistance, capacitance etc. – that’s why it is called a Multimeter. There are different models of DMMs available in the circuits lab. A photograph of a commonly used DMM in the circuits lab is shown in Fig. 3. To measure resistance, that means to use the instrument as an Ohmmeter, press the Ω2W button (see Fig. 3). To measure resistance, you need to connect test probes to the HI (Red) and LO (Black) Input terminals on the right-hand side of the DMM. For your convenience, these two terminals have been marked as       and       as shown in Fig. 3. Note that on top of the HI (Red) Input terminal, it is marked as                  – which means that this HI Input terminal should be used for Voltage (    ), Resistance (     ), Capacitance (     ), and Diode (     ) measurements. Therefore, you will connect test probes to these two terminals for measuring resistance of the resistors and voltages in your circuit in this lab.2
1

Measure R1 and R2: 
Before connecting the power supply to the circuit, you need to measure the resistance of the resistors using the DMM. Test probes are available in the circuits lab. Grab two test probes (one Red and one Black). Connect the test probe ends to the DMM. It does not matter which color test probe you connect to which terminal of the DMM – test probes are identical regardless of their colors. But, just to make it easy for diagnosis in the later stages of this lab, it is recommended that you connect the Red probe to terminal 1 (HI) and the Black probe to terminal 2 (LO) of the DMM.
To measure the resistance of R1, connect the test probes at the two legs (metal leads) of R1. Make sure you hold it steady – then note the displayed resistance value in your Datasheet. Similarly, measure the value of R2.
Important: Once your experiments are complete, make sure to put the test probes back to its hanger. Also, make sure to turn off the power of all instruments before you leave the lab.

[bookmark: _Toc110978825][bookmark: _Toc110980146][bookmark: _Toc111329150]Task 3: Connect the DC Power Supply
Now you need to connect the DC Power supply () to node A and node B of your circuit. Do not turn on the power supply unit yet. There are a couple of different models of DC power supplies in the lab. A photograph of a typical power supply unit is shown in Fig. 4. If it is a dual output power supply like the one shown in Fig. 4, then you can use either output – V1 or V2 of the power supply as  for your circuit.  
Let’s say, you want to use the V1 output terminals of the DC power supply. Then, connect the positive (+) terminal of the power supply (the red terminal under V1) to node A of your circuit (i.e. to the Red connection post on your breadboard) using a Banana Plug Cable. Next, connect the negative (–) terminal of the power supply (the black terminal under V1) to node B of your circuit (i.e. to the Black connection post on your breadboard) using another Banana Plug Cable.  
Note: It does not matter which color banana plug cables you use for which connection – they are all identical. But, just to make it easy for diagnosis in this introductory lab, it is recommended that you use a Red banana cable to connect to the Red or positive (+) terminal and a Black banana cable to connect to the Black or negative (–) terminal of the DC power supply.
Use either V1 or V2 ports for your 

Figure 4. DC Power Supply Unit.

Once the circuit is complete, rotate the V1 knob of the DC power supply unit counterclockwise, all the way to the left. This will set the output voltage at the V1 output terminals to Zero. Now turn on the power supply by pressing the Power button. Then, rotate the V1 knob clockwise to set the output voltage to the desired value of  (check the Prelab Worksheet which lists the required value of  for this lab exercise).

[bookmark: _Toc110978826][bookmark: _Toc110980147][bookmark: _Toc111329151]Task 4: Taking Measurements
a. Voltage Measurement Setup:
To measure voltage, that means to use the instrument as a Voltmeter, press the DCV button (see Fig. 5). As mentioned in Task 2, you need to use the HI (Red) and LO (Black) Input terminals (marked as      and      .    ) for Voltage measurement. 1 
2

Note: As you take measurements during the lab, keep filling up the Table(s) in the Lab-2 Datasheet.
Press DCV to set the DMM in Voltmeter mode


Terminals used for Resistance
and Voltage
Measurement


1
2

  Figure 5. Benchtop Digital Multimeter (DMM) showing the Voltage Measurement ports.

b. Measure  ,  and :
Voltage (or Potential Difference) is measured across electrical components. That means, to measure the voltage across a resistor, you need to connect the test probes at the two terminals of that resistor. Here, we need to measure three voltages – (i) the supply voltage or  , (ii) the voltage across the resistor R1 or  and (iii) the voltage across the resistor R2 or .
· First, measure the supply voltage  using the DMM. You can measure  by connecting the test probes at different places in this experimental setup. For example, you can connect the test probes across the two connection posts on your breadboard – i.e. connect the Red test probe to the Red connection post (node A) and the Black test probe to the Black connection post (node B). Alternatively, you can connect the test probes directly to the output terminals of the power supply unit.
· To measure , connect the test probes across the two legs (metal leads) of R1 – i.e. across node A and node C. See Fig. 6.Figure 6. Test probe connection to measure the voltage across R1.

     Note: Connect the Red probe to the R1 leg which is connected to node A and the Black probe to the leg that is connected to R2. If you connect the probes opposite way, the voltmeter will display a negative voltage.
· To measure , connect the test probes across the two legs of R2 – i.e. across node C and node B. See Fig. 7(a) and 7(b).
     Note: To obtain a positive voltage reading, connect the Red probe to node C and the Black probe node B (or ground).
R2
Figure 7. (a) Schematic of test probe connection and (b) Photograph of test probe connection to measure the voltage across R2.
(a)
(b)

c. Current Measurement Setup:
To measure current, that means to use the DMM as an Ammeter, press the Shift button and then press the DCV button (see Fig. 8). Note that DCI is written on top of the DCV button which is activated by pressing the Shift key before pressing the DCV button. 
For Ammeter mode, test probes need to be connected to the Red Input terminal at the bottom right (marked as 3A) and the same Black (LO) terminal used for voltage measurement – see Fig. 8. For your convenience, these two terminals have been marked as        and        , respectively, as shown in Fig. 8. The ‘3A’ mark beside terminal 3 signifies that the DC current limit of the instrument is 3 Amperes. 3
2

Tips: Again, it does not matter which color test probe you connect to which terminal of the DMM for current measurement. But, just to make it easy for diagnosis in this introductory lab, it is recommended that you connect the Red probe to terminal 3 and the Black probe to terminal 2 (LO) of the DMM.
Press Shift, then press DCV to set the DMM in Ammeter mode


Ammeter
2
3

               Figure 8. Digital Multimeter (DMM) showing the Current Measurement ports.
d. Measure Current () in the Circuit:Figure 9. Possible locations to break the circuit for current measurement.

Unlike voltage, current cannot be measured by connecting probes across an electrical component. In order to measure current, the current must flow through the DMM. To achieve this, you must break the circuit and insert the Ammeter (DMM) in series so that the current flows through the Ammeter. 
For the given circuit in this lab, you can break the circuit at different locations to insert the Ammeter in series, either at node A, or at node B or at node C as shown by the Red Crosses in Fig. 9. In all of these cases the Ammeter will be in series and the current flowing through the circuit will also flow through the Ammeter – thus enabling us to measure the current . 
Let’s say, you want to break the circuit at node B to place the Ammeter. To do this, disconnect the jumper wire end from node B. Then connect the Ammeter as shown in Fig. 10. Note that the Red probe is connected to R2 and the Black probe is connected to the ground. This way, the current will enter the Ammeter through the Red probe (or terminal 3 of the DMM) and exit the Ammeter through the Black probe (or terminal 2 of the DMM) – which will display a positive value of the current. If you connect the two probes in the opposite way, then the Ammeter will display the same current value, but with a negative sign.  
(a)
(b)




R2








Figure 10. (a) Schematic of Ammeter test probe connection when breaking the circuit at node B, and (b) Photograph of the corresponding Ammeter test probe connection to measure the current.

[bookmark: _Toc110978827][bookmark: _Toc110980148][bookmark: _Toc111329152]Task 5: Error Calculations and Conclusions
b. Once all measurements are done, you need to calculate the %error of your experimentally measured data compared to the theoretical values.
      “percentage error” can be calculated using the following formula:


Note: Theoretical values are the one that you obtained in your pre-lab by theoretical calculations.

c. Once you complete the datasheet, then write a conclusion. A thoughtful conclusion summarizing your key observations and learnings should be documented in the Conclusions section. The Conclusions section should be at least 150 words in length. Conclusions must be typed in and not hand-written.

[bookmark: _Toc110978828][bookmark: _Toc110980149][bookmark: _Toc111329153]Point Distribution:
The entire Lab-2 is worth total 100 points. The Prelab is worth 30 points and the in-lab (hands-on) exercises are worth 70 points. Within the Lab Exercises part, the conclusions section is worth 5 points.

[bookmark: _Toc110978829][bookmark: _Toc110980150][bookmark: _Toc111329154]Submission Instructions: 
The Lab-2 Datasheet should be saved/converted as a .pdf file with a filename: “Lab-2 Datasheet_First Name_Last Name.pdf” for submission.
Check with your lab instructor about specific instructions on how to submit your lab datasheet for assessment and grading.


End of Lab 2









[bookmark: _Toc111329155]Lab Exercise # 3: Series and Parallel DC Circuits
Circuit Analysis – I

[bookmark: _Toc110978831][bookmark: _Toc110980152][bookmark: _Toc111329156]Objectives: 
1. Find resistor values using the resistor color codes. 
2. Apply Ohm's Law to find the voltages and currents in a series and a parallel circuit. 
3. Perform LTspice simulations to predict and determine the voltages and currents in the circuits.
4. Build the physical circuit on a breadboard and use a Digital Multimeter (DMM) to measure voltages and currents in the circuit. Then compare experimental values with theoretically calculated values.
[bookmark: _Toc110978832][bookmark: _Toc110980153][bookmark: _Toc111329157]Required Software and Hardware:
· LTspice installed in a computer (Windows 10 OS or later is preferred).
· Lab Kit (including the Breadboard and Resistors), jumper wires, DC Power Supply, Digital Multimeter, Banana Plug Cables and Test Probes.
Note: Student will bring the parts listed in blue above. The red ones are available in the Lab.


[bookmark: _Toc110978833][bookmark: _Toc110980154][bookmark: _Toc111329158]PRELAB-3 EXERCISE
[bookmark: _Toc110978834][bookmark: _Toc110980155][bookmark: _Toc111329159]Task 1. Theoretical Calculations:
a. Find the resistor values of Rl, R2, R3 and R4 from the color codes given in the Pre-lab Worksheet.
b. Perform analytical calculations to find the voltages and currents for the Series and Parallel circuits of Fig. 1 and Fig. 2. You need to calculate the voltages and currents shown in Red. Complete the Prelab-3 Worksheet.

                  Figure 1. Series Circuit.                                                      Figure 2. Parallel Circuit.

[bookmark: _Toc110978835][bookmark: _Toc110980156][bookmark: _Toc111329160]Task 2. Circuit Simulation using LTspice:
a. Sketch the Series Circuit of Fig. 1 in LTspice. Once the circuit is completed in LTspice, use the .op simulation to find the DC operating points in this circuit (i.e. node voltages and branch currents). Then fill up Table 3 of the ‘Prelab-3 Worksheet’.
b. Add a text box containing your Name(s), Prelab # and Date in the upper right corner of the LTspice circuit schematic. To add text on the schematic, go to  Edit Text.
c. Save the LTspice schematic file with a filename: “Prelab3_Circuit1_First Name_Last Name.asc”.
d. Now take a screenshot (Screenshot # 1) of the LTspice circuit schematic and put the screenshot within the ‘Prelab-3 Worksheet’ file.
e. Sketch the Parallel Circuit of Fig. 2 in LTspice. Use the .op simulation to find the DC operating points in this circuit (i.e. node voltages and branch currents). Complete Table 3 of the ‘Prelab-3 Worksheet’.
f. Add a text box containing your Name(s), Prelab # and Date in the upper right corner of the LTspice circuit schematic. 
g. Save the LTspice schematic file with a filename: “Prelab3_Circuit2_First Name_Last Name.asc”.
h. Now take a screenshot (Screenshot # 2) of the LTspice circuit schematic and put the screenshot within the ‘Prelab-3 Worksheet’ file.
Prelab Submission Checklist: There should be three files submitted for your Prelab-3 assignment. The Prelab-3 Worksheet (.pdf) and two LTspice schematic files (.asc).
Check with your lab instructor about specific instructions on how to submit your Prelab files for assessment and grading.


[bookmark: _Toc110978836][bookmark: _Toc110980157][bookmark: _Toc111329161]LAB-3 PROCEDURE

[bookmark: _Toc110978837][bookmark: _Toc110980158][bookmark: _Toc111329162]Task 1: Construct the Series Circuit and Perform Measurements 
a. Before building the circuits on your breadboard, use the benchtop DMM to measure the resistance of the resistors (R1, R2, R3 and R4). Note the measured resistance values in the Datasheet (Table 1).
Note: As you take measurements during the lab, keep filling up the Table(s) in the Lab-3 Datasheet.
b. Construct the Series circuit on your breadboard. Connect the DC power supply to your circuit and set the source voltage (Vs) as mentioned in the Datasheet. 
c. As learned in the previous lab, use the benchtop DMM to measure the source voltage (Vs), the voltage across R2 (VR2) and the current (I) flowing through the circuit. Remember that voltage is measured across the resistor using the probes, but to measure the current you must break the circuit and insert the Ammeter in series with the circuit. Note the measured voltage and current values in the Datasheet.
d. For your convenience, the possible locations (nodes) where you can break the circuit for the current (I) measurement are shown by the Red crosses in Fig. 3.


Figure 3. Possible locations to break the circuit for current (I) measurement.


[bookmark: _Toc110978838][bookmark: _Toc110980159][bookmark: _Toc111329163]Task 2: Construct the Parallel Circuit and Perform Measurements 
a. Construct the Parallel circuit on your breadboard. Connect the DC power supply to this circuit and set the supply voltage (Vs) as mentioned in the Datasheet. 
b. Use the benchtop DMM to measure the source voltage (Vs), the source current (Is), and the currents flowing through the resistors (I1 and I2). 
c. For your convenience, the location to break the circuit for the source current (Is) measurement is shown by the Red cross in Fig. 4. Similarly, the location to break the circuit to measure the current through R3 (I1) is shown by the Blue cross and the location to break the circuit to measure the current through R4 (I2) is shown by the Green cross in Fig. 4.
[image: Diagram
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Figure 4. Locations to break the circuit for different current measurements.


[bookmark: _Toc110978839][bookmark: _Toc110980160][bookmark: _Toc111329164]Task 3: Error Calculations and Conclusions
a. Once all measurements are complete, calculate the %errors for all of your measured data compared to the theoretical values. 
      “percentage error” is calculated using the following formula:


Note: Theoretical values are the ones that you obtained in your pre-lab.
b. Once you complete the Lab-3 Datasheet, then write a conclusion. A thoughtful conclusion summarizing your key observations and learnings should be documented in the Conclusions section. The Conclusions section should be at least 150 words in length. Conclusions must be typed in and not hand-written.

[bookmark: _Toc110978840][bookmark: _Toc110980161][bookmark: _Toc111329165]Point Distribution:
The entire Lab-3 is worth total 100 points. The Prelab is worth 30 points and the in-lab (hands-on) exercises are worth 70 points. Within the Lab Exercises part, the conclusions section is worth 5 points.

[bookmark: _Toc110978841][bookmark: _Toc110980162][bookmark: _Toc111329166]Submission Instructions: 
The Lab-3 Datasheet should be saved/converted as a .pdf file with a filename: “Lab-3 Datasheet_First Name_Last Name.pdf” for submission.
Check with your lab instructor about specific instructions on how to submit your lab datasheet for assessment and grading.


End of Lab 3





[bookmark: _Toc111329167]Lab Exercise # 4: Analyzing and Designing Series-Parallel DC Circuits
Circuit Analysis – I

[bookmark: _Toc110978843][bookmark: _Toc110980164][bookmark: _Toc111329168]Objectives: 
1. Design a series-parallel DC circuit to meet design specifications.
2. Analyze a series-parallel DC circuit by computing/measuring voltages and currents at specified points in the circuit.

[bookmark: _Toc110978844][bookmark: _Toc110980165][bookmark: _Toc111329169]Required Software and Hardware:
· LTspice installed in a computer (Windows 10 OS or later is preferred).
· Lab Kit (including the Breadboard and Resistors), jumper wires, DC Power Supply, Digital Multimeter, Banana Plug Cables and Test Probes.
Note: Student will bring the parts listed in blue above. The red ones are available in the Lab.


[bookmark: _Toc110978845][bookmark: _Toc110980166][bookmark: _Toc111329170]PRELAB-4 EXERCISE
[bookmark: _Toc110978846][bookmark: _Toc110980167]Note: To learn more about the prelab and lab procedure, watch the tutorial video: “Lab 4 Ser Par Design Tutorial”.

[bookmark: _Toc111329171]Task 1. Design Voltage Divider Circuit
a. [image: Diagram, schematic

Description automatically generated]Using a voltage divider circuit is one method to deliver an adjustable voltage to a load. The voltage divider circuit of Fig. 1 is intended to deliver four different voltage levels to a  load: 10V, 7.5V, 5V and 4V, respectively. 
 
b. Select values for resistors  –  from your parts kit to meet the following requirements:
i.  is within  of the four voltage levels of the voltage divider.
ii.  should not exceed 6 mA.
c. Fill in Table 1 of the Prelab-4 Worksheet with the resistor values you selected from step b.
Figure 1. Voltage Divider Circuit.

[bookmark: _Toc110978847][bookmark: _Toc110980168][bookmark: _Toc111329172]Task 2: Simulate Voltage Divider Circuit
a. Simulate your circuit in LTspice for the four possible load connections to the voltage divider circuit corresponding to the four different voltage levels of the circuit (Fig. 2).













(b)
(a)
















(d)
(c)


Figure 2 (a–d). Four Possible Load Connections to the Voltage Divider Circuit.
b. Demonstrate that your circuit satisfies the design requirements stated in Task 1 by placing screenshots in the Prelab-4 Worksheet.
(i) Sketch the circuit of Fig. 2 (a) in LTspice. Once the circuit is completed, perform a DC operating point simulation for this circuit. Verify that the node voltages are within  of the specified four voltage levels and that the source current does not exceed 6 mA.
(ii) Add a text box containing your Name(s), Prelab # and Date in the upper right corner of the LTspice circuit schematic. To add text on the schematic, go to  Edit  Text.
(iii) Save the LTspice schematic file with a filename: “Prelab4_Circuit1_First Name_Last Name.asc”.
(iv) Take a screenshot (Screenshot # 1) of the LTspice circuit schematic with operating point window and put the screenshot within the ‘Prelab-4 Worksheet’ file.
Repeat Steps (i) – (iv) for Fig. 2(b), 2(c) and 2(d). The corresponding LTspice schematic files should be named as: “Prelab4_Circuit2_First Name_Last Name.asc”, “Prelab4_Circuit3_First Name_Last Name.asc”, and “Prelab4_Circuit4_First Name_Last Name.asc”, respectively.
Prelab Submission Checklist: There should be total five files submitted for your Prelab-4 assignment. The Prelab-4 Worksheet (.pdf) and four LTspice schematic files (.asc).
Check with your lab instructor about specific instructions on how to submit your Prelab files for assessment and grading.


[bookmark: _Toc110978848][bookmark: _Toc110980169][bookmark: _Toc111329173]LAB-4 PROCEDURE

[bookmark: _Toc110978849][bookmark: _Toc110980170][bookmark: _Toc111329174]Task 1: Construct Voltage Divider Circuit on the Breadboard and Measure Load Voltage and Source Current 
a. Using the resistor values obtained from the Pre-Lab Assignment, construct the voltage divider circuit of Fig. 1.
b. Measure the load voltage  and the source current  for each of the four load connections and record your results in Table 1 of the Lab-4 Datasheet.

[bookmark: _Toc110978850][bookmark: _Toc110980171][bookmark: _Toc111329175]Task 2: Compute Voltages and Currents in Series-Parallel Circuit
a. Consider the series-parallel circuit shown in Fig. 3. Compute the equivalent resistance, voltages and currents as specified in Table 2 of the Lab-4 Datasheet.
b. Show your calculations within the space provided in the Lab-4 Datasheet.

Task 3: Construct the Series-Parallel Circuit and Perform Measurements
a. Construct the circuit of Fig. 3 on your breadboard. Use the benchtop DMM to measure the individual resistor values as well as the total equivalent resistance of the entire Series-Parallel circuit. Enter these values in the relevant cells of Table 3 of the Lab-4 Datasheet.
       Note: The power supply must not be connected to the circuit while you measure the resistances.
b. Connect the DC Power Supply to the circuit. Set the source voltage   to 10.0V.
      Note: Try your best to set the  value as close as possible to the required nominal  value of 10.0V by using the DMM to verify the value of  . Do not rely on the displayed value of the DC power supply.
[image: Diagram, schematic

Description automatically generated]
Figure 3. Series-Parallel Circuit
c. Measure the specified voltages in Table 4 of the Datasheet and record these measurements in the relevant cells of Table 4.
d. Measure the specified currents in Table 5 of the Datasheet and record these measurements in the relevant cells of Table 5.

[bookmark: _Toc110978852][bookmark: _Toc110980173][bookmark: _Toc111329177]Task 4: Error Calculations and Conclusions
a. Once all measurements are complete, calculate the %errors for all your measured data compared to the theoretical values. 
      “percentage error” is calculated using the following formula:


Note: Theoretical values are the ones that you obtained in Task 2 of the lab procedure.
b. Once you complete the Lab-4 Datasheet, then write a conclusion. A thoughtful conclusion summarizing your key observations and learnings should be documented in the Conclusions section. The Conclusions section should be at least 150 words in length. Conclusions must be typed in and not hand-written.

[bookmark: _Toc110978853][bookmark: _Toc110980174][bookmark: _Toc111329178]Point Distribution:
The entire Lab-4 is worth total 100 points. The Prelab is worth 30 points and the in-lab (hands-on) exercises are worth 70 points. Within the Lab Exercises part, the conclusions section is worth 5 points.

[bookmark: _Toc110978854][bookmark: _Toc110980175][bookmark: _Toc111329179]Submission Instructions: 
The Lab-4 Datasheet should be saved/converted as a .pdf file with a filename: “Lab-4 Datasheet_First Name_Last Name.pdf” for submission.
Check with your lab instructor about specific instructions on how to submit your lab datasheet for assessment and grading.


End of Lab 4


[bookmark: _Toc111329180]Lab Exercise # 5: Analyzing Complex DC Circuits using Nodal and Mesh Analysis 
Circuit Analysis – I

[bookmark: _Toc110978856][bookmark: _Toc110980177][bookmark: _Toc111329181]Objectives: 
1. Analyze a complex DC circuit using nodal and mesh analysis.
2. Use LTspice to obtain the nodal voltages and mesh currents of a complex DC circuit.
3. Measure branch voltages and branch currents of a complex DC circuit.
4. Relate nodal voltages to branch voltages and mesh currents to branch currents.

[bookmark: _Toc110978857][bookmark: _Toc110980178][bookmark: _Toc111329182]Required Software and Hardware:
· LTspice installed in a computer (Windows 10 OS or later is preferred).
· Lab Kit (including the Breadboard and Resistors), jumper wires, DC Power Supply, Digital Multimeter, Banana Plug Cables and Test Probes.
Note: Student will bring the parts listed in blue above. The red ones are available in the Lab.


[bookmark: _Toc110978858][bookmark: _Toc110980179][bookmark: _Toc111329183]PRELAB-5 EXERCISE
[bookmark: _Toc110978859][bookmark: _Toc110980180]Note: To learn more about the prelab and lab procedure, watch the tutorial video: “Lab 5 Mesh Nodal Tutorial”.

[bookmark: _Toc111329184]Task 1. Theoretical Calculations – Nodal Analysis:
Consider the complex DC circuit in Fig 1. The DC voltage source setting is 8 V (i.e. ), and the resistor values are: , , , , , and . 
[image: Diagram, schematic

Description automatically generated]
Figure 1. Complex DC Circuit
[bookmark: _Hlk111235068]Use nodal analysis to compute the nodal voltages of this circuit. Show your “complete step-by-step” work including equations and calculations within the space provided in the Prelab-5 Worksheet and record your answers in Table 1 of the worksheet.

[bookmark: _Toc110978860][bookmark: _Toc110980181][bookmark: _Toc111329185]Task 2: Theoretical Calculations: Mesh Analysis
a. Use mesh analysis to compute the mesh currents of the circuit in Fig. 1. Show your “complete step-by-step” work including equations and calculations within the space provided in the Prelab-5 Worksheet and record your answers in Table 2 of the worksheet.

[bookmark: _Toc110978861][bookmark: _Toc110980182][bookmark: _Toc111329186]Task 3: Verify Analyses using LTspice Simulation
a. Use LTspice to construct the circuit in Fig. 1 and perform DC operating point analysis to verify the nodal voltages and mesh currents calculated in Task 1 and Task 2, respectively. Fill in Table 3 of the ‘Prelab-5 Worksheet’ with the nodal voltages and mesh currents obtained from the LTspice simulation.
b. Add a text box containing your Name(s), Prelab # and Date in the upper right corner of the LTspice circuit schematic. 
c. Save the LTspice schematic file with a filename: “Prelab5_Circuit_First Name_Last Name.asc”.
d. Take a screenshot (Screenshot # 1) of the LTspice circuit schematic with operating point window and put the screenshot within the ‘Prelab-5 Worksheet’ file.
Prelab Submission Checklist: There should be two files submitted for your Prelab-5 assignment. The Prelab-5 Worksheet (.pdf) and the LTspice schematic file (.asc).
Check with your lab instructor about specific instructions on how to submit your Prelab files for assessment and grading.


[bookmark: _Toc110978862][bookmark: _Toc110980183][bookmark: _Toc111329187]LAB-5 PROCEDURE

[bookmark: _Toc110978863][bookmark: _Toc110980184][bookmark: _Toc111329188]Task 1: Construct the Complex DC Circuit and Measure all Branch Voltages 
a. Using the resistor components from your parts list, construct the complex DC circuit of Fig. 1. 
b. Measure all the branch voltages of the circuit in Fig. 1, and record these voltages as specified in Table 1 of the Lab-5 Datasheet.

[bookmark: _Toc110978864][bookmark: _Toc110980185][bookmark: _Toc111329189]Task 2: Write an Expression for Each Branch Voltage in terms of Nodal Voltages 
a. For every branch voltage entry in Table 1 of the Lab-5 Datasheet, determine an expression that represents the branch voltage in terms of the relevant nodal voltage(s), and write this expression into the appropriate cell of Table 1.

[bookmark: _Toc110978865][bookmark: _Toc110980186][bookmark: _Toc111329190]Task 3: Measure all Branch Currents 
a. Measure all the branch currents of the circuit in Fig. 1, and record these currents as specified in Table 2 of the Lab-5 Datasheet.

[bookmark: _Toc110978866][bookmark: _Toc110980187][bookmark: _Toc111329191]Task 4: Write an Expression for Each Branch Current in terms of Mesh Currents 
a. For every branch current entry in Table 2 of the Lab-5 Datasheet, determine an expression that represents the branch current in terms of the relevant mesh current(s), and write this expression into the appropriate cell of Table 2.

[bookmark: _Toc110978867][bookmark: _Toc110980188][bookmark: _Toc111329192]Task 5: Error Calculations and Conclusions
a. Once all measurements are complete, calculate the %errors for all your measured data compared to the theoretical values and fill in Table 3 and 4 of the Lab-5 Datasheet. 
“percentage error” is calculated using the following formula:


Note: Theoretical values are the LTspice simulation results that you obtained in your pre-lab work (Table 3).
b. Once you complete the Lab-5 Datasheet, then write a conclusion. A thoughtful conclusion summarizing your key observations and learnings should be documented in the Conclusions section. The Conclusions section should be at least 150 words in length. Conclusions must be typed in and not hand-written.

[bookmark: _Toc110978868][bookmark: _Toc110980189][bookmark: _Toc111329193]Point Distribution:
The entire Lab-5 is worth total 100 points. The Prelab is worth 30 points and the in-lab (hands-on) exercises are worth 70 points. Within the Lab Exercises part, the conclusions section is worth 5 points.

[bookmark: _Toc110978869][bookmark: _Toc110980190][bookmark: _Toc111329194]Submission Instructions: 
The Lab-5 Datasheet should be saved/converted as a .pdf file with a filename: “Lab-5 Datasheet_First Name_Last Name.pdf” for submission.
Check with your lab instructor about specific instructions on how to submit your lab datasheet for assessment and grading.


End of Lab 5







[bookmark: _Toc111329195]Lab Exercise # 6: Design for Maximum Power Transfer via Thévenin’s Analysis 
Circuit Analysis – I

[bookmark: _Toc110978871][bookmark: _Toc110980192][bookmark: _Toc111329196]Objectives: 
1. Use Thevenin’s theorem to design a supply network for maximum power transfer to a load.
2. Verify maximum power transfer match between supply network and load by using LTspice parameter sweep and physical circuit measurements.

[bookmark: _Toc110978872][bookmark: _Toc110980193][bookmark: _Toc111329197]Required Software and Hardware:
· LTspice installed in a computer (Windows 10 OS or later is preferred).
· Lab Kit (including the Breadboard and Resistors), jumper wires, DC Power Supply, Digital Multimeter, Banana Plug Cables and Test Probes.
Note: Student will bring the parts listed in blue above. The red ones are available in the Lab.


[bookmark: _Toc110978873][bookmark: _Toc110980194][bookmark: _Toc111329198]PRELAB-6 EXERCISE
[bookmark: _Toc110978874][bookmark: _Toc110980195]Note: To learn more about the prelab and lab procedure, watch the tutorial video: “Lab 6 Thevenin Tutorial”.

[bookmark: _Toc111329199]Task 1. Design Power Supply Network for Maximum Power Transfer (MPT) to Load Resistor using Thevenin’s Theorem:
[image: Diagram, schematic

Description automatically generated]
Figure 1: Power Supply Network Connected to Load Resistor 
Consider the DC circuit in Fig. 1 that represents a power supply network (, , , ) connected to a load resistor (). Design your power supply network to deliver maximum power to  by taking the following steps:
a. Derive equations for the Thevenin equivalent of the power supply network, that is, derive equations for  and . Show the steps of your derivation within the space provided in the Prelab-6 Worksheet.
b. The design constraints for the power supply network are  for MPT and . Use these constraints and the equations from step a. above to find resistance values for  and . Show your “complete step-by-step” solution within the space provided in the Prelab-6 Worksheet. 
c. Record the design values found for  and  as well as the corresponding standard resistor values in Table 1 of the worksheet.

[bookmark: _Toc110978875][bookmark: _Toc110980196][bookmark: _Toc111329200]Task 2: Maximum Power Transfer Analysis via LTspice Simulation
a. Use LTspice to construct the circuit shown in Fig. 1. Ensure to use the designed values of  and  found in Task 1 for this circuit.
b. Perform a parameter sweep of load resistor RL to verify the resistance at which MPT occurs by following the steps below. 
· Change the value of the RL from 1 kΩ to {R} 
Note: You must use the curly brackets.
This will now allow you to sweep the value of RL to find out at what resistance value the maximum power is delivered to RL.
· To sweep the value of RL, go to Edit  SPICE Directive  within the textbox type the following command:
.step param R 100 2.5k 10
The above command will vary the value of RL from 100Ω to 2.5kΩ in 10Ω increments (lower range – higher range – increment). Click OK to place the command within the schematic.
· Now simulate the circuit  Simulation  Run.
· A blank plot window will pop up. Note that on the x-axis of the plot, it is the RL values that you swept from 0 to 2.5kΩ. Now we will plot the Power dissipated in RL vs the value of RL to find out at what RL value the dissipated power is maximum (find the peak power from the plot).
Important Note: If the graph window flickers, then in a windows PC you can open the Task Manager window (by pressing Ctrl+Alt+Del) and then just close the Task Manager window (Don’t close LTspice). Just open the task manager and close without taking any actions. This often fixes the flickering screen issue in Windows based PCs. If this does not fix the flickering issue, then you may have to restart LTspice. As you progress, always keep saving your LTspice file.
c. To add the Power plot, press the Alt key and with the Alt key pressed hover your mouse over the load resistor in your schematic  The cursor will change to a thermometer looking symbol  Left click to plot the Power.
d. If your circuit and simulation are correct, then you should see a peak on the power curve.
e. Save the LTspice schematic file with a filename: “Prelab6_Circuit_First Name_Last Name.asc”.

Preparing the waveform for screenshot and submission: 
· For best visibility, it is recommended that you make the plot thicker. Also, it is best to set  the background color to white and use a dark color (such as Red, Blue, Black… etc.) for the plot  to have a good contrast and better visibility. To change the plot thickness, go to Tools  Control Panel  Waveforms and change the ‘Data trace width’ to an appropriate value.
· To change the background color, go to Tools  Control Panel  Drafting Options  Color Scheme  Waveform  then under the field ‘Selected Item’  choose ‘Background’ from the pop-down menu  then select the RGB value for the background color you want. For White background, the RGB values should be 255, 255, 255.
· To change the plotted trace color, go to Tools  Control Panel  Waveforms  Color Scheme  then under the field ‘Selected Item’ select the trace for which you want to change the color. Since there is only one plotted trace in this exercise, you need to select the first trace (Trace V1) to change its default color. Change the RGB values to set your desired color.
· Now, follow the steps below to find the maximum power and the RL value corresponding to this maximum power. First maximize the plot window. Then Right click on V*I expression shown above the graph. A window like the one shown on the right will pop up. Select ‘1st’ in the Attached Cursor. Click OK to place the cursor within the graph window.
· Hover the mouse near the crosshair of the placed cursor. The mouse cursor will change to 1.
· Make the cursor thicker, so that its easily visible. Go to Tools  Control Panel  Waveforms to change the ‘Cursor width’.
· Drag the cursor and place the crosshair at the peak position of the power curve.
    Note: The cursor coordinate is displayed in the cursor position window as shown in right. As you move your cursor, the horizontal and vertical position values will change. Adjust the position of the cursor near the peak to achieve a maximum value displayed within the ‘Vert’ field. Then note the Maximum Power and the corresponding RL value in Table 2 of the Datasheet.
· Take a screenshot (Screenshot # 1) of the plot window with the cursor placed at the Peak and the cursor position window placed at the middle of the graph (make sure that it does not obscure the plot).
Prelab Submission Checklist: There should be two files submitted for your Prelab-6 assignment. The Prelab-6 Worksheet (.pdf) and the LTspice schematic file (.asc).
Check with your lab instructor about specific instructions on how to submit your Prelab files for assessment and grading.


[bookmark: _Toc110978876][bookmark: _Toc110980197][bookmark: _Toc111329201]LAB-6 PROCEDURE

[bookmark: _Toc110978877][bookmark: _Toc110980198][bookmark: _Toc111329202]Task 1: Construct the Power Supply Network and Measure VL and IL for Various RL Values using a Decade Resistance Box 
a. Construct the power supply network of Fig. 1 using the standard resistor values for  and  identified in Table 1 of the Prelab-6 Worksheet. Also note that  and .
b. Connect a decade resistance box to the power supply network constructed in part a. Note that a decade resistance box is a component that allows you to modify its resistance by turning the various knobs on the component. Following is a photograph of a typical decade resistance box found in circuits labs.
[image: Photograph of a decade resistance box.]
c. For each  value in Table 1 of the Lab-6 Datasheet, set the decade resistance box to the value specified, measure  and , and record these values in the Table 1.

[bookmark: _Toc110978878][bookmark: _Toc110980199][bookmark: _Toc111329203]Task 2: Compute  for Various  Values 
a. For each  value in Table 1 of the Lab-6 Datasheet, compute  by multiplying the corresponding  and  values measured in Task 1.

[bookmark: _Toc110978879][bookmark: _Toc110980200][bookmark: _Toc111329204][bookmark: _Hlk110266924]Task 3: Plot  versus  Curve and Identify MPT Point 
a. Plot a  versus  curve by using the values recorded in Table 1 and a software program to generate your plot (e.g. Microsoft Excel). Place a screenshot of this curve in the space provided in the Lab-6 Datasheet. 
b. Identify the point of maximum power transfer (MPT) by noting the maximum  value and corresponding  value from Table 1. Record these values in Table 2 of the Lab-6 Datasheet.
[bookmark: _Toc110978880][bookmark: _Toc110980201][bookmark: _Toc111329205]Task 4: Error Calculations and Conclusions
a. [bookmark: _Hlk111245130]Compute the % error between the  value recorded from Task 3b. and the value identified from LTspice simulations (Prelab-6 Worksheet, Task 2, Table 2). 
“percentage error” is calculated using the following formula:


Fill in the specified cell of Table 2 in the Lab-6 Datasheet with this % error value.
b. Once you complete the Lab-6 Datasheet, then write a conclusion. A thoughtful conclusion summarizing your key observations and learnings should be documented in the Conclusions section. The Conclusions section should be at least 150 words in length. Conclusions must be typed in and not hand-written.

[bookmark: _Toc110978881][bookmark: _Toc110980202][bookmark: _Toc111329206]Point Distribution:
The entire Lab-6 is worth total 100 points. The Prelab is worth 30 points and the in-lab (hands-on) exercises are worth 70 points. Within the Lab Exercises part, the conclusions section is worth 5 points.

[bookmark: _Toc110978882][bookmark: _Toc110980203][bookmark: _Toc111329207]Submission Instructions: 
The Lab-6 Datasheet should be saved/converted as a .pdf file with a filename: “Lab-6 Datasheet_First Name_Last Name.pdf” for submission.
Check with your lab instructor about specific instructions on how to submit your lab datasheet for assessment and grading.


End of Lab 6




[bookmark: _Toc111329208]
Lab Exercise # 7: The Superposition Theorem 
Circuit Analysis – I

[bookmark: _Toc110978884][bookmark: _Toc110980205][bookmark: _Toc111329209]Objectives: 
1. Find the value of RL such that specific amount of power is drawn from two voltage sources.  
2. Verify the Superposition Theorem by computing the current through RL from both voltage sources and then from each voltage source individually. 
3. Use LTspice to validate the circuit design and verify the current through RL. 
4. Construct the circuit on a breadboard and use a Digital Multimeter (DMM) to perform measurements and compare experimental results with the theoretical and/or simulation results.  

[bookmark: _Toc110978885][bookmark: _Toc110980206][bookmark: _Toc111329210]Required Software and Hardware:
· LTspice installed in a computer (Windows 10 OS or later is preferred).
· Lab Kit (including the Breadboard and Resistors), jumper wires, DC Power Supply, Digital Multimeter, Banana Plug Cables and Test Probes.
Note: Student will bring the parts listed in blue above. The red ones are available in the Lab.

[bookmark: _Toc110978886][bookmark: _Toc110980207][bookmark: _Toc111329211]PRELAB-7 EXERCISE
[bookmark: _Toc110978887][bookmark: _Toc110980208]Note: To learn more about the prelab and lab procedure, watch the tutorial video: “Lab 7 Superposition Tutorial”.
[bookmark: _Toc111329212]Task 1. Theoretical Calculations:[image: Circuit 1 Diagram.]
Figure 1. Circuit 1.

a. For the circuit in Fig. 1, perform analytical calculations to determine the value of RL. The power supplied by the 12V source should be 87.11 mW and the power supplied by the 5V source should be 3.44 mW.  
b. Use the Superposition Theorem to determine – (i) the current through RL only due to the 12V source, (ii) the current in RL only due to the 5V source, and (iii) the current through RL with both voltage sources connected to the circuit. 
Note: When computing the current through RL only due to the 12V source, you need to replace the 5V source with a short-circuit. Consequently, to compute the current through RL only due to the 5V source, you need to replace the 12V source with a short-circuit. 
c. Complete row 1 of Table 1 in the Prelab-7 Worksheet. 
[bookmark: _Toc110978888][bookmark: _Toc110980209][bookmark: _Toc111329213]Task 2: Design Validation – LTspice Simulation
a. Construct the circuit in LTspice and simulate (using the “.op” simulation command) with both voltage sources connected. After successful simulation, an ‘operating point’ window will pop up showing the node voltages and branch currents in the circuit. 
Enter the current through RL, which is IL, in row 2, column 3 of Table 1 in the Prelab-7 Worksheet. 
Use the snipping tool (of windows) to capture a screenshot of the LTspice circuit schematic along with the simulated result window (the ‘operating point’ window that pops-up once the simulation runs successfully). Place the screenshot in the Prelab Worksheet document. 
Note: Make sure the circuit schematic and the ‘operating point’ window, both are clearly visible. You may need to move the ‘operating point’ window and adjust its size so that the circuit schematic behind is not obscured. Also, make sure that the circuit schematic is clearly visible. You can use the mouse wheel to adjust the size of the circuit schematic. Once you have both the circuit schematic (unobscured) and the ‘operating point’ window clearly visible, then take a screenshot and place the screenshot in the Prelab Worksheet. This is the only screenshot you will need to put in the Prelab worksheet. 
Save the LTspice schematic file with a filename: ‘Lab7_Circuit1_First Name_Last Name.asc’. 
b. To find the current through RL due to the 12V source, delete the 5V source and connect a wire between the 470 Ω resistor end to the GND, connecting nodes B and C.  Now run the simulation again. In this case, the current through RL is 𝑰𝟏 – which is the current through RL only due to the 12V source. Note this 𝑰𝟏 value in Table 1 of the Prelab Worksheet. 
Save this LTspice schematic file with a filename: ‘Lab7_Circuit2_First Name_Last Name.asc’.
c. To find the current through RL due to the 5V source, reconnect the 5V source to the circuit. Then delete the 12V source and connect a wire between the 220 Ω resistor end to the GND, connect nodes A and C.  Now run the simulation again. 
In this case, the current through RL is 𝑰𝟐 – which is the current through RL only due to the 5V source. Note this 𝑰𝟐 value in Table 1 of the Prelab Worksheet. 
Save this LTspice schematic file with a filename: ‘Lab7_Circuit3_First Name_Last Name.asc’. 
d. [bookmark: _Hlk81206526]Add 𝑰𝟏 and 𝑰𝟐. Complete Table 1 of the Prelab. Check – does ?
If the above condition is not satisfied, then something is wrong with your simulation or analytical calculations. Go back and identify any mistakes.
If your simulation results satisfy the condition , then it proves the superposition theorem successfully and your Prelab is complete!  
c. Once the ‘Prelab-7 Worksheet’ is completely filled up, save it in .pdf format with a filename as: “Prelab-7_Worksheet.pdf”.
Prelab Submission Checklist: There should be four files submitted for your Prelab-7 assignment. The Prelab-7 Worksheet (.pdf) and three LTspice schematic files (.asc).
Check with your lab instructor about specific instructions on how to submit your Prelab files for assessment and grading.
[bookmark: _Toc110978889][bookmark: _Toc110980210][bookmark: _Toc111329214]LAB-7 PROCEDURE
[bookmark: _Toc110978890][bookmark: _Toc110980211][bookmark: _Toc111329215][bookmark: _Hlk90916375]Task 1: Construct the Circuit and Perform Measurements  
a. Construct the circuit on your breadboard. Use the RL value as calculated in the prelab.  
b. Note that you need to use two outputs of the DC power supply unit: one output should be set to 12V and the other output should be set to 5V DC. 
c. Measure 𝑰𝑳: Use the DMM to measure the current flowing through RL. This gives you 𝑰𝑳 – the current through RL with both voltage sources connected to the circuit. Note this experimental 𝑰𝑳 value in Table 1 of the Lab-7 Datasheet. 
d. Measure 𝑰𝟏: Now, replace the 5V source with a short circuit – that means, remove the 5V connection from your breadboard and insert a jumper wire directly connecting the 470Ω resistor end to the GND – that means, the jumper wire should be connected between nodes B and C. Now, measure the current in RL under this condition. This gives you 𝑰𝟏 – the current through RL with only the 12V supply connected. Just like you did in LTspice during your prelab. Note this experimental 𝑰𝟏 value in Table 1 of the Datasheet. 
e. Measure 𝑰𝟐: Next, remove the jumper wire and reconnect the 5V source to the circuit (as it was before). Now replace the 12V source with a short circuit – that means, remove the 12V connection from your breadboard and insert a jumper wire directly connecting the 220Ω resistor end to the GND  – that means, the jumper wire is connected between nodes A and C (see Fig. 1). Now, measure the current in RL under this condition. This gives you 𝑰𝟐 – the current through RL with only the 5V supply connected. Note this experimental 𝑰𝟐 value in Table 1 of the Datasheet. 
 
[bookmark: _Toc110978891][bookmark: _Toc110980212][bookmark: _Toc111329216][bookmark: _Hlk90918240]Task 2: Error Calculations and Conclusions
a. Once all measurements are complete, calculate the % errors in Table 1 of the Datasheet.  
“percentage error” is calculated using the following formula:


Note: Theoretical values are the LTspice results you recorded in the Prelab-7 Worksheet (Table 1).
b. Once you complete the Lab-7 Datasheet, then write a conclusion. A thoughtful conclusion summarizing your key observations and learnings should be documented in the Conclusions section. The Conclusions section should be at least 150 words in length. Conclusions must be typed in and not hand-written.

[bookmark: _Toc110978892][bookmark: _Toc110980213][bookmark: _Toc111329217]Point Distribution:
The entire Lab-7 is worth total 100 points. The Prelab is worth 30 points and the in-lab (hands-on) exercises are worth 70 points. Within the Lab Exercises part, the conclusions section is worth 5 points.

[bookmark: _Toc110978893][bookmark: _Toc110980214][bookmark: _Toc111329218]Submission Instructions: 
The Lab-7 Datasheet should be saved/converted as a .pdf file with a filename: “Lab-7 Datasheet_First Name_Last Name.pdf” for submission.
Check with your lab instructor about specific instructions on how to submit your lab datasheet for assessment and grading.


End of Lab 7





[bookmark: _Toc111329219]Lab Exercise # 8: The Oscilloscope and the Function Generator 
Circuit Analysis – I

[bookmark: _Toc110978895][bookmark: _Toc110980216][bookmark: _Toc111329220]Objectives: 
1. Use a Function Generator to produce a sinusoidal AC voltage signal.
2. Use an Oscilloscope to perform AC measurements on different series circuits.  

[bookmark: _Toc110978896][bookmark: _Toc110980217][bookmark: _Toc111329221]Required Software and Hardware:
· LTspice installed in a computer (Windows 10 OS or later is preferred).
· Lab Kit (including the Breadboard and Resistors), jumper wires, DC Power Supply, Digital Multimeter, Banana Plug Cables and Test Probes.
Note: Student will bring the parts listed in blue above. The red ones are available in the Lab.


[bookmark: _Toc110978897][bookmark: _Toc110980218][bookmark: _Toc111329222]PRELAB-8 EXERCISE
[bookmark: _Toc110978898][bookmark: _Toc110980219][bookmark: _Toc111329223]Task 1. Theoretical Calculations:
For each circuit, given in Figures 1 – 3 (shown below), the AC source signal, , is given by: [image: Circuit 1 Diagram.]
                        Figure 1. Circuit 1
[image: Circuit 3 Diagram.]
                       Figure 3. Circuit 3


 V

The circuit component values are given as follows:


        


Figure 2. Circuit 2

      






a. Calculate the frequency, period, amplitude, peak-to-peak and rms values of the source signal. Show “complete step-by-step” work including equations and calculations within the given space in the Prelab-8 Worksheet.
Note: To learn about AC sinusoidal signals and its different parameters, consult the “Handout # 5: Introduction to AC Signals, Sinusoids and AC Voltage Measurements” in the Appendix section. In addition, watch the video tutorial: Lab 8 Scope FG Tutorial.

Note that for each circuit, the value of  is the voltage drop across different elements as listed in the Table 1 below.    
Table 1. Value of V2 in Each Circuit
	Circuit #
	Value of 

	1
	Voltage drop across 

	2
	Voltage drop across C

	3
	Voltage drop across L








b. Complete Table 1 of the Prelab-8 Worksheet.
[bookmark: _Toc110978899][bookmark: _Toc110980220][bookmark: _Toc111329224]Task 2. LTspice Simulations:
a. Use the schematic editor of LTspice to sketch the circuits given in Fig. 1 – 3. Do not create all circuits within the same schematic – use three different schematic files. Make sure to use the SINE function for the voltage source and enter the amplitude and frequency calculated in Task 1 of the Prelab.
b. The LTspice files should be saved with the following filenames: 
LTspice file for Circuit 1: “Prelab8_Circuit1_First Name_Last Name.asc”.
LTspice file for Circuit 2: “Prelab8_Circuit2_First Name_Last Name.asc”.
LTspice file for Circuit 3: “Prelab8_Circuit3_First Name_Last Name.asc”.
c. Perform ‘Transient’ simulations on all circuits in LTspice. “Stop time” value for the transient simulation must be set to twice the waveform period so that two complete cycles of the sine wave will be displayed within the LTspice plot window when you plot the voltage signals. Once you successfully ‘Run’ the simulation, an empty plot window will pop up. Add the following  two plots: (i)  – the Source Voltage, and (ii)  –  the voltage across the second element in the circuit. 
d. Complete Table 2 of the ‘Prelab-8 Worksheet’.
e. Add a text box containing your Name(s), Prelab # and Date in the upper right corner of each LTspice circuit schematic. To add text on the schematic, go to  Edit Text. Then, take screenshots of each LTspice circuit schematic and put them within the given space in ‘Prelab-8 Worksheet’ file.
f. Save the Prelab Worksheet in .pdf format with a filename as: “Prelab-8_Worksheet_First Name_Last Name.pdf”.
Prelab Submission Checklist: There should be four files submitted for your Prelab-8 assignment. The Prelab Worksheet (.pdf) file, and three LTspice schematic files (.asc).
Check with your lab instructor about specific instructions on how to submit your Prelab files for assessment and grading.


[bookmark: _Toc110978900][bookmark: _Toc110980221][bookmark: _Toc111329225]LAB-8 PROCEDURE
[bookmark: _Toc110978901][bookmark: _Toc110980222][bookmark: _Toc111329226]Task 1: Construct Circuits and Perform Measurements  
a. Construct Circuit 1 on the breadboard.
b. Program the function generator to output 𝑽𝒔, such that: 𝑽𝒔(𝒕) = 5 sin(12566.4t)
Note: Make sure to set the Function Generator in ‘High Z’ mode and ensure the DC Offset is zero.
c. Use a ‘BNC cable with clips’ to connect the Function Generator to the circuit.
Note: These BNC cables have Coaxial female plug at one end and at the other end it has two Alligator Clips or Test Clips (one Red and one Black). Connect the Red clip to the resistor R1 and the Black clip            to the resistor R2 in Circuit 1 (or the Capacitor or the Inductor for Circuits 2 and 3, respectively). A sample schematic for Circuit 1 connection is shown below in Fig. 4.
[image: BNC Connections to Circuit 1]
Figure 4. BNC Connections to Circuit 1
d. Now use another ‘BNC cable with clips’ to display 𝑽𝒔 (the input sinusoidal voltage waveform) on the Oscilloscope. Connect the Coaxial end of the cable to Channel 1 of the scope. The test clips should be connected to the same nodes where you have connected the source signal 𝑽𝒔 in the circuit. Now use a third BNC cable to display 𝑽𝟐 (the output sinusoidal voltage waveform) on the Oscilloscope. Connect the Coaxial end to Channel 2 of the scope. The test clips should be connected across the 2nd element in the circuit (e.g., for Circuit 1 it should be connected across R2).
Note: The Red clip should be connected at the node where R2 is connected to R1 (the upper leg of R2 looking at Fig. 1) and the Black clip should be connected to the node marked as Ground in Fig. 1.
Similarly, the clips are connected to Circuit 2 and Circuit 3 accordingly. For Circuit 2 the clips are connected across C and for Circuit 3 clips are connected across the inductor L.

e. Once these connections are complete, you should be able to see two sinusoidal waveforms on the Oscilloscope – 𝑽𝒔 on Channel 1 and 𝑽𝟐 on Channel 2. Make sure that you change the time axis (Horizontal) so that ‘Two Complete Cycles’ are displayed on the screen. Not more, not less.
f. If needed, shift (move) the waveforms along the x-axis such that the input signal (𝑽𝒔) starts at the left corner (crossing the zero line and going upward). Also, set the amplitude scale (Vertical) for both Channels as necessary such that both waveforms are displayed with maximum possible amplification, but they should fit inside the display and not overflow out of the display region.
g. Display the following measurement parameters on the Oscilloscope screen:
· 𝑽𝒔 (peak-to-peak)
· 𝑽𝟐 (peak-to-peak)
· Frequency
· Phase difference between 𝑽𝒔 and 𝑽𝟐
Note: Refer to “Handout #6: Displaying Measurement Parameters on the Oscilloscope” in the Appendix section of this lab manual for detailed instructions in how to add measurement parameters on the scope’s screen.
h. Complete Table 1 of the Lab-8  Datasheet. 
i. Save the oscilloscope screenshot (including the on-screen measurement data) to your USB drive as an image file (.png file format if preferred). 
Note: Refer to “Handout #7: Saving an Oscilloscope Screenshot to a USB Drive” in the Appendix section of this lab manual for detailed instructions on how to save the screenshot as an image file.
j. Transfer the saved image file from your USB to the computer and add it to the Lab-8 Datasheet.
k. Repeat the steps above for Circuits 2 and 3 and record your experimental data in Table 2 and Table 3 of the Datasheet, respectively. Also, make sure to save screenshots for Circuit 2 and 3 and add them to your Lab-8 Datasheet. 

Task 2: Error Calculations and Conclusions 
a. Once all measurements are complete, calculate the % errors in Table 1 of the Datasheet.  
“percentage error” is calculated using the following formula:


Note: Theoretical values are those recorded in Table 1 of the Prelab-8 Worksheet. 

b. Repeat Percent Error calculations for Tables 2 and 3 of the Datasheet, using the theoretical values from Tables 2 and 3 on the Prelab-8 Worksheet.
c. Once you complete the Lab-8 Datasheet, then write a conclusion. A thoughtful conclusion summarizing your key observations and learnings should be documented in the Conclusions section. The Conclusions section should be at least 150 words in length. Conclusions must be typed in and not hand-written.

[bookmark: _Toc110978902][bookmark: _Toc110980223][bookmark: _Toc111329227]Point Distribution:
The entire Lab-8 is worth total 100 points. The Prelab is worth 30 points and the in-lab (hands-on) exercises are worth 70 points. Within the Lab Exercises part, the conclusions section is worth 5 points.

[bookmark: _Toc110978903][bookmark: _Toc110980224][bookmark: _Toc111329228]Submission Instructions: 
The Lab-8 Datasheet should be saved/converted as a .pdf file with a filename: “Lab-8 Datasheet_First Name_Last Name.pdf” for submission.
Check with your lab instructor about specific instructions on how to submit your lab datasheet for assessment and grading.


End of Lab 8



[bookmark: _Toc111329229]
Lab Exercise # 9: Transient RC and RL Circuits 
Circuit Analysis – I

[bookmark: _Toc110978905][bookmark: _Toc110980226][bookmark: _Toc111329230]Objectives: 
1. Use the Function Generator to produce a square-wave voltage signal for AC circuits.
2. Learn the proper measurement technique to avoid grounding errors when using more than one oscilloscope channel on a circuit with resistors only.
3. Use the Oscilloscope to measure the transient behavior of RC and RL circuits.
4. Apply proper measurement technique to find current using an oscilloscope and series sensing resistor.

[bookmark: _Toc110978906][bookmark: _Toc110980227][bookmark: _Toc111329231]Required Software and Hardware:
· LTspice installed in a computer (Windows 10 OS or later is preferred).
· Lab Kit (including the Breadboard and Resistors), jumper wires, DC Power Supply, Digital Multimeter, Banana Plug Cables and Test Probes.
Note: Student will bring the parts listed in blue above. The red ones are available in the Lab.


[bookmark: _Toc110978907][bookmark: _Toc110980228][bookmark: _Toc111329232]PRELAB-9 EXERCISE
[bookmark: _Toc110978908][bookmark: _Toc110980229]Note: To learn more about the prelab and the lab procedure, watch the tutorial video: “Lab 9 Transient RC RL Tutorial”.

[bookmark: _Toc111329233]Task 1. LTspice Simulation of Circuit 1:
[image: Circuit 1: Series Resistor Circuit.]
· Use LTspice to sketch circuit 1. The voltage source Vs should be set to ‘Pulse’ with the following parameters: 
(i) Vinitial[V] = 0 (Low Voltage value)
(ii) Von[V] = 2 (High Voltage value)
(iii) Tdelay[s] = 0 (Time Delay)
(iv) Trise[s] = 10ns (Rise Time)
(v) Tfall[s] = 10ns (Fall Time)
(vi) Ton[s] = 0.5ms       (Time duration for which the High Voltage is applied)
(vii) Tperiod[s] = 1ms (Period of Waveform).Figure 1. Circuit 1: Series Resistor Circuit.

· Go to Simulate  Edit Simulation Cmd  set the Analysis type to “Transient” (Time Domain). Set ‘Stop time’ to 2ms and Maximum step size to 10us. Run the Simulation.  
· Plot the source voltage waveform. Then, place a “Differential Voltage Probe” across resistor R1 to measure and plot the “Voltage Drop” across R1. Then plot the voltage drop across R2 on the same graph.

[bookmark: _Toc110978910][bookmark: _Toc110980231]How to place a place a “Differential Voltage Probe” in LTspice?
· When you place a probe at a node on your circuit (by left clicking once), it plots the voltage at that node with respect to the GND. Sometimes, you may want to plot the voltage across a component, i.e. the potential difference between two nodes in a circuit. The “Differential Voltage Probe” can do that job. Here, none of the legs of R1 is connected to GND and you need to plot the voltage drop across R1; you will need the “Differential Voltage Probe” to plot the potential difference (or voltage drop) across the two leads of R1.
· To place a “Differential Voltage Probe” across R1, hover the mouse cursor near the left leg of R1, it becomes a Red color probe. Then left click and drag it over R1 (holding down the left click button) toward its right leg. The cursor will become white in color when you drag it. Then it will become black in color when it’s close to the right leg of R1. At that point (when cursor looks like a black probe), release the left mouse button. This will plot the “Differential Voltage” or “Voltage Drop” across R1. Similarly, you can plot the voltage drop across other components in the circuit.
· Add your Name, Lab #, and Date in a Text Box placed within the LTspice circuit schematic. Save your simulation results (screenshot of the plotted graph window) and include it in your Prelab-9 Worksheet.
· Save the LTspice schematic file with a filename: “Lab9_Circuit1_FirstName_LastName.asc”.
· Complete Table 1 of the Prelab-9 Worksheet using the simulation results.

[bookmark: _Toc111329234][image: Circuit 2: Series RC Circuit.]Task 2. Analytical Calculations for Circuit 2:

· Perform the necessary theoretical analysis to calculate the voltage across the capacitor and the resistor at different time stamps as listed in Tables 2 and 3 of the Prelab-9 Worksheet. Include your step-by-step calculations on the Prelab Worksheet and complete Tables 2 and 3.

[bookmark: _Toc111329235]Task 3. LTspice Simulation of Circuit 2:
· Use the schematic editor of LTspice to sketch circuit 2. The voltage source VS should be set to ‘Pulse’ with the same parameters as you had for circuit 1. Simulation settings should be same as the previous circuit. Run the Simulation.Figure 2. Circuit 2: Series RC Circuit.

· Plot the voltage waveforms for the – (i) source voltage (), the voltage across the resistor (), and the voltage across the capacitor () within the graph window.
· Add your Name, Lab #, and Date in a Text Box placed within the LTspice circuit schematic. Save your simulation results (screenshot of the plotted graph window). Put it in your Prelab Worksheet.
· Save the LTspice schematic file with a filename: “Lab9_Circuit2_FirstName_LastName.asc”.

[bookmark: _Toc111329236][image: Circuit 3: RL Circuit.]Task 4. Analytical Calculations for Circuit 3:
· Perform the necessary theoretical analysis to calculate the current through the inductor at different time stamps as listed in Table 4 of the Prelab-9 Worksheet. Show “complete step-by-step” calculations including all equations to receive full credit.

[bookmark: _Toc111329237]Task 5. LTspice Simulation of Circuit 3:Figure 3. Circuit 3: RL Circuit.

· Use the schematic editor of LTspice to sketch circuit 3. The voltage source Vs should be set to ‘Pulse’ as before but change the Ton[s] to 0.25ms and change Tperiod to 0.5ms. Edit Simulation Command and change the ‘Stop time’ to 1ms. Run the Simulation.
· Plot the source voltage (), the voltage across the resistor R2, and the current through the inductor.
· Add your Name, Lab #, and Date in a Text Box placed within the circuit schematic. Save your simulation results (screenshot of the plotted graph window) and include it in your Prelab Worksheet. 
· Save the LTspice schematic file with a filename “Lab9_Circuit3_ FirstName_LastName.asc”. 
Check with your lab instructor about specific instructions on how to submit your Prelab files for assessment and grading.


[bookmark: _Toc110978915][bookmark: _Toc110980236][bookmark: _Toc111329238]LAB-9 PROCEDURE
[bookmark: _Toc110978916][bookmark: _Toc110980237][bookmark: _Toc111329239]Task 1: Construct Circuits on Breadboard and Perform Measurements  
[bookmark: _Toc110978917][bookmark: _Toc110980238]The function generator settings should be set to supply a 2 Vp-p square-wave with a frequency of 1 kHz. Double check that the ‘minimum value’ is 0V, the ‘maximum value’ is 2V and the ‘offset’ is 1V. Also, don’t forget to put the function generator in the ‘High Z’ mode.
a. [bookmark: _Toc110978918][bookmark: _Toc110980239]Series Resistor Circuit:
· Construct the circuit of Fig. 1 on your breadboard. Use the oscilloscope Channel 1 to display VS (source voltage waveform) and Channel 2 to display VR2 (the voltage across R2). 
· Using the ‘Measurement’ menu on the oscilloscope, measure and display the following parameters on the Oscilloscope:
(i) peak-to-peak of VS
(ii) peak-to- peak of VR2
(iii) frequency of VS
(iv) phase difference between VS and VR2
· Now save the oscilloscope screenshot (Screenshot # 1) in your USB drive to later include in your Lab-9 Datasheet. Document your measurements in Table 1 of the Lab-9 Datasheet.
· Reverse (swap) the position of R1 and R2 on the breadboard (swap them). Now use the oscilloscope Channel 2 to measure VR1 (the voltage across R1). Channel 1 is used to display VS as before.
· Using the ‘Measurement’ menu on the oscilloscope, measure and display the following:
(i) peak-to-peak of VS
(ii) peak-to- peak of VR1
(iii) frequency of VS
(iv) phase difference between VS and VR1
· Save the oscilloscope screenshot (Screenshot # 2) in your USB drive to later include in your Lab Datasheet. Complete Table 1 of the Datasheet.

[bookmark: _Toc110978919][bookmark: _Toc110980240]Important Note: Avoiding Grounding Errors with Oscilloscope
The ground wires on the oscilloscope’s input channels are connected to the scope’s chassis ground, and therefore to the ground of the instrument’s electrical power connection. As a result, it creates the possibility of “grounding error” when making connections to circuits, especially when trying to measure voltages across ungrounded components. The problem is illustrated in the following diagram.

Figure 4. Incorrect Oscilloscope Connection Resulting in Grounding Error.

Figure 5. Correct Oscilloscope Connection to Measure Voltage Across R1 Avoiding Grounding Error.

Suppose you want to measure the voltage across resistor R1. Because the circuit and the oscilloscope both have the same ground, connecting the oscilloscope’s input leads directly across R1, as shown in Fig 4. will create a short across R2. Besides giving an incorrect reading, such a connection might damage either the oscilloscope or the circuit under test. A solution is simply to swap (interchange) the positions of R1 and R2 (on your breadboard) so that one end of R1 is now connected to ground as shown in Fig. 5. Then there is no problem directly connecting the oscilloscope across R1 because both grounds (the circuit’s ground and the scope’s ground) are connected together. 

b. Series RC Circuit: 
· Construct the circuit of Fig. 2. Use the oscilloscope Channel 1 to display VS and Channel 2 to display VC (the voltage across the capacitor). A capacitor charge (exponential growth) and discharge (exponential decay) should be observed on Channel 2. Save the oscilloscope screenshot (Screenshot # 3) in your USB drive.
· τ is the time constant of the circuit. For RC circuits τ = RC. Calculate τ and document in Table 2.
· Turn the Oscilloscope “cursors” ON. Using the cursors, measure the capacitor voltage at the time stamps during charging and discharging phases as listed in Table 2.
[bookmark: _Toc110978920][bookmark: _Toc110980241]Important Note:
During capacitor charging: 0 μs corresponds to the rising edge of source voltage VS and 500 μs corresponds to the falling edge of source voltage VS, i.e. first half of VS.
During capacitor discharging: 0 μs corresponds to the falling edge of source voltage VS and 500
μs corresponds to the rising edge of source voltage VS, i.e. second half of VS.

· Swap the position of R1 and C1 and then use oscilloscope Channel 2 to measure VR1 (the voltage across R1). Save the oscilloscope screenshot (Screenshot # 4) in your USB drive. Using the oscilloscope cursors, measure the resistor voltage at the time stamps mentioned in Table 3. Note that in Table 3, 0 μs corresponds to the rising edge of source voltage VS and 1 mS corresponds to the falling edge of source voltage VS.

c. [bookmark: _Toc110978921][bookmark: _Toc110980242]RL Circuit:
· Construct the circuit of Fig. 3. Change the Function Generator frequency to 2 kHz. Use the oscilloscope Channel 1 to display VS and Channel 2 to display VR3 (the voltage across R3). 
· The voltage across R3 will be used to find the current in L1 and the waveform will show the voltage across R3 increasing and decreasing as the current in the inductor charges and discharges.
· Save the oscilloscope screenshot (Screenshot # 5) in your USB drive.
· τ is the time constant of the circuit. For RL circuits τ = L/R, where R is the Thevenin equivalent resistance connected to the inductor. Calculate the value of R and then the value of τ for the given RL circuit and document it in Table 4.
· Using the oscilloscope, measure the resistor voltage at the time stamps mentioned in Table 4 and divide each value by R3 to determine the current in the inductor.

[bookmark: _Toc110978922][bookmark: _Toc110980243]Important Note:
During inductor charging: 0 μS corresponds to the rising edge of source voltage VS and 250 μS corresponds to the falling edge of source voltage VS, i.e. first half of VS 
During inductor discharging: 0 μS corresponds to the falling edge of source voltage VS and 250 μS corresponds to the rising edge of source voltage VS, i.e. second half of VS.

[bookmark: _Toc111329240]Task 2: Error Calculations and Conclusions 
a. Once all measurements are complete, calculate the % errors in Table 1 of the Datasheet.  
“percentage error” is calculated using the following formula:


Note: Theoretical values are those obtained from simulations and analytical calculations recorded in Tables 1-4 of the Prelab-9 Worksheet.

b. Once you complete the Lab-9 Datasheet, then write a conclusion. A thoughtful conclusion summarizing your key observations and learnings should be documented in the Conclusions section. The Conclusions section should be at least 150 words in length. Conclusions must be typed in and not hand-written.

[bookmark: _Toc111329241]Point Distribution:
The entire Lab-9 is worth total 100 points. The Prelab is worth 30 points and the in-lab (hands-on) exercises are worth 70 points. Within the Lab Exercises part, the conclusions section is worth 5 points.

[bookmark: _Toc111329242]Submission Instructions: 
The Lab-9 Datasheet should be saved/converted as a .pdf file with a filename: “Lab-9 Datasheet_First Name_Last Name.pdf” for submission.
Check with your lab instructor about specific instructions on how to submit your lab datasheet for assessment and grading.


End of Lab 9





[bookmark: _Toc111329243]Lab Exercise # 10: Phasors and Impedances of RLC Circuits 
Circuit Analysis – I

[bookmark: _Toc110978924][bookmark: _Toc110980245][bookmark: _Toc111329244]Objectives: 
1. Use phasor notation to represent impedance and voltage in a series RLC circuit.
2. Use the oscilloscope and function generator to determine the resonant frequency of an RLC circuit.

[bookmark: _Toc110978925][bookmark: _Toc110980246][bookmark: _Toc111329245]Required Software and Hardware:
· LTspice installed in a computer (Windows 10 OS or later is preferred).
· Lab Kit (including the Breadboard and Resistors), jumper wires, DC Power Supply, Digital Multimeter, Banana Plug Cables and Test Probes.
Note: Student will bring the parts listed in blue above. The red ones are available in the Lab.


[bookmark: _Toc110978926][bookmark: _Toc110980247][bookmark: _Toc111329246]PRELAB-10 EXERCISE
[bookmark: _Toc110978927][bookmark: _Toc110980248]Note: To learn more about the prelab and lab procedure, watch the tutorial video: “Lab 10 Phasors Tutorial”.
[bookmark: _Toc111329247]Task 1. Analytical Calculations:
Consider the series RLC circuit given in Fig. 1.
a. Calculate the following for each frequency value listed in Table 1 of the Prelab-10 Worksheet:
(i) Impedance of the capacitorFigure 1 Series RLC Circuit


(ii) Impedance of the inductor
(iii) Total impedance in polar form (magnitude and phase)
(iv) Voltage across the resistor (magnitude and phase)
(v) Power Factor (include leading or lagging)

b. [bookmark: _Toc111329248]Determine the resonant frequency of the circuit – the frequency at which the impedance of the capacitor and inductor are equal in magnitude and opposite in phase. Enter that value in the prelab worksheet.
[bookmark: _Toc111329249]Task 2. LTspice Simulations:
Use the schematic editor of LTspice to sketch circuit 1. The voltage source VS should be set to ‘SINE’ with the initial parameters of 0 2 1000  (indicating that 0V is the dc offset, 2V is the amplitude and the frequency is 1000 Hz), changing the frequency for each simulation. Set the SPICE directive to .tran 1n 2m 1m (indicating that 1ns is the step, 2ms is the period and 1ms is the delay), where the final parameter allows for a 1 ms delay to eliminate transients. Run the Simulation.
· Plot the source voltage waveform () and the voltage across the resistor ().
· Add your Name, Lab #, and Date in a Text Box placed within the LTspice circuit schematic. Save your simulation results (screenshot of the plotted graph window) and include it in your Prelab-10 Worksheet. 
· Save the LTspice schematic file with a filename: “Lab10_1kHz_ FirstName_LastName.asc”.
· Repeat the simulation at frequencies of 2 kHz, 3 kHz, and 4 kHz. Change the frequency of the SINE function of the voltage source and change the SPICE directive to .tran 1n <twice the period of the signal> <period of the signal>. For example, for 2 kHz,  settings should be SINE 0 2 2000, which indicates that 0V is the dc offset, 2V is the amplitude and the frequency is 2000 Hz). In this case, the SPICE directive should be .tran 1n 1m 0.5m, which indicates that 1ns is step, 1ms is the period and 0.5ms is the delay.  
· Add your Name, Lab #, and Date in a Text Box placed within the LTspice circuit schematics. Then save your simulation results (screenshots of the plotted graph windows) and include them in your Worksheet.
· Save the LTspice schematic files with filenames as follows:
“Lab10_1kHz_ FirstName_LastName.asc” 
“Lab10_2kHz_ FirstName_LastName.asc” 
“Lab10_3kHz_ FirstName_LastName.asc” 
“Lab10_4kHz_ FirstName_LastName.asc” 
· Finally, repeat the simulation at the resonant frequency found in Task 1 (b). Save your simulation result (screenshot of the plotted graph window) and include it in your Worksheet. 
· Make sure to add your Name, Lab #, and Date in a Text Box placed within the LTspice circuit schematic. 
· Save the LTspice schematic file with a filename: “Lab10_Res Freq_ FirstName_LastName.asc”. 
Check with your lab instructor about specific instructions on how to submit your Prelab files for assessment and grading.


[bookmark: _Toc111329250]LAB-10 PROCEDURE
[bookmark: _Toc111329251]Task 1: Construct Circuits on Breadboard and Perform Measurements  
The function generator settings should be set to supply 2 Vp-p sine wave with a frequency of 1 kHz. Make sure that the ‘offset’ is 0 V. Also, don’t forget to put the function generator in the ‘High Z’ mode.
a. Construct the circuit of Fig. 1 on your breadboard. 
b. Use the oscilloscope Channel 1 to display VS (source voltage signal) and Channel 2 to display VR1 (the voltage across R1). Adjust the time/div to display two periods of the waveform.
Using the ‘Measurement’ menu on the oscilloscope, measure and display the following:
(i) peak-to-peak of VS
(ii) peak-to- peak of VR1
(iii) frequency of VS
(iv) phase difference between VS and VR1. 
Save the oscilloscope screenshot (Screenshot # 1) in your USB drive to later include in your Lab-10 Datasheet. Note your measurements in Table 1 of the datasheet.
c. Change the frequency of the input signal to 2 KHz. Adjust the time/div on the oscilloscope to display two periods of the waveform. Using the ‘Measurement’ menu on the oscilloscope, measure and display the following:
(i) peak-to-peak of VS
(ii) peak-to- peak of VR1
(iii) frequency of VS
(iv) phase difference between VS and VR1 
Save the oscilloscope screenshot (Screenshot # 2) in your USB drive to later include in your Lab Datasheet. Note your measurements in Table 2 of the datasheet.
d. Change the frequency of the input signal to 3 KHz. Adjust the time/div on the oscilloscope to display two periods of the waveform. Using the ‘Measurement’ menu on the oscilloscope, measure and display the following:
(i) peak-to-peak of VS
(ii) peak-to- peak of VR1
(iii) frequency of VS
(iv) phase difference between VS and VR1 
Save the oscilloscope screenshot (Screenshot # 3) in your USB drive to later include in your Lab Datasheet. Note your measurements in Table 3 of the datasheet.
e. Change the frequency of the input signal to 4 KHz. Adjust the time/div on the oscilloscope to display two periods of the waveform. Using the ‘Measurement’ menu on the oscilloscope, measure and display the following:
(i) peak-to-peak of VS
(ii) peak-to- peak of VR1
(iii) frequency of VS
(iv) phase difference between VS and VR1 
Save the oscilloscope screenshot (Screenshot # 4) in your USB drive to later include in your Lab-10 Datasheet. Note your measurements in Table 4 of the datasheet.
f. Change the frequency of the input signal to the resonant frequency found in the prelab. Adjust the time/div on the oscilloscope to display two periods of the waveform. Using the ‘Measurement’ menu on the oscilloscope, measure and display the following:
(i) peak-to-peak of VS
(ii) peak-to- peak of VR1
(iii) frequency of VS
(iv) phase difference between VS and VR1 
Adjust the frequency on the function generator slightly until the phase difference between  and  is as close to  as possible. Enter the resulting frequency into the datasheet. Save the oscilloscope screenshot (Screenshot # 5) in your USB drive to later include in your Lab-10 Datasheet.

[bookmark: _Toc111329252]Task 2: Error Calculations and Conclusions 
a. Once all measurements are complete, calculate the % errors in Tables 1-4 of the Datasheet.  
“percentage error” is calculated using the following formula:


Note: Theoretical values are the ones that you obtained in your pre-lab (Tables 1-4).

Also, perform percent error calculations for the resonant frequency, using the calculated value from the prelab as the theoretical value. Complete the Lab-10 Datasheet. 

b. Once you complete the Lab-10 Datasheet, then write a conclusion. A thoughtful conclusion summarizing your key observations and learnings should be documented in the Conclusions section. The Conclusions section should be at least 150 words in length. Conclusions must be typed in and not hand-written.

[bookmark: _Toc111329253]Point Distribution:
The entire Lab-10 is worth total 100 points. The Prelab is worth 30 points and the in-lab (hands-on) exercises are worth 70 points. Within the Lab Exercises part, the conclusions section is worth 5 points.

[bookmark: _Toc111329254]Submission Instructions: 
The Lab-8 Datasheet should be saved/converted as a .pdf file with a filename: “Lab-10 Datasheet_First Name_Last Name.pdf” for submission.
Check with your lab instructor about specific instructions on how to submit your lab datasheet for assessment and grading.


End of Lab 10



[bookmark: _Appendix][bookmark: _Toc111329255]APPENDIX 

[bookmark: _Handout_#_1:][bookmark: _Toc111329256]Handout # 1: How to Install MATLAB 

[bookmark: _Toc110978930][bookmark: _Toc110980251][bookmark: _Toc111329257]Instructions for Accessing and Downloading MATLAB at KSU:
1. Go to https://apps.kennesaw.edu/  
2. Sign-in with your KSU NetID and NetID password.
3. Click KSU Software Downloads under Public Applications.
4. Click View Files next to MATLAB Account Activation. 
5. Copy the 25-digit Activation Key under Description.
6. Create a MathWorks Account using your KSU email address here:
https://www.mathworks.com/mwaccount/register 
7. Go to the License Center: https://mathworks.com/licensecenter 
8. Click Associate License in the upper right-hand corner.
9. When prompted to do so, paste the Activation Key copied from Step 5.
10. Go to: https://www.mathworks.com/downloads/web_downloads 
11. Click the Download button for the latest release.
12. Click the Installer button to download the installer.
13. Locate the install file in a file browser.
14. Start the installer: 
· Windows: Double-click the installer file you downloaded in the previous step. The Windows Self-Extractor runs, and then the installer starts. 
· Mac OS X: Double-click the installer file you downloaded in the previous step. This action extracts the files and creates another folder called matlab_<release>_maci64, where represents the release number. Inside this folder, double-click InstallForMacOSX to start the installer. 
15. In the MathWorks installer, select Log in with a MathWorks Account and follow the instructions.
16. When prompted to do so, select the license you want to use. 
17. Select the products you want to download and install. 
18. After installing your products, keep the Activate MATLAB checkbox selected and click Next.

[bookmark: _Toc110978931][bookmark: _Toc110980252][bookmark: _Toc111329258]Instructions for Downloading MATLAB outside of KSU:
1. Check with your instructor and/or the institution’s IT department for how to download MATLAB.
2. [image: Screenshot of 30 Day MATLAB Trial]If your institution does not subscribe to MATLAB, then you can download a free trial copy of MATLAB (valid for 30 days) by creating a personal MATLAB account by visiting here:
https://www.mathworks.com/mwaccount/register
3. Once the account is created, you can download the 30-day trial copy.


[bookmark: _Appendix_1:_MATLAB][bookmark: _Handout_#_2:][bookmark: _Toc111329259]Handout # 2: How to Install LTspice 

[bookmark: _Toc110978933][bookmark: _Toc110980254][bookmark: _Toc111329260]For Windows PC:
1. LTspice is a freely available circuit simulation software. Download LTspice for Windows from here:
https://www.analog.com/en/design-center/design-tools-and-calculators/ltspice-simulator.html
2. Install by clicking the downloaded .exe file in your PC.

[bookmark: _Toc110978934][bookmark: _Toc110980255][bookmark: _Toc111329261]For Mac OS:
3. Download LTspice following the step 1 above. Make sure to download the file for Mac OS.
4. Install by clicking on the downloaded LTspice.pkg to launch the installer, which provides step-by-step instructions for installation on the Mac.


[bookmark: _Handout_#_3:_1][bookmark: _Toc111329262]Handout # 3: MATLAB Example Codes 
%% Complex number addition
x = (2+3i)+(-5+2i);
disp('sum = '), disp(x);  %sum = -3+5i
 
%% Complex number polar 5<-65 degrees to rectangular conversion
[Real,Imag]=pol2cart(deg2rad(-65),5);
disp('Real part = '), disp(Real);       % Real part = 2.1131
disp('Imaginary part = '), disp(Imag);  % Imaginary part = -4.5315
 
%% Complex number (3 + 4i) rectangular to polar conversion
a = 3 + 4i;
[phase_rad,mag]=cart2pol(real(a),imag(a));
phase_deg = rad2deg(phase_rad);
disp('Magnitude = '), disp(mag);     % Magnitude = 5
disp('Angle = '), disp(phase_deg);   % Angle = 53.1301
 
%% Use of solve function for linear systems of equations
syms x y z
eqn1 = 2*x + y + z == 2;        % Equation 1:   2x+y+z=2
eqn2 = -x + y - z == 3;         % Equation 2:   -x+y-z=3
eqn3 = x + 2*y + 3*z == -10;    % Equation 3:   x+2y+3z=10
sol = solve([eqn1, eqn2, eqn3], [x, y, z]);
xSol = sol.x;  ySol = sol.y;  zSol = sol.z;
disp('x = '), disp(xSol);  
disp('y = '), disp(ySol);  
disp('z = '), disp(zSol);

% Solution: x = 3, y = 1, z = -5
disp('----------------------- End of Program -------------------------');


[bookmark: _Appendix_2:_How][bookmark: _Handout_#_4:][bookmark: _Toc111329263]Handout # 4: How to Read Resistor Color Codes 
[bookmark: _Toc110978937][bookmark: _Toc110980258][bookmark: _Toc111329264]Three or Four Band Resistors:
The first two bands always denote the first two digits of the resistance value in ohms. For a three or four- band resistor, the third band represents the multiplier. The fourth band specifies the tolerance. If the fourth band is absent, then it’s a three-band resistor, for which the default tolerance is ±20%.
[bookmark: _Toc110978938][bookmark: _Toc110980259][bookmark: _Toc111329265]Five or Six Band Resistors:
Resistors with higher precision have an extra color band to indicate a third significant digit. If your resistor has five or six bands, then the third band becomes this additional digit along with bands one and two. Consequently, the fourth color band becomes the multiplier and the fifth band becomes the tolerance. A six-band resistor is basically a five-band type with an additional ring indicating the reliability, or the temperature coefficient (ppm/K) specification. In this course, you will either have 4-band or 5-band resistors.
[bookmark: _Toc110978939][bookmark: _Toc110980260][bookmark: _Toc111329266]Resistor Color Code Chart:
[image: Resistor Color Code Chart]

Fig. 1. Resistor Color Code Chart



[bookmark: _Toc110978940][bookmark: _Toc110980261][bookmark: _Toc111329267]Frequently Asked Questions:

Which end of the resistor to start reading the color bands?
Rule 1: Many resistors have some of the color bands grouped closer together or grouped toward one end. Hold the resistor with these grouped bands to your left. Always read resistors from left to right.
Rule 2: Resistors never start with a metallic band (gold or silver) on the left (from the resistor color code chart, you can see that gold or silver do not associate with a resistor value). Therefore, if you have a resistor with a gold or silver band on one end, you have a 5% or 10% tolerance resistor. Position the resistor with this band on the right side and then read the resistor value from left to right.
Rule 3: In this course, in your parts list, the maximum resistor value is 10 kΩ. Therefore, if you have ordered a four-band resistor, then the third color band will represent always be orange (103) or less and on a five-band resistor, the fourth color will always be green (105) or less.
What does tolerance mean?
Tolerance specifies how much more or less you can expect a resistor's actual measured resistance to be from its stated resistance. A gold tolerance band correspond to 5% tolerance, silver is 10%, and no band at all would mean a 20% tolerance. For example, a 100Ω resistor with 5% tolerance means, its actual resistance could be anywhere within the range of 95Ω–105Ω.

[bookmark: _Toc110978941][bookmark: _Toc110980262][bookmark: _Toc111329268]Example – Resistance Calculation Using Color Code:
Two example calculations are already shown with the resistor color code chart in the previous page on Fig. 1 – one on the top of the chart which is for a four band resistor (resistor value of 560Ω) and the other one at the bottom of the chart which is for a five band resistor (resistor value of 237Ω). Please check them and make sure you understand the calculations.
Following is another example shown with a picture of a 5% resistor.

This is a 4-band resistor. Hence, the first two color bands correspond to two digits of the resistor value, the third band is the multiplier and the fourth band (in this case Gold) signifies the tolerance.Band 1  Digit 1
Band 2  Digit 2
Band 3  Multiplier
Band 4  Tolerance

Step 1: Write the first three Band Colors Brown – Black – Orange
Step 2: Write the numerical digits corresponding to the colors: 1 – 0 – 3
Step 3: Calculate the resistor value
10 × 103 = 10 kΩ



[bookmark: _Handout_#_3:][bookmark: _Handout_#_5:][bookmark: _Toc111329269]Handout # 5: Introduction to AC Signals, Sinusoids and AC Voltage Measurements 

a. [bookmark: _Toc110978943][bookmark: _Toc110980264][bookmark: _Toc111329270]Introduction to Sinusoidal AC signal:
An AC signal is a time-varying signal (magnitude varies with time) unlike a DC signal which has constant value over time. Since magnitude of an AC signal changes over time, an AC signal therefore would have a specific shape when viewed over a period of time. An AC signal may be repetitive at a specific rate or “frequency”. DC Power supplies and digital multimeters (DMM) are normally used to produce and measure DC voltages (like you did in all previous labs), whereas function generators and oscilloscopes are used to produce and measure AC signals.

One of the most common types of AC signals used in electrical engineering is the sinusoid, which exhibits a sinusoidal variation of voltage with time. A Sinusoidal AC signal can be specified by three parameters: (i) amplitude, (ii) frequency and (iii) phase.
Some examples of sinusoidal signals in practical use are pure audio tones and the AC power-line waveform (that comes out of the power sockets at your home).

An AC voltage’s amplitude can be specified in terms of peak voltage (Vp), peak-to-peak voltage (Vp- p), and rms voltage (Vrms).
Vp : Peak voltage is the difference between the waveform’s largest value and its average value.
Vp-p : Peak-to-peak voltage is the difference between the largest value and the smallest voltage value associated with the waveform.
Vrms : RMS voltage (for sinusoidal signal only) is given by: 
	


b. [bookmark: _Toc110978944][bookmark: _Toc110980265][bookmark: _Toc111329271]Measurements of AC signals:
Amplitude is a non-negative scalar measurement of a wave's maximum magnitude of oscillation. In electrical engineering it may be thought of as the maximum absolute value reached by a voltage or current waveform as measured from the center of the oscillation. An amplitude measurement may be reported as peak, peak-to-peak, average, or RMS.

· Peak amplitude is the height of an AC waveform as measured from the center of the oscillation to the highest positive or lowest negative point on a graph.
· Peak-to-peak amplitude is the total height of an AC waveform measured from maximum positive to the minimum negative peak (the highest peak to the lowest valley). It is abbreviated as: “p-p”, for example: Vp-p or Vpp.
· Average value is the arithmetic “mean” of a waveform’s values over one cycle. The average value of any symmetrical waveform (having equal-area portions above and below the “zero” line on a graph)

is zero. However, often as a practical measure of amplitude, a waveform may be characterized by its average absolute value, calculated as the arithmetic mean of the absolute values of the waveform.
· [image: AC Signal Graph with RMS Value]“RMS ” stands for ‘Root Mean Square’, and is a way of expressing an AC quantity of voltage or current in terms functionally equivalent to DC. For example, 10 volts AC RMS refers to the amount of AC voltage which will dissipate the same amount of power in a resistor when a 10-volt DC power supply is connected across the resistor. It is also known as the “DC equivalent” value of an AC voltage or current.
· Oscilloscopes are normally used to perform measurements of AC signals. A digital oscilloscope can measure all parameters of an AC signal including peak-to-peak voltage (Vp-p), Peak Voltage (Vp), RMS voltage, frequency, Period etc.

c. [bookmark: _Toc110978945][bookmark: _Toc110980266][bookmark: _Toc111329272]Phase Measurements:
The phase difference between two signals (having same frequency) is simply another way of viewing the fact that the two signals occur at different times. The difference in phase angle between two waveforms can be directly measured on the oscilloscope. There are two good techniques for measuring phase.
· One method is to use the cursors on the oscilloscope and place them at two similar points on the waveform. Phase shift can then be calculated using:
θ = Δt/T × 360°
Where, Δt is the time difference between two similar points of the two voltage waveforms and the period, T = 1/f (where f is the frequency of the signal).
· Another method for measuring phase:
Adjust the amplitudes of the two signals on the oscilloscope display so that the overlapping signals look something like the figure shown on the right, where the solid curve is the voltage waveform 1 (let’s say shown on Channel 1 of the scope) and the dashed curve
is the 2nd waveform (let’s say shown on Channel 2 of the scope). Adjust the waveform 1’s position on the horizontal axis such that it starts from a positive slope zero-crossing point. Adjust the x- axis scale so that exactly one cycle appears within the ten horizontal divisions on the display. Thus, each division on the horizontal axis corresponds to 360°/10 = 36°. The phase shift Φ in degrees can be calculated by the number of divisions separated×36°, e.g. 2 divisions×36° = 72°.
In the above figure, the dashed curve is lagging the solid curve; if the dashed curve were shifted to the left so it “started” before the solid curve, then the dashed curve would be leading the solid curve.
Watch the tutorial video in D2L to learn how to use the Function Generator and the Oscilloscope.



[bookmark: _Handout_#_6:][bookmark: _Toc111329273]Handout # 6: Displaying Measurement Parameters on the Oscilloscope 

Measurement parameters should be displayed on the oscilloscope screen which will be captured when you save the oscilloscope screenshot in your USB drive. Up to four measured parameters can be displayed on the screen simultaneously. 
1. To display the measurements on the oscilloscope screen, first press the Meas button to open the Measurement menu.
[image: Photograph of oscilloscope screen with Meas Button. ]

2. Then, press the button next to Type and use the knob to select the parameter that you want to measure and display on the screen. For example, let’s say, you want to measure the Peak-to-Peak value of the signal in Channel 1. Hence, make sure that the selected Source is 1 and then select ‘Peak-Peak’.
[image: Photo of oscilloscope screen with knob]
3. Next, press the button next to Add Measurement to display the Peak-to-Peak value of the signal voltage of Source 1. 
4. To display measurements for Source 2 (i.e., the signal or voltage in Channel 2), press the button next to Source and use the knob to select Source # 2. Repeat the previous steps to display the Peak-to-Peak value of the voltage signal connected to Channel 2. 
Note: Before you select Source # 2, make sure that the BNC cable is physically connected to the Channel # 2 of the oscilloscope. 
[image: Photo of oscilloscope screen with knob and button highlighted.]
5. [image: Photo of oscilloscope screen with Type and Phase highlighted.]To display the phase difference between Source 2 and Source 1, go to the Type menu, and then choose Phase from the dropdown list. You can use the knob to scroll up or down through the dropdown list.



6. [image: Photo of oscilloscope screen with values highlighted.]Press the button next to Settings at the bottom and make sure that Source #1 is chosen as the reference for phase angle measurements.
7. Press the button next to Add Measurement to display the phase angle of Source 2 with reference to Source 1.



[bookmark: _Handout_#_7:][bookmark: _Toc111329274]Handout # 7: Saving an Oscilloscope Screenshot to a USB Drive 

Note: some oscilloscopes have a capacity limit for USB drives. Check the oscilloscope manual for details.

1. To save the oscilloscope screenshot to a USB drive, first insert a USB drive into the slot on the front of the oscilloscope

[image: Photo of oscilloscope screen with USB port highlighted.]
2. Press Save to USB and the screen will automatically be saved to the USB drive as a .png file.
[image: Photo of saved oscilloscope PNG file.]
3. By default, the scope will save the file with a filename as follows: ‘scope_#.png’. Transfer the file to your computer and rename it so that you can easily identify/recognize it later.
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