Lab 1: Dc-dc Converter
EE254
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Objective

This lab is due on Thursday, April 27th, 2023 at 11:59 PM PST.
The objectives of this lab are:

+ Become familiar with the operation of the flyback test converter
« Practice taking measurements with the oscilloscope and other lab equipment
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Introduction
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Figure 1.1: EE254 Flyback Converter Test Board

The labs for this class are based on the EE254 flyback test board, shown in Figure 1.1. The board accepts a
12-36V DC input and provides a regulated 5V output which capable of charging a phone through the USB-
A connector. As a flyback converter this board is similar to the flyback converter you built in EE153/253.
Figure 1.2 shows a simplified diagram of the test board. Compared to the flyback converter you built in
EE153/253, this board has a control loop to regulate the output voltage as well as added test points, protection
circuity, and a small DC load, to make work with the board easier.

Over the course of the labs you will be characterizing the performance of the flyback converter and improv-
ing the switching waveforms and response of the control loop that regulates the output voltage. Hopefully
you will feel confident enough in the board by the end of the class to try using it to charge your own cell
phone! The goal of this first lab is to familiarize you with the operation of the test board and comfortable
taking measurements with some of the lab equipment.

The flyback test board was designed in kicad. The github repo containing the kicad design files and an
annotated PDF schematic is here. The components on the test board are well labeled and the PDF schematic
should be sufficient for the labs but it is highly recommended you try downloading kicad and looking at the
PCB layout. The schematic is also provided in (Figure 1.3).


https://www.kicad.org/
https://github.com/westonb/flyback-edu-board
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Figure 1.2: Simplified Block Diagram of EE254 Test Board
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Figure 1.3: Schematic of EE254 Test Board
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CHAPTER 1. INTRODUCTION

In this lab you will be conducting some common first tasks for evaluation and bring-up of new power supply
design:

+ Measuring efficiency
+ Measuring switching waveforms
 Improving switching waveforms
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Chapter 2

Prelab

Familiarize yourself with the schematic of the flyback test board before starting the lab. At this point you
are not expected to understand the control circuity, which we will be working through over the course of
the class. However the flyback converter topology should be familiar from EE153/253. Understanding the
switching states and conversion ratio of the flyback converter is important for this lab.

The below table of power stage components used in the flyback converter and their datasheets may be
useful in your review of the schematic and in answering the prelab questions.

Component Part Number Datasheet
Power MOSFET IRFR120N PDF
Output Diode B340AE-13 PDF
Flyback Transformer HRO051142 PDF
Controller IC UC3843B PDF

2.1 Prelab Questions

1. Reviewing datasheets:

« What is the turns ratio of the flyback transformer?
« What is the nominal on resistance of the power MOSFET?
« What is the nominal voltage drop of the output diode?

2. Converter Operation:

« For a 12V input and the nominal 5V output what will the duty cycle of the flyback converter be if it is
operating in continuous conduction mode (CCM)?
+ For a 36V input and the nominal 5V output?


https://www.infineon.com/dgdl/irfr120npbf.pdf?fileId=5546d462533600a40153562d2620204d
https://www.diodes.com/assets/Datasheets/B320AE/B340AE.pdf
https://datasheet.lcsc.com/lcsc/1809211119_HANRUN-Zhongshan-HanRun-Elec-HR051142_C55680.pdf
https://www.st.com/content/ccc/resource/technical/document/datasheet/b6/e8/cc/ba/4f/cd/42/9b/CD00000966.pdf/files/CD00000966.pdf/jcr:content/translations/en.CD00000966.pdf

Chapter 3

Check List

This is the guide for your submission for the lab. The questions are repeated elsewhere though the lab
document and collected here for your convenience.

Put all the answers, plots, and oscilloscope screenshots in a single PDF document and upload to Gradescope.

3.1 Tasks

3.1.1 Converter Efficiency

1.

Measure the efficiency of the flyback converter over aload range 0f 0.25 A- 1.5 Ain 0.25 A increments
and input voltages of 12V, 24 V and 32 V.

Create a plot overlaying the efficiency curves over load current for the three input voltages.

(Post Lab) List 3 components where power is dissipated in the flyback converter, provide the compo-
nent reference designators of those components from the schematic.

3.1.2 Snubber Design

1.

With C.,,,,, (C11) and R,,,,;, (R21) not installed measure the frequency of the ringing on V4 during
turn-off, f;. Save an oscilloscope screenshot for your lab submission.

Solder in a 100 pF capacitor for C,,,,,, and a zero ohm resistor or small wire for R
frequency during turn off, f,.

Given the measured frequencies, f; and f,, and the known additional capacitance in parallel with
Cpg when measuring f,, calculate the values of ;) and Cpg.

Choose C,,,,,, to be three to five times greater than the value you calculated for C', 4, subject to the
values available in the SMD capacitor kit. This is satisfactory to assume C,,,,,, > Cpg. Calculate R
such that ¢ = 1.0 and choose the closest value of resistor available in the SMD capacitor Kkit.
Solder in the new components for C,,,,,, and R,,,,,- Measure and save an oscilloscope screenshot of

the new turn-off transition for your lab submission.

»- Measure the

sSnu

snub

3.1.3 Switching Loss

1.

Provide oscilloscope screenshots of the turn-on and turn-off switching transitions.

2. Calculate the turn-on and turn-off switching loss. Your answer should be in units of Joules.

3.

(Post Lab) The flyback converter switches at approximately 250 kHz. Calculate the time averaged
switching loss in watts. Using your results from measuring the converter efficiency, what percentage
of the total power loss is switching loss?

(Post Lab) As the MOSFET switches faster switching loss is reduced. The MOSFET gate is modeled
as a capacitor and as the resistance of the source driving the MOSFET gate is reduced the MOSFET



3.1. TASKS CHAPTER 3. CHECK LIST

will switch faster. What is the reference designator of the resistor in the schematic which could be
reduced in value to reduce switching loss?

3.1.4 Feedback

Please provide feedback to help make future labs better! Anonymous feedback can be provided via this
google form. Feedback is strongly appreciated but feel free to skip answering any of these questions.

1. Approximately how many hours did this lab take?

2. Is there anything that you think should be removed from the lab? If so, what?

3. Is there anything that you wish the lab included or elaborated more on? If so, what?
4. What is the most useful thing that you learned from this lab?

) Stanford University


https://forms.gle/TLBtyqV7NjiXZSBc9

Chapter 4

Experimental Procedure

Required Tools:

+ Flyback Test Board

« Oscilloscope with two 10x voltage probes
« DC Power Supply

« DC Load

+ Soldering Iron

This lab requires soldering the resistor-capacitor snubber network on the board. The resistor is package
size 1206 and the capacitor is package size 0805. SMD component kits of each should be in the lab.

4.1 Board Setup

Acquire a test board from the pile on the table. Write the names of you and your lab partner on a piece of
masking tape and stick it to the back side of the PCB. You will be making modifications to the board over
the course of the class, so it is important you track which is yours. The board can be left on the shelf in lab
or you may take it with you.

The power and load connections to the test board are made with 3.5mm pluggable terminal blocks. There
is a bag of the terminal blocks on the counter. Some of the lab power supplies and loads may already have
cables with terminal blocks attached. If not it is suggested you use the spool of zip cord (red and black two
conductor cable) to connect the terminal blocks to the power supply and load.

For this lab you will not be using the load built in to the test board or working with the control loop. Make
sure both switches for the on-board load are set to “Off” (down) and the feedback select pin is set to “Direct”
(down).

For all of the parts of this lab set the DC power supply to current limit of 1 A. If you set the current limit too
low the power supply may power cycle when you load the flyback converter, if you set the current limit too
high it increases the risk you damage the board if you accidentally short something out.

4.2 Converter Efficiency

One of the most important metrics of a power supply is the efficiency. For this part of the lab you will
be measuring the efficiency of the flyback converter across load and input voltage. You will be using the
electric load in constant current mode connected to the output of the flyback converter to provide a load
and to measure the output power. The input power to the test board can be measured via the metering on
the lab power supply, or you may use external DMMs for greater accuracy. (Figure 4.1) shows a diagram of



4.3. SNUBBER DESIGN CHAPTER 4. EXPERIMENTAL PROCEDURE

the test setup for measuring efficiency. You will also be using this test setup with the DC load to conduct
the other portions of the lab.

DC Power Supply Electronic Load

Current Const. Current
Limit Mode
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Figure 4.1: Test setup for measuring converter efficiency.

4.2.1 Tasks

1. Measure the efficiency of the flyback converter over a load range of 0.25 A- 1.5 A in 0.25 A increments
and input voltages of 12V, 24 V and 32 V.

2. Create a plot overlaying the efficiency curves over load current for the three input voltages.

3. (Post Lab) List 3 components where power is dissipated in the flyback converter, provide the compo-
nent reference designators of those components from the schematic.

4.3 Snubber Design

Switch-mode power supplies are one of the largest offenders in emitting EMI (electromagnetic interfer-
ence), which can interfere with other devices and radio communication. There are strict regulations on
the EMI emissions from all electronic products and addressing EMI is a crucial task in the design of any
switch-mode power supply. In the flyback converter the ringing, or oscillation, of the MOSFET drain to
source voltage, Vg, on turn-off can be a significant source of EMI. This ringing will also interfere with

Stanford University



4.3. SNUBBER DESIGN CHAPTER 4. EXPERIMENTAL PROCEDURE

some of the measurements you need to take on the flyback test board. In this part of the lab you will char-
acterize the source of the ringing and add a RC (resistor-capacitor) snubber to dampen it so that it will not
interfere with any future measurements you make. Figure 4.2 shows V¢ at turn off before and after the
addition of a RC snubber network.

Auto 80ns/ Complete 3] Auto 80ns/ Complete
2565afs 160.8ns Sample ” o - N 3.2 2565afs 160.8ns Sample

1/84:13.8889 Mz

Figure 4.2: Oscilloscope waveforms of V)¢ (a) before and (b) after the addition of a RC snubber network.

The cause of ringing in switching waveforms is typically due to parasitic, or unwanted, circuit elements. In
the flyback converter the ringing on turn-off is between the drain to source capacitance of the MOSFET, C,,
and the leakage inductance of the transformer, L, ;. When the power MOSFET in the flyback converter is
on, energy is transferred to the magnetizing inductance of the transformer, L,,. When the MOSFET turns off,
the energy in the transformer commutates the rectifier diode and delivers power to the output. However,
the energy stored in the L, ;. is not coupled to the output and oscillates with C,g. Figure 4.3 shows the
flyback converter with these parasitic components shown as well as the small signal model with the RC
snubber added. As the MOSFET is off and the diode is an AC short across the transformer secondary both
the MOSFET symbol and the transformer are removed from the small signal model and do not impact the
oscillation.
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Figure 4.3: Simplified schematics of the flyback converter. (A) shows the flyback converter with the parasitic
components, Cpg, and L;.,;. (B) shows the resonant network formed after turn-off along with the RC
snubber added to dampen the resonance.

Without the RC snubber, the frequency of the ringing is determined solely by L, and Cg. The initial

10
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4.3. SNUBBER DESIGN CHAPTER 4. EXPERIMENTAL PROCEDURE

conditions and amplitude of this resonance are set by the current though L, ;. at turn off. The resonance
is only lightly damped by the inherent losses in L, ,; and C4, so the oscillations can continue for many
cycles, decaying exponentially until V¢ is at the expected steady state voltage for the flyback converter.

The design approach that you will be using for the RC snubber is to make C,,,,;, > Cpg such that the circuit
can be approximated as a series RLC circuit and then choosing the value of R_,,,;, to damp the resonance.
Below are two equations to help you in the design, the resonant frequency, f, of a LC circuit, and the damp-
ing factor, ¢ for a series RLC circuit. A lower damping factor represents oscillations that dampen more
quickly. You will be targeting ¢ = 1.0 for your snubber design, which is considered “critically damped”
where the circuit settles to the steady state value as quickly as possible without oscillations.

o 1

_27r\/LC
R /C

¢=3Vz

For the design of the snubber you will first measure the values of Cp,¢ and L,,,, in circuit by measuring
the resonant frequency. C',¢ and L, ;. can technically be obtained from the datasheets of the MOSFET and
transformer, but other components and the PCB layout itself can add capacitance and inductance, so its
more accurate to measure in-circuit. Once you have these values you will be able to calculate values for the
RC snubber, install the components, and measure the final waveforms.

@ Soldering Advice

R21 (R,,,;) and Cl11 (C,,,,) are relatively large SMD components connected to a copper pour that
conducts away heat. These will be the most difficult components to solder and de-solder for all of the
labs.

When de-soldering make sure there is enough solder on the iron such that it can make good contact
and transfer heat to the pads. Try using two irons at once, one to heat up both sides of the component.

@ Oscilloscope Probing Advice

As switching transitions occur very fast the inductance of the oscilloscope ground leads can cause
signal integrity issues. For measurements of the switching waveforms we recommend you use the
ground spring for the oscilloscope probe. There should be enough space to directly seat the oscillo-
scope probe tip in the test point holes and have the ground spring of each oscilloscope probe directly
in the hole of the adjacent “GND” test point. (Figure 4.4) shows the ideal probe connections.

11
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4.4. MEASURING SWITCHING LOSS CHAPTER 4. EXPERIMENTAL PROCEDURE

Figure 4.4: Example oscilloscope probe connection using spring ground connections.

4.3.1 Tasks
All measurements to be taken at an input voltage of 24 V and an output load of 1 A.

1. With C,,,,,;, (C11) and R,,,,, (R21) not installed measure the frequency of the ringing on V4 during
turn-off, f,. Use the oscilloscope cursors to help you measure the ringing frequency. Save an oscillo-
scope screenshot for your lab submission.

2. Solder in a 100 pF capacitor for C,,,,,, and a zero ohm resistor or wire short for R,,,,,- Measure the
frequency during turn off, f,.

3. Given the measured frequencies, f; and f,, and the known additional capacitance in parallel with
Cpg when measuring f,, calculate the values of L, and Cpys.

4. Choose C,,,,,;, to be three to five times greater than the value you calculated for C', ¢4, subject to the
values available in the SMD capacitor kit. This is satisfactory to assume C,,,,,;, > Cpg. Calculate R
such that ¢ = 1.0 and choose the closest value of resistor available in the SMD capacitor kit.

5. Solder in the new components for C,,,,, and R,,,,,- Measure and save an oscilloscope screenshot of
the new turn-off transition for your lab submission.

snub

4.4 Measuring Switching Loss

The power MOSFET is not an ideal switch. The device has an on-resistance which causes a power dissipation
of I?R,,, when conducting current. When the device is off the current flow is small enough such that losses
can typically be considered negligible. The on resistance is an important parameter in calculating the loss
in the power MOSFET, and in EE153/253 you measured the on-resistance of devices and used those values to
calculate loss. However, there is another loss that is significant in power electronics applications: Switching
Loss.

Switching loss is the power dissipated when the MOSFET takes a finite amount of time to transition from
the on and off states. Although the device can transition quite fast (in the nanosecond range) the voltage
and current are both high so the peak power dissipated is large. In a switch-mode power supply where the
MOSFET is switching thousands of times a second this can lead to significant power dissipation. Figure 4.5
shows how the overlapping transitions in voltage and current cause power dissipation.

In this portion of the lab you will measure switching loss when the power MOSFET in the flyback converter
turns on and off. This can be done by using the oscilloscope to measure the MOSFET drain to source voltage,
Vps, and drain current, I, during the switching transitions. V,4 can be measured at the “Vdrain” test point

12
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Figure 4.5: Simplified waveform showing switching loss due to the overlap of MOSFET voltage and current.
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4.4. MEASURING SWITCHING LOSS CHAPTER 4. EXPERIMENTAL PROCEDURE

on the test board while I, can be measured at the “Ipri” test point, which connects to two parallel 0.75 Q2
resistors between the MOSFET source and ground. These shunt resistors are used by the controller IC to
regulate the MOSFET current but for this test setup it can be used to measure the MOSFET current without
a dedicated current probe.

The energy dissipated during each switching transitions is the integral of V5 - V5. For this lab you can
approximate the V¢ - V, waveform during the switching transitions as a triangle. Use the “Math” function
on the oscilloscope to display V55 - V}, and use the oscilloscope cursors to read off your best estimate of
the width and height to approximate the area. Make sure to scale your result by the 0.375V/A sensitivity of
the current sense resistors. (Figure 4.6) shows example waveforms of the turn-on and turn-off switching
transitions with the math trace showing Vg - Vp,.

Auto 40ns/ Complete (™ & # I Auto 40ns/ Complete
2565afs 0s Sample e mom BT woasion  Sewp N 36V 2565afs 0s Sample

Lizo ve L
200 my/

(a) Turn-On (b) Turn-Off

Figure 4.6: Example Turn-On and Turn-Off waveforms. V¢ in yellow, I, in orange, V¢ - V), in turquoise.

4.4.1 Tasks

All measurements to be taken at an input voltage of 24 I and an output load of 1 A.

1. Provide oscilloscope screenshots of the turn-on and turn-off switching transitions.

2. Calculate the turn-on and turn-off switching loss. Your answer should be in units of Joules.

3. (Post Lab) The flyback converter switches at approximately 250 kHz. Calculate the time averaged
switching loss in watts. Using your results from measuring the converter efficiency, what percentage
of the total power loss is switching loss?

4. (PostLab) Asthe MOSFET switches faster switching loss is reduced. The MOSFET gate can be modeled
as a capacitor and the transition time is dependent on the resistance of the driving source. What is
the reference designator of the resistor in the schematic which could be reduced in value to reduce
the duration of the switching transition?

4.4.2 Feedback

Please provide feedback to help make future labs better! Anonymous feedback can be provided via this
google form. Feedback is strongly appreciated but feel free to skip answering any of these questions.

1. Approximately how many hours did this lab take?

2. Isthere anything that you think should be removed from the lab? If so, what?

3. Is there anything that you wish the lab included or elaborated more on? If so, what?
4. What is the most useful thing that you learned from this lab?
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