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"There is nothing more practical than a good theory."
James C. Maxwell (1831-1879)
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seminars on Power Electronics Design and Education in universities and industries over
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Electrical Engineering Department of Stanford University, Stanford, CA.
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This manual provides a guidance to a comprehensive hands-on learning experience on
fundamentals of Power Electronics, tailored for Electrical Engineering and Electrical and
Computer Engineering Undergraduate Programs. The education vision implemented in
the laboratories anthology collected in the manual is founded on the intent of stimulating
investigation and understanding capabilities of students, beyond the learning of technical
topics. Problem-oriented theoretical models, circuit simulations and experimental tests
are the ingredients of each laboratory, focusing on topics of wide interest in real world
power electronics applications. The laboratories are inspired by the following key ideas:

1) whatever technical problem you need to solve regarding a physical device, circuit or
system, there is always a good simplified theoretical model providing the key
information, about what are the physical and functional factors majorly impacting the
features of interest to the problem under investigation;

2) circuit simulators allow to implement models of different level of complexity to emulate
the behavior of real devices, circuits and system, and help exploring their operability
limits and observing the impact of model parameters and functional configurations on
the resulting performances;

3) hands-on experimental tests and measurements are essential to validate and improve
theoretical models, while understanding the impact of real physical parameters and
functional features on the feasibility of targeted performance and reliability of devices,
circuits and systems.

The combination of theory, simulations and experiments proposed in each laboratory
engages the student into a virtuous learning loop, rich of observations and assessments,
ending with a clear vision of a problem and of methods and tools to solve it. The
laboratories, indeed, stimulate the students to interleave calculations, simulations and
measurements, while changing model parameters based on observations of results, thus
converging toward the improvement of models and the achievement of a desired real
world behavior.

The laboratories are connected each other, forming four groups, which cover the
fundamentals of DC-DC linear regulators, DC-DC buck regulators, DC-AC inverters, and
AC-DC rectifiers. Each group of laboratories is performed by means of dedicated Multisim
Live circuit schematics for simulations, and a dedicated section of the TI Power
Electronics Board for experimental measurements. Although each lab is self-consistent,
performing the entire sequence of laboratories dedicated to a given topology boosts the
understanding of concepts and the achievement of a system level vision.
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An important concept underlies the labs conception: power electronic circuits are systems
made of single interconnected elements, conceived and configured to perform specific
functional tasks and coordinated each other, to implement specified system features.
Accordingly, the groups of laboratories from LAB1 to LAB4 and from LAB5 to LABS8
present and discuss a logical sequence of concepts and topics that guide the students
step-by-step in understanding the transition from elements to systems, and from functions
to features.

The four groups of labs offer also an opportunity to students to understand the manifold
utilizations of a given device or concept over power electronics applications, to achieve
different practical goals, or the same goal in different ways. This can be achieved, for
example, through laboratories from LAB1 to LABS, discussing the utilization of power
MOSFETSs either as variable resistors or as switches, to perform voltage regulation in
linear and switching regulators, respectively, and through laboratories from LAB5 to
LAB10, showing the utilization of pulse width modulation in DC-DC and DC-AC
regulators, respectively. Crossed references of labs each other are included in the manual
to highlight these connections.

The brief theory overview introducing each lab summarizes the main facts of interest to
the topic under investigation, including simplified models tailored to the specific problem
to be analyzed and solved. Going from a lab to the next one, the student learns that
different simplified models can be used to represent a given device or system under
different operating conditions. Students can use the models proposed in the labs theory
overview, or they can replace them with the models discussed by instructors in the
specific curriculum classes they teach.

This manual does not provide design rules and methodologies: indeed, the topics and the
tools discussed throughout the labs intend to help students in achieving a good
understanding of power electronics fundamentals, through the analysis of operation and
performances of the elementary functional blocks building power supplies, thus preparing
them to better assimilate the design topics taught by instructors in their classes.

Suggestions on possible expansion activities are also provided, to stimulate the
exploration of further interesting aspects beyond the specific case studies discussed in
each lab. Indeed, the anthology of labs proposed in the manual can be easily personalized
and extended by instructors, also to cover topics regarding power semiconductors,
magnetics, circuit theory, analog electronics, and control theory. Many test points and
jumpers are available for this purpose in the Tl Power Electronics Board, allowing to
observe voltages and currents and to change the circuit configuration setup.
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Learning Objectives

After completing the labs in this manual, you should have the ability to complete the
following actions.

1.

given a linear regulator, with specified components characteristics, you will be able
to analyze and predict its behavior, under DC and AC operating conditions, in
open-loop and closed-loop operation, by determining the values of voltages and
currents of interest to evaluate static and dynamic performances, with specified
units and accuracy;

given a buck regulator, with specified components characteristics, you will be able
to analyze and predict its behavior, under DC and AC operating conditions, in
open-loop and closed-loop operation, in continuous and discontinuous mode, by
determining the values of voltages and currents of interest to evaluate the static
and dynamic performances, with specified units and accuracy;

given a DC-AC pulse width modulated inverter, with specified components
characteristics and modulation signals, you will be able to analyze and predict its
behavior, under different load impedance conditions, by determining the amplitude
of output current and voltage AC components, with specified units and accuracy:

given a high-frequency transformer and a square-wave inverter, with specified
components characteristics and modulation signals, you will be able to analyze
and predict its behavior, under different coils configurations, by determining the
amplitude of input and output current and voltage AC components, with specified
units and accuracy;

given an AC-DC rectifier, with specified components characteristics, you will be
able to analyze and predict its behavior, under different input inductance and
output capacitance conditions, by determining the amplitude of output current and
voltage DC and AC components, with specified units and accuracy;

given a system comprises of an AC-DC rectifier with buck and linear post-
regulators, with specified characteristics, you will be able to analyze and predict
the behavior of the system, under different operating conditions, by determining
the amplitude of input and output current and voltage DC and AC components of
each stage, with specified units and accuracy.
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Prerequisites

This lab manual was designed for students who have completed the following courses
and have a working knowledge of the following hardware, software, and tools.

Completed Courses

1. Introduction to Circuits, or equivalent
2. Semiconductor Devices, or equivalent
3. Introduction to Analog Electronics, or equivalent

Hardware, Software, and Tool Knowledge

Oscilloscope
Function Generator
Digital Multimeter
Scientific Calculator

PN

Organization of the Lab Manual

The manual is organized as a sequence of twelve labs, regarding four different power
electronic topologies:

1-Linear Regulator
The four labs from Labl to Lab4 are dedicated to the linear regulator, focusing on the
following topics:
Labl:Linear Regulator in Open Loop DC Operation
The lab investigates the DC operation of a MOSFET as linear regulator, and
the relationships among physical parameters and electrical variables
determining the DC operating point

Lab2: Linear Regulator in Open Loop AC Operation
The lab investigates the AC operation of a MOSFET as linear regulator, and
the relationships among physical parameters and electrical variables
determining the effect of AC source perturbations on the output voltage
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Lab3: Error Amplifier Operation
The lab investigates the operation of an error amplifier as feedback element,
and the relationships among output voltage perturbations and the signal
controlling the MOSFET gate drive voltage

Lab4: Linear Regulator in Closed Loop Operation
The lab investigates the impact of the closed loop feedback control on the
capability of the linear regulator of maintaining the output voltage well
regulated under DC and AC operating conditions, rejecting the source
perturbations.

2-Buck Regulator
The four labs from Lab5 to Lab8 are dedicated to the buck regulator, focusing on the
following topics:
Lab5:Buck Regulator Half-Bridge PWM Operation
The lab investigates the operation MOSFETSs as switches, implementing the

half-bridge used in buck regulator to convert a given DC input voltage into
a lower DC output voltage

Lab6: Buck Regulator L-C Filter Operation
The lab investigates the operation of the L-C filter used to remove the high-
frequency AC component generated by the MOSFET half-bridge of a buck
regulator, and the relationships among physical and operating parameters
determining the amplitude of AC ripple components of current and voltage.

Lab7: Buck Regulator in Discontinuous Mode Operation
The lab investigates the impact of a MOSFET-diode half-bridge on the
operation of a buck regulator, and the relationships among physical and
operating parameters determining the amplitude of AC ripple components
of current and voltage an the voltage conversion ratio.

Lab8: Buck Regulator in Closed Loop Operation
The lab investigates the impact of the closed loop feedback control on the
capability of the buck regulator of maintaining the output voltage well
regulated under DC and AC operating conditions, rejecting the load
perturbations.

3-DC-AC Inverter

Lab9 and Labl0 are dedicated to the single-phase DC-AC inverter and to the high-
frequency transformer, focusing on the following topics:
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Lab9:

DC-AC PWM Inverter Operation

The lab investigates the operation of a MOSFETSs full-bridge, driven by a
sinusoidal pulsed width modulation, under different load impedance
conditions, and the relationships among physical parameters and operating
conditions determining the amplitude of output current and voltage AC
components.

Lab10: High-Frequency Transformer Operation

The lab investigates the operation of a high-frequency transformer under
square-wave voltage generated by a MOSFET full-bridge DC-AC inverter,
and the relationships among physical parameters and operating conditions
determining the output current and voltage and the amplitude of
magnetizing current, under different coils configurations.

4-AC-DC Rectifier
Labll and Labl2 are dedicated to the single-phase AC-DC rectifier, focusing on the
following topics:

Labll: AC-DC Rectifier Operation

The lab investigates the operation of a single-phase diode full-bridge
rectifier, under different input inductance and output capacitance conditions,
and the relationships among physical parameters and operating conditions
determining the amplitude of output voltage AC component.

Lab12: Post Regulators Operation

The lab investigates the operation of a system comprised of an AC-DC
diode rectifier with a cascade of buck and linear post-regulators, and the
relationships among physical parameters and operating conditions
determining the behavior of the system and the amplitude of input and
output current and voltage DC and AC components of each stage.
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Lab Tools and Technology

Platform: NI ELVIS 1

The NI Educational Laboratory Virtual Instrumentation Suite (NI ELVIS) is an
engineering laboratory solution for project-based learning that combines instrumentation
and embedded design with a web-driven experience to create an active learning
environment in the lab and studio and flipped classrooms, delivering a greater
understanding of engineering fundamentals and system design. NI ELVIS addresses
engineering curriculum by integrating project-based learning, teamwork, and design with
course-specific application boards and labs developed by experts from education and
industry. NI ELVIS, as a programmable platform, gives educators the ability to scale to
future multidisciplinary applications driving student employability.

Learn more at http://www.ni.com/en-us/support/model.ni-elvis-
iil.html
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Hardware: Tl Power Electronics Board

&
THn

AL

i TExas INSTRUMENTS

The TI Power Electronics Board is an application board for NI ELVIS IIl which provides a
hands-on platform for learning power electronics and power management. Using
functional blocks, students build their own buck converters, regulators, and both DC-AC
and AD-DC converters. Students will gain an in-depth understanding of each component
in a power electronics system and how it influences other components to create a
cohesive system all while using industry-standard Texas Instruments circuits.

Warnings:

e Read carefully the instructions provided in each Lab about connections and setup of Tl
Power Electronics Board and NI ELVIS Il instrumentation, and follow Lab steps.

e Compensate all the voltage probes used for measurements with the oscilloscope, before
performing each Lab (see http://www.ni.com/white-paper/14825/en/#toc4).

e Connect the ground of the oscilloscope voltage probes to the nearest test point of the TI
Power Electronics Board Section under test, with black plastic ring.

Learn more at http://www.ni.com/en-us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.html
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Software: Multisim Live

*555 Timer Servo Controller_une2

Multisim Live brings SPICE simulation to you anywhere, anytime with an interactive,
online, touch-optimized environment that works on any device. With a database of over
30,000 community circuits, engineers, students, and makers can immediately turn
inspiration into simulation.

L .
ﬁ Learn more at https://www.multisim.com/
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Lab 1: Linear Regulator

In Open Loop DC Operation
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Lab 1: Linear Regulator in Open Loop DC Operation

The goal of this lab is to investigate the properties of a MOSFET in DC operation, when
it works as a pass device in linear regulators. First, we review the equations describing
the behavior of a MOSFET in DC operation, and discuss the impact of the gate-to-source
voltage on the operating point. Next, we predict the MOSFET operating region and
calculate the power losses and temperature under different conditions. Then, we simulate
the MOSFET using its physical model. Finally, we perform lab experiments to estimate
the real value of MOSFET parameters and compare their impact on the accuracy of
theoretical and simulation predictions.

V lout  Vout

||H||
||H\|

Figure 1-1. Linear Regulator

Learning Objectives
After completing this lab, you should be able to complete the following activities.

1. Given the parameters of a MOSFET, a source voltage and a load resistance, you will
calculate the gate driver voltage required to achieve a desired output voltage, you will
determine the MOSFET operating region and calculate its drain-to-source voltage and
current, power losses and junction temperature, with specified units and accuracy, by
applying the appropriate MOSFET equations

2. Given the parameters of a MOSFET, a source voltage, and a load resistance, you will
determine the gate driver voltage required to achieve a desired output voltage by
simulating the MOSFET operation, you will determine the MOSFET operating region
and calculate its drain-to-source voltage and current, power losses and junction
temperature, with specified units and accuracy, and you will determine the accuracy
of theoretical predictions.

3. Given a real MOSFET, a DC power supply, a load resistor of given resistance, and a
function generator, you will set experimentally the MOSFET gate driver voltage
allowing to achieve a desired output voltage, you will record the measurement, with
specified units and accuracy, you will compare the measured values with the
simulations, and you will determine the accuracy of simulations.
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Required Tools and Technology

Platform: NI ELVIS Il v Access Instruments
Instruments used in this lab: https://measurementslive.ni.com/

e Function generator v View User Manual

e Digital multimeter http://www.ni.com/en-

e Oscilloscope us/support/model.ni-elvis-iii.html

e Power Supply v View Tutorials

https://www.youtube.com/watch?v=

Note: The NI ELVIS Ill Cables and TwvbRUpEpJU&list=PLvcPluvVaUMI
Accessories Kit (purchased separately) Wm8ziaSxvOgwtshBA2dh_M

is required for using the instruments.

Hardware: TI Power Electronics Board ¥ View User Manual
http://www.ni.com/en-

us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.html

Software: NI Multisim Live v' Access
https://www.multisim.com/

v View Tutorial
https://www.multisim.com/get-started/

Software: Tl Power Electronics v" Download (Windows OS Only)
Configuration Utility http://download.ni.com/support/acad

cw/PowerElectronics/TIPowerElectr
onicsBoardUtility-Windows.zip

Note: Mac Version will be available
soon
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Expected Deliverables

In this lab, you will collect the following deliverables:

v
v
v

v
v

Calculations based on equations provided in the Theory and Background Section
Results of circuit simulations performed by NI Multisim Live

Results of experiments performed by means of TI Power Electronics Board for NI
ELVIS I

Observations and comparisons on simulations and experimental results
Questions Answers

Your instructor may expect you to complete a lab report. Refer to your instructor for
specific requirements or templates.

INTERNAL - NI CONFIDENTIAL



1 Theory and Background

1-1 Introduction

In this section, we review the fundamental concepts relevant to the operation of a
MOSFET as a linear regulator. This important feature is utilized in a large variety of low-
power applications, where a well regulated DC voltage is required.

1-2 The linear regulator concept

Figure 1-2 shows a circuit composed of a voltage generator, Vin, a load resistor, Ro, and
a variable resistor, Rvar.

Rvar

2 o AAA / _/

Vin lout Vout

Figure 1-2. Resistive Voltage Divider

If the voltage Vout required by the load is lower than Vin, then the voltage drop across the
variable resistor must equal the difference Vin-Vout. The value of the resistance Rvar
required to achieve the desired load voltage Vou, is given by Equation 1-1:

Equation 1-1 R =——n_Youtp _ Yin "~ Yout

The resistance Rvar depends on the input voltage Vin, and on the load current, lout: it must
be adjusted to maintain the output voltage regulated at the desired value Vou, when Vin
and lout are subjected to time variations. This happens in many practical applications,
where the source voltage Vin can be affected by disturbances (e.g. automotive power
electronics) and the load can require a variable power (e.g. power signal amplifiers).
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1-3 MOSFET operating as linear regulator

Figure 1-3 shows the basic circuit schematic of a linear regulator, using an N-channel
MOSFET as a “pass device”.

Vin lout Vout

Figure 1-3. MOSFET Operating as Linear Regulator

The linear regulator uses the MOSFET capability to emulate a variable resistor, whose
resistance is driven by the gate-to-source voltage applied between the gate (G) and the
source (S). The output voltage Vout can be regulated at the desired value by adjusting the
gate-to-source voltage. The circuit driving the MOSFET gate-to-source voltage works as
a source, providing a voltage Var. The voltage Var is applied to the gate terminal G and
yields a gate-to-source voltage Ves = VG - Vout = Var - Vour. Equations 1-2 (also called
MOSFET output characteristics) describe the MOSFET drain-to-source current in DC
operation, as function of the drain-to-source voltage and gate-to-source voltage:

cut-off region: Vs <V, = s =0
Equations 1-2 saturation region: Vg >V, Vog >Vig -V, = | = g(\/GS V, (1t V)

ohmic region: Vs >V Vs <Vgs Vi = s = gv[,S[Z(\/GS -V,,) —Vps 1+ V)
Vi is the gate-to source threshold voltage, g is the trans-conductance coefficient, and 4
is the channel-length modulation coefficient. Equations 1-2 highlight that, given the drain-
to-source voltage Vps, the current Ips the MOSFET lets to pass from drain to source is
determined by the gate-to-source voltage Vgs. The operating point of the MOSFET is
determined by the combination of its own characteristics with the source and load
parameters.
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1-4 MOSFET DC operating point

The grey lines in Figure 1-4 are the plots of Equations 1-2, parameterized with respect to
the gate-to-source voltage. The red line in Figure 1-4 is the locus of operating points of
the MOSFET determined while varying the gate-to-source voltage, given the source
voltage Vin and the load resistance Rioad, While the green line is locus of the MOSFET DC
operating points allowed by a given gate-to-source voltage Vegs".

IDS

/A

Isc:Vin/Ro VGS=VGS*

[A] VGS

/A __________

lps=lout

B e R TS

Vbs=Vin-Vout 4 v Voczvin) o

Figure 1-4. Determination of the MOSFET DC Operating Point.

The intersection of the red and green lines is the MOSFET DC operating point. It can be
determined by means of the constraints given by Equations 1-3 to 1-5:

Equation 1-3 VDS :Vin _Vout

Equation 1-4 VGS =Vdr _Vout
. I _ I Vout

Equation 1-5 DS ~ ‘out T R

Combining Equations 1-2 to 1-5 allows determining the gate driver voltage Var, given the
input voltage Vin, the load resistance R, and the desired output voltage Vout. Neglecting
the minor impact of the channel-length modulation coefficient 4 in DC operation yields the
simplified Equations 1-6 and 1-7:
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saturation region (the equations are valid if Vg >Vg5 -V, =V, >V, —V,,):

2V 2V
Equation 1-6 V, =V, +V,, + out =V, +V__ + out
quatlon d th out \/Roﬂ(l_'_ l(\/in _VoUt )) th out Roﬂ

ohmic region (the equations are valid if Vg <V 5 -V,, =V,, <V, =V, ):

V,

out

+
2 Roﬂ(\/in _Vout )

~ in
Equation 1-7 Vdr :Vth +

The gate driver voltage Var required to achieve the desired output voltage Vout is
independent of the input voltage Vin when Vin > Vg - Vin (MOSFET operating in the
saturation region), whereas it increases while the input voltage Vin decreases when Vin <
Var - Vin (MOSFET operating in the ohmic region). Equations 1-6 and 1-7 highlight that a
MOSFET with a higher Vi, requires a higher driver voltage Vg to achieve the desired
output voltage Vou. The minimum input voltage Vinmin allowing the output voltage
regulation is determined by the gate driver voltage rating Varmax. The difference Vinmin —
Vout is the “dropout voltage” of the linear regulator. Low Dropout Regulators (LDO) are
characterized by a small dropout voltage.

1-5 MOSFET thermal properties

The MOSFET can operate at a maximum junction temperature rating Trating Of 150°C or
175°C, depending on its technology. Exceeding the maximum junction temperature may
result in damage of the MOSFET and possible fault in the operation of the circuit where
the MOSFET is used. The junction temperature depends on the MOSFET power loss,
which can be calculated by means of Equation 1-8:

\Y/

out

R

(o]

Equation 1-8 Poss =Voslos = M =Vou)

Given the ambient temperature Ta, the MOSFET junction temperature T; is given by
Equation 1-9:
Equation 1-9 Tj :Ta +R,P

Bja’ loss

The coefficient Roja is the thermal resistance of the MOSFET, determined by the package.
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Check Your Understanding
o

Note: The following questions are meant to help you self-assess your understanding so far. You
can view the answer key for all “Check your Understanding” questions at the end of the lab.

1-1 Given the source voltage and load resistance, how does the MOSFET drain-to-source
current change as the gate driver voltage increases?

A. itincreases
B. it decreases
C. itis not influenced

1-2 Given the source voltage and load resistance, how does the MOSFET drain-to-source
voltage change as the gate driver voltage increases?

A. itincreases
B. it decreases
C. it not influenced

1-3 Given the desired output voltage and load resistance, how does the required
MOSFET gate driver voltage change while the input voltage decreases, if the MOSFET
operates in the saturation region?

A. itincreases
B. it decreases
C. itis not influenced

1-4 When does the MOSFET operate in the ohmic region as a linear regulator?

A. never
B. when the input voltage is much higher than the required output voltage
C. when the input voltage is a little higher than the required output voltage

1-5 Given the source voltage and load resistance, how does the MOSFET power loss
change as the gate driver voltage increases?

A. increases
B. not influenced
C. non monotonic
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2 Exercise

The Texas Instruments CSD15380F3 (http://www.ti.com/lit/ds/symlink/csd15380f3.pdf)
N-channel MOSFET Q1 used in the Discrete Linear Section of the TI Power Electronics
Board for NI ELVIS Il has the following nominal parameters:

e V=11V [the real value of Vi can range between 0.85V and 1.35]
e [3=0.24A/V? [the real value of g can range between 0.19V and 0.33]
e 1=0.02Vv1 [the real value of A can range between 0.01V and 0.05]

e Reja = 255°C/W [the real value of Reja is influenced by the device mounting]

Assume the following operating parameters:

e Vih=7V
e R,=120Q
e T,=30°C

2-1 Using the rules and equations provided in the Theory and Background section,
calculate the gate driver voltage Vqr required to achieve the values of output voltage listed
in column 1 of Table 2-1, determine the status of the MOSFET (OFF = cut-off, SAT =
saturation, OHM = ohmic), calculate the drain-to-source voltage and current, the power
loss and the junction temperature of the MOSFET, with three decimal digits (for the
temperature use one decimal digit), and report the results in Table 2-1.

Table 1-1 Gate driver voltage required to achieve a desired output voltage, given the source voltage and load resistance

1 2 3 4 5 6 7
Vout [V] Var [V] Vbs [V] Ips [A] Ploss [W] T [°C]
15
3.0
4.5
6.0

status
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3 Simulate

The simulations you will perform in this section allow you to analyze the impact of the
gate driver voltage Vgr on the operating point of a MOSFET operating as a linear regulator.
You will compare the results of the simulations with the results of calculations performed
in the Exercise section, based on the simplified Equations 1-6 - 1-9, to verify the
theoretical prediction and evaluate the impact of MOSFET parameters on the DC
operating point.

3.1 Instructions

1. Open Labl — MOSFET DC operation from this file path:

https://www.multisim.com/content/vuVttWyHxrRuPfki7F33Ad/lab-
l1-linear-regulator-open-loop-dc-operation/

The circuit schematic for the analysis of MOSFET DC operating points is shown in
Figure 3-1. The MOSFET is modeled by means of an Analog Behavioral Modeling
current source (ABM current source). The ABM model implements the MOSFET
Equations 1-2 provided in the Theory and Background section. The MOSFET
parameters are set by means of the voltage sources Vth, beta and lam at the
values used in the Exercise section.

[’_\ Vin A Vout
Vin Q1 lout out
V] j ) o

A vdr Vth A beta A
7} Vin !
7.00v i § Rload
Vidr 120Q — Vth — beta — lam

4.55V

— ‘II—?—L‘

Figure 3-1. Multisim Live Circuit Schematic for the Analysis of a Linear Regulator in Open Loop DC Operation

2. Select the Interactive simulation option and the Schematic visualization option.
3. Set the gate driver voltage Vqr at zero.
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4. Run the simulation and increase the gate driver voltage (Var) until the number
shown by the output voltage probe (Vout) equals the value of the output voltage
indicated in the first column-first row of Table 3-1, with three decimal digits.

5. Record the value of the gate driver voltage in the second column of Table 3-1.

6. Repeat the simulation for all the values of the output voltage Vou listed in column
1 of Table 3-1.

7. Import in column 3 of table 3-1 the values of gate driver voltage reported in column
2 of Table 2-1 of Exercise section.

8. Calculate the % error (Vdrca-Vdrsim)/Varsim X 100 between the values of the gate
driver voltage Vqr obtained with calculations and simulations.

9. Calculate the power loss and the junction temperature of the MOSFET.

10. Calculate the % efficiency 7 = Pout/Pin X 100= Vout/Vin X 100.

Table 3-1 Gate driver voltage required to achieve a desired output voltage, given the source voltage and load resistance

1 2 3 4 5 6 7

Vout [V] | Vdrsim [V] Varcal [V] Vi Ploss [W] | Tj[°C] n [%0]

from column 2 of Table 2-2 | error [%)]
15

3.0

4.5

6.0

3-1 Does the maximum power loss correspond to the minimum efficiency?

A.
B.

yes
no

Please provide your comment

3-2  What is the maximum Vgr % error between calculations and simulations?

A. max % error <1%
B. 1% < max % error < 10%
C. max % error >10%
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3-3 Do you identify a trend in the Vqr error values vs the output voltage Vout?

A. yes
B. no
Please provide your comment

3-4  What is the possible origin of the error between Vg, calculations and simulations?

Troubleshooting tips:

e If you get an error greater than 10% between simulation and calculation results,
check the values of source voltage, load resistance and MOSFET parameters.

e If the simulation does not converge and you get some error message, reload
Labl — Linear Regulator in Open Loop DC Operation from this file path:
https://www.multisim.com/content/vuVttWyHxrRuPfki7F33Ad/lab-
l-linear-regulator-open-loop-dc-operation/
and restart the simulation following the relevant instructions.

4 Implement

The Discrete Linear Section of the Tl Power Electronics Board for NI ELVIS Il shown
in Figure 4-1 allows performing experiments on MOSFET DC Operation as linear
regulator. The jumpers and test points used to setup the tests and measure the signals
of interest are highlighted. The experiments you perform in this section allow you to
observe the behavior of a real MOSFET in DC operation, to verify the effect of the gate
driver voltage on the MOSFET status and operating condition. You will compare the
experimental measurements with the results of simulations. Next, you will verify the
compliance of the MOSFET simulation model with the real MOSFET behavior. Finally,
you will determine possible adjustments of MOSFET model parameters to improve
accuracy of simulations. The MOSFET Q24 of the linear regulator is a Texas Instruments
CSD15380F3 (http://www.ti.com/lit/ds/symlink/csd15380f3.pdf). [Note: the parameters
provided in the following instructions for instruments setup may require some adjustment due
to thermal effects and tolerances of Tl Power Electronics Board components]
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Figure 4-1. TI Power Electronics Board for NI ELVIS Il - Discrete Linear Section Used for the Analysis of a Linear
Regulator in Open Loop DC Operation.
4-1 Instructions

1. Open Power Supply, Function Generator, Oscilloscope and Digital Multimeter
using Measurements Live. For help on launching instruments, refer to this help
document: http://www.ni.com/documentation/en/ni-elvis—
iii/latest/getting-started/launching-soft-front-panels/

2. Open the User Manual of Tl Power Electronics Board for NI ELVIS 1l from this
file path: http://www.ni.com/en-us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.html

3. Read the User Manual sections Description, Warnings and Recommendations
regarding Discrete Linear Section.

4. Openthe Tl Top Board RT Configuration Utility of TI Power Electronics Board for
NI ELVIS Il (See Required Tools and Technology section for download
instructions), and select Labl — Linear Regulator in Open Loop DC Operation.

5. Configure the jumpers of the board as indicated in Table 4-1.

6. Configure and connect the instruments as indicated in Tables 4-2 and 4-3.

Table 4-1 Jumpers setup

J17 J34 J58 J59 J60 J61 J62 J68 J69
short TP162-TP163

short 2-3 open short short short short short short
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Table 4-2 Instruments Configuration and setup

Power Supply Channel “+”. Static, 7.00V, Channel “* Inactive
Trigger: Horizontal: Acquisition: Measurements:
Immediate 100us/div average show

. Channel 1: ON Channel 2: ON Channel 3: ON

Oscilloscope e DC coupling ¢ DC coupling e DC coupling Channel 4. OFF
e 1V/div o 1V/div e 1V/div
o Offset -4.0V o Offset -4.0V o Offset -4.0V
e position -4.0V | e position -4.0V | e position -4.0V

. Channel 1: Inactive
Function Generator Channel 2: Sine, Frequency 1Hz, Amplitude 0.00Vpp, DC offset 0.00V

Digital Multimeter Measurement mode: DC voltage; Range: Automatic

Table 4-3 Instruments Connections

Power Supply connect to red and black banana connectors

. connect Ch-1to TP117 (Vin), connect Ch-2 to TP118 (Vou)
Oscilloscope connect Ch-3to TP121 (V)
Function Generator connect Ch-2 to FGEN2 BNC connector (—»TP121 = Discrete Linear Vqr)
Digital Multimeter connect Voltage input to TP115 (low)

7. Run Power Supply, Function Generator, Oscilloscope and Digital Multimeter.

8. Adjust the Power Supply voltage until the RMS measurement of Oscilloscope Ch-
1 (Vin) equals 7.00V [Note: in this experiment, use Volts, Ampéres and Watts in
voltage, current and power measurements and calculations, respectively, with
three decimal digits].

9. Increase the DC offset of the Function Generator Ch-2 (Var) until the RMS
measurement of the Oscilloscope Ch-2 (Vout) equals the value of the output voltage
indicated in the first column-first row of Table 4-4. [Note: the maximum allowed
value of gate driver voltage Var is Vdrmax = 6.5V]

10.Read the RMS measurement of the Oscilloscope Ch-3 (V&) and the Digital
Multimeter measurement (lout), calculate the input power Pin = Vin X lout, and record
the values in columns 2, 5 and 6 of Table 4-4, respectively.
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11.Calculate the output power Pout = Vout X lout, and the % efficiency 7 = Pout/Pin X 100,
with one decimal digit, and report the result in columns 7 and 8 of Table 4-4,
respectively.

12.Connect the Digital Multimeter to Test Point TP114, read the DC voltage
measurement Vrp114 in VolIts, calculate the ambient temperature according to the
formula Ta = (Vtp114 — 0.5V) x 100, calculate the MOSFET junction temperature
according to the formula Tj = Ta + (Pin — Pout)Reja, and report the result in column 9.

13.Repeat the measurements for all the values of the output voltage Vou listed in
column 1 of Table 4-4.

14.Stop Power Supply, Function Generator, Oscilloscope and Digital Multimeter.

15.Import in column 3 of Table 4-4 the values of voltage Vqr sim reported in column 2
of Table 3-1 of Simulate section.

16.Calculate the % error (Vdrsim-Vdr,meas)/Vdrmeas X 100 between the values of the
voltage Vgr obtained with simulations and measurements.

Table 4-4 DC operating point of the MOSFET, given the source voltage, load resistance and gate driver voltage

1 2 3 4 5 6 U 8 9
Vout Vdrmeas | Vdrsim [V] | Vdrerror lout Pin Pout eff T;
[V] [V] |fromcolumn2| [o] [A] [W] [W] [%0] [°C]
of Tab 3-2
1.50
3.00
4.50
6.00

4-1 What is the maximum Vg4r % error between simulations and measurements?

A. max % error <1%
B. 1% < max % error < 10%
C. max % error >10%
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4-2  What is the possible origin of the error between Vg, calculations and simulations?

4-3  Did you to achieve the required output voltage with a gate driver voltage lower than
the maximum allowed value of 6.5V?

A. yes
B. no
Please provide your comments:

Troubleshooting tips:
e |fthe MOSFET does not work, or if the error between simulation and measurement
is greater than 20%, verify the correct setup and connections of instruments, based
on directions provided in Tables 4-1 and 4-2, and restart the experiment.

5 Analyze

5-1 Graph the values of voltage Vqr collected in columns 2 and 3 of Table 4-4 as a function
of the required voltage Vou, including a legend that indicates which line style corresponds
to which series (simulations, measurements).

Var [V]

Vout [V]

Figure 5-1 Simulated and Measured Values of Output Voltage Vout versus the Gate Driver Voltage Var.
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5-2  Are the Vg error values positive or negative?

A. always positive

B. always negative

C. either sign

Please provide your comments:

5-3 Do you see a trend in the Vg error values vs the output voltage Vout?

A. increasing
B. decreasing
C. no precise trend

Please provide your comments:

5-4  Based on your observations and on the MOSFET properties discussed in the
Theory and Background section, what parameter would you modify in the MOSFET
model to reduce the error between measurements and simulations? How and why?

A. Vin:
B. B:
C. A
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5-5  Re-run the simulation by changing the parameters of MOSFET model, based on
your answers to Question 5-5, and verify your predictions. Are the new simulation results
closer to experimental ones? Do you infer a rule or a procedure to obtain the parameters
of a MOSFET from experimental measurements?

6 Conclusion

6-1 Summary

Write a summary of what you learned and observed about the impact of MOSFET gate
driver voltage and physical parameters on the linear regulator open loop DC operation.
Explain why it is important to predict correctly the gate driver voltage value needed to
achieve a desired value of the output voltage, and how the MOSFET parameters
influence the value of gate driver voltage.

6-2 Expansion Activities

6-2-1. Investigate how the source voltage Vin influences the MOSFET operation, by
determining the transition from saturation region to ohmic region. The investigation
can be performed by means of simulations and experiments. In both cases, set the
source voltage Vin at a given value (not exceeding 10V) and find the gate driver
voltage Vqr that determines an output voltage Vour = Vin/2. Then, decrease the
source voltage Vin in 100mV steps, while observing the output voltage Vou. You
will observe no change in the output voltage until the input voltage reaches a
certain value, below which you will see the output voltage to decrease. The change
of behavior of the MOSFET is determined by the transition from the saturation to
the ohmic region.

6-2-2. Repeat the Simulation 2 discussed in the Simulate section, by changing the
voltage of sources Vth, beta and lam in the ranges indicated in Table 6-1, to
investigate the sensitivity of the MOSFET DC operation point with respect to its
model parameters.
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Table 6-1 Gate driver voltage required to achieve a desired output voltage, given the source voltage and load resistance

min Vin [V]

max Vi [V]

min beta [S]

max beta [S]

min lam [V1]

max lam [V-]

0.85

1.35

0.19

0.33

0.01

0.05

6-3 Resources for learning more

e This document provides the fundamentals of linear regulators:
Linear Regulators: Theory of Operation and Compensation,

http://www.ti.com/lit/an/snva020b/snva020b.pdf

Answer Key — Check Your Understanding Questions Only

oooo

Check Your Understanding

1-1 A
1-2 B
1-3 C
14 C
15 C
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Lab 2: Linear Regulator in Open Loop AC
Operation
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Lab 2: Linear Regulator in Open Loop AC operation

The goal of this lab is to investigate the properties of a linear regulator in open loop AC
operation. First, we will review the simplified equations describing the behavior of
MOSFET in AC operation. Next, we will use this model to analyze and predict the
sensitivity of the output voltage to AC perturbations injected on source and gate driver
voltage, at different frequencies. Then, we will observe the response of a MOSFET to AC
perturbations through simulations based on real MOSFET physical model. Finally, we will
perform experimental measurements on a real MOSFET in AC operation, and will
compare the results of calculations, simulations and measurements to verify the
consistency of theoretical predictions.

Figure 2-1 Linear Regulator

Learning Objectives
After completing this lab, you should be able to complete the following activities.

1. Given a MOSFET, a load resistance, a DC source voltage, and a DC gate driver
voltage, you will calculate the magnitude of the output voltage AC perturbation
determined by AC perturbations injected on source and gate driver voltage, with
specified units and accuracy, by applying the appropriate theoretical formulae.

2. Given a MOSFET, a load resistance, a DC source voltage, and a DC gate driver
voltage, you will simulate the AC operation of the MOSFET to analyze the sensitivity
of the output voltage with respect to AC perturbations injected by the source and gate
driver voltage, with specified units and accuracy, to determine the accuracy of
theoretical predictions.

3. Given a MOSFET, a dynamic power supply, a load resistor of given resistance, and a
dynamic gate driver, you will analyze experimentally the output voltage AC
perturbation determined by AC perturbations injected on source and gate driver
voltage at different frequencies, with specified units and accuracy, to verify the
consistency of theoretical predictions and simulations.

INTERNAL - NI CONFIDENTIAL



Required Tools and Technology

Platform: NI ELVIS Il v Access Instruments
Instruments used in this lab: https://measurementslive.ni.com/

e Function generator v View User Manual

e Digital multimeter http://www.ni.com/en-

e Oscilloscope us/support/model.ni-elvis-iii.html

e Power Supply v View Tutorials

https://www.youtube.com/watch?v=

Note: The NI ELVIS Ill Cables and TwvbRUpEpJU&list=PLvcPluvVaUMI
Accessories Kit (purchased separately) Wm8ziaSxvOgwtshBA2dh_M

is required for using the instruments.

Hardware: TI Power Electronics Board ¥ View User Manual
http://www.ni.com/en-

us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.html

Software: NI Multisim Live v' Access
https://www.multisim.com/

v View Tutorial
https://www.multisim.com/get-started/

Software: Tl Power Electronics v" Download (Windows OS Only)
Configuration Utility http://download.ni.com/support/acad

cw/PowerElectronics/TIPowerElectr
onicsBoardUtility-Windows.zip

Note: Mac Version will be available
soon
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Expected Deliverables
In this lab, you will collect the following deliverables:

v Calculations based on equations provided in the Theory and Background Section
v Results of circuit simulations performed by means of Multisim Live
v Results of experiments performed by means of Tl Power Electronics Board for NI

ELVIS 1l
v Observations on simulations and experiments
v" Answers to questions

Your instructor may expect you complete a lab report. Refer to your instructor for specific
requirements or templates.
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1 Theory and Background

1-1 Introduction.

In this section, we review the fundamental equations that are needed to analyze the AC
operation of a MOSFET used in linear regulators applications. The AC response is an
important feature of linear regulators, as it expresses the ability of the regulators to reject
AC noise.

1-2 Linear Regulator in Open Loop AC Operation

Figure 1-2 shows a DC-DC linear regulator using a MOSFET as pass device, connected
between a voltage source Vin and a load resistor Ro. The output voltage Vout is controlled
by the MOSFET gate driver voltage V4. The capacitor C, damps the AC output voltage

perturbations.
1 VoutDC VoutAC Vout
+ = St
 ——
Vin lout Vout
o o o |
'L—'Lo Vdr J_
i Vdr
- Vin = Co g Ro
~y ~, I
AV. /// Vi T ~ A
inDC inAC in . Vdrbc Vdrac Var
- = IS + =
~, V

-
—
~ -
~. -
‘‘‘‘‘
________

Figure 1-2. Linear Regulator in Open Loop AC Operation

In steady-state, given the DC component of source voltage Vinoc, the DC component of
the gate driver voltage Vdrpc can be adjusted to achieve the desired DC component value
Voutnc Of the output voltage. An AC perturbation Vinacsin(27f 1) of frequency f is applied to
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the source voltage which causes an AC perturbation Vouacsin(27f t+¢) on the output
voltage, whose amplitude Vouac and phase shift ¢ depend on MOSFET parameters, on
Co and Ro, and on frequency f. An AC perturbation Vgracsin(27f 1+ 6) injected on gate driver
voltage at the same frequency f, with suitable amplitude Vaac and phase shift 4, can
cancel the output voltage AC perturbation.

1-3 Simplified Model of MOSFET in Open Loop AC Operation

A simplified model of a MOSFET in AC operation can be obtained by linearization of
MOSFET drain-to-source DC current equations (see LAB1). The resulting simplified
equations of the drain-to-source current lgsac are:

Equation 1-1 lasac = MinVinac + MarVarac + MoutVouac, ohmic region (Vinoc < Varoc - Vin)
Equation 1-2 lasac = TinVinac + TarVarac + ToutVoutac, Saturation region (Vinoc > Varoc - Vin)
M, =5 (Verc Vi _VinDC) , My =—F (Verc Vi _VoutDC) . M, =/ (\/inDC _VoutDC)

Tin = %/w (Verc _Vth _VoutDC )2 ) Tout = _ﬂ (Verc _Vth _VoutDC) ) Tdr = :B (Verc _Vth _VoutDC)

where Vi, f, 4 are the MOSFET gate-to-source threshold voltage, the transconductance
coefficient and the channel-modulation coefficient, respectively. Equations 1-1 and 1-2
highlight that the AC response of the MOSFET depends on the DC operating point.
Moreover, while the parameter g influences the output voltage sensitivity with respect to
both V4r and Vin (Tin and Tqr are both proportional to f), the parameter A influences the
output voltage sensitivity with respect to Vin (Tin is proportional to A).

1-4 Open loop AC response of a linear regulator

The output voltage AC perturbation VoutacSin(2zft+¢) of a linear regulator caused by the
effect of AC perturbations Vinacsin(2#ft) and Vaacsin(2#ft+6) of source and gate driver
voltages can be analyzed by using the circuit shown in Figure 1-3. The amplitude Voutac
of the output voltage perturbation is given by Equation 1-3:

Equation 1-3 V | R°

OUtAC ~ 'dsAC 1+ (ZﬂCOROf )2

Merging Equations 1-1, 1-2 and 1-3 provides the expression of the ratio between the
amplitude Vouac of the AC output voltage perturbation and the amplitudes Vinac and Varac:
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IdsAC VoutAC

VinAC
Co Ro

VdrAC

Figure 1-3. Simplified Circuit Model for the Analysis of Linear regulator in Open Loop AC Operation.

M, o M,, o
ohmic region D ohmic region
Equations 1-4 \@ - Dm : VOLHACL - m
Vv T . . \Y/ T . .
MAC Nypc =0 D'” saturation region WAC Newe=0 | 90 saturation region
t t
1-M_,R . .
f,="—— 0 D =27C,f2+f2 (ohmic region
" 272R.C, " ° m gion)
1-T R . .
f=——o o D =27C_/f?+f? (saturation region
= omRe, D o7+ ( gion)

Equations 1-3 show that the sensitivity of the output voltage to AC source and gate driver
voltage perturbations decreases as the frequency f increases. This means that the open
loop linear regulator has a low-pass behavior. Moreover, the regulator has a different low-
pass bandwidth, fm and f;, in the ohmic and saturation region respectively.

1-5 Effect of MOSFET capacitances.

The preceding simplified analysis neglects the impact of MOSFET capacitances.
Therefore, Equations 1-6 and 1-7 are valid within a limited frequency range, whose
boundary is influenced by the values of the MOSFET capacitances. Moreover, as the
simplified model is based on linearization of MOSFET equations, the preceding analysis
is more accurate if the amplitude of AC perturbations Vinac and Varac is small (less than
10%) compared to the amplitude of DC components Vinoc and Varpc.
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Check Your Understanding
[u]

Note: The following questions are meant to help you self-assess your understanding so far. You
can view the answer key for all “Check your Understanding” questions at the end of the lab.

1-1 How is the amplitude of the AC output voltage perturbations correlated to the
frequency of the AC source and gate driver voltage perturbations?
A. it is not correlated
B. it increases as the frequency increases
C. it decreases as the frequency increases

1-2 How is the sensitivity of the AC output voltage perturbations correlated to the DC
operating point of the MOSFET?
A. it is not correlated
B. it is higher in the ohmic region
C. it is higher in the saturation region

1-3 How can you cancel the effects of AC source voltage perturbations on the output
voltage?
A. by means of a MOSFET with a big threshold voltage Vi
B. by means of an appropriate AC perturbation injected on the gate driver voltage
C. by means of a MOSFET with a small trans-conductance coefficient 8

1-4 If your answer to Question 1-3 is “B”, what is the frequency of the AC perturbation to
inject on the gate driver voltage?
A. the same of the AC source voltage disturbance
B. whatever
C. it depends on the DC output voltage

1-5 Is the accuracy of the simplified AC MOSFET model conditioned by the MOSFET AC
operating conditions?
A.no
B. yes
if your answer is B, list the conditions ensuring better accuracy:
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2 Exercise

The Texas Instruments CSD15380F3 (http://www.ti.com/lit/ds/symlink/csd15380f3.pdf)
N-channel MOSFET Q1 of the Discrete Linear Section of the Tl Power Electronics
Board for NI ELVIS 1lI has the following nominal parameters: Vin = 1.1V, g = 0.24A/V?, 1
=0.02V-! [Note: if you have already performed Lab1, you can use the values of Vi, fand
A you have determined by means of the experiments]. Let us consider the following
operating conditions and parameters:

A: Vinoc = 5.00V, Vdrpc = 4.55V, Vounc = 3.00V, Ro = 120Q2, Co = 1uF.
B: VinDC = 330V, VerC = 460V, VoutDC = 3OOV, Ro = 120Q, Co = 1MF

2-1 Given the operating conditions A and B, for each value of the frequency f indicated in
Table 2-1, use the equations provided in the Theory and Background section to:

e determine the MOSFET operating region (ohmic or saturation), calculate the
relevant bandwidth f, or fi in kHz, with three decimal digits, and report the results
in columns 2 and 5 of Table 2-1 (check the appropriate boxes), for case A and B
respectively;

e calculate the amplitude in mV, with three decimal digits, of the AC output voltage
perturbation Voutac determined by an AC perturbation Vinac = 100mV applied to
the source voltage, and report the results in columns 3 and 6 of Table 2-1, for
case A and B respectively;

e calculate the amplitude in mV, with three decimal digits, of the AC output voltage
perturbation Vouac determined by an AC perturbation Varac = 100mV applied to
the gate driver voltage, and report the results in columns 4 and 7 of Table 2-1, for
case A and B respectively;

2-2 Repeat the calculations with Co = 11uF, and fill the relevant part of Table 2-2.

Table 1-1 Analysis of Linear Regulator in Open Loop AC operation, with Co=1F.

Co=1pF A: MSAT [OOHM B: OSAT ™M OHM
1 2 3 4 5 6 7
O fn[kHz] | Vouwac [MV] | Vouwac [MV] | M f,[kHz] | Vouac [MV] | Vouac [mV]
S ARG I v vt BT v et
2
10
20
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Table 2-2 Analysis of Linear Regulator in Open Loop AC operation, with Co=11uF.

Co=11pF A: MSAT [OOHM B: OSAT ™M OHM

1 2 3 4 5 6 7

0O ., [kHZ] Voutac [MV] Voutac [MV] M o [KHZ] Voutac [MV] Voutac [MV]
f [kHZz] Vinac=100mV | Vgrac=100mV Vinac=100mV | Vgrac=100mV

2t 147 Virac=0 Vinac=0 B 1432 Varac=0 Vinac=0

2

10

20

3 Simulate

The simulations you will perform in this section allow you to analyze AC perturbations on
the output voltage of a MOSFET operating as linear regulator. You will observe the effects
caused on the output voltage by AC perturbations injected on source voltage and on gate
driver voltage. You will compare the results of the simulations with the results of
calculations performed in the Exercise section, based on the simplified Equations 1-6
and 1-7, to verify the accuracy of theoretical calculations, and to observe the impact of
the output capacitor on the AC perturbations of the output voltage.

3.1 Instructions
1. Open Lab2 - Linear Regulator in Open Loop AC operation from this file path:
https://www.multisim.com/content/WxHkfMbLxCkJrJVMgPbX8Y/1lab
-2-linear-regulator-ac-open-loop-operation/
The circuit schematic for the analysis of MOSFET AC operation is shown in Figure
3-1. The MOSFET is modeled by means of current source Q1, and its parameters
are set by means of the voltage sources Vth, beta and lam, and correspond to the
values used in the Exercise section. The parameters {VA, Freq, VO} of the voltage
generators Vin and Vgr correspond to the parameters {Vinac, f, Vinoc}, and {Varac, f,
Varpc}, respectively, as defined in the Theory and Background section.
2. Enter the values recorded in columns 3, 4, 6 and 7 of Table 2-1 of Exercise section
in columns 3, 5, 7 and 9 of Table 3-1, respectively.
Select the Interactive simulation option and the Split visualization option.
Set the switch S1 OPEN
5. Set the DC components Vinoc and Vapc of source and gate driver voltage
generators at values indicated for Test A in Table 3-1.

h w
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Vin : Vout

\Vin Vout lout

O <> 5 9

Q1

Vin | velr <\
@o_lv wg J_ - l S1 %Ro I Vth 4 beta I lam
e ag T 1w I 120Q
@OV c2 é Vth é beta é lam
50kHz T 10pF T 11v T o024v T oo02v
180°
= = = = = = = =

Figure 3-1. Multisim Live Circuit Schematic for the Analysis of Linear Regulator in Open Loop AC Operation.

6. Setthe AC component of source voltage generator Vi, with amplitude Vinac = 0.1V.

7. Set the frequency of the AC component of source voltage generator Vi, at the first
value listed in column 1 of Table 3-1.

8. Set the AC component of gate driver generator Vgr with amplitude Varac=0.0V.

9. Run the simulation, read the measurement of peak-to-peak AC perturbation of the
output voltage Vpp provided by the Vou voltage probe, calculate the amplitude
Voutac = Vpp/2 of the output voltage AC perturbation in mV, with two decimal digits
resolution, and report the resulting value in column 2 of Table 3-1.

10.Repeat the step 9 for each value of the frequency listed in column 1.

11.Set the AC component of source voltage generator Vi, with amplitude Vinac = OV.

12.Set the AC component of gate driver generator Vgr with amplitude Vgrac=0.1V.

13.Set the frequency of the AC component of gate driver generator Vqr at the first
value listed in column 1 of Table 3-1.

14.Run the simulation, read the measurement of peak-to-peak AC perturbation of the
output voltage Vpp provided by the Vout voltage probe, calculate the amplitude
Voutac = Vpp/2 of the output voltage AC perturbation in mV, with two decimal digits
resolution, and report the resulting value in column 4 of Table 3-1.

15.Repeat the step 14 for each value of the frequency listed in column 1.

16.Set the DC components Vinoc and Vapc of source and gate driver voltage
generators at values indicated for Test B in Table 3-1.

17.Repeat the steps 6 to 15, and fill column 6 with values of Vouac resulting from step
9 and column 8 with values of Vgrac resulting from step 14.

18. Set the switch S1 CLOSED, selecting the capacitor value, repeat the steps 5to 17
and fill Table 3-2.
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Table 3-1 Analysis of MOSFET in AC operation with Co=14F.

Test A: Vinpc = 5.00V, Varoc = 4.55V Test B: Vinpc = 3.30V, Vaoc = 4.60V
1 2 3 4 5 6 7 8 9
Voutac [MV]|Voutac [MV]|Voutac [MV]| Varac [MV] |Voutac [MV]|Vouac [MV] |Vouac [MV] | Viarac [MV]
f[kHz] | @Vaac=0 | from col.3 | @Vinac=0 | from col.4 | @V4rac=0 | from col.6 | @Vinac=0 | from col.7
simulation | of Tab 2-1 | simulation | of Tab 2-1 | simulation | of Tab 2-1 | simulation | of Tab 2-1
2
10
20
Table 3-2 Analysis of MOSFET in AC operation with Co=11zF
Test A: Vinoc = 5.00V, Varpoc = 4.55V Test B: Vinoc = 3.30V, Ve = 4.60V
1 2 3 4 5 6 7 8 9
Voutac [MV]|Vouac [MV]| Varac [MV] | Varac [MV] [Voutac [MV]|Vouac [MV]| Varac [MV] | Varac [MV]
f[kHz] | @Vaac=0 | from col.3 | @Vouac=0| from col.4 | @Vgrac=0 | from col.6 | @Vouac=0 | from col.7
simulation | of Tab 2-1 | simulation | of Tab 2-1 | simulation | of Tab 2-1 | simulation | of Tab 2-1
2
10
20
3-1 Do the values of Voutac Obtained with simulations and calculations show the same
trend?
A. yes
B. no
Please provide your comment:
3-2 Isthe difference between calculations and simulations bigger in test A or in test B?
A. bigger in test A
B. bigger in test B
C. almost the same in test A and test B

Please provide your comment:
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Troubleshooting tips:
e If the simulation does not converge and you get some error message, reload Lab2
— Linear Regulator in Open Loop AC Operation from this file path:
https://www.multisim.com/content/WxHkfMbLxCkJrJVMgPbX8Y/lab-
2-linear-regulator-ac-open-loop-operation/
and restart the simulation, following the instructions.

4 Implement

The experiments in this section allow you to observe the behavior of a real MOSFET in
AC operation, and to verify the effect of source and gate driver voltage AC perturbations
on the output voltage. You will compare the measurements with calculations, to verify the
consistency of the theoretical predictions. This experiment is performed by means of the
Discrete Linear Section of the Tl Power Electronics Board for NI ELVIS Il shown in
Figure 4-1. The regulator uses the TI's CSD15380F3 MOSFET and OPA835IDBVR
OPAMP and is powered by a TI’'s TPS40303DRCR Integrated Buck regulator, generating
a 5V DC voltage. The AC disturbance on the input voltage of the Discrete Linear regulator
is provided by the Integrated Buck regulator. The jumpers and test points used to setup
the tests and to measure the signals are highlighted in Figure 4-1.

Discrete Linear Section

mlntegrated Buck . |i| Discrete Linear

§ =T RR) o | @ €@ €
naﬁs—g TP139 TP144 TP134 TP145 TP132 TP133 w TP117 TP119 TP114

L —
TP136 ® =
TP130 7 J58 é;ﬁg"i

R150 (sg O ° TP148
-
-

o .
o Om 0O i EEAC
e " | ] ! ‘ 66 [l "'L'J_‘u il iims!!@l

©
®_ W [ iRk

EaE L i
= sE goofg “°

@,

TP138  TP143  TP140  TP141

TP122 TP125

Figure 4-1. Tl Power Electronics Board for NI ELVIS 1lI - Discrete Linear Section Used for the Analysis of Linear
Regulator in Open Loop AC Operation
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TI's devices datasheets are available at the following links:

CSD15380F3 MOSFET: http://www.ti.com/lit/ds/symlink/csd15380f3.pdf

OPAB835IDBVR OPAMP: http://www.ti.com/lit/ds/symlink/opa835.pdf

TPS40303DRCR Buck Regulator: http://www.ti.com/lit/ds/symlink/tps40303.pdf

[Note: the parameters provided in the following instructions for instruments setup may require

some adjustment due to thermal effects and tolerances of Tl Power Electronics Board

components]

4-1

1.

5.

Instructions

Open Power Supply, Function Generator and Oscilloscope using Measurements
Live. For help on launching instruments, refer to this help document:
http://www.ni.com/documentation/en/ni-elvis-
iii/latest/getting-started/launching-soft-front-panels/
Open the User Manual of Tl Power Electronics Board for NI ELVIS 11l from this
file path: http://www.ni.com/en-us/support/model .ti-power-
electronics-board-for-ni-elvis-iii.html

Read the User Manual sections Description, Warnings and Recommendations
regarding Discrete Linear Section.

Open the Tl Top Board RT Configuration Utility of TI Power Electronics Board for
NI ELVIS Il (See Required Tools and Technology section for download
instructions), and select Lab2 — Linear Regulator in Open Loop AC Operation.
Configure the jumpers of the board as indicated in Table 4-1.

Table 4-1 Jumpers setup

J17 J34 J58 J59 J60 J61 J62 J68 J69

short TP148-TP163 [short 2-3| open open short short short short open

6. Connect the instruments as indicated in Table 4-2.
Table 4-2 Instruments connections
Power connect to red and black banana connectors
Supply
connect CH-1 to TP117 (Discrete Linear Vi)
. connect CH-2 to TP118 (Discrete Linear Vour)
Oscilloscope connect CH-3 to TP121 (Discrete Linear Vgr)
connect CH-4 to TP141 (Integrated Buck Veg)
Function connect Ch-1 to FGEN1 BNC connector (- TP141 = Integrated Buck Veg)
Generator connect Ch-2 to FGEN2 BNC connector (—»TP121 = Discrete Linear Vg)

7. Configure and setup the instruments as indicated in Table 4-3 for TEST AL.
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Table 4-3 Instruments initial configuration and setup

Power Supply

CH “+” Static, 7.00V, CH ““ Inactive

Oscilloscope

Trigger: analog edge, CH1,

set to 50%

200us/div

Horizontal:

Acquisition:
average

Measurements:
show

CH-1: ON

e DC coupling
e 200mV/div
¢ offset -5.0V

CH-2: ON

e DC coupling
e 50mV/div

¢ offset -3.0V

CH-3: ON

e DC coupling
e 50mV/div

o offset -4.8V

CH-4: ON

e DC coupling
e 50mV/div

¢ offset -0.60V

TEST Al and A2

CH-1: Sine, DC offset 600mV, Amplitude OmV, Frequency 2kHz
CH-2: Sine, DC offset 4.8V, Amplitude OmV, Frequency 2kHz

Function TEST B1 and B2

Generator

CH-1: Sine, DC offset 830mV, Amplitude OmV, Frequency 2kHz
CH-2: Sine, DC offset 4.85V, Amplitude OmV, Frequency 2kHz

- increasing the DC offset of CH-1 yields a decrease of Vinpc

notes: | increasing the DC offset of CH-2 yields an increase of Vouinc

8. Run Power Supply, Function Generator and Oscilloscope.

9. Read the RMS Measurements of the Oscilloscope CH-1 (Vin) and CH-2 (Vow) in
Volts: the expected values are Vinoc = 5.0V and Vounc = 3.0V. Adjust the DC offset
of Function Generator CH-1 and CH-2 until you read the expected values, with at
least one decimal digit accuracy.

10. Set the Function Generator CH-1 with amplitude = 190mV.

11.Stop the scope and use the horizontal cursors on the scope CH-1 waveform to
measure the peak-peak Vinpkpk amplitude in milli Volts, with all decimal digits
shown by the instrument, and report the result in column 2 of Table 4-4. [Note: a
value Vinpkpk = 1000mV is expected, resulting in Vinac = 500mV. If needed, adjust
the Amplitude of Function Generator CH-1 until you get Vin pk-pk = 1000mV+50mV].

12.Measure the Voutpk-pk amplitude in milli Volts, with all decimal digits shown by the
instrument, calculate Voutac = Vout,pk-pk/2 and report the result in column 3 of Table
4-4,

13.Calculate the ratio Voutac/Vinac, with four decimal digits, and report the result in
column 4 of Table 4-4.
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14.Calculate the ratio Vouac/Vinac by means of Equations 1-4 provided in Theory and
Background section, with four decimal digits, and report the result in column 5 of
Table 4-4.

15.Repeat steps 11-14 for the other values of frequency f listed in column 1 of Table
4-4, by adopting the following setups of Function Generator CH-1:
{Freq,Amp}= {10kHz,510mV}, {20kHz,980mV}.

Table 4-4 AC operation of the MOSFET in saturation region, with Co=14F.

test Al test A2
VinDC = 5.0V, Verc = 4.8V, VoutDC = 3.0V VinDC = 5.0V, Verc = 4.8V, VoutDC = 3.0V
Vinac = 500mV (nominal), Varac = 0 Vinac = 0, Varac = 100mV (nominal)
1 2 3 4 5 6 7 8 9
f [kHz] Vinac [MV] [Vouac [MV]| Vyyac / Vinac| Vousc / Vinac| Varac [mV] [Vouac [MV][Voyac / V| Vounc / Viac
@Vaac=0 | @Varac=0 | measured | calculated | @Vouac=0| @Vouac=0| measured | calculated
2
10
20

[Note: adjust the oscilloscope horizontal scale to fit waveforms frequency. Suggested: 200us/div for
2kHz, 50us/div for 10kHz, 20us/div for 20kHz]

16.Configure the instruments as indicated in Table 4-3 for TEST A2.

17.Read the RMS Measurement of the Oscilloscope CH-1 (Vin) and CH-2 (Vou) in
Volts: the expected values are Vinpc=5.0V and Vounc=3.0V. Adjust the DC offset
of Function Generator CH-1 and CH-2 until you read the expected values, with at
least one decimal digit of accuracy.

18. Set the Amplitude of Function Generator CH-2 at 200mV.

19. Measure the amplitude of Varpk-pk in milli Volts, with all decimal digits shown by the
instrument, and report the result in column 6 of Table 4-4 [Note: a value Var,pk-pk =
200mV is expected, resulting in Varac = 100mV. If needed, adjust the Amplitude of
Function Generator CH-2 until you get Var,pk-pk = 100mV+£5mV].

20.Measure the amplitude of Voutpk-pk, in milli Volts with all decimal digits shown by
the instrument, calculate Voutac = Voutpk-pk/2 @and report the result in column 7 of
Table 4-4.

21.Calculate the ratio Vouac/Varac and report the result in column 8 of Table 4-4.

22.Calculate the ratio Vouac/Varac by means of Equations 1-4 provided in Theory and
Background section, and report the result in column 9 of Table 4-4.

23.Repeat steps 1919-22 for all frequency values listed in column 1 of Table 4-4.

24.Set the Oscilloscope offsets as follows: CH-1: -3.3V, CH3: -4.85V, CH-4: -0.8V.

25.Configure the instruments as indicated in Table 4-3 for TEST B1
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26.Repeat the steps 8-15 and report the results in Table 4-5, by adopting the following
setup of Function Generator CH-1:
{Freq,Am} {2kHz,40mV}, {10kHz,100mV}, {20kHz,200mV}.

27.Configure the instruments as indicated in Table 4-3 for TEST B2

28.Repeat the steps 17-23 and report the results in Table 4-5, by adopting the
following setup of Function Generator CH-2:
{Freq,Amp}= {2kHz,200mV}, {10kHz,200mV}, {20kHz,200mV}.

29. Stop Power Supply, Function Generator and Oscilloscope.

30.Short the jumper J59 to set Co=11uF, repeat steps 8 to 30 and report the results
in Tables 4-6 and 4-7.

Table 4-5 AC operation of the MOSFET in ohmic region, with Co=14F.

test B1 test B2
VinDC = 3.3V, Verc = 4.9V, VoutDC = 3.0V VinDC = 3.3V, VerC = 4.9V, VoutDC = 3.0V
Vinac = 100mV (nominal), Varac = 0 Vinac = 0, Varac = 100mV (nominal)
1 2 3 4 5 6 7 8 9

f [kHz] Vinac [MV] [Voutac [MV]| Vouac ! Vinac| Vouac ! Vinac| Varac [MV] [Vouac [MV]| Vouac /Vaac| Vouac / Verac

@Varac=0 | @Varac=0 | measured | calculated | @Vouac=0 | @Vouac=0 | measured | calculated
2
10
20

Table 4-6 AC operation of the MOSFET in saturation region, with Co=11uF.

test Al test A2
VinDC = 5.0V, Verc = 4.8V, VoutDC = 3.0V VinDC = 5.0V, Verc = 4.8V, VoutDC = 3.0V
Vinac = 500mV (nominal), Varac = 0 Vinac = 0, Varac = 100mV (nominal)
1 2 3 4 5 6 7 8 9
f [kHz] Vinac [MV] |Vouac [MV]|Vouac ! Vinac| Vouac ! Vinac| Varac [MV] [Vouac [MV] | Vouac ! Vaac| Vouac / Virac
@Varac=0 | @Varac=0 | measured | calculated | @Vouac=0 | @Vouac=0 | measured | calculated
2
10
20
Table 4-7 AC operation of the MOSFET in ohmic region, with Co=114F.
test B1 test B2

Vinbc = 3.3V, Varpe = 4.9V, Voutbc = 3.0V
Vinac = 100mV (nominal), Varac = 0

Vinoc = 3.3V, Varoc = 4.9V, Voune = 3.0V
Vinac = 0, Varac = 100mV (nominal)

1 2 3 4 5 6 7 8 9
f [kHZ] Vinac [MV] [Voutac [MV] VoutAC /VinAC VoutAC /VinAc Varac [MV] [Vouac [mV] VoutAc /VdrAC VoutAc /VdrAC
@Vaac=0 | @Varac=0 | measured | calculated | @Vouac=0| @Vouac=0 | measured | calculated
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4-1 Do you observe the same trend in the measured and calculated ratio Vouac/Vinac
as the frequency increases?

A. yes
B. no
Please provide your comments:

4-3 Is the sensitivity of the output voltage with respect to source voltage AC
perturbations higher in the saturation or in the ohmic region?

A. higher in saturation region
B. higher in ohmic region
C. it depends on the frequency of AC disturbances

4-2 Do you observe the same trend in the measured and calculated ratio Vouac/Vdrac
as the frequency increases?

A. yes
B. no
Please provide your comments:

4-4  |Is the sensitivity of the output voltage with respect to gate driver voltage AC
perturbations higher in the saturation or in the ohmic region?

A. higher in saturation region
B. higher in ohmic region
C. it depends on the frequency of AC disturbances

Troubleshooting tips:

e If the MOSFET does not work as expected, verify the setup and connections of
instruments provided in Tables 4-1, 4-2 and 4-3, and restart the experiment.
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5 Analyze

5-1 Graph the values of ratios Voutac/Vinac and Vouac/Varac collected in columns 4 and 5
and in columns 8 and 9 of Table 4-4, respectively, as a function of the frequency f,
including a legend that indicates which line style corresponds to which series
(calculations, measurements).

»

A Voutac 4

VoutAC

4
4

f [kHzZ] g f [kHzZ]

Figure 5-1 Calculated and Measured Values of Ratios Vouac/Vinac and Vouac/Varac Obtained while Varying the
Frequency, with the MOSFET Operating in the Saturation Region

5-2 Graph the values of ratios Voutac/Vinac and Vouac/Varac collected in columns 4 and 5
and in columns 8 and 9 of Table 4-5, respectively, as a function of the frequency f,
including a legend that indicates which line style corresponds to which series
(calculations, measurements).

VoutAC VoutAC

y
y

f [kHz] g f [kHz]

Figure 5-2 Calculated and Measured Values of Ratios Vouac/Vinac and Vouac/Varac Obtained while Varying the
Frequency, with the MOSFET Operating in the Ohmic Region

5-3 In which operating region do you observe a bigger difference between calculated
and measured values?

A. saturation region
B. ohmic region
C. they are similar
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5-4  Based on your answer to question 5-3, what can be the cause of the difference
between calculated and measured values?

A. the accuracy of the MOSFET linearized model given by Equations 1-1 and 1-2
is poor when the amplitude of AC perturbations is not small compared to the DC
component of the source and gate driver voltage

B. the MOSFET parameters Vw, f, A used for calculations are not sufficiently
accurate

C. other:

5-5 Based on your answers to previous questions, what corrective actions would you
take on the MOSFET parameters Vi, f, A to improve the accuracy of calculations?

5-6  Repeat the calculations after making the actions you have proposed in you answer
to Question 5-5, and verify your predictions. Are the new calculation results closer
to experimental ones? Do you infer a practical guideline to obtain calculations
better fitting experimental measurements?

5-7 Based on your observations, what operating region would you adopt to achieve a
better noise immunity of the output voltage under AC source perturbations?

A. ohmic
B. saturation
C. either

why?
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6 Conclusion

6-1 Summary

Write a summary of what you learned and observed about the impact of the MOSFET DC
bias point (saturation versus ohmic region) on its AC operation, regarding the sensitivity
of the output voltage with respect to source and gate driver voltages AC perturbations.
Explain why it is important to correctly determine the DC bias point of the MOSFET to
predict its AC behavior by means of the mathematical model, and what are the main
factors impacting the accuracy of theoretical calculations.

6-2 Expansion Activities

6-2-1. Investigate how the DC component of output voltage Vounc influences the AC
MOSFET operation, by repeating the previous calculations, simulations with
Multisim Live circuit used in the Simulate section and measurements by means of
the Tl Power Electronics Board for NI ELVIS IIl used in the Implement section,
with a different DC component of gate driver voltage Vapc. You can analyze the
operating conditions Vounc = 1.5V (start with Vapc = 2.9V, and adjust if needed)
and Voutoc = 4.5V (start with Varoc = 6.1V, and adjust if needed), with Vinpc = 7.0V.
[Notes: 1) do not exceed 7V on Vampc; 2) the Theory and Background section of
LAB1 provides the general equations allowing to set the DC component of gate
driver voltage Vapc required to achieve the desired DC output voltage Vounc; 3)
set the offset of the Oscilloscope Ch-2 equal to -Voutpc].

6-2-2. Perform LAB1, to learn more about linear regulator in open loop DC operation

6-2-3. Perform the following actions to analyze the complete open loop AC frequency
response of a linear regulator, by means of Bode plots:

1. Take the Multisim Live circuit used in the Simulate section, and select the AC
Sweep simulation option and the Split visualization option.

2. Double click on the voltage generator Vi, select the AC analysis value menu
option, and set AC_mag = 0.1V

3. Double click on the voltage generator Vg, select the AC analysis value menu
option, and set AC_mag = 0V

4. Openthe Configuration Panel and set Start freq. = 10Hz and Stop freq. = 1IMHz

Double click on probes Vin, Var, lout and uncheck the Show plots box

6. Run the simulation and watch the resulting AC Sweep plots.

o
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The continuous line is the magnitude of the ratio Voutac/Vinac, while the dashed line
is the phase shift between Vouac and Vinac, over the selected frequency range.
These plots are the graphic visualization (Bode plots) of the Equations 1-6 provided
inthe Theory and Background section. You can repeat the simulation to generate
the Bode plots of the ratio Vouac/Varac, by exchanging the setup of Vin and Vgr
generators and probes.

Resources for learning more

This document provides the fundamentals of linear regulators:
Linear Regulators: Theory of Operation and Compensation,

http://www.ti.com/lit/an/snva020b/snva020b.pdf

Answer Key — Check Your Understanding Questions Only

Check Your Understanding

1-1

1-2

1-3

1-4

1-5

C

B
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Lab 3: Error Amplifier Operation

The goal of this lab is to investigate the properties and the response of the error amplifier,
which generates the MOSFET gate driver voltage in linear regulators. First, we will review
the architecture and the simplified equations describing an error amplifier in DC and AC
operation. Next, we will use the simplified error amplifier model to predict its AC gain.
Then, we will simulate the response of the error amplifier to the perturbations of the output
voltage with respect to the desired nominal value, in a linear regulator. Finally, we will
perform experimental tests with a real error amplifier, and will compare the results of
simulations and measurements to verify their consistency.

Cf2 Rf2

Figure 1-1. Error Amplifier.

Learning Objectives

After completing this lab, you should be able to complete the following activities.

1. Given a MOSFET operating as linear regulator, a load resistance, a DC source, a gate
driver generator, and an error amplifier, you will calculate the magnitude of the error
amplifier voltage determined by DC deviations and AC perturbations on the output
voltage of the linear regulator, with specified units and decimal digits, by applying the
appropriate theoretical formulae.

2. Given a MOSFET operating as linear regulator, a load resistance, a DC source, a gate
driver generator, and an error amplifier, you will simulate the operation of the error
amplifier to analyze the sensitivity of its voltage with respect to AC perturbations of the
linear regulator output voltage, with specified units and decimal digits, to verify the
consistency of theoretical predictions.

3. Given areal MOSFET operating as linear regulator, a DC power supply, a load resistor
of given resistance, a function generator, and a real error amplifier, you will measure
the DC and AC components of the error amplifier voltage determined by DC and AC
perturbations of the linear regulator output voltage, with specified units and decimal
digits, to verify the consistency of simulations and correct the model parameters.
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Required Tools and Technology

Platform: NI ELVIS Il v Access Instruments
Instruments used in this lab: https://measurementslive.ni.com/

e Function generator v View User Manual

e Digital multimeter http://www.ni.com/en-

e Oscilloscope us/support/model.ni-elvis-iii.html

e Power Supply v View Tutorials

https://www.youtube.com/watch?v=

Note: The NI ELVIS Ill Cables and TwvbRUpEpJU&list=PLvcPluvVaUMI
Accessories Kit (purchased separately) Wm8ziaSxvOgwtshBA2dh_M

is required for using the instruments.

Hardware: TI Power Electronics Board ¥ View User Manual
http://www.ni.com/en-

us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.html

Software: NI Multisim Live v' Access
https://www.multisim.com/

v View Tutorial
https://www.multisim.com/get-started/

Software: Tl Power Electronics v" Download (Windows OS Only)
Configuration Utility http://download.ni.com/support/acad

cw/PowerElectronics/TIPowerElectr
onicsBoardUtility-Windows.zip

Note: Mac Version will be available
soon
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Expected Deliverables
In this lab, you will collect the following deliverables:

v Calculations based on equations provided in the Theory and Background Section
v Results of circuit simulations performed by means of Multisim Live
v Results of experiments performed by means of Tl Power Electronics Board for NI

ELVIS 1l
v Observations on simulations and experiments
v" Answers to questions

Your instructor may expect you complete a lab report. Refer to your instructor for specific
requirements or templates.
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1 Theory and Background

1-1 Introduction.

In this section, we review the fundamental equations used to analyze the DC and AC
response of an error amplifier. The error amplifier is a fundamental part of linear
regulators, as it drives the MOSFET gate voltage and regulates the output voltage.

1-2 Error Amplifier Architecture and Function

Figure 1-2 shows a linear regulator under open loop operation. The error amplifier
consists of an operational amplifier (OPAMP), a voltage reference Vi, and a group of
capacitors {Cs,Cr,Ci2} and resistors {Rg,Ri1,Ri2,Rt2}. The function of the error amplifier is
to sense the output voltage Vout and compare it to a desired DC nominal value Voutbc,nom,
to generate a gate driver voltage Vaea ensuring that Vout = Voutbc,nom. The capacitors
{C11,Cs2,Ci2} and the resistors {Rg,Ri1,Ri2,Rr2} determine the sensitivity of the error amplifier
to the output voltage perturbations, and its capability to reject the effects of noise or
undesired signals on the linear regulator output voltage.

<" Vin Vout .
! ower stage >
9 Q1 p - g Jo

e
Ro

|
E Vin Vdr

T.
|

Cf2  Rf2 ™.

; error amplifier \
A e N
i Ri2 Ci2 i
i * _’”_ -+ 1 i
i Cf1 i
5 VdrEA i
: o i
< i
HVArEA i
i OPAMP Vref i
Figure 1-2. Error Amplifier in Open Loop Operation.
65
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1-3 DC Analysis of the Error Amplifier

The MOSFET of the linear regulator shown in Figure 1-2 is driven by the generator Vgr.
The DC output voltage Vounc is determined by the DC source voltage Vinoc and by the
DC gate driver voltage Varoc (see Labl). In DC steady-state operation, the capacitors Ciz,
Crn and Cr. are open, and the resistors Ry and Ri1 form a voltage divider sensor,
generating the feedback signal Vmpc. If the OPAMP operates in its linear region, we have
Viooc = Vrer, thus the DC output voltage fulfills Equation 1-1:

Equation 1-1 vV — [1+ Rll}\/ .= \ﬁ
R re

outbC —
o H

where H=R¢/(Rg+Ri1). According to Equation 1-1, we can achieve a desired nominal DC
output voltage Voutbc,nom > Vet With two resistances Ry and Ri: fulfilling Equation 1-2:

V.

il _ " outDC,nom _1

R, V,

ref

Pu)

Equation 1-2

In DC operation, the error amplifier generates the MOSFET gate driver voltage Vdrea,pc
required to achieve the nominal value Voutbc,nom (See Labl):

paY)

outDC,nom

V " outBC nom
R, A

drDC,nom

=V, +V,

outDC,nom

Equation 1-3 +

If the DC output voltage deviates from the value Vouoc,nom, the error amplifier will generate
a voltage given by

Equation 1-4 VdrEA :VerC,nom _GEA,DC outbC _VoutDC,nom)

The coefficient Gea,pc is the error amplifier open loop DC gain. Based on Equation 1-4, if
Voutoc > Voutdc,nom the error amplifier decreases Varea, whereas if Voutnc < Voutbc,nom the
error amplifier increases Varea. We can achieve Voupc = Voutbc,nom Only if Geapc = . In
reality, Geapc = AdcH, where Aqgc is the OPAMP DC open loop gain. An OPAMP with a
higher DC open loop gain Aqdc ensures a smaller steady-state error Voutoc - Voutbc,nom. The
output voltage Vqr of the error amplifier is upper bounded by the OPAMP positive supply
rail voltage Vcc+, and lower bounded by the negative supply rail voltage V.. Therefore,
Equation 1-4 is valid only if the OPAMP operates in the linear region, which happens
when Ve < AdcH(Voutbe,nom - Voutde) < Ve
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1-4 AC Analysis of the Error Amplifier

An AC perturbation Vinacsin(2zft) injected on the source voltage generates an AC
perturbation Vouacsin(2zf t+¢) on the output voltage (see Lab?2). The error amplifier
senses the output voltage AC perturbation and generates a signal Varacsin(2#f t+6). The
amplitude Varac depends on the amplitude Voutac and frequency f of the AC output voltage
perturbation. The AC gain Geaac = Varac/Vouac Of the error amplifier is given by:

£, 1+82 /57

Equation 1-5 Gepnc = Vanc “Jf 1492 /sz

e Adc H f < fLPF

f>f

LPF

where fipr = fo/Ade. The pole frequencies fo, fp and the zero frequency fz influence the
sensitivity of the error amplifier with respect to output voltage AC perturbations, and
impact the stability of the regulator. They are set by means of the capacitors {Cs1,Cs2,Ciz},
and the resistors {Rg,Ri1,Ri2,Rs2}. Equation 1-5 highlights that the parameters fo, fr and fz
are not influential on the error amplifier sensitivity at very low frequency. Normally, fz < fp,
and Equation 1-5 can be simplified as follows:

[f<foe] [ <f<f,] [f,<f<f] [f>f]

Equation 1-6 —GAC ~ f, ff ff2

\Y/ B H = =
OutAC A:ic f fzz fzzf

The frequency fo determines the sensitivity of the error amplifier. A higher fo expands the
range of frequency where the error amplifier is more sensitive to the output voltage AC
perturbations. For the error amplifier shown in Figure 1-1 (known as Type Il error
amplifier) fo =1/(Riz(Crni+Ct2)). The sensitivity of the error amplifier decreases as the
frequency f of the AC perturbation increases, except in the frequency range [fz,fr]. The
ratio fp/fz is fixed based on stability requirements, and it is typically higher if fo is higher.
The phase 6 of the error amplifier output voltage Varacsin(2xf4+6) is correlated to the
phase ¢ of the linear regulator output voltage Voutacsin(2xf t+¢) by Equation 1-7:

~180°+ 2[ arctan(f /f,) —arctan(f /f,)]-90° f>f,,

Equation 1-7 0—p=
-180° f< fLPF

Based on Equations 1-5 and 1-7, if f < f_pr we have an inverting error amplifier with a very
high gain, whereas if f > f_pr the gain decreases and the error amplifier voltage is expected
to be delayed 270° with respect to the output voltage perturbation, except for 0.3fz<f<3fp.
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Check Your Understanding
[u]

Note: The following questions are meant to help you self-assess your understanding so far. You
can view the answer key for all “Check your Understanding” questions at the end of the lab.

1-1 What are the error amplifier parameters determining the nominal DC output voltage
of a linear regulator?

A. the frequencies of zero and poles

B. the source voltage of the regulator

C. the reference voltage and the resistors of the voltage divider sensor

1-2 What parameter of the OPAMP determines the magnitude of the linear regulator
output voltage DC error?

A. the DC open loop gain

B. the positive supply voltage

C. the low frequency pole

1-3 What is the amplitude of the error amplifier AC voltage correlated to the frequency of
the linear regulator AC output voltage perturbations?

A. itis not correlated

B. itincreases as the frequency increases

C. it decreases as the frequency increases

1-4 What parameter of the error amplifier majorly impacts its sensitivity with respect to
the linear regulator AC output voltage perturbations?

A. the frequency of zero fz

B. the frequency of pole fo

C. the reverence voltage Vret

1-5 Based on your answer to Question 1-4, say what actions you would make to improve
the sensitivity of the error amplifier:
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2 Exercise

The error amplifier of the Discrete Linear Section in the Tl Power Electronics Board for
NI ELVIS lll uses the TI's OPA835IDBVR OPAMP) and has the following nominal
parameters (http://www.ti.com/lit/ds/symlink/opa835.pdf):

o Adc:loe, Vcc+:5.5V, Vcc-:OV.
o Rg=26.1kQ, Ri1=39.2kQ, V/e=1.024V.
o fo=23.28kHz, fz =5.44kHz, fp = 172.95kHz, fLpr = 3.28mHz.

2-1 Given the parameters of the error amplifier, calculate the expected nominal value of
the DC output voltage Voutbc,nom:

VoutDC,nom =

2-2 What are the values of resistances Rg and Ri1 required to achieve a nominal DC
output voltage Voutbc,nom = 3.3V?

Given Rg=26.1k<2, Ri1,nominal =
Given Ri1=39.2kQ, Rg,nominal =

2-3 You have an AC perturbation VouacsSin(2zft) on the output voltage of the linear
regulator, which has an amplitude Vouac = 10mV and frequency f listed in Table 2-1.
Calculate the ratio Varac/Voutac and the expected value of the amplitude Varac, in milli
Volts with one decimal digit, of the AC voltage VaracSin(2f 1+6) generated by the error
amplifier.

Table 1-1 Analysis of error amplifier voltage in AC operation.

f[Hz] 1 10 100 1000 10000 100000

Vdrac/Voutac
Vdrac [mV]

2-4 Is the OPAMP able to generate all the Vgrac values you have collected in Table 2-17?

A. yes
B. no
if your answer is B, when? why?:
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3 Simulate

The simulations you will perform in this section will allow you to analyze the open loop
behavior of an error amplifier. First, you will observe the voltage generated by the error
amplifier, under different conditions determined by the deviations of the linear regulator
output voltage with respect to the desired nominal value. Then, you will compare the
results of the simulations with the results of calculations performed in the Exercise
section, to verify the consistency of theoretical calculations and simulations.

3.1 Simulation 1: Instructions

1. Open Lab3 — Error Amplifier Operation from the file path:
https://www.multisim.com/content/QQ70Q07drTxXe82G5zYttqgc/lab
-3-error-amplifier-operation/.

The circuit is shown in Figure 3-1.

i"; Vin A Vout

Vin Vout

] o

A A

) A var
L Vin i \ 13 A\ vth \ beta \ lam
(w) 100V o = “ § fe l
- 1:ODH2 4 1uF I 120Q
e vdr c2

lam
0.02v

|
| I—=

cf2
f a2 J6
Lo 261K2
1 Ci2 4
cf w2 i J
I
1
39pF 27K 680pF
A vib
M i
varea|  OPAMP Ri1

I L[ ™~
V] - ) -
< 39.2kQ Vout
VrEA N
y Rgl

15
— Vref
1.024V 26k fez
47.5kQ

Figure 3-1. Multisim Live Circuit Schematic for the Analysis of Error Amplifier Operation.

In this simulation, you will observe the response of the error amplifier to deviations of
the output voltage of the linear regulator with respect to the nominal value. For this
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purpose, the error amplifier voltage Vaea is not used directly as gate driver voltage.
The generator Vg is used indeed to set the desired DC output voltage Voupc (See
Labl). Injecting an AC perturbation Vinacsin(2f t) on source voltage Vin generates an
AC perturbation Vouacsin(2zft+¢) on the output voltage (see Lab2).The auxiliary
generators Vth, beta and lam allow to set the MOSFET parameters {Vi, £, 1},
respectively. The parameters {VA, Freq, VO} of generators Vi» and Vgr correspond to
the parameters {Vinac, f, Vinoc}, and {Vaac, f, Vaoc}, respectively, as defined in the
Theory and Background section. The capacitors {Cs,Cr,Ci2}, and the resistors
{Rg,Ri1,Ri2,Rr2} are set so that the resulting error amplifier zero and poles are
approximately fo = 3.28kHz, fz = 5.44kHz, fp = 172.95kHz. The OPAMP parameters
are Aqc=108, fopamp = 30HZ, Vec+=5.5V, Vee=0V.

2. Setthe switches J3 and J5 to be OPEN, and the switches J4 and J6 to be CLOSED

in the simulation schematic.

Select the Interactive simulation option and the Split visualization option.

4. Set the Maximum Time Step and Maximum Initial Step at 1e-6, in the Simulation
settings menu;

5. Check the Instantaneous option box for voltage probes Vin, Vou, and Vgrea in the
Measurement labels menu.

6. Calculate the nominal value Voutoc,nom in Volts with three decimal digits, and report
the result in Table 3-1.

7. Set VA=0, Freq=100Hz, VO=5V for the generator Vin, and DC_mag = 4.05V for
the generator V.

8. For each value of DC_mag of the DC voltage generator Vy listed in Table 3-1, run
the simulation, read the measurements of voltage probes Vout and Vgea in Volts
with three decimal digits and report the results in Table 3-1.

w

Table 3-1 Error Amplifier voltage as function of linear regulator output voltage Vout.

Vanc (DC_mag) [V] | 4.050 | 4.060 | 4.070 | 4.080 | 4.090 | 4.100
VoutDC,nom [V]
Voutoc [V]

VoutDC - VoutDC,nom [V]
Varea [V]
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3-1-1 How does the error Voutoc - Voutbc,nom Vary as Vgr increases?

A. it increases
B. it decreases
other:

3-1-2 How does the error amplifier voltage Varea vary as Vgr increases?

A. it increases
B. it decreases
other:

3-1-3 Discuss the results of the error amplifier voltage Varea, based on the equations and
relevant comments provided in the Theory and Background section:

3-1-4 Set the values of the auxiliary generators Vth = 1.35, beta = 0.33 and lam = 0.05 in
the circuit schematic, run the simulation and find the threshold value of Varioc determining
the transition of the error amplifier voltage Varea from Vee+ t0 Vece-. IS this value greater or
smaller than the threshold value of Varioc from the Table 3-17?

A. greater
B. smaller
why?:
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3.2 Simulation 2: Instructions

1.

w

9.

Open Lab3 — Error Amplifier Operation from the file path:
https://www.multisim.com/content/QQ7Q0Q7drTxXe82G5zYttgc/lab
-3-error-amplifier-operation/

Set the switches J3 and J5 OPEN, and the switches J4 and J6 to be CLOSED.
Select the Interactive simulation option and the Split visualization option.

Set the Maximum Time Step and Maximum Initial Step at 1e-6, in the Simulation
settings menu;

Check the Periodic option box for voltage probes Vin, Vou, and Vaea in the
Measurement labels menu.

Set VA=1V, Freq=1Hz, VO=5V for the generator Vin, and DC_mag = 4.0746V for
the generator Vgr and run the simulation.

Read the DC average measurement Vav and the AC peak-to-peak measurement
Vpp Of Vout Voltage probe and report the values of Vounc = Vav (in Volts with three
decimal digits) and Voutac (in milli Volts with three decimal digits) in Table 3-2
Read the DC average measurement Vav and the AC peak-to-peak measurement
Vpp Of Varea voltage probe and report the values of Vareaoc = Vav (in Volts with three
decimal digits) and Varea ac (in milli Volts with three decimal digits) in Table 3-2
Repeat steps 7-8 under Vin frequency and amplitude listed in Table 3-2.

10.Import in Table 3-2 the values of Varac/Vouac recorded in Table 2-1 of Exercise

section, for the corresponding frequencies.

Table 3-2 Error Amplifier response with Co=14F.

f [Hz] (Vin Freq) 1 10 100 1000 10000 | 100000
Vinac [V] (Vin VA) 0.5 1 1 1 1 1
Varoc [V] (Var DC_mag) 4.0746

ML Simulation

Max, Time Step le-5 le-5 le-5 le-6 le-7 le-8

ML Grapher

. . 500ms/div| 50ms/div | 5ms/div | 500us/div | 50us/div | 5us/div
Horizontal Axis

VoutDC,nom [V]

Voutbc [V]

Voutac [m\/]

Varea,nc [V]

Vdareaac [MmV]

Vdreaac/VoutAc

from Table 2-1

Vdrac/Voutac
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3-2-1 Do the values of Vqea ac obtained with simulations show the same trend of Vgac
results obtained with calculations?

A. yes
B. no
if your answer is B, highlight and discuss the differences:

3-2-2 How does the ratio Varac/Vouac vVary with the frequency?

A. it increases
B. it decreases
C. other

if your answer is C, describe and discuss what you observe:

3-2-3 Should the error amplifier exhibit a different ratio Varac/Vouac if the MOSFET
parameters Vi, B and A are changed?

A. yes
B. no
why?:

If you are not able to answer Question 3-2-3, change the value of the generators
Vth, lam and beta in the circuit schematic and run the simulation. Analyze the
results, read the Theory and Background section and then answer the question.

Troubleshooting tips:

e |f the simulation does not run and you get some error message, reload Lab3 —
Error Amplifier Operation from this file path:
https://www.multisim.com/content/QQ70Q07drTxXe82G5zYttgc/lab-
3-error-amplifier-operation/
and restart the simulation, following the instructions.
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4 Implement

The experiments of this section allow you to observe the behavior of a real error amplifier,
and to verify the response of the error amplifier to DC and AC deviations of the output
voltage of a linear regulator with respect to the desired nominal value. You will compare
the experimental measurements with simulations, to verify their consistency and
determine possible adjustments of MOSFET model parameters to improve the accuracy
of simulations. The experiments are performed by means of the Discrete Linear Section
of the Tl Power Electronics Board for NI ELVIS Il shown in Figure 4-1, which uses the
TI's CSD15380F3 MOSFET (pass device) and OPA835IDBVR OPAMP (error amplifier).
The linear regulator is powered by a TI’'s TPS40303DRCR Integrated Buck regulator,
generating a 5V DC voltage. The AC disturbance on the output voltage of the Discrete
Linear regulator is generated by applying an AC signal to the linear regulator gate driver
voltage. The error amplifier pole frequency fo is 3.3kHz when jumpers J60 and J62 are
shorted, and 104kHz when jumpers J60 and J62 are open. The output capacitance Co is
1pF with jumper J59 open, and 11pF with jumper J59 shorted. The nominal output voltage
of the linear regulator is set at 2.5V with jumper J61 open, and at 3.3V with jumper J61
shorted.

Discrete Linear Section

Ellntegrated Buck E| Discrete Linear

D@ VO 0| @ €@ ¢

CliiGA® on TP139 TP144 TP134 TP145 TP132 o TP117 TP119 TP114

=y [ |
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TP130 7 458 G)I‘uie,l'ih

= W -
L ] [ . ]
RI50 s OO TP148
)

! mms‘ TP163

{
14
is I TPiRe
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<
g:?suen 2 " "2

Wl — g U4g
ceslii @) @ o [ ijries, B8
cuo[‘ I‘m niiR h._l
— ®_ = [ iRk
1141 EaEgsDd
[ = s goofig ©°
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Figure 4-1. Tl Power Electronics Board for NI ELVIS Il - Discrete Linear Section Used for the Analysis of Error
Amplifier Operation
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TI's devices datasheets are available at the following links:

CSD15380F3 MOSFET: http://www.ti.com/lit/ds/symlink/csd15380f3.pdf
OPAS835IDBVR OPAMP: http://www.ti.com/lit/ds/symlink/opa835.pdf
TPS40303DRCR Buck Regulator: http://www.ti.com/lit/ds/symlink/tps40303.pdf

[Note: the parameters provided in the following instructions for instruments setup may require

some adjustment due to thermal effects and tolerances of Tl Power Electronics Board

components]

4-1 General Instructions

1.

5.
6.

Open Power Supply, Function Generator and Oscilloscope using Measurements

Live. For help on launching instruments, refer to this help document:
http://www.ni.com/documentation/en/ni-elvis-
iii/latest/getting-started/launching-soft-front-panels/

Open the User Manual of Tl Power Electronics Board for NI ELVIS 11l from this
file path: http://www.ni.com/en-us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.html

Read the User Manual sections Description, Warnings and Recommendations
regarding Discrete Linear Section.

Open the Tl Top Board RT Configuration Utility of TI Power Electronics Board for
NI ELVIS Il (See Required Tools and Technology section for download
instructions), and select Lab3 — Error Amplifier Operation.

Configure the jumpers of the board as indicated in Table 4-1.

Connect the instruments as indicated in Table 4-2.

Table 4-1 Jumpers setup

J17 J34 J58 J59 J60 J61 J62 J68 J69

short TP148-TP163 | short 2-3 open open short open short short open

Table 4-2 Instruments connections

Power Supply connect to red and black banana connectors

Oscilloscope

connect CH-1 to TP117 (input voltage Vin)

connect CH-2 to TP118 (output voltage Vou)

connect CH-3 to TP121 (gate driver voltage Var)
connect CH-4 to TP123 (error amplifier voltage Varea)

Function Generator | connect Ch-2 to FGEN2 BNC connector (—»TP121 = gate driver voltage Vq)

4-2 Experiment 1: Instructions

1.
2.

Use the instruments configuration and setup shown in Table 4-2-1.
Run Power Supply, Function Generator and Oscilloscope.
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Table 4-2-1 Instruments initial configuration and setup

Power Supply | CH “+”: Static, 7.00V, CH “* Inactive
Trigger: Horizontal: | Acquisition: Measurements: Probe Attenuation:
Immediate | 100us/div average show 10x
Oscilloscope | cH-1: ON CH-2: ON CH-3: ON CH-4: ON
e DC coupling e DC coupling e DC coupling e DC coupling
e 2V/div e 20mV/div e 20mV/div e 2V/div
o offset OV o offset -2.55V o offset -4.35V o offset OV
Function CH-1: Inactive
Generator CH-2: Sine, DC offset 3.9V, Amplitude OmV, Frequency 1kHz

3. Using horizontal cursors in Manual mode, read the average DC values of the
Oscilloscope CH-2 (Vou), CH-3 (Var) and CH-4 (Varen), in Volts with all decimal
digits shown by the instrument, and report the values in Table 4-2-2.

Table 4-2-2 Error Amplifier voltage as function of linear regulator output voltage Vout.

_ Vaoc V] 390 | 400 | 410 | 420 | 430 | 4.40
(Function Generator CH2 DC offset)

VoutDC,nom [V]
Var [V]
Vout [V]

Varea [V]

4. Repeat the measurement for all the values of the driver voltage Varoc indicated in
Table 4-2-2, by changing the DC offset of Function Generator CH-2.
5. Stop Oscilloscope, Function Generator and Power Supply.

4-2-1 Do you observe a transition in the measured values of Vgea from Veer to Ve like
the one you have observed with the simulations?

A. yes
B. no
what is you comment?
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4-2-2 If your answer to Question 4-2-1 is A, does the threshold value of the gate driver
voltage Vqr determine the transition of Varea of Varea from Vee+ to Vee- the same you
have observed with the simulations?

A. yes
B. no
what is you comment?

4-2-3 Based on your answer to Question 4-2-2, what parameter of the MOSFET model
would you change to improve the accuracy of simulations? How and why?

A. Vin:
B. B:
C. A

4-2-4 Run again the simulation by changing the parameters of MOSFET model and verify
your predictions based on your answers to Question 4-2-3. Are the new simulation
results closer to experimental ones? Do you infer a rule or a procedure to obtain
the parameters of a MOSFET from experimental measurements?

4-3 Experiment 2: Instructions
1. Open Power Supply, Function Generator and Oscilloscope and use the

instruments configuration and setup shown in Table 4-3-1.
2. Run Power Supply, Function Generator and Oscilloscope.
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Table 4-3-1 Instruments initial configuration and setup

Power Supply | CH “+”: Static, 7.00V, CH “* Inactive
Trigger: Horizontal: | Acquisition: Measurements: | Probe Attenuation:
Immediate | 200ms/div | average show 10x
Oscilloscope | CH-1: ON CH-2: ON CH-3: ON CH-4: ON
e DC coupling e DC coupling e DC coupling e DC coupling
e 1V/div e 10mV/div e 10mV/div e 1V/div
o Offset -4V o offset -2.55V o Offset -4.175V o oOffset -3.5V
Function CH-1: Inactive
Generator CH-2: Sine, DC offset 4.175V, Amplitude 20mV, Frequency 1Hz

3. Using horizontal cursors in Manual mode, read the DC average values of the
Oscilloscope CH-2 (Vout), CH-3 (Var) and CH-4 (Varea), in Volts with all decimal
digits shown by the instrument, and report the values in Table 4-3-2.

4. Using cursors in Track mode, read the peak-peak values of the Oscilloscope CH-
2 (Vout), CH-3 (Var) and CH-4 (Varea), in Volts with all decimal digits shown by the
instrument, calculate the ratio Vareaac/Voutac, and report the values in Table 4-3-2.

Table 4-3-2 Error Amplifier response.

f [Hz] (FG CH-2 Frequency) 1 10 100 1000 | 10000 |100000
suggested oscilloscope time/division 200ms/div| 20ms/div | 2ms/div | 200ps/div | 20ps/div | 2us/div
suggested oscilloscope CH-4 volt/division | 1V/div 1V/div |100mV/div| 10mV/div | 10mV/div | 10mV/div
suggested oscilloscope CH-4 offset -3.5V -3.5V -5.54V -5.54V -5.54V -5.54V
Vdrpe [V] (FG CH-2 DC offset) 4.175 | 4.182 | 4.182 | 4.182 | 4.175 | 4.175
Varacpp [MV] (FG CH-2 Amplitude) 20 20 20 20 20 20

Varacpp [MV] (Scope CH-3 Volts pk-pk)

VoutDC,nom [V]

Voutoc [V] (Scope CH-2 Average)

Voutacpp [MV] (Scope CH-2 Volts pk-pk)

Varea,nc [V] (Scope CH-4 Average)

Varea,acpp [MV] (Scope CH-4 Volts pk-pk)

VdrEA,ACpp/V OUutACpp

Varac/Voutac from Table 3-2 (simulations)
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5. Repeat the measurement for all the values of Frequency, DC Offset and Amplitude
of the driver voltage V¢ shown in Table 4-3-2, by changing the setup of Function
Generator CH-2. [Notes: 1) if you don’t see the CH-4 trace in the scope frame,
decrease the DC offset Varpc, with respect to the values shown in Table 4-3-2, in
steps of -1mV, until the CH-4 sets in the frame; 2) while measuring peak-peak
voltage values, do not consider the high-frequency noise appearing as a rapid up-
and-down swinging signal around the main sinusoidal waveform].

6. Enterin Table 4-3-2 the Varac/Voutac values collected in Table 3-2.

7. Stop Oscilloscope, Function Generator and Power Supply.

4-3-1 Do you observe the same trend in the measured and simulated ratio Vouac/Vinac
as the frequency increases?

A. yes
B. no
if your answer is B, why?

4-3-2 Should the error amplifier exhibit a different ratio Varac/Voutac with Co = 11pF?

A. yes
B. no
why?:

Troubleshooting tips:

e If the simulated and measured results do not match, verify the setup and
connections of instruments, and restart the experiment.
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5 Analyze

5-1 Using the results collected in Table 4-3-2, calculate the ratios Gar = Voutac/Vdrac, Gea
= Vareaac/Voutac and Tioop = GeaGdr = Vareaac/Varac, report the results in Table 5-1, and
graph the values of ratios Gar, Gea and Tioop @s a function of the frequency f using a
logarithmic scale for the horizontal axis and decibel scale for the vertical axis, including a
legend that indicates which line style corresponds to which series (calculations,
measurements).

Table 5-1 Error Amplifier response.

f [Hz] 1 10 100 1000 10000 | 100000

Gdr = Voutac/Vdrac

Gea = Vareaac/Voutac

Tloop = Vareaac/Vdrac

Gdr 1 GEA 0 Tloop 0
f [Hz] g f [Hz] g f [Hz]

Figure 5-1 Calculated and measured values of ratios Voutac/Vinac and Vouac/Varac obtained while varying the frequency,
with the MOSFET operating in the saturation region

The ratio Gqr is the open loop control-to-output gain of the linear regulator, which
expresses the sensitivity of the output voltage with respect to the gate driver voltage
perturbations (see Lab?2). The ratio Gea is the gain of the error amplifier, which expresses
the sensitivity of the error amplifier voltage with respect to the output voltage perturbations
(see Theory and Background section). The ratio Tioop IS the loop gain of the linear
regulator, which expresses the global sensitivity of the linear regulator to AC
perturbations. A higher value of the loop gain involves a higher reactivity of the linear
regulator to disturbances, which results in a more effective suppression of the
disturbances and in a better output voltage regulation capability.

5-2  Based on the loop gain plot Tieep You have plotted in Figure 5-1, for what of the
frequency values is the linear regulator better suppressing the disturbance effects?
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A. 60Hz
B. okHz
C. 60kHz

5-3 Based on your observations and on the equations provided in the Theory and
Background section, how would you modify the parameters fo, fz, fo and Aqc of the error
amplifier to improve the disturbance suppression capability of the linear regulator?

6 Conclusion

6-1 Summary
Write a summary of what you observed and learned about the AC response of the error
amplifier of a linear regulator, regarding its sensitivity with respect to output voltage AC
perturbations. Discuss the parameters influencing the AC response of the error amplifier,
in what frequency range is it important to have a high error amplifier gain, why, and how
you can achieve it.

6-2 Expansion Activities

6-2-1. Using the Multisim Live schematic of Figure 3-1, determine the frequency response
of the linear regulator and of the error amplifier, by means of the AC Sweep option:

a. Set the switches J4 and J6 to be closed.

b. Replace the V4 DC generator with an AC generator and set VO=4.0746V,
Freq=1Hz, VA=0.1V.

c. Set AC_mag = 0.1V in the AC analysis value menu option of the voltage
generator Vgr.

d. Set AC_mag = 0 V in the AC analysis value menu option of the voltage
generator Vin.

e. Set Start freq. = 1Hz and Stop freq. = 1MHz in the Configuration Panel.

f. Set Show plots box unchecked on probe Vin.

g. Run the simulation and watch the resulting AC Sweep plots (Bode plots). The
continuous lines are the magnitudes of the ratios Gar = Vouac/Vdrac, Tioop =
GeaGadr = Vareaac/Varac, While the dashed line is the phase shift between Voutac
and Vareaac With respect to Varac over the selected frequency range.

h. Verify that the plots follow the trend of results of Tables 3-2, 4-3-2 and 5-1.
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6-2-2. Observe the behavior of an error amplifier with a higher gain, using the circuit
schematic of Figure 3-1.

a. Open the switches J4 and J6. The resulting gain of the error amplifier will be:

f

0
Equation 6-2-1 G _ Ve _ T f>fo
EA

VOUtAC AJCH f < fLPF

The pole frequency fo of the error amplifier is now given by fo =1/(Ri1Cr1) =
104kHz (Type | error amplifier), and consequently fipr = 10.4Hz.

b. Open switches J4 and J6.

c. Repeat the simulations in the test conditions listed in Table 3-2 (use
VA=100mV with Freq = 1Hz, 10Hz, 100Hz, for generator Vin).

d. Compare and discuss the results of simulations obtained with the two different
error amplifier setup.

6-2-1. Verify experimentally the effect of a higher error amplifier gain

a. Open the jumpers J60 and J62 in the Discrete Linear Section of Tl Power
Electronics Board for NI ELVIS 11l shown in Figure 4-1.

b. Test the regulator with Frequency = 10kHz, Amplitude = 30mVpp and DC
offset = 4.328V on Function Generator CH-2, set the Oscilloscope CH-4 with
AC coupling, 500mV/div, OV offset, 50us/div.

c. Compare the error amplifier gain with the corresponding result reported in
Table 4-3-2.

6-3 Resources for learning more
e This book provides the fundamentals of linear regulators control:

C.Basso, Designing Control Loops for Linear and Switching Power Supplies: A
Tutorial Guide, Artech House
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Answer Key — Check Your Understanding Questions Only

u]
E_[.J Check Your Understanding

11 C
1-2 A
13 C
14 B

1-5 Increase fo, increase Adc
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Lab 4: Linear Regulator in Closed Loop Operation

The goal of this lab is to analyze the closed loop operation of a linear regulator. We
investigate the impact of the loop gain on the ability to reject noise and changes in the
output voltage, which is the most important feature of linear regulators. First, we will
review the principle of operation and the simplified model of a closed loop linear regulator.
Next, we will use the simplified model to predict its response to AC perturbations and its
accuracy to the reference signal. Then, we will simulate the linear regulator in DC and AC
operation to evaluate the impact of the MOSFET and error amplifier parameters. Finally,
we will perform experimental tests with a real linear regulator, and will compare the results
of simulations and measurements to verify their consistency.

Vin Vout

o a1 O
— _£|1_
i Vin + Co ?Ro
= = -+
2 RR2
B R2  Ci2
- ]
Ve e —AAA—
_9@ Ri1
Rg
opamp ™ ] %
I 1

Figure 1-1. Closed Loop Linear Regulator.
Learning Objectives

After completing this lab, you should be able to complete the following activities.

1. Given a linear regulator and its MOSFET and error amplifier characteristics, you will
calculate the DC operating point and the AC response to input and reference voltage
perturbations, with specified units and accuracy, by applying the appropriate
theoretical formulae.

2. Given a linear regulator and its MOSFET and error amplifier characteristics, you will
simulate the DC and AC operation with different error amplifier configurations, to
determine the accuracy of theoretical model predictions, by comparing the appropriate
sets of data and results

3. Given a real linear regulator, a dynamic power supply, and a function generator, you
will measure the accuracy of the DC output voltage with respect to the desired nominal
value, you will determine the AC response of the linear regulator, and you will
determine the elements influencing the accuracy of simulations, by comparing the
appropriate sets of data and results.
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Required Tools and Technology

Platform: NI ELVIS Il v Access Instruments
Instruments used in this lab: https://measurementslive.ni.com/

e Function generator v View User Manual

e Digital multimeter http://www.ni.com/en-

e Oscilloscope us/support/model.ni-elvis-iii.html

e Power Supply v View Tutorials

https://www.youtube.com/watch?v=

Note: The NI ELVIS Ill Cables and TwvbRUpEpJU&list=PLvcPluvVaUMI
Accessories Kit (purchased separately) Wm8ziaSxvOgwtshBA2dh_M

is required for using the instruments.

Hardware: TI Power Electronics Board ¥ View User Manual
http://www.ni.com/en-

us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.html

Software: NI Multisim Live v' Access
https://www.multisim.com/

v View Tutorial
https://www.multisim.com/get-started/

Software: Tl Power Electronics v" Download (Windows OS Only)
Configuration Utility http://download.ni.com/support/acad

cw/PowerElectronics/TIPowerElectr
onicsBoardUtility-Windows.zip

Note: Mac Version will be available
soon
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Expected Deliverables
In this lab, you will collect the following deliverables:

v Calculations based on equations provided in the Theory and Background Section
v Results of circuit simulations performed by means of Multisim Live
v Results of experiments performed by means of Tl Power Electronics Board for NI

ELVIS 1l
v Observations on simulations and experiments
v" Answers to questions

Your instructor may expect you complete a lab report. Refer to your instructor for specific
requirements or templates.
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1 Theory and Background

1-1 Introduction.

In this section, we review the fundamental concepts and equations of a linear regulator in
closed loop operation. We will discuss the impact of OPAMP and error amplifier
characteristics on DC offset error and the noise rejection capability of the linear regulator.

1-2 Feedback Action of the Error Amplifier.

Figure 1-2 shows a linear regulator in closed loop operation. The error amplifier consists
of the OPAMP, the voltage reference Vies, the capacitors {Cs1,Cr2,Ci2}, and the resistors
{Rg,Ri1,Ri2,Rs2}. The error amplifier compares the output voltage Vout to the desired DC
nominal value Voutbc,nom, and generates the gate driver voltage Varea ensuring that Vout =
Voutbc,nom. Thanks to the error amplifier, the linear regulator is able to reject the AC noise,
thus ensuring a well regulated low-noise output voltage, which is the most important
feature of linear regulators. The components {Cr1,Cs2,Ci2} and {Rg,Ri1,Ri2,Rs2} set the poles
and zeros of the error amplifier, and determine its sensitivity to noise.

Vin Vout
9o Q1 , 9
lxl J_
Vin Co Ro
ATTC2 R T T .

/ | error amplifier \
: R2 ci2 |}
s — ot
i Cf1 i
bV AN i
i p Ri1 !
: Rg :
! OPAMP !
! —  Vref !

______________________________________________

Figure 1-2. Linear Regulator in Closed Loop Operation.
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1-3 Closed Loop DC Analysis of the Linear Regulator

The DC output voltage Voutoc 0f a linear regulator is determined by the DC source voltage
Vinoc and by the DC gate driver voltage Varoc. The MOSFET of a linear regulator normally
operates in the saturation region, where we have:

2\/outDC V + 2VoutDC

=V, +
Ro ﬂ(l+ ﬂ’(\/inDC _VoutDC )) " ouee

Equation 1-3-1 Vgpe = Vin +Voupce + \/

Vi, B and A are the MOSFET gate-to-source threshold voltage, transconductance and
channel-length-modulation coefficient, respectively. The DC error amplifier voltage is:

Equation 1-3-2 VerC = Adc (Vref _VoutDCH)

where Aqc is the error amplifier DC gain and H=(1+Ri1/Rg)*! is the voltage sensor gain.
Combining Equations 1-3-1 and 1-3-2 provides the linear regulator DC output voltage:

1 1 1
ion 1-3- Voo = +(A V., -V, )1+A,_H) -
Equation 1-3-3 outbC 1+ Ach){\/ZRO,B ( c V' ref th)( c ) TRoﬁ

As the open loop DC gain Aqc of the OPAMP is normally very high (from 102 to 109),
Equation 1-3-3 can be simplified as shown in Equation 1-3-4:

Equation 1-3-4 ~ A\icvref
quation 1-3- oune =7
+A,H

An unlimited DC gain A4c = o would determine an output voltage Voupc equal to:

\Y

V _ ref
Equation 1-3-5 outbC,nom H

Equations 1-3-4 and 1-3-5 highlight that the tolerance of Vier, Rg and Ri1 influence the
output voltage nominal value Voutpc,nom. Based on Equations 1-3-4 and 1-3-5, the output
voltage offset error of a linear regulator is given by Equation 1-6:

V, V,
ERRDC =~ A\ic ref _ “ref

Equation 1-3-6
quation 1+AH H
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1-4 Closed Loop AC Analysis of the Linear Regulator

The ratio between the amplitude of the AC perturbations on the output voltage of a linear
regulator and the AC perturbations on the source voltage and gate driver voltage in open
loop operation is given by Equation 1-4-1 (see Lab2):

2
Equations 1-4-1 VoutAC — Gin — //i'ﬂ.rdr : VoutAC ‘ — Gdr — ﬂTdr
VinAC Vyrac =0 47[C0 f 2 + flz VdI'AC Vjpac =0 27ZC0 A 'f 2 + f12

T = [PPocc. ¢ _HTaR,
« R, = ' 2aRC,

where A is the MOSFET channel-modulation coefficient. The corner frequency f; is the
open loop bandwidth of the linear regulator. The error amplifier AC gain Geaac =
Varac/Voutac is given by the simplified Equation 1-4-2 (see Lab3):

fy fy
Equation 1-4-2 G — Vimc ~ f c
EA,AC -
' \Y/

OutAC A\jc H f <

<f<f,

f

0

Cc

Equation 1-4-2 highlights that a higher pole frequency fo increases the error amplifier
sensitivity with respect to output voltage AC perturbations. Combining Equations 1-4-1
and 1-4-2 results in the simplified closed loop Equation 1-4-3:

\Y . . .
Equation 1-4-3 G = 2= G, Gy (valid for f <f,)
VinAC GEA,ACGdr T

loop

where Tioop = GeaacGar is the loop gain of the linear regulator, and the GincL gain
expresses the noise rejection capability of the linear regulator. The inverse of GincL is the
Power Supply Rejection Ratio (PSRR). From Equation 1-4-1 we see that the magnitude
of the control-to-output gain Ggr is determined by the DC operating point, the MOSFET
parameters, the load R, and the capacitor Co, and it is flat for frequency f < fi.. This results
in a poor open loop noise rejection capability of the linear regulator at low frequency.
From Equation 1-4-2 we see that the magnitude of the error amplifier gain is determined
by the pole frequency fo and that it can be very high at low frequency, depending on the
OPAMP DC open loop gain A4c and on the setup of the pole frequency fo. Equation 1-4-
3 highlights that, given the DC operating conditions and the MOSFET characteristics, a
high loop gain magnitude improves the linear regulator AC noise rejection capability. The
loop gain of the linear regulator at low frequency is determined by the OPAMP dc open
loop gain and by the error amplifier frequency pole frequency fo.
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Check Your Understanding
[u]

Note: The following questions are meant to help you self-assess your understanding so far. You
can view the answer key for all “Check your Understanding” questions at the end of the lab.

1-1 What parameters of a linear regulator determine the nominal value of its DC output
voltage?
A. the MOSFET transconductance and gate-to-source threshold voltage
B. the error amplifier pole and OPAMP dc gain Aq
C. the reference voltage and the voltage sensor gain

1-2 What parameter of a linear regulator determine its DC output voltage offset error?
A. the MOSFET transconductance g
B. the error amplifier pole frequency fo
C. the OPAMP open loop dc gain Adc

1-3 At what frequency is the open loop linear regulator more sensitive to AC noise?
A. below the open loop bandwidth
B. above the open loop bandwidth
C. atany frequency

1-4 What parameters majorly influence the closed loop AC noise rejection capability of a
linear regulator?
A. the reference voltage and the voltage sensor gain
B. the MOSFET transconductance and gate-to-source threshold voltage
C. the error amplifier pole frequency fo and OPAMP dc gain Adc

1-5 Based on your answers to Questions 1-1 to 1-4, what actions would you make to
design a linear regulator with good DC accuracy and AC noise rejection capability?
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2 Exercise

The Discrete Linear Section in the Tl Power Electronics Board for NI ELVIS Il is based
on the following setup:

e MOSFET: TI's CSD15380F3, assume Vi = 1.35V, = 0.24A/V2, 1 =0.05V1
e OPAMP: TI's OPA835IDBVR, assume Adc=10°, V¢c+=5.5V, Vc.=0V.

e VOLTAGE REFERENCE: TI's LM4140, assume Ve=1.024V+0.1%.

e ERROR AMPLIFER SETUP: fo = 3.28kHz, Ri1=39.2kQ+1%, Rg=26.1kQ+1%.

TI's devices datasheets are available at the following links:

e (CSD15380F3 MOSFET: http://www.ti.com/lit/ds/symlink/csd15380f3.pdf
e OPA835IDBVR OPAMP: http://www.ti.com/lit/ds/symlink/opa835.pdf
e | M4140 VOLTAGE REFERENCE: http://www.ti.com/lit/ds/symlink/Im4140.pdf

2-1 Calculate the ideal, minimum and maximum values of the nominal value of the DC
output voltage Voutbc,nom, In Volts with four decimal digits, considering the tolerances
of parameters:

ideal Voutbc,nom = ;- Min Voutbc,nom = ; maxX Voutbc,nom =

2-2 Calculate the DC offset error of the output voltage, in micro Volts with three decimal
digits, in the ideal, minimum and maximum nominal DC output voltage conditions
determined with previous step 2-1:

ERRpc @ min Voutbc,nom = ; ERRpc @ max Voutbc,nom = ;
ERRpc @ ideal Voutoc,nom = ;

2-3 Calculate the open loop bandwidth f; of the linear regulator, in Hz, with Co=1pF and
Co=11pF, assuming Vinpoc = 5V and Voutoc = 2.5V:

f @ Co:luF = ; fs @ Cozllu_F =

2-4 You have a source voltage with a 5V DC component and an AC noise Vinacsin(2zf 1),
where Vinac = 1V and the frequency f can have the values listed in Table 2-1.
Assuming Vounc = 2.5V and Co=1pF, calculate the ratio Voutac/Vinac, in the format
XXX.XXXE-03, and the value of the amplitude Vouwac of the AC voltage
VouacSin(2zf 1+6), in milli Volts with three decimal digits, under a) open loop and b)
closed loop conditions, and report the results in Table 2-1.
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Table 1-1 Analysis of linear regulator AC noise rejection capability in open loop and closed loop operation.
f [Hz] 10 100 1000

open loop Voutac/Vinac
closed loop Voutac/Vinac
open loop Voutac [MV]
closed loop Vouac [MmV]

2-5 Based on the results of your calculations, do you observe and improvement in the
AC noise rejection capability of the linear regulator in closed loop operation
compared to open loop operation?

A. yes
B. no
Please provide your comments:

2-6  What parameter would you change to improve the low frequency rejection
capability, and how?

3 Simulate

The simulations you will perform in this section allow you to analyze the closed loop
behavior of an error amplifier. First, you will observe the DC output voltage and determine
the DC offset error with respect to the nominal value. Next, you will observe the error
amplifier voltage and compare it with the theoretical value required to achieve the desired
output voltage. Finally, you will analyze the impact of output capacitor and error amplifier
setup on the AC noise rejection capability of the linear regulator in closed loop operation.

3.1 Simulation 1: Instructions
1. Open Lab4 — Linear Regulator in Closed Loop Operation from the file path:
https://www.multisim.com/content/x2h5e2JkYifsnyFNTDZu95/1lab-
4-closed-loop-linear-regulator-oparation/
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The circuit shown in Figure 3-1 is used for simulating the DC and AC linear
regulator closed loop operation.

A Vin A Vout
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Q1
Vi A var
in A L N
13 f\ Vth A\ beta A lam
(m) ov 1« : g Ro T
1._00Hz i 1200
v vih =
1.35v T
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Figure 3-1. Multisim Live Circuit Schematic for the Analysis of Linear Regulator in Closed Loop Operation.

The error amplifier generates the gate driver voltage Vqr. The source voltage Vin
includes a DC component and an AC perturbation. The parameters {VA, Freq, VO}
of the generator Vi, correspond to the parameters {Vinac, f, Vinoc} as defined in the
Theory and Background section. The auxiliary generators Vth, beta and lam
allow to set the MOSFET parameters {Vw, S, A}, respectively. The error amplifier
pole frequency is fo = 1/(Ri1(Cri+Cr2)) = 3.3kHz with switches J4 and J6 closed
(Type I error amplifier), and fo = 1/(Ri1Cs1) =104kHz with jumpers J4 and J6 open
(Type | error amplifier). The OPAMP is characterized by a dc gain Ag.=10°.

2. Set the switches J3 and J5 to be OPEN, and the switches J4 and J6 to be

CLOSED.

Select the Interactive simulation option and the Split visualization option.

4. Set the Maximum Time Step and Maximum Initial Step at 1e-6, in the Simulation
settings menu;

5. Check the Instantaneous option box for voltage probes Vin, Vout, and Vgr in the
Measurement labels menu.

w
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6. Calculate the nominal value Voutoc,nom in Volts with three decimal digits, and report
the result in Table 3-1.

7. Set VA=0, Freq=10Hz for the generator Vin.

8. For each value of DC source voltage Vinoc (VO voltage of the generator Vin) listed
in Table 3-1, run the simulation, read the measurements of voltage probes Vot and
Var in Volts with four decimal digits and report the results in Table 3-1.

Table 3-1 DC Output Voltage and Error Amplifier Voltage as function of DC Source Voltage.

Vinoc (VO) [V] 4.0 45 5.0 5.5 6.0
VoutDC,nom [V]
VoutDC [V]
Varoe [V]

3-1-1 Does the DC output voltage Voutoc change as Vinpc increases?

A. yes
B. no
Discuss the results based on the Theory and Background section equations:

3-1-2 Does the error amplifier voltage Var change as Vinpc increases?

A. yes
B. no
Discuss the results based on the Theory and Background section equations:

3-1-3 What change do you expect in the simulation results if you open the switches J4
and J6? why?
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3-1-4 What change do you expect in the simulation results if you close the switch J3 or

J5? why?

3.2 Simulation 2: Instructions

1.

w

Open Lab4 — Linear Regulator in Closed Loop Operation from the file path:
https://www.multisim.com/content/x2h5e2JkYifsnyFNTDZu95/1ab
-4-closed-loop-linear-regulator-oparation/

Set the switches J3 and J5 to be OPEN, and the switches J4 and J6 to be
CLOSED.

Select the Interactive simulation option and the Split visualization option.

Set the Maximum Time Step and Maximum Initial Step at 1e-6, in the Simulation
settings menu;

Check the Periodic option box for voltage probes Vin, Vou, and Vg in the
Measurement labels menu.

Set VA=1V, Freq=10Hz, VO=5V for the generator Vi, and run the simulation.
Read the DC average measurement Vav and the AC peak-to-peak measurement
Vpp Of Vout Voltage probe and report the values of Voupc = Vav (in Volts with four
decimal digits) and Voutac (in milli Volts with three decimal digits) in Table 3-2.
Read the DC average measurement Vav and the AC peak-to-peak measurement
Vpp Of Var Voltage probe and report the values of Vaioc = Vav (in Volts with four
decimal digits) and Varac (in milli Volts with three decimal digits) in Table 3-2.
Repeat steps 7-8 under all Vin frequency and amplitude conditions of Table 3-2.

Table 3-2 Linear regulator AC response with Co=1xF.

f [Hz] (Vin Freq) 10 100 1000
Vinac [Hz] (Vin VA) 0.5 0.5 0.5
ML Simulation Max. Time Step le-5 le-6 le-7
ML Grapher Horizontal Axis 50ms/div | 5ms/div | 500us/div

VoutDC,nom [V]

Voutoc [V]

Voutac [MV]

Varoe [V]

Varac [MmV]
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3-2-1 Does the DC output voltage Voupc change as the source voltage noise frequency

increases?
A. yes
B. no

Discuss the results based on the Theory and Background section equations:

3-2-2 Does the amplitude Vouac of the AC output voltage noise change as the source
voltage noise frequency increases?

A. yes
B. no
Discuss the results based on the Theory and Background section equations:

3-2-3 What change do you expect if you open the switches J4 and J6? why?

3-2-4 What change do you expect if you close the switch J3 or J5? why?
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Troubleshooting tips:

e If the simulation does not run and you get some error message, reload Lab4 —
Linear Regulator in Closed Loop Operation from this file path:
https://www.multisim.com/content/x2h5e2JkYifsnyFNTDZu95/1ab
-4-closed-loop-linear-regulator-oparation/
and restart the simulation, following the instructions.

4 Implement

The experiments of this section allow you to observe the behavior of a real linear regulator
in closed loop operation. First, you will analyze the DC operating point of the linear
regulator while varying the DC source voltage. Next, you will measure the AC output
voltage generated by the AC noise of the source voltage. Finally, you will determine the
impact of the error amplifier setup on the AC noise rejection capability of the linear
regulator. The experiments are performed by means of the Discrete Linear Section of
the Tl Power Electronics Board for NI ELVIS Ill shown in Figure 4-1, using the TI's
CSD15380F3 MOSFET as pass device and TI's OPA835IDBVR OPAMP as error
amplifier. The linear regulator is powered by a TI's TPS40303DRCR Integrated Buck
regulator, generating a 5V DC voltage and an AC noise.

Discrete Linear Section

mlntegrated Buck |i| Discrete Linear |

D@ D (V) @ €@ €
Giame B TP139 TP144 TP134 TP145 TP132 - R TPT17 TP119 TP114
~ -
TP135 TP136 ® e
J58 Rgrmf
BEE i " @R =g B 8cs
F o 44 ﬁl i(‘vﬁ?
:wig;sm:' e LY BEE = B @riar

ey e ~n I wER
= B —— _ UUEE‘ 159

| GEE
TP124 TP121 TP127

TP130

L]

boui®
L= 8

il §cior

 mm
-

R157

R140 TP120

@ EI l] G G‘!r 0 i 2 48
sEL 8 ® = 5 @k !!@l

_ E @riesliii

11ai EaEgeEd

= s goofig ©°

[
gMagMs . ”52“ J617 cas @,
UuL“I.‘U ‘8N o = wiBE

) ) et X B

TP138 TP143 TP140 TP141

R153 ??%

-A
TP122  TP125

Figure 4-1. Tl Power Electronics Board for NI ELVIS 1lI - Discrete Linear Section Used for the Analysis of Linear
Regulator in Closed Loop Operation
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TI's devices datasheets are available at the following links:

CSD15380F3 MOSFET: http://www.ti.com/lit/ds/symlink/csd15380f3.pdf

OPA835IDBVR OPAMP: http://www.ti.com/lit/ds/symlink/opa835.pdf

TPS40303DRCR Buck Regulator: http://www.ti.com/lit/ds/symlink/tps40303.pdf

The error amplifier pole frequency is fo = 1/(Ri1(Cr1+Cs2)) = 3.3kHz with jumpers J60 and
J62 shorted (Type IIl error amplifier), and fo = 1/(Ri1Cr1) =104kHz with jumpers J60 and
J62 open (Type | error amplifier). The output capacitance Co is 14F with jumper J59 open,
and 11pF with jumper J59 shorted. The nominal output voltage is 2.5V with jumper J61
open, and 3.3V with jumper J61 shorted. [Note: the parameters provided in the following
instructions for instruments setup may require some adjustment due to thermal effects and
tolerances of Tl Power Electronics Board components]

4-1 General Instructions

1. Open Variable Power Supply, Function Generator and Oscilloscope using
Measurements Live. For help on launching instruments, refer to this help
document: http://www.ni.com/documentation/en/ni-elvis-
iii/latest/getting-started/launching-soft-front-panels/

2. Open the User Manual of Tl Power Electronics Board for NI ELVIS 11l from this
file path: http://www.ni.com/en-us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.html

3. Read the User Manual sections Description, Warnings and Recommendations
regarding Discrete Linear Section.

4. Open NI ELVIS lll PE Lab User Interface (See Required Tools and Technology
section for download instructions), and select Lab4 — Linear Regulator in Closed
Loop Operation.

5. Configure the jumpers of the board as indicated in Table 4-1.

6. Connect the instruments as indicated in Table 4-2.

Table 4-1 Jumpers setup

J1i7 J34 J58 J59 J60 J61 J62 J68 J69
short TP148-TP163 | short 2-3 open open short open short short open

Table 4-2 Instruments connections

Power Supply connect to red and black banana connectors

connect CH-1 to TP117 (input voltage Vin), connect CH-2 to TP118 (output

Oscilloscope voltage Vou), connect CH-3 to TP121 (gate driver voltage V)

connect CH-1 to FGEN1 BNC connector (—TP137 = Integrated Buck output

Function Generator voltage control)
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4-2 Experiment 1: Instructions

1. Use the instruments configuration and setup shown in Table 4-2-1.

Table 4-2-1 Instruments initial configuration and setup

Power Supply | CH “+™ Static, 7.00V, CH “* Inactive
Trigger: Horizontal: | Acquisition: Measurements: | Probe Attenuation:
Immediate | 100us/div average show 10x
Oscilloscope | cH-1: ON CH-2: ON CH-3: ON CH-4: OFF
e DC coupling e DC coupling e DC coupling
e 2V/div e 2V/div e 2V/div
o offset OV o offset OV o offset OV
Function CH-1: Sine, DC offset 735mV, Amplitude OmV, Frequency 10Hz
Generator CH-2: Inactive

2. Run Power Supply, Function Generator and Oscilloscope.

3. Read the average DC values of the Oscilloscope CH-2 (Vout) and CH-3 (Var) and
CH-4 (Varea), using the cursors in Track mode, and report the values in Table 4-2-
2, with two decimal digits.

4. Repeat the measurement for all the values of the driver voltage Varoc indicated in
Table 4-2-2, by changing the DC offset of Function Generator CH-2.

5. Import in Table 4-2-2 the DC values of Vounc and Varoc collected in Table 3-1, in
Volts with two decimal digits.

6. Stop Oscilloscope, Function Generator and Power Supply.

Table 4-2-2 Linear regulator DC output voltage and gate driver voltage as function of DC input voltage.

Function Generator CH1 DC
offset [mV]
VoutDC,nom [V]

VinDC [V]

VoutDC [V]

Voutoc [V] from Table 3-1
Varoc [V]

Varoc [V] from Table 3-1

735 670 600 540 470
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4-2-1 Is the DC output voltage Voupc trend, as Vinoc increases, similar between
simulations and measurements? what are the differences between the measured
and simulated values?

A. yes

B. no

Discuss the possible origin of differences between simulations and experiments
based on the Theory and Background section equations:

4-2-2 |Is the gate driver voltage Vampc trend, as Vinoc increases, similar between
simulations and measurements? what are the differences between the measured
and simulated values?

A. yes

B. no

Discuss the possible origin of differences between simulations and experiments
based on the Theory and Background section equations:

4-2-3 Based on your answer to Questions 4-2-1 and 4-2-2, what parameter of the linear
regulator model would you change to improve the accuracy of simulations? How
and why?

4-3 Experiment 2: Instructions
1. Open Power Supply, Function Generator and Oscilloscope and use the
instruments configuration and setup shown in Table 4-3-1.
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Table 4-3-1 Instruments initial configuration and setup

Power Supply CH “+": Static, 7.00V, CH ““ Inactive
Trigger: CH-1 | Horizontal: | Acquisition: | Measurements: | Probe
Analog edge, | 50ms/div average show Attenuation:
set to 50% 10x
Oscilloscope
CH-1: ON CH-2: ON CH-3: ON CH-4: OFF
e DCcoupling [ e DC coupling e DC coupling
e 2V/div e 10mV/div e 10mV/div
o oOffset -0V o offset-2.55V o offset-4.25V

CH-1: Sine, DC offset 610mV, Amplitude 135mV, Frequency 10Hz

Function Generator CH-2: Inactive

2. Run Power Supply, Function Generator and Oscilloscope.

3. Read the DC average values of the Oscilloscope CH-2 (Vou) and CH-3 (Var) and
report the values in Table 4-3-2, with two decimal digits.

4. Read the peak-peak values of the Oscilloscope CH-2 (Vou) and CH-3 (Var) with
two decimal digits, divide by 2 and report the values in Table 4-3-2.

5. Repeat the measurement for all the values of Frequency, DC Offset and Amplitude
of the Function Generator CH-1 indicated in Table 4-3-2

6. Import in Table 4-3-2 the values of Voutoc and Varpc collected in Table 3-2, in Volts
with two decimal digits, and the values of Vouac and Vgrac collected in Table 3-2,
in milli Volts with the same decimal digits of the corresponding measured data.

7. Stop Oscilloscope, Function Generator and Power Supply.

Table 4-3-2 Error Amplifier response.

Function Generator CH-1 Frequency [Hz] 10 100 1000
Function Generator CH-1 Amplitude [mV] 135 135 150
Function Generator CH-1 DC offset [mV] 600 600 600

VoutDC,nom [V]
Scope CH-2 Average Voutoc [V]
Voutnc from Table 3-2 [V]
Scope CH-2 Volts Vpk-pk/2 = Vouac [MmV]
Vouac from Table 3-2 [mV]
Scope CH-3 Average Vdroc [V]
Varoc from Table 3-2 [V]
Scope CH-3 Volts Vpk-pk/2 = Vdarac [mV]
Varac from Table 3-2 [mV]
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4-3-1 Is the AC output voltage Voutac trend, as the frequency f increases, similar between
simulations and measurements? what are the differences between the measured
and simulated values?

A. yes

B. no

Discuss the possible origin of differences between simulations and experiments
based on the Theory and Background section equations:

4-3-2 Is the gate driver voltage Vaac trend, as Vinac increases, similar between
simulations and measurements? what are the differences between the measured
and simulated values?

A. yes

B. no

Discuss the possible origin of differences between simulations and experiments
based on the Theory and Background section equations:

4-3-3 Based on your answer to Questions and 4-3-1 and 4-3-2, what parameter of the
linear regulator model would you change to improve the accuracy of simulations?
How and why?

Troubleshooting tips:

e If the simulated and measured results do not match, verify the setup and
connections of instruments, and restart the experiment.
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5 Analyze

5-1 Using the results collected in Table 4-3-2, calculate the value in decibel of the Power
Supply Rejection Ratio PSRRgs = 20logi10(Vinac/Voutac), with one decimal digit, at each
frequency and report the results in Table 5-1. Graph the PSRRgg values as a function of
the frequency f using a logarithmic scale for the horizontal axis and decibel scale for the
vertical axis. Include a legend that indicates which line style corresponds to which series

(calculations, measurements).

Table 5-1 Closed Loop Power Supply Rejection Ratio.

f[HZ] 10 100 1000
PSRRdb = 20 10og10(Vinac/Voutac)
PSRRas A
f [HZ] g

Figure 5-1 PSRR Values Obtained with Different Setup of the Closed Loop Linear Regulator.

5-2  Based on your learning, discuss the trend of PSRRq you observe and indicate
what parameter of the linear regulator would you change to improve PSRR at high

frequency:
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6 Conclusion

6-1 Summary

Write a summary of what you observed and learned about the closed loop operation of a
linear regulator, regarding its DC accuracy and noise rejection capability with respect to
source voltage AC perturbations. Discuss the conditions and the parameters influencing
the closed loop response of the linear regulator, and how you can improve the Power
Supply Rejection Ratio.

6-2 Expansion Activities

6-2-1. The parameters Vi, f and A of the MOSFET model are characterized by a
tolerance determined by manufacturing processes, and they depend on the
MOSFET junction temperature. Assuming that:

the value of Vi can range between 0.85V and 1.35
the value of g can range between 0.19V and 0.33
the value of 1 can range between 0.01V and 0.05

Determine the combination of values of MOSFET parameters that would
improve the linear regulator PSRR.

Use Multisim Live simulation circuit schematic of Figure 3-1 to verify your
prediction.

6-2-2. Determine the frequency response of the linear regulator with respect to the
reference voltage Vier with the simulation circuit schematic of Figure 3-1, by using
the AC Sweep option.

a.
b.

C.

Set the switches J4 and J6 to be closed.

Replace the Vet DC generator with an AC generator and set VO=1.024V,
Freq=1Hz, VA=0.1V.

Set AC_mag = 0.1V in the AC analysis value menu option of the voltage
generator Vief.

Set AC_mag = 0 V in the AC analysis value menu option of the voltage
generator Vin.

Set Start freq. = 1Hz and Stop freq. = 1MHz in the Configuration Panel.

Set Show plots box unchecked on probe Vin.

Run the simulation and watch the resulting AC Sweep plots (Bode plots). The
continuous line is the magnitude of the ratios Tret = Voutac/Vietac, While the
dashed line is the phase shift between Vouac with respect to Vieac.
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The response should be flat up to a certain frequency. That frequency is the closed
loop bandwidth of the linear regulator, which is the frequency range wherein the
regulator is able to track accurately the reference voltage, while exhibiting a good
PSRR. A wide bandwidth is a highly valuable feature of a linear regulator.

6-2-3. Analyze the effect of output capacitance on the PSRR of the linear regulator, by
means of the Tl Power Electronics Board for NI ELVIS 11l shown in Figure 4-1.

a.
b.
C.

d.

Short the jumper J59 to set the output capacitance at 11pF.

Repeat Experiment 2, following the relevant instructions.

Calculate the value in decibel PSRRgs = 20logio(Vinac/Voutac) at each
frequency.

Compare the results with the values collected in Table 5-1 and discuss the
differences based on your learning.

6-2-4. Analyze the effect of error amplifier setup on the PSRR of the linear regulator, by
means of the TI Power Electronics Board for NI ELVIS IIl shown in Figure 4-1.

aoow

Open the jumpers J60 and J62 to set the frequency pole fo at 104kHz.
Repeat Experiment 2, following the relevant instructions.

Calculate the value of the PSRRds = 20log10(Vinac/Voutac) at each frequency.
Compare the results with the values collected in Table 5-1 and discuss the
differences based on your learning.

6-2-5. Analyze the effect of output voltage setup on the PSRR of the linear regulator, by
means of the TI Power Electronics Board for NI ELVIS IIl shown in Figure 4-1.

a.
b.

C.
d.

Short the jumper J61 to set the nominal output voltage at 3.3V.

Repeat Experiment 2, following the relevant instructions. [Note: set the offset
of Oscilloscope CH-2 at -3.45V and CH-3 at -5.25V]

Calculate the value of the PSRR4g = 20log10(Vinac/Voutac) at each frequency.
Compare the results with the values collected in Table 5-1 and discuss the
differences based on your learning.

6-3 Resources for learning more

e This book provides the fundamentals of linear regulators control:

C.Basso, Designing Control Loops for Linear and Switching Power Supplies: A
Tutorial Guide, Artech House
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Answer Key — Check Your Understanding Questions Only

n_

E_[.J Check Your Understanding

11 C
1-2 C
1-3 A
1-4 C

1-5  high fo, high Adc

108

INTERNAL - NI CONFIDENTIAL



Lab Manual: Power Electronics
Using the Tl Power Electronics Board for NI ELVIS I
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Lab 5: Buck Regulator Half-Bridge PWM Operation

The goal of this lab is to investigate the behavior of MOSFETs when configured as a half-
bridge in Pulse Width Modulation (PWM) operation. The PWM MOSFETSs half-bridge is
the main functional element of the buck converter, the most diffused high-efficiency step-
down DC-DC regulator topology. First, we review the principle of operation and
fundamental equations of the MOSFET in the half-bridge configuration and of the PWM
modulator. Next, we predict the theoretical average output voltage of the half-bridge
considering the impact of MOSFETSs resistance. Then, we simulate the MOSFET half-
bridge and PWM modulator and we verify the theoretical predictions in different operating
conditions. Finally, we perform lab experiments to measure the real values of output
voltage and duty-cycle, determine the buck regulator conversion ratio, evaluate the
MOSFETSs loss and resistance and determine the efficiency of the regulator.

Figure 1-1. MOSFETSs in Half-Bridge Configuration

Learning Objectives

After completing this lab, you should be able to complete the following activities.

1. Given a MOSFET half-bridge, a PWM modulator, a source voltage, and a load
resistance, you will calculate the PWM control voltage required to achieve a desired
output voltage and the conversion efficiency of the half-bridge in different operating
conditions, with specified units and accuracy.

2. Given a MOSFET half-bridge, a PWM modulator with a triangular carrier signal and a
DC control voltage, you will simulate the half-bridge behavior to verify the consistency
of theoretical predictions, by comparing the simulated and the calculated output
voltage under the same source voltage and a load resistance conditions.

3. Given a real MOSFET half-bridge, a PWM modulator, a DC power supply, a load
resistor, and a two channel function generator, you will determine the PWM control
voltage needed to achieve a desired output voltage, the duty-cycle, the efficiency and
the MOSFET on-state resistance, with specified units and accuracy.
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Required Tools and Technology

Platform: NI ELVIS IlI v' Access Instruments
Instruments used in this lab: https://measurementslive.ni.com/
e Function generator v" View User Manual
e Digital multimeter http://www.ni.com/en-
e Oscilloscope us/support/model.ni-elvis-iii.html
e Power Supply v View Tutorials
https://www.youtube.com/watch?v=

Note: The NI ELVIS Il Cables and TwvbRUpEpJU&list=PLvcPluVaUMI

Accessories Kit (purchased separately) Wm8ziaSxvOgwtshBA2dh_M

is required for using the instruments.

Hardware: TI Power Electronics Board ¥ View User Manual
http://www.ni.com/en-
us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.ntml

Software: NI Multisim Live v' Access
https://www.multisim.com/

v" View Tutorial
https://www.multisim.com/get-started/

Software: TI Power Electronics v" Download (Windows OS Only)

Configuration Utility http://download.ni.com/support/acad

cw/PowerElectronics/TIPowerElectr
onicsBoardUtility-Windows.zip
Note: Mac Version will be available
soon
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Expected Deliverables

In this lab, you will collect the following deliverables:

v
v
v

v
v

Calculations based on equations provided in the Theory and Background Section
Results of circuit simulations performed by NI Multisim Live

Results of experiments performed by means of TI Power Electronics Board for NI
ELVIS I

Observations and comparisons on simulations and experimental results
Questions Answers

Your instructor may expect you to complete a lab report. Refer to your instructor for
specific requirements or templates.
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1 Theory and Background

1-1 Introduction

In this section, we review the fundamental concepts relevant to the operation of a PWM
modulated MOSFET half-bridge. This important element is used in a large variety of
switching power supply applications, ensuring high-efficiency DC-DC voltage conversion.

1-2 MOSFET half-bridge in PWM operation.

Figure 1-2 shows a couple of MOSFETs Q1 and Q2 in half-bridge configuration, controlled
by a PWM modulator. The MOSFETS operate as switches. The carrier signal Vy, and the
control signal V¢ determine the status of the PWM comparator output. When V, <V, the
PWM comparator output is high, the Gate Driver sets gate signals G1 and G2 respectively
high and low, and Q1 conducts whereas Q2 is open. When V; > V., the PWM comparator
output is low, the Gate Driver sets gate signals G1 and G2 respectively low and high, and
Q1 is open whereas Q2 conducts. This results in a square-wave half-bridge output
voltage Vout, as shown in Figure 1-2 [Note: the edges of the square-wave voltage Vout in
a real PWM modulated half-bridge are delayed with respect to the crossing of V¢ and V;
signals]. The switching frequency fs = 1/Ts is determined by the period Ts of the signal V.

Vil Q1 Vout =
[ v] Vout @ 61

o
— Vin : oz Ro

=

Q2
Gate Driver 0 C)

an ON

—_—\r
[
Ton Toff =l

Figure 1-2. MOSFET Half-Bridge in PWM Operation.
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The amplitude Vou,on Of the square-wave voltage Vout is determined by the input voltage
Vin and by the MOSFET characteristics. During the time the gate signal of a MOSFET is
high, the gate-drive circuitry drives the device to the ohmic region, where it behaves like
a resistor (see Labl). The MOSFET drain-to-source on-state resistance Rps(on) in the

ohmic region is inversely proportional to the gate-to-source voltage, and depends on the
temperature, as shown in Figure 1-3.

4000
3600
3200
2800
2400 l\\

2000 \
1600
1200 F—
800
400
0

— Tc=25°C,Ip=0.1A
— Tc=125°C,1p=0.1A

Rpsen) - On-State Resistance (mQ)

0 1 2 3 4 5 6 7 8 9 10
Vgs - Gate-to-Source Voltage (V)

Figure 1-3. MOSFET On-State Resistance as Function of Gate-to-Source Voltage (Texas Instruments CSD15380F3).

An approximated analytical expression of the on-state resistance Rpsn) 0f a8 MOSFET is
given by Equation 1-1:

1

Equation 1-1 RDS(on) = W
gs th

where Vgs is the gate-to-source voltage applied to the MOSFET, Vu is its gate-to-source
voltage threshold, and gis its trans-conductance coefficient (see Lab1).

1-3 Average Output Voltage of MOSFET Half-Bridge

The voltage Vout applied to the load resistor R, is given by Equation 1-2:

R
Voo =——2 V. teT
Equation 1-2 vV, =4 R, +R§é(on) ! *

Vout,OFF = 0 t eToff
where Ton is the interval of time where V: < V¢, Tof is the interval of time where V, > Vg,
and Ton + Toff = Ts. The ratio D=Ton/Ts is the PWM duty-cycle D. The duty-cycle D is

determined by ratio between the control signal and the peak-peak amplitude of the
triangular carrier signal, and is given by:
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0 V. <0
. VC
Equation 1-3 D= 7 0<V, <V,
Pp
1 V. >V

¢ = Vipp

Based on Equation 1-2, the average voltage applied to the load resistor Voutav is:

Equation 1-4 \V/ L DV,

out — Q1 in
Ro + RDS(on)

Based on Equations 1-3 and 1-4, the average output voltage Vout,av can range from 0 to
VinRo/(Ro+ RS;(OH)) < Vin. From Equation 1-4 we can derive the value of the control signal
V. required to achieve a desired nominal average output voltage Vout,nom:

¢ R V.

(o] in

. [ RI(DDéL(on) ]Vrppvout nom
Equation 1-5 V., =1+ .
1-4 MOSFET Power Loss and Half-Bridge Conversion Efficiency

The conduction average power loss of MOSFET QL1 is given by:

2
Q1 Vin

DS(on) Q1 2
(RDS(on) + Ro)

Equation 1-6 Po: =DR

The maximum MOSFET power loss is given by Poimax=(150°C-Ta)/Reja, Where Ta and Roja
are the ambient temperature and the MOSFET thermal resistance, respectively. The
average power Pro delivered to the load resistor R, and the resulting percent efficiency
nw of the MOSFET half-bridge are given by:

\/—2
Equation 1-7 PRO = DRO %
(R[?S(on) + Ro)
0
Equation 1-8 My = 5 oor x100
Ro + RDS(on)

Equation 1-7 highlights that the MOSFET half-bridge can achieve a very high efficiency if
the resistance R.%(on) of MOSFET Q1 is very low. According to the MOSFET on-state

resistance of Figure 1-3, a higher value of the gate-driver voltage can help reducing the
on-state resistance.
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Check Your Understanding
o

Note: The following questions are meant to help you self-assess your understanding so far. You
can view the answer key for all “Check your Understanding” questions at the end of the lab.

1-1 What functional element is used to change the average output voltage of a MOSFET
half-bridge?

A. the MOSFET gate driver

B. the PWM modulator

C. the voltage source

1-2 How is average output voltage of the half-bridge related to the source voltage?
A. itis always lower
B. itis always higher
C. it can be higher or lower

1-3 Given the source voltage and the load resistance, how can we change the value of
the average output voltage of the half-bridge?

A. by varying the gate-driver voltage

B. by varying the PWM modulator control voltage

C. by varying the gate-driver voltage and the PWM modulator control voltage

1-4 Is the average output voltage of the half-bridge influenced by the switching frequency?
A. yes
B. no
C. it depends on the MOSFET on-state resistance

1-5 What factor is mainly influencing the efficiency of the half-bridge?
A. the duty-cycle
B. the carrier peak-peak voltage
C. the MOSFET power loss

1-6 How can we reduce the MOSFET conduction power loss?
A. by increasing the PWM comparator control voltage
B. by increasing the gate-driver voltage
C. by decreasing the gate-driver voltage
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2 Exercise

The two TI's CSD15380F3 (http://www.ti.com/lit/ds/symlink/csd15380f3.pdf) N-channel
MOSFETs Q1 and Q2 used in the Discrete Buck Section of the Tl Power Electronics
Board for NI ELVIS Ill have the following nominal parameters: Vin = 1.1V, g= 0.24A/V?, 1
=0.02V-L. The negative input of the PWM modulator is connected to a voltage source
generating a triangular waveform, with 2us period Ts, equal rise and fall time, 1V peak-
peak voltage, while the positive input is connected to a DC voltage source. The MOSFETs
Gate Driver provides a 5V gate-to-source voltage Vgr.

2-1 Assuming Vin = 7V, use the rules and equations provided in the Theory and
Background section to calculate:

e the MOSFET on-state resistance Rps(n), in Ohms with three decimal digits:
Rbs(on) =

e the control voltage, in Volt with three decimal digits, required to achieve an
average output voltage Vout,av = 2.5V, for all the values of load resistance R, listed
in Table 2-1, and the corresponding % efficiency, with one decimal digit.

Table 1-1 PWM control voltage and efficiency as function load resistance
Ro [Q] 20 50 100 120 150 200

Ve [V]
n [%]

2-2 Assuming Ro= 50Q, use the equations provided in the Theory and Background
section to calculate the control voltage, in Volt with three decimal digits, required to
achieve an average output voltage Vout,av = 2.5V, for all the values of source voltage Vin
listed in Table 2-1, and the corresponding % efficiency, with one decimal digit.

Table 2-2 PWM control voltage and efficiency as function input voltage

Vin [Q] 1 2 3 4 5 6
Ve [V]
n [%]
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3 Simulate

The goal of the simulations you will perform in this section is to analyze the operation of
a MOSFET half-bridge controlled by a PWM modulator. You will verify the consistency of
the PWM modulator control voltage calculated in the Exercise Section, by observing the
average voltage at the output of the half-bridge, under different source voltage and load
resistance conditions.

3-1 General Instructions

1. Open Lab5 — Buck Regulator Half-Bridge PWM Operation from this file path:
https://www.multisim.com/content/sRY9ZW7saFpr4dMKWu2a5A5/lab-5-buck-
regulator-mosfets-pwm-operation/

The circuit schematic for the analysis of the PWM modulated MOSFET half-bridge
is shown in Figure 3-1. The MOSFETs are modeled by means of two Single Pole
Single Throw (SPST) switches, characterized by 1.068Q2 ON resistance and 1MQ
OFF resistance. The gate driver block includes time delays td1 and td2 and gates
AND1 and AND2 to prevent cross conduction of the MOSFETs Q1 and Q2.

ins

. T 0.5V
o gate driver l

~ ’

Figure 3-1. Multisim Live Circuit Schematic for the Analysis of a buck regulator in open loop DC Operation
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https://www.multisim.com/content/sRY9ZW7saFpr4MKWu2a5A5/lab-5-buck-regulator-mosfets-pwm-operation/
https://www.multisim.com/content/sRY9ZW7saFpr4MKWu2a5A5/lab-5-buck-regulator-mosfets-pwm-operation/

3-1-1 Simulation 1 Instructions

1. Select Interactive simulation and Split visualization options.

Check the Periodic option box for voltage probe Vout in Measurement labels menu.

3. Import in Table 3-1 the values of PWM control voltage V. you have calculated and
reported in Table 2-1 of Exercise section for each value of the load resistance Ro;

4. Set the simulation circuit parameters as follows:

e Vin: DC_mag =7.0V,;

e Vi VA=1V, Per=5ps, TF = 2.5us, Offset 0V;

e Ro: 204

e V.. DC_mag = value of V. corresponding to R, equal to 202,

5. Run the simulation, read the average value Vav displayed by the output voltage
probe Vout, in Volt with three decimal digits, and report the result in Table 3-1.

6. Export the Grapher image and save itas Lab 5 - Buck Regulator Half-
Bridge PWM Operation-Grapher xx yy.png, where xXx is the Ro value and
yy is the V¢ value.

7. Repeat steps 6-7 for all the values of Ry and V¢ listed in Table 3-1.

8. Stop the simulation

N

Table 3-1 Average output voltage in load resistance and PWM control voltage matched conditions

Ro [Q] 20 50 100 120 150 200
V¢ [V] from Table 2-1
Vout,AV [V]

3-1-2 Simulation 2 Instructions

1. Check the Periodic and the Instantaneous option boxes for voltage probe Vou in
Measurement labels menu.
2. Import in Table 3-2 the values of PWM control voltage V. you have calculated and
reported in Table 2-2 of Exercise section for each value of the source voltage Vin;
3. Set the simulation circuit parameters as follows:
Ro: 502
e Vi VA=1V, Per =5pus, TF = 2.5us, Offset 0V,
e Vin: DC_mag =1.0V,;
e V. DC_mag = value of V. corresponding to Vin equal to 1V.
4. Run the simulation, read the average value Vav displayed by the output voltage
probe Vo, in Volt with three decimal digits, and report the result in Table 3-1 [Note:
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if the Vav value is not displayed, read the v (instantaneous) value displayed by the
output voltage probe Vou].
5. Export the Grapher image and save itas Lab 5 - Buck Regulator Half-

Bridge PWM Operation-Grapher xx yy.png, where xxis the Vin value and

yy is the V¢ value.
6. Repeat steps 6-7 for all the values of Vin and V. listed in Table 3-1.
7. Stop the simulation

Table 3-2 PWM control voltage required to set 2.5V output voltage as a function of source voltage.

Vin [Q] 1 2 3 4 5 6
V¢ [V] from Table 2-2
Voutav [V]

3-1 Does the average output voltage match the required value in all the source voltage
and load resistance conditions?

A. yes
B. no
Please provide your comments:

3-2  From the images you have saved in step 5, does the duty-cycle of the square-wave
output voltage Vou always increase as the control voltage V. increases?

A. yes
B. no
Please provide your comments:

Troubleshooting tips:
e If the simulation does not converge and you get some error message, reload

Lab5 — Buck Regulator Half-Bridge PWM Operation from this file path
https://www.multisim.com/content/sRY9ZW7saFpr4MKWu2a5A5/lab-5-buck-

regulator-half-bridge-pwm-operation/ and restart the simulation following the
instructions.
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4 Implement

The experiments you perform in this section allow you to observe the behavior of a real
MOSFET half-bridge in PWM operation. You will measure the ON and OFF times,
voltages and currents characterizing the operation of the half-bridge under different
conditions. Then, you will calculate the duty-cycle and the efficiency. Finally, you will
estimate the MOSFETSs on-state resistance. The Discrete Buck Section of the Tl Power
Electronics Board for NI ELVIS 1ll shown in Figure 4-1 will be used to perform the
experiments. [Note: The maximum input voltage Vin is 12V]. A 50Q2 resistance R, can be
connected to the output of the Half-bridge (test point TP87) by means of the Jumper J11.
The TI's CSD15380F3 half-bridge MOSFETS are characterized by a typical 1.2Q on-state
resistance at 4.5V gate-to-source voltage, 25°C and 0.1A, and a thermal resistance of
255°C/W. The PWM modulator is based on TI's TLV7011DPWR comparator, while the
half-bridge MOSFET gate driveris a TI's TPS51601ADRBR.

Discrete Buck Section

nDiscrete Buck @‘tegrated Linear
QO O .
Jf O o

J37--l\ 126
3=
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Figure 4-1. Tl Power Electronics Board for NI ELVIS 1lI - Discrete Buck Section Used for the Analysis of MOSFET
Half-Bridge PWM Operation.
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The datasheets of TI's components are available at these links:

e CSD15380F3 MOSFET: (http://www.ti.com/lit/ds/symlink/csd15380f3.pdf)
e TLV7011DPWR COMPARATOR: (http://www.ti.com/lit/ds/symlink/tlv7011.pdf)
e TPS51601ADRBR GATE DRIVER: (http://www.ti.com/lit/ds/symlink/tps51601a.pdf).

The PWM modulator triangular carrier signal Vi and control signal V. are available at test
points TP94 and TP96, respectively. [Note: the parameters provided in the following
instructions for instruments setup may require some adjustment due to thermal effects and

tolerances of Tl Power Electronics Board components]

4-1 Instructions

1.

Open Power Supply, Function Generator, Oscilloscope and Digital Multimeter
using Measurements Live. For help on launching instruments, refer to this help
document: http://www.ni.com/documentation/en/ni-elvis-
iii/latest/getting-started/launching-soft-front-panels/
Open the User Manual of Tl Power Electronics Board for NI ELVIS 11l from this
file path: http://www.ni.com/en-us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.html

Read the User Manual sections Description, Warnings and Recommendations
regarding Discrete Buck Section.

Open the Tl Top Board RT Configuration Utility of TI Power Electronics Board for
NI ELVIS Il (See Required Tools and Technology section for download
instructions), and select Lab5 — Buck Regulator Half-Bridge PWM Operation.
Configure the jumpers of the board as indicated in Table 4-1.

Connect and configure the instruments as indicated in Tables 4-2 and 4-3.

Table 4-1 Jumpers setup

J11 J12 J16 J37 J38 J39

short TP156-TP158 open open [short1-2| short open
J41 J42 J33 Ja4 J46 Ja7 J48
short short |short2-3| open |short2-3| short open

Table 4-2 Instruments Connections

Power Supply connect to red and black banana connectors

Oscilloscope

connect CH-1 to TP83 (Vin), connect CH-2 to TP87 (Vsw)
connect CH-3 to TP94 (V:), connect CH-4 to TP96 (V)

Function Generator

connect CH-1 to FGEN1 BNC connector (-»TP94 = V)
connect CH-2 to FGEN2 BNC connector (—»TP96 = V¢)

Digital Multimeter connect Voltage input to TP87 (Vsw), or to TP76 (lin), as per instructions
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http://www.ti.com/lit/ds/symlink/csd15380f3.pdf
http://www.ti.com/lit/ds/symlink/tlv7011.pdf
http://www.ti.com/lit/ds/symlink/tps51601a.pdf).
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http://www.ni.com/documentation/en/ni-elvis-iii/latest/getting-started/launching-soft-front-panels/
http://www.ni.com/en-us/support/model.ti-power-electronics-board-for-ni-elvis-iii.html
http://www.ni.com/en-us/support/model.ti-power-electronics-board-for-ni-elvis-iii.html

Table 4-3 Instruments Configuration and setup

Power Supply Channel “+”: Static, 7.00V, Channel *-* Inactive
Trigger: Horizontal: Acquisition: Measurements:
Analog Edge, CH-2, | 2us/div average show
set to 50%

Oscilloscope Channel 1: ON Channel 2: ON | Channel 3: ON Channel 4: ON
e DC coupling e DC coupling | e DC coupling e DC coupling
e 1V/div o 2V/div e 1V/div e 1V/div
o offset OV o offset OV o offset OV offset OV

Channel 1: Triangle, Frequency 200kHz, Amplitude 1Vpp, DC offset 0.5V

Function Generator Channel 2: Sine, Frequency 1Hz, Amplitude OVpp, DC offset OV

Digital Multimeter Measurement mode: DC voltage; Range: Automatic

7. Run Oscilloscope, Digital Multimeter, Function Generator and Power Supply.

Connect the Digital Multimeter input to TP87 (Vsw)

9. Adjust the Function Generator CH-2 DC offset until the measurement of Digital
Multimeter equals 4.000V, with three decimal digits, and then record the resulting
value of the control voltage V¢, in Volt with three decimal digits, in Table 4-4.

10.Using Theory and Background equations, calculate the value, in Volt with three
decimal digits, of the control voltage required to achieve the same average output
voltage, and report the result in Table 4-4.

11.Use the horizontal cursors to measure the values of ON time, Ton, and OFF time,
Totf, IN Micro seconds with two decimal digits, and report the results in Table 4-4.

12.Calculate the percent duty-cycle D = Ton / (Ton + Toff) X 100, with no decimal digits,
and report the value in Table 4-4.

13.Use the vertical cursors to measure the values of output voltage Vout,on and Vout,orr
during the ON time and OFF time, in Volt with at least two decimal digits, and report
the results in Table 4-4.

14.Calculate the average output power Poutav = D(Vou,on)?/Ro, in Watt with three
decimal digits, and report the result in Table 4-4.

15.Connect Digital Multimeter to TP76 to measure the average input current linav,
read the measurement in Volt (the current sensor on board has 1V/A gain), with
three decimal digits, and report the result in Table 4-4.

16.Use the vertical cursors to measure the average value of input voltage Vinav, in
Volt with three decimal digits, calculate the average input power Pinav = Vinav X
lin.av, iIn Watt with three decimal digits, and report the result in Table 4-4.

o

123

INTERNAL - NI CONFIDENTIAL



17.Calculate the percent efficiency 7 = Pout / Pin X 100, with one decimal digit, and
report the result Table 4-4.

18. Calculate the value of the load resistor current lo,on = Vout.on / Ro during the ON
time Ton, in Ampere with three decimal digits, and report the results in Table 4-4.

19. Calculate the on-state resistance of MOSFET Q1 (high side) Rds(on) = (Vin - Vout,on)
/ lo,on, in Ohm with no decimal digits, and report the result in Table 4-4.

20.Using Equation 1-6, calculate the power loss Pq1 of the MOSFET Q1 (high side),
in Watt with three decimal digits, and report the result in Table 4-4.

21.Repeat the steps 8-20 for all the values of output voltage Vou listed in Table 4-4.

22.Stop Power Supply, Function Generator, Digital Multimeter and Oscilloscope.

Table 4-4 Half-Bridge PWM operation.

Voutav [Q] 4 5 6
Ve [V]
V¢ [V] from Theory
Ton [s]
Torr [Hs]
duty-cycle [%]
Vout,ON [V]
Vout,OFF [V]
Pout,av [W]
linav [A]
Pin,av [W]
n (%]
|o,ON [A]
Q1 Rds(on) [Q]
Ql Ploss [VV]

4-1  Are the values of the control voltage you have set to achieve the desired output
voltage higher or lower than the calculated values?

A. higher
B. lower
C. other:

Please provide your comment:
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4-2  How does the efficiency change as the output voltage increases?

A. it increases
B. it decreases
C. other:

Please provide your comment:

Troubleshooting tips:
e If the MOSFET half-bridge does not work, verify the correct setup and connections
of jumpers and instruments, following the directions provided in Tables 4-1, 4-2
and 4-3, and restart the experiment.

5 Analyze

5-1 Graph the values of the voltage conversion ratio M = Vouav/Vin between the average
output voltage Voutav collected in Table 4-4 and the average input voltage Vin, as function
of the percent duty-cycle D:

A
Vout,AV

Vin

Y

D [%]

Figure 5-1 Voltage Conversion Ratio of the Half-Bridge as Function of Duty-Cycle.

5-2  Describe the trend of the conversion ratio M you observe, and discuss it based on
Theory and Background equations:

5-3 Graph the values of the % efficiency as function of the average output voltage Voutav
collected in Table 4-4:
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>

1 [%] 1

\

Vout [V]

Figure 5-2 Efficiency of the Half-Bridge as Function of Output Voltage.

5-4  Describe the trend of the efficiency you observe, and discuss it based on Theory
and Background equations:

5-5 Graph the values of the MOSFET on-state resistance Rdsn) as function of the power
loss Pioss collected in Table 4-4:

>

Rason) [©] 4

Y

Ploss [VV]

Figure 5-3 MOSFET On-State Resistance as function of power loss.

5-6  Describe the trend of the MOSFET on-state resistance you observe, and discuss
it based on Theory and Background equations:
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6 Conclusion

6-1 Summary

Write a summary of what you observed and learned about the operation of a PWM
MOSFET half-bridge, and the impact of the MOSFET on-state resistance on its overall
performances. Explain the limits of operation in terms of admissible ranges of values of
input and output voltage and current, considering the inherent properties of the half-
bridge, of the PWM modulator and of the MOSFETSs.

6-2 Expansion Activities

6-2-1. Investigate how the switching frequency influences the PWM operation, by means
of simulations and measurements.

e Simulations

a.

Set the source voltage Vi, at 7V and the PWM control voltage V. between
0 and Vipp.

Set the load resistance R, to 502, which is equal to the value of the load
resistance used on the Discrete Buck Section of the TI Power Electronics
Board for NI ELVIS III.

Set the frequency, amplitude and offset of the triangular carrier signal V:
at 100kHz, 1Vpp and 0.5V respectively.

Set the DC magnitude of the control signal V¢ at 0.5V.

Run the simulation, watch and record the average output voltage while
increasing the frequency of the triangular carrier signal in 100kHz steps,
up to 1MHz.

You should observe that the frequency does not influence the PWM
modulator and the average output voltage.

e Measurements

a.

INTERNAL - NI CONFIDENTIAL

Follow the instructions provided in Section 4.1 to setup the Discrete Buck
Section of the Tl Power Electronics Board for NI ELVIS IlI.

. Set the Power Supply voltage at 7V.
. Set the frequency, amplitude and offset of the Function Generator CH-1

(Vy) at 100kHz, 1Vpp and 0.5V respectively.

. Set the frequency, amplitude and offset of the Function Generator CH-2

(V¢) at 1Hz, OVpp and 0.5V respectively.
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e. Run the experiment, watch and record the average output voltage while

increasing the frequency of the Function Generator CH-1 in 100kHz steps,
up to 1MHz.
Due to delay times and other properties of the real PWM modulator and of
MOSFET gate drivers, you may observe a change in the average output
voltage as the frequency increases. Describe and discuss the differences
you observe between simulations and measurements

6-2-2. Run the Labl — Linear Regulator in Open-Loop DC Operation, and compare

the efficiency performance of a linear regulator to the efficiency performance of the
MOSFET half-bridge under similar input and output conditions. The MOSFET of in
the Discrete Linear Regulator is the same component used in the half-bridge of the
Discrete Buck Section.

Resources for learning more

This book provides the fundamentals of switching regulators:
S. Maniktala, Switching Power Supplies A - Z, Newness

Answer Key — Check Your Understanding Questions Only

E Check Your Understanding

1-1

1-2

1-3

1-4

1-5

1-6

B

A
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Lab Manual: Power Electronics
Using the Tl Power Electronics Board for NI ELVIS I
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Lab 6: Buck Regulator L-C Filter Operation

The goal of this lab is to investigate the L-C filter operation in a Buck regulator. In
particular, we analyze the behavior of the L-C filter subjected to the square-wave voltage
generated by a PWM modulated MOSFETS half-bridge. First, we review the function and
the principle of operation of the inductor and of the capacitor in the L-C filter of a buck
regulator, to predict the inductor current ripple and the output voltage ripple. Then, we
simulate a buck regulator comprised of a MOSFET half-bridge, a PWM modulator, an L-
C filter and a load resistor, to verify the consistency of theoretical predictions under
different operating conditions. Finally, we perform lab experiments to measure the
average output voltage, current and voltage ripple, and efficiency of a buck regulator in
open loop operation, and to estimate the parameters of the L-C filter.

P

-@{ ) . e
| . =
= -k

it
.

Figure 1-1 Buck Regulator with L-C Filter

Learning Objectives

After completing this lab, you should be able to complete the following activities.

1. Given a PWM modulated MOSFET half-bridge, an L-C filter, a source voltage, and a
load resistance, you will calculate the peak-peak amplitude of inductor ripple current
and output ripple voltage, and the converter efficiency, with specified units and
accuracy, by applying the appropriate theoretical equations.

2. Given a PWM modulated MOSFET half-bridge, an L-C filter, a source voltage, and a
load resistance, you will simulate the L-C filter behavior to verify the consistency of
theoretical predictions, by comparing the simulated and the calculated output voltage
under the same operating conditions.

3. Given a real PWM modulated MOSFET half-bridge, an L-C filter, a source voltage, a
load resistance, and a two channel function generator, you will measure the converter
efficiency and the peak-peak amplitude of inductor ripple current and output ripple
voltage, and you will determine the parameters of the inductor and of the capacitor,
with specified units and accuracy.
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Required Tools and Technology

Platform: NI ELVIS IlI v' Access Instruments
Instruments used in this lab: https://measurementslive.ni.com/
e Function generator v" View User Manual
e Digital multimeter http://www.ni.com/en-
e Oscilloscope us/support/model.ni-elvis-iii.html
e Power Supply v View Tutorials
https://www.youtube.com/watch?v=

Note: The NI ELVIS Il Cables and TwvbRUpEpJU&list=PLvcPluVaUMI

Accessories Kit (purchased separately) Wm8ziaSxvOgwtshBA2dh_M

is required for using the instruments.

Hardware: TI Power Electronics Board ¥ View User Manual
http://www.ni.com/en-
us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.ntml

Software: NI Multisim Live v' Access
https://www.multisim.com/

v" View Tutorial
https://www.multisim.com/get-started/

Software: TI Power Electronics v" Download (Windows OS Only)

Configuration Utility http://download.ni.com/support/acad

cw/PowerElectronics/TIPowerElectr
onicsBoardUtility-Windows.zip
Note: Mac Version will be available
soon
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Expected Deliverables

In this lab, you will collect the following deliverables:

v
v
v

v
v

Calculations based on equations provided in the Theory and Background Section
Results of circuit simulations performed by NI Multisim Live

Results of experiments performed by means of TI Power Electronics Board for NI
ELVIS I

Observations and comparisons on simulations and experimental results
Questions Answers

Your instructor may expect you to complete a lab report. Refer to your instructor for
specific requirements or templates.
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1 Theory and Background

1-1 Introduction

In this section, we review the fundamental concepts relevant to the operation of the L-C
filter in a Buck regulator. The L-C filter is an important functional element of DC-DC
voltage regulators, as it integrates energy transfer and noise filtering features.

1-2 Ideal L-C filter operation in the Buck Regulator.

Figure 1-2 shows a MOSFETSs half-bridge controlled by a Pulse Width Modulation (PWM)
comparator. The carrier signal V,, and the control signal V. determine the status of the
PWM comparator output. During the time Ton we have V; < V. and the PWM comparator
output is high. Therefore, the Gate Driver sets gate signals G1 and G2 respectively high
and low, thus Q1 conducts and Q2 is open. During the time T we have V: > V. and the
PWM comparator output is low. Therefore, the Gate Driver sets gate signals G1 and G2
respectively low and high, thus Q1 is open and Q2 conducts. This results in the square-
wave half-bridge output voltage Vout sShown in Figure 1-2. The switching frequency fs =
1/Ts is determined by the period Ts of the triangular signal V..

fol

\
ol
N
|
1

- Gate Driver

Figure 1-2. Buck Regulator L-C Filter Operation.

The typical waveforms of output voltage and the inductor current of buck regulator in open
loop DC operation are shown in Figure 1-2. The peak-peak amplitude of the output
voltage AC component AVoutpp, defined as output ripple voltage, is normally very small
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compared to the average DC component Vout (typically, AVoutpp iS about 1% of Vout), and
the output voltage waveform is almost flat. The average DC component I_ of the inductor
current equals the average load current lout = Vout / Ro, as the DC current of the output
capacitor is zero. The voltage Vsw Of the half-bridge is a square wave, switching between
Vin during the MOSFET Q1 on time Ton and zero during the MOSFET Q1 off time To (See
Lab5 for more details about half-bridge PWM operation). As a consequence, the inductor
voltage is a square wave too, switching between Vin - Vout and - Vout. The resulting AC
component of the inductor current, defined as inductor ripple current, is the triangular
waveform with peak-peak amplitude Ai.pp shown in Figure 1-2. The capacitor bypasses
the inductor ripple 4i.pp. Due to the low pass nature of the L-C filter, the DC average value
Vout Of the capacitor voltage equals the average value of the half-bridge square-wave
voltage, Vout = Vsw,oc = VinxD, where D is the duty-cycle of the half-bridge, defined as D =
Ton / (Ton + Torf) = Vou/Vin (see Lab5). The resulting theoretical peak-peak amplitudes of
inductor ripple current and output ripple voltage are given by Equations 1-1:

Equations 1-1 Ai — D(\/ln _Vout) — Vout (\/in _Vout) AV _ AIL,pp

=P fL Vv, fL oueP T gf C

where fs is the switching frequency, L is the inductance of the inductor and C is the
capacitance of the capacitor. The peak-peak amplitude of inductor ripple current Ai pp is
normally comparable to the DC component I, (typically, it is about 50% of I.). Equations
1-1 and 1-2 show that:

a. given the switching frequency fs, the DC input voltage Vin and the DC output
voltage Vin, the peak-peak amplitude of the inductor ripple current Ai_pp is bigger if
the inductance L is smaller;

b. given the switching frequency fs and the inductor ripple current Ai_pp, the peak-
peak amplitude of the capacitor ripple voltage Avoupp iS bigger if the capacitance
C is smaller;

c. given the DC input voltage Vin, the DC output voltage Vin, the inductance L and the
capacitance C, the peak-peak amplitude of inductor ripple current Ai_pp and
capacitor ripple voltage Avout,pp is smaller if the switching frequency is higher.

From Equations 1-1 we can derive the values of the inductance L and capacitance C needed
to obtain a desired inductor ripple current Aipp and capacitor ripple voltage Avoupp, given the
DC input voltage Vin, the DC output voltage Vin and the switching frequency fs:

Vout (Vin _Vout) C= AiL,PP

V. fAi CBLAV,,

in's="L,pp

Equations 1-2
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1-3 Effects of MOSFET, inductor and capacitor resistance.

Real MOSFETS, inductors and capacitors have a parasitic resistance, causing power
losses and influencing the inductor ripple current and capacitor ripple voltage. The ohmic
power losses of MOSFET, inductor and capacitor are given by Equations 1-3:

Equations 1-3 Po: = Rgon DI’ Py, = RE%,,(@-D)l’e; P =R e P, =R, AI—Ep'[’; a= [1+ Alfps J
12 1217

where R(?Sl(on) and R(?S%on) are the On-State resistances of MOSFETs Q: and Q: (see

Lab5), while RL and Rc are the inductor and capacitor resistances. The theoretical value

of ripple current Ai.pp given by Equations 1-1 can be used in Equations 1-3 to estimate

power losses. The resulting efficiency 7 of the buck regulator is given by Equation 1-4:

I Pou V02u
Equatlons 1-4 n= P +;3 ; Pout = R_t Ploss = PQl + PQZ + I:)L + PC

out loss o

The values of AiLpp and Avoutpp including the effects of losses are given by:

) . Vout (Vin _Vout - (R(?sl(on) + RL)Iout)
Equation 1-5 A, = N TL

in's

1-4 Ripple voltage of ceramic and electrolytic capacitors.

Given the inductor ripple current, the output ripple voltage is determined by the
characteristics of the capacitor. Figure 1-3 shows the typical waveforms of ripple voltage
generated by ceramic and electrolytic capacitors, the two types of capacitors majorly used
in switching regulators applications.

Figure 1-3. Output Ripple Voltage Waveforms for (a) Ceramic Capacitor, (b) Electrolytic Capacitor, (c) Electrolytic
Capacitor with Effect of Parasitic Inductance.

The ripple voltage of ceramic capacitors is mainly determined by their capacitance (Figure 1-
3(a)). The ripple voltage of electrolytic capacitors is mainly determined by their resistance
(Figure 1-3(b)), and is influenced by their parasitic inductance L, which generates an additional
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square-wave ripple AVouw.c (Figure 1-3(c)). The simplified Equations 1-6 can be used to
calculate the amplitude of peak-peak ripple voltage of ceramic and electrolytic capacitors:

Al p, . . 1
— ceramic capacitors R: =
Equations 1.6 AV 8f.C 27f,C
quations 1- uton =
s L ectrolvi . , 1
AV, re T AV = RAI , + rvin electrolytic capacitors | R; * 221.C

A more general formula of output ripple voltage can be derived for other types of
capacitors having a resistance Rc comparable to the reactance 1/(2xfsC).

1-5 MOSFETSs switching losses.

The MOSFETs Q1 and Q- of the half-bridge generate switching losses during their on-off

and off-on commutations, given by Equation 1-7:

E ti 1 7P ~ %(Vin +VF )fs(lvltsw,on +katsw,0ff) IvI > O ~ 0 Ivl 2 0
e e %(Vin +VF )fslpktsw,off Iv| <0 s %(Vin +VF )fs |Ivl|tsw,0ff Ivl <0

where |y = I.-AiLpp/2 and lv = I.+A4iLpp/2, VF is the forward voltage of MOSFETS body diodes,
tsw,on and tsworf are the times the MOSFET needs to turn on and turn off, respectively,. The
MOSFET tsw,on and tsw,of times depend on MOSFET parasitic capacitances, gate-to-source
voltage threshold Vi, transconductance coefficient 3 (see Lab1) and gate driver voltage Var.
The switching losses Pg1sw can be added to the losses in Equation 1-5 to obtain a more
accurate estimation of efficiency. The switching losses are important if the MOSFETS tsw,on
and tsw,off Switching times are long (this happens in MOSFETSs with current ratings in the
range of tens of Ampeére, which are characterized by big parasitic capacitances) and if the
switching frequency is high (this happens in buck regulators operating in the range of tens
to hundreds milli Ampere, where the switching frequency can be high in the MHz range).

1-6 Inductor core losses.

Inductors are composed of a copper wire coil wounded around a magnetic core. The copper
coil determines the resistance R. of the inductor, which causes ohmic losses. The magnetic
core also generates power loss, which is modeled by the Steinmetz Equation 1-8:

Equation 1-8 P = K_f*Ai¥Y

L,core fe's L.pp

where the parameters Kre, X and y depend on the material, shape and size of the magnetic
core. The inductor core loss can influence the converter efficiency for high switching
frequency and high ripple operating conditions.
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Check Your Understanding
o

Note: The following questions are meant to help you self-assess your understanding so far. You
can view the answer key for all “Check your Understanding” questions at the end of the lab.

1-1 What parameter determines the inductor ripple current in the buck regulator?
A. the capacitance
B. the inductance
C. the average output current

1-2 What parameter determines the output ripple voltage in the buck regulator?
A. the average output voltage
B. the inductance
C. the capacitance

1-3 What is the effect on the inductor ripple current and output ripple voltage in the buck
regulator determined by an increase of the switching frequency?
A. both ripples increase
B. both ripples decrease
C. the inductor ripple current increases and the output capacitor voltage decreases

1-4 What is the effect of a higher inductor resistance on the buck converter efficiency?
A. the efficiency increases
B. the efficiency decreases
C. there is no effect

1-5 Does the resistance of the capacitor influence the amplitude of the inductor ripple current?
A. yes
B. it depends on the average output voltage
C. no

1-6 What parameter does majorly influence the amplitude of output voltage ripple if an
electrolytic capacitor is used?
A. the switching frequency
B. the resistance of the capacitor
C. the load current
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2 Exercise

TI's CSD15380F3 (http://www.ti.com/lit/ds/symlink/csd15380f3.pdf) MOSFET is used for
Q1 and Q2 in the Discrete Buck Section of the Tl Power Electronics Board for NI ELVIS
lll. The MOSFET has the following nominal parameters: Vin = 1.1V, = 0.24A/V?, ] =
0.02V-t. The MOSFET is also characterized by the following parameters under the
operating conditions determined by the setup of the Discrete Buck Section of the TI
Power Electronics Board for NI ELVIS llI: Ras(on) = 1.2€2, tsw,on = 0.2nS, tswoff =0.3ns. The
inductor can be set with the following two options: (a) L=15uH, R.=140mQ, (b) L=48uH,
RL=400mQ, and the capacitor can be set with the following two options: (a) C=100pF,
Rc=55mQ, (b) C=10uF, Rc=5mQ.

2-1 Assuming Vin= 7V, Vou= 5.0V, fs = 200kHz, and selecting option (b) for the inductor setup
and option (b) for the capacitor setup, use the equations provided in the Theory and
Background section to calculate:

e the average inductor ripple current, in milli Ampere with one decimal digit:
IL=

e the peak-peak amplitude of the ideal inductor ripple current, in milli Ampere with
one decimal digit: AiL pp(ideal) =

e the peak-peak amplitude of the ideal output ripple voltage, in milli Volt with one
decimal digit: Ao pp(ideal) =

2-2 Using the results of ripple calculations from 2-1 and equations provided in the Theory
and Background section, calculate the power loss of MOSFETs Q1 and Q3, inductor and
capacitor, in milli Watt with three decimal digits, and report the results in Table 2-1:

Table 1-1 Power losses of MOSFETS, inductor and capacitor of Buck Regulator in DC Operation.

MOSFET Q;
ohmic loss

MOSFET Q1
switching loss

MOSFET Q;
ohmic loss

MOSFET Q-
switching loss

inductor
ohmic loss

capacitor
ohmic loss

loss [mMW]

2-3 Using the results obtained from previous point 2-1, and the equations provided in the
Theory and Background section, calculate the efficiency 7= Pout / (Pout+Pioss), with three
decimal digits, the peak-peak inductor ripple current and the average input current lin =
Pin/Vin = (Pout+Ploss) / Vin, in milli Ampére with one decimal digit:

n= AL pp(real) =

lin =
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3 Simulate

The goal of the simulations in this section is to analyze the operation of the L-C filter of a
Buck Regulator under DC open loop conditions. You will verify the consistency of the
perk-peak amplitude of inductor ripple current and output ripple voltage and of efficiency
calculated in the Exercise Section. You will also observe the inductor current and output
voltage waveforms under different operating conditions.

3-1 Instructions

1. Open Lab6 — Buck Regulator L-C Filter Operation from this file path:
https://www.multisim.com/content/bdUiT8S52XAVbZkFwhgY44/1lab

-6-buck-regulator-1l-c-filter—-operation/.

The circuit schematic for

the analysis of the Buck Regulator L-C filter operation is shown in Figure 3-1.

.................

-
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Figure 3-1. Multisim Live Circuit Schematic for the Analysis of Buck Regulator L-C Filter.

The L-C filter is configurable by means of switches SL1, SC1 and SC2 as follows:
L =L; =15puH, RL = Ru1 = 140mQ;
L = Li+L2 = 48pH, RL = Rii+R2 = 400mQ;

INTERNAL - NI CONFIDENTIAL

SL2 closed:
SL2 open:
SC1 closed, SC2 open: C =Cy; = 10pyF, R¢c = Rc1 = 5mQ;
SC2 closed, SC1 open: C = Cz = 100pF, Rc = Rc2 = 55mQ.
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[Notes: 1) the input capacitors Cini and Cinz are normally included in buck
regulators to obtain an input current liy with a small amplitude ripple; 2) the model
of capacitor Cz includes a parasitic inductance Lc: initially set at OH].

2. SetSL2tobe OPEN, SC1 to be CLOSED, SC2 to be OPEN and SCin2 to be CLOSED.

Select Interactive simulation and Split visualization options.

4. Check the Periodic option box for voltage probe Vout and current probes i. and lin
in Measurement labels menu.

5. Set the simulation circuit parameters as follows:
e Vin:DC_mag=7.0V,;
e Vi VA=1V, Per=5ps, TF = 2.5us, Offset 0V;
e Ro 500
e V. DC_mag=745mV

6. Run the simulation and wait until it ends.

7. Read the average value Vav displayed by the output voltage probe Vou, in Volt with
four decimal digits, and report the result in Table 3-1.

8. Read the peak-peak value Vpp displayed by the output voltage probe Vout, in milli
Volt with one decimal digit, and report the result in Table 3-1.

9. Read the average value lav displayed by the inductor current probe i, in milli
Ampere with one decimal digit, and report the result in Table 3-1.

10.Read the peak-peak value lpp displayed by the inductor current probe i., in milli
Ampére with one decimal digit, and report the result in Table 3-1.

11.Read the average value lay displayed by the input current probe lin, in milli Ampére
with one decimal digit, and report the result in Table 3-1.

12.Calculate the efficiency n = (Voutlout) / (Vinlin), with three decimal digits, and report
the result in Table 3-1.

13.Import in Table 3-1 the values of Vout, AVout,pp, lout, AiLpp, lin @and 7 obtained in the
Exercise calculations

w

Table 3-1 L-C filter operation and converter efficiency with L = 48puH, RL = 400m«2, C = 10pF, Rc = 5mQ.

Vout
[V]

AVout,pp
[mV]

IL = lout

[mA]

AiL,pp
[MA]

|in

[mA]

from simulations

from calculations

14. Enter the simulation results from Table 3-1 in the first row of Table 3-2.
15.Re-run the simulation using the switch setups listed in Table 3-2, and report the
I‘eSU|ting Va|ueS Of Vout, AVout,pp, Iout, AiL,pp,, Iin and 77
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Table 3-2 L-C filter operation and converter efficiency under different filter setup.

Vout AVout pp IL= IOut AlL pp lin n
SL2 | SC1 | SC2 ’ '
[Vl [mV] [mA] [MA] [mA]
(@) | open |closed| open | 5.0084 | 8.8 100.3 | 140.4 | 746 | 0.962
(b) |closed|closed| open | 5.0570 | 28.0 101.1 | 445.6 78.5 | 0.930
(c) | open | open [closed| 5.0072 | 7.8 101.2 | 1403 | 75.3 | 0.961
(d) |closed| open |closed| 5.0560 | 25.0 102.2 | 444.4 | 79.3 0.930
3-1 Do the simulations match the calculations in Table 3-17?
A. yes
B. no
Please provide your comments:
3-2 Is the peak-peak amplitude of the output ripple voltage small compared to the
average output voltage?
A. yes
B. no
why?
3-3  What switch setup determines the smallest peak-peak amplitude of inductor ripple

current in Table 3-2?

(@ O
() O
(o 0O
(d O
why?
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3-3  What switch setup determines the biggest peak-peak amplitude of output ripple
voltage in Table 3-27?

(@ O
(b)y O
(¢ O
(d O
why?

Troubleshooting tips:

e If the simulation does not converge and you get some error message, reload
Lab6 — Buck Regulator L-C Filter Operation from this file path
https://www.multisim.com/content/sRY9ZW7saFpr4MKWu2a5A5/1ab
-5-buck-regulator-half-bridge-pwm-operation/ and restart the
simulation following the instructions.

4 Implement

The experiments in this section allow you to observe the behavior of the L-C filter of a buck
regulator in steady-state operation. You will measure the peak-peak amplitudes of inductor
ripple current and output ripple voltage, under different conditions. Then, you will use the
measurements to estimate the inductance of the inductor, and the capacitance, the
resistance and the parasitic inductance of capacitors. Finally, you will measure the
efficiency of the buck regulator. The Discrete Buck Section of the TI Power Electronics
Board for NI ELVIS 11l shown in Figure 4-1 will be used to perform the experiments. [Note:
The max input voltage Vin is 12V]. A 50Q resistance R, can be connected to the output of
the L-C filter by means of the Jumper J16. The TI's CSD15380F3 half-bridge MOSFETs
are characterized by a typical 1.2Q2 on-state resistance at 4.5V gate-to-source voltage. The
PWM modulator uses a TI's TLV7011DPWR comparator, and the half-bridge MOSFET
gate driveris a TI's TPS51601ADRBR. The links to the datasheets are available below:

e CSD15380F3 MOSFET: (http://www.ti.com/lit/ds/symlink/csd15380f3.pdf)
e TLV7011DPWR COMPARATOR: (http://www.ti.com/lit/ds/symlink/tlv7011.pdf)
e TPS51601ADRBR GATE DRIVER: (http://www.ti.com/lit/ds/symlink/tps51601a.pdf).

The L-C filter is configurable by means of jumpers J39 and J12 as follows:

e J39 closed: L = 15puH, RL = 140mQ;
e J39 open: L = 48pH, RL = 400mQ;
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e J12 shorting TP161-TP159: C = 10pF, Rc = 5mQ (ceramic capacitor);
e J12 shorting TP161-TP160: C = 100uF, Rc = 55mQ (electrolytic capacitor).

Discrete Buck Section

mDiscrete Buck ’ ‘ @ tegrated Linear

T

=
=

TP87 TP82 TP78
J37‘ = .
g0 TPEI

TP100 TP98 TP95
]

Figure 4-1. TI Power Electronics Board for NI ELVIS Il - Discrete Buck Section Used for the Analysis of Buck
Regulator L-C Filter Operation.

The board uses a current sensing transformer and a resistor (T7 and R87 shown in Figure
4-1) to sense the inductor ripple current. The transformer generates a voltage test point
TP82, that can be measured by means of a voltage probe. As the voltage-to-current
transconductance of the sensing transformer is 0.5, dividing the voltage measured at test
point TP82 by 2 provides the peak-peak amplitude of the inductor ripple current Aipp.
[Note: the parameters provided in the following instructions for instruments setup may require
some_adjustment due to thermal effects and tolerances of Tl Power Electronics Board

comgonentsl

4-1General Instructions
1. Open Power Supply, Function Generator, Oscilloscope and Digital Multimeter
using Measurements Live. For help on launching instruments, refer to this help
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document: http://www.ni.com/documentation/en/ni-elvis-
iii/latest/getting-started/launching-soft-front-panels/

2. Open the User Manual of Tl Power Electronics Board for NI ELVIS 1l from this
file path: http://www.ni.com/en-us/support/model .ti-power-
electronics-board-for-ni-elvis-iii.html

3. Read the User Manual sections Description, Warnings and Recommendations
regarding Discrete Buck Section.

4. Open the Tl Top Board RT Configuration Utility of TI Power Electronics Board for
NI ELVIS Il (See Required Tools and Technology section for download
instructions), and select Lab6 — Buck Regulator L-C Filter Operation.

4-2Experiment 1 Instructions
1. Configure the jumpers of the board as indicated in Table 4-2-1.
2. Connect and configure the instruments as indicated in Tables 4-2-2 and 4-2-3.

Table 4-2-1 Jumpers setup

J11 J12 J16 J33 J37 J38
short TP156-TP153 | short TP160-TP161 | short TP155-TP157 | short 2-3 | short 1-2 short
J39 J41 J42 Ja4 J46 Ja7 J48
open short short short short 2-3 short open

Table 4-2-2 Instruments Connections

Power Supply connect to red and black banana connectors

connect CH-1 to TP83 (Vin), connect CH-2 to TP86 (Vou)

Oscilloscope connect CH-3 to TP87 (Vsw), connect CH-4 to TP82 (1)

connect CH-1 to FGEN1 BNC connector (—»TP94 = PWM comparator V,)

Function Generator connect CH-2 to FGEN2 BNC connector (—TP96 = PWM comparator V)

connect Voltage input to TP86 (Vou), TP82 (IL) or TP76 (lin), as per

Digital Multimeter i structions

Table 4-2-3 Instruments Configuration and setup

Power Supply Channel “+”; Static, 7.00V, Channel ““ Inactive

Trigger: Analog Edge, | Horizontal: Acquisition: Measurements:

CH-3, set to 50% 2us/div average show
Oscilloscope Channel 1: ON Channel 2: ON | Channel 3: ON Channel 4: ON

e DC coupling e DC coupling | e DC coupling e DC coupling

e 1V/div e 10mV/div e 1V/div e 100mV/div

o Offset -4V o Offset -5.0V o Offset -4V offset OV

Function Generator

Channel 1: Triangle, Frequency 200kHz, Amplitude 1Vpp, DC offset 0.5V
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Channel 2: Sine, Frequency 1Hz, Amplitude OVpp, DC offset 855mV

Digital Multimeter Measurement mode: DC voltage; Range: Automatic

3. Using the Oscilloscope cursors in Manual Mode:

e measure the peak-peak amplitude of the output ripple voltage Avoutpp 0N CH-2, in
milli Volt with one decimal digit of accuracy, and report the result in Table 4-2-4
[Notes: 1) if the ripple voltage waveform is as shown in Figure 1-3(c), measure
the amplitude of the steep front Avou,c and the amplitude of the rising ramp
portion Avoutre Separately; 2) neglect the high-frequency noise, and measure the
peak-peak amplitude of the ripple voltage waveforms as shown in Figure 1-3];

e measure the peak-peak amplitude of the inductor ripple current Ai_pp on CH-4, in milli
Ampere with one decimal digit of accuracy, and report the result in Table 4-2-4.

4. Connect Digital Multimeter to TP79, measure the average output current loyt, in milli
Ampére with one decimal digit of accuracy, and report the result in Table 4-2-4;

5. Connect Digital Multimeter to TP76, measure the average input current lin, in milli
Ampére with one decimal digit of accuracy, and report the result in Table 4-2-4;

6. Calculate the efficiency 7 = (Voutlout)/(Vinlin), with three decimal digits, and report
the result in Table 4-2-4.

7. Calculate the inductance of the inductor L=Vout(Vin-Vout-(RdsontRL)lout)/ (7VinfsAiL pp),
in micro Henry with three decimal digits, and report the result in Table 4-2-4;

8. If the ripple voltage waveform looks like in Figure 1-3(a), calculate the capacitance
of the capacitor C=AiL pp/(8fsAVout,pp), iIN Micro Farad with three decimal digits, and
report the result in Table 4-2-4.

9. If the ripple voltage waveform looks like in Figure 1-3(b), calculate the resistance
of the capacitor Rc=4Vout,pp/AiL,pp, iIn Milli Ohm with no decimal digits, and report
the result in Table 4-2-4.

10.1If the ripple voltage waveform looks like in Figure 1-3(c), calculate the parasitic
inductance of the capacitor Lc=LAVout,Lc /Vin, in Nnano Henry with no decimal digits,
and the resistance of the capacitor Rc=AVout,re /i pp, in Milli Ohm with no decimal
digits, where L is the inductance of the inductor from step 7, and report the results
in Table 4-2-4.

11.Stop Power Supply, Function Generator, Digital Multimeter and Oscilloscope.

12.Repeat the steps 3-14 for all the jumpers setups listed in Table 4-2-4.
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Table 4-2-4 L-C filter operation and converter efficiency under different filter setup.

J12 J39 AiL,pp AVout,ppﬁvout,LcAVout,Rc L C Rc Lc
T Al [ mV] | mV] | ImV] | [uH] | [ | Q] | [nH]
(@) short open
TP159-TP161
b short
O) 5150 Tp161| closed
[ short
()TP160—TP161 open
d short
D 160-TP161| closed

4-2-1 Are the values of inductance L of the inductor determined from experimental
measurements close to the nominal values?

A.
B.
C.

Please provide your comments:

yes
no
other:

4-2-2 Is the shape of the output ripple voltage the same for the two capacitors?

A.
B.
C.

Please provide your comments:

yes
no
other:

4-2-3 Given an inductor setup, what is the capacitor determining the biggest peak-peak
amplitude of the output ripple voltage?

A.
B.
C.

Please provide your comments:

the 10uF capacitor
the 100uF capacitor

other:
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4-2-4 For what capacitor did you observe the shape of the output ripple voltage waveform
showing the effect of parasitic inductance?

A. the 10uF capacitor
B. the 100uF capacitor
C. other:

Please provide your comments:

4-2-5 Does the parasitic inductance of the capacitor change with the setup of the main

inductor?

A. yes
B. no

C. other:

Please provide your comments:

4-3Experiment 2 Instructions
1. Configure the jumpers of the board as indicated in Table 4-3-1.

Table 4-3-1 Jumpers setup

J11 J12 J16 J33 J37 J38
short short short short 2-3 | short 1-2 | short
TP156-TP153 | TP159-TP161 | TP155-TP157
J39 Jal J42 J44 J46 Ja7 J48
short short short short short 2-3 short open

2. Connect and configure the instruments as indicated in Tables 4-3-2 and 4-3-3.

Table 4-3-2 Instruments Connections

Power Supply

connect to red and black banana connectors

Oscilloscope

connect CH-1 to TP83 (Vin), connect CH-2 to TP86 (Vou)
connect CH-3 to TP87 (Vsw), connect CH-4 to TP79 (1)

Function Generator

connect CH-1 to FGEN1 BNC connector (—TP94 = PWM compatrator V)
connect CH-2 to FGEN2 BNC connector (-»TP96 = PWM comparator V)

Digital Multimeter

connect Voltage input to TP86 (Vou)
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Table 4-3-3 Instruments Configuration and setup

Power Supply

Channel “+”: Static, 7.00V, Channel “-* Inactive

Trigger: Analog Edge, | Horizontal: Acquisition: Measurements:

CH-3, set to 50% 2us/div average show
Oscilloscope Channel 1: ON Channel 2: ON | Channel 3: ON Channel 4: ON

e DC coupling e DC coupling | e DC coupling e DC coupling

e 1V/div e 1V/div e 1V/div e 500mV/div

o oOffset -4V o offset -4V o oOffset -4V offset OV

Function Generator

Channel 1: Triangle, Frequency 200kHz, Amplitude 6.0Vpp, DC offset 3.0V
Channel 2: Sine, Frequency 1Hz, Amplitude 0Vpp, DC offset 1.0V

Digital Multimeter

Measurement mode: DC voltage; Range: Automatic

3.
4.
5.

~

Set the Function Generator CH-2 DC offset to 1.0V (PWM control voltage V).
Run Oscilloscope, Digital Multimeter, Function Generator and Power Supply.
Read the Digital Multimeter measurement of output voltage Vou, in Volt with three
decimal digit of accuracy, and report the result in Table 4-3-4.

Repeat step5, setting the Function Generator CH-2 DC offset to the values of the PWM
control voltage V. listed in Table Table 4-3-4, and report the results in Table 4-3-4.
Stop Power Supply, Function Generator, Digital Multimeter and Oscilloscope.

Using the equations provided in Theory and Background Section, calculate the
duty-cycle D, with tree decimal digits of accuracy, the theoretical output voltage
Vout, IN VoIt with three decimal digits of accuracy, for each value of the PWM control
voltage V¢, and report the results in Table 4-3-4.

Table 4-3-4 Output Voltage of Buck Regulator under Different Duty-Cycle Conditions.

1.0 1.5 2.0 2.5 30 | 35| 40 | 45 | 50

Ve[V]

D

Vout [V] (measured)

Vout [V] (calculated)

4-3-1 Are the measurements and calculations trends consistent?

A. yes
B. no
C. other:

Please provide your comments:
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4-3-2 Are the measured values of average output voltage greater or lower than the
calculated values?

A. greater
B. lower
C. other:

Please provide your comments:

Troubleshooting tips:
e If the regulator does not work, verify the correct setup and connections of jumpers
and instruments, following the directions provided in Tables 4-1, 4-2 and 4-3, and
restart the experiment.

5 Analyze
5-1 Using the results collected in Table 4-2-4, analyze the values of efficiency versus

peak-peak amplitude of inductor ripple current, and discuss the correlation among
these values based on Theory and Background equations:

5-2  Using the results collected in Table 4-3-4, graph the values of voltage conversion
ratio M = Vou/Vin, as function of the duty-cycle D, comparing measurements and
calculations:

N
>

D

Figure 5-1 Voltage Conversion Ratio of Buck Regulator as Function of Duty-Cycle.
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5-3 Discuss the differences between calculated and measured data, based on Theory
and Background equations:

6 Conclusion

6-1 Summary

Write a summary of what you observed and learned about the buck regulator L-C filter
operation, discussing the impact of the inductor an capacitor parameters on the peak-
peak amplitude of inductor ripple current and output ripple voltage, and on the buck
regulator efficiency.

6-2 Expansion Activities

6-2-1. Investigate the influence of switching frequency on L-C filter operation, by means
of Tl Power Electronics Board for NI ELVIS 1l of Figure 4-1.
a. Use the same connections and configurations indicated in Tables 4-1 and 4-2.
b. Use the jumpers configuration adopted for test (d) of Table 4-4.
c. Set the Frequency of Function Generator CH-1 at 250kHz.
d. Run Oscilloscope, Function Generator and Power Supply.
e. Using the Oscilloscope cursors in Manual Mode:
e measure the peak-peak amplitude of the inductor ripple current Ai_pp on CH-4, in
milli Ampére with one decimal digit of accuracy, and report the result in Table 6-1;

e measure the peak-peak amplitude of the output ripple voltage Avoutpp 0N CH-2, in
milli Volt with one decimal digit of accuracy, and report the result in Table 6-1.

f. Repeat step e. for all the values of the Frequency of Function Generator CH-1
listed in Table 6-1.
g. Stop Power Supply, Function Generator and Oscilloscope.

Table 6-1 Peak-peak amplitude of inductor ripple current and output ripple voltage versus the switching frequency

f [kHz] 250 300 350 400 450 500
AiL,pp [mA]
AVout,pp [mV]
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6-1 Analyze the values of peak-peak amplitude of inductor ripple current and output
ripple voltage as the switching frequency increases and discuss them based on
Theory and Background equations:

6-2-2. Investigate the influence of input voltage on L-C filter operation, by means of Tl
Power Electronics Board for NI ELVIS Il of Figure 4-1.
a. Use the same connections and configurations indicated in Tables 4-2-1 and 4-2-2.
b. Use the jumpers configuration adopted for test (c) of Table 4-2-4.
c. Set the voltage of Power Supply at 6.0V.
d. Run Oscilloscope, Function Generator and Power Supply.
e. Using the Oscilloscope cursors in Manual Mode:
e measure the peak-peak amplitude of the inductor ripple current Ai_p, on CH-4, in
milli Ampére with one decimal digit of accuracy, and report the result in Table 6-2;

e measure the peak-peak amplitude of the output ripple voltage Avoutpp 0N CH-2, in
milli Volt with one decimal digit of accuracy, and report the result in Table 6-2.

f. Repeat step e. for all the values of the Power Supply voltage listed in Table 6-2.
g. Stop Power Supply, Function Generator and Oscilloscope.

Table 6-2 Peak-peak amplitude of inductor ripple current and output ripple voltage versus the input voltage

Vin [V] 6.0 6.5 7.0 7.5 8.0 8.5
AiL,pp [mA]
AVout,pp [mV]

6-2 Analyze the values of peak-peak amplitude of inductor ripple current and output
ripple voltage as the input voltage increases and discuss them based on Theory
and Background equations:

6-2-3. Verify the influence of parasitic inductance on the output ripple voltage waveform
and peak-peak amplitude, using the Multisim Simulation Schematic of Figure 3-1.
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O

d.

. Follow the simulation instructions provided in Section 3-1.
. Before running the simulation, set the switches SL2, SC1 and SC2

corresponding to filter configuration (c) or (d) of Table 4-4, and set the value of
the inductance LC2 in series to the capacitor C2 equal to the corresponding
value L. recorded in Table 4-4.

Run the simulation, and measure the peak-peak amplitude or output ripple
voltage using the Grapher cursor on the output voltage trace

Compare the result with the corresponding measured value recorded in Table 4-4.

Resources for learning more
This book provides the fundamentals of switching regulators:

S.

Maniktala, Switching Power Supplies A - Z, Newness

Answer Key — Check Your Understanding Questions Only

E Check Your Understanding

1-1

1-2

1-3

1-4

1-5

1-6

B

C
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Lab Manual: Power Electronics
Using the Tl Power Electronics Board for NI ELVIS I

cs Board

\
er Electron!
_\‘;r\p:s ?\:‘iomf\eac\\! power

Lab 7: Buck Regulator

In Discontinuous Mode Operation
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Lab 7: Buck Regulator in Discontinuous Mode
Operation

The goal of this lab is to investigate the discontinuous mode operation of Buck regulator.
In particular, we analyze the influence of inductance, load current and switching frequency
on the steady-state behavior of the buck regulator, when the half-bridge uses a MOSFET
and a diode. First, we review the principle of operation of the buck regulator in
discontinuous mode operation, and determine the amplitude of inductor ripple current and
source-to-output conversion ratio. Next, we simulate the buck regulator, to verify the
impact of parameters on discontinuous mode operation. Finally, we perform lab
experiments on a real buck converter to observe the current and voltage waveforms in
discontinuous mode, and calculate the voltage conversion ratio.

s

g . e

Gate Driver

Ik
_.H._
—
ANA—

<

OMRO)

p

Figure 1-1 Buck Regulator with MOSFET-Diode Half-Bridge
Learning Objectives

After completing this lab, you should be able to complete the following activities.

1. Given a buck regulator implemented with a MOSFET-diode half-bridge, you will calculate
the peak-peak amplitude of inductor ripple current, with specified units and decimal digit
accuracy, and determine the discontinuous mode operation, by applying the appropriate
theoretical equations.

2. Given a buck regulator implemented with a MOSFET-diode half-bridge, you will
simulate the regulator to verify the impact of inductance on discontinuous mode
operation, and verify the consistency of theoretical predictions.

3. Given a real buck regulator implemented with a MOSFET-diode half-bridge, you will
observe the inductor current and switching node waveforms to detect the
discontinuous mode operation, measure the ripple current and voltage conversion
ratio, with specified units and decimal digits accuracy, and verify the consistency of
calculations and simulations.
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Required Tools and Technology

Platform: NI ELVIS IlI v" Access Instruments
Instruments used in this lab: https://measurementslive.ni.com/
e Function generator v" View User Manual
e Digital multimeter http://www.ni.com/en-
e Oscilloscope us/support/model.ni-elvis-iii.html
e Power Supply v View Tutorials
https://www.youtube.com/watch?v=

Note: The NI ELVIS Il Cables and TwvbRUpEpJU&list=PLvcPluVaUMI

Accessories Kit (purchased separately) Wm8ziaSxvOgwtshBA2dh_M

is required for using the instruments.

Hardware: TI Power Electronics Board ¥ View User Manual
http://www.ni.com/en-
us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.ntml

Software: NI Multisim Live v' Access
https://www.multisim.com/

v" View Tutorial
https://www.multisim.com/get-started/

Software: TI Power Electronics v" Download (Windows OS Only)

Configuration Utility http://download.ni.com/support/acad

cw/PowerElectronics/TIPowerElectr
onicsBoardUtility-Windows.zip
Note: Mac Version will be available
soon
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Expected Deliverables

In this lab, you will collect the following deliverables:

v
v
v

v
v

Calculations based on equations provided in the Theory and Background Section
Results of circuit simulations performed by NI Multisim Live

Results of experiments performed by means of TI Power Electronics Board for NI
ELVIS I

Observations and comparisons on simulations and experimental results
Questions Answers

Your instructor may expect you to complete a lab report. Refer to your instructor for
specific requirements or templates.
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1 Theory and Background

1-1 Introduction

In this section, we review the fundamental concepts of buck regulator in discontinuous
mode, and discuss the influence of switching frequency, inductance of the L-C filter and
load current.

1-2 Buck Regulator Continuous and Discontinuous Mode.

Figure 1-2 shows a buck regulator with a half-bridge comprised of the MOSFET Q1 and
the diode D2, defined as freewheeling diode. The half-bridge is controlled by a Pulse Width
Modulation (PWM) comparator (see Lab5 for PWM modulation). During the time Ton, the
MOSFET Q1 turns ON, the diode D2 is interdicted, and the inductor current rises. During
the time Tofr, the MOSFET Q1 turns OFF, the diode D2 conducts and the inductor current
falls. If the inductor current is positive when the next switching cycle starts, the buck
regulator operates in continuous mode (CCM) (see Lab6 for CCM operation). If the inductor
current crosses zero before the next switching cycle starts, the diode D2 turns off and the
buck regulator operates in discontinuous mode (DCM). When this happens, the inductor
current stays zero during the time Tige, until the next switching cycle starts. The resulting
waveforms for continuous and discontinuous operation mode are shown in Figure 1-2.

continuous mode

vin Q1 Vsw 1 iL Vout  lout 0
[2) o o A

e

v

L

Ro
a3 <“-—--ple——-p

— Vin Gate Driver A D2

- -
o
v

! TS = 1/fs 1

] L = T lk—,  discontinuous mode —"

v A —
"SR

i —-—p E{ ~Tidle
i Ton | Toff E
' e
0 : "

! TS = 1/fs :

igure 1-2. Buck Regulator in Continuous and Discontinuous Operation Mode.
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1-3 Factors Determining Discontinuous Mode.

The buck regulator operates in continuous mode if the peak-peak amplitude of the
inductor ripple current is lower than 2 times the DC component of the inductor current:

_ (Vin _Vout)DTs <9

Equation 1-1 Al = L L

where L is the inductance of the inductor, Ts is the switching period fixed by the triangular
carrier signal Vy, Ro is the load resistance and D is the duty-cycle (see Lab5), given by:

Equation 1-2 D=2 v
uation 1- -
E T, V

Pp

Considering that IL = lout = Vou/Ro and Vout = DVin in continuous mode, neglecting losses
(see Lab6 for power losses), Equation 1-1 can be simplified as shown below:

2L,

Equation 1-3 D>1-

From Equation 1-3, the condition for the buck regulator operating in discontinuous mode is:

2Lf,

Equation 1-4 D<1-

0

Equation 1-4 highlights that the factors determining the discontinuous operation mode are:

e a big load resistance Ro;

e a low switching frequency fs;
e asmall inductance L;

e asmall duty-cycle D.

1-4 Voltage Conversion Ration of Buck Regulator in Discontinuous Mode.

The source-to-output voltage conversion ratio of buck regulator in discontinuous mode
(neglecting power losses) is given by Equation 1-5 (see Section 6-3 reference):

Equation 1-5 Vou = 2
V.
"1+ 1+ 8Lf52
R,D

Equation 1-5 highlights that in discontinuous mode, given the input voltage Vin, the duty-cycle
D needs to be changed as the load resistance varies, to obtain a desired output voltage Vout.
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1-5 Power Losses in Discontinuous Mode.

The MOSFET Q1, the inductor L and the freewheeling diode D2 cause power losses, which
affect the operation of the buck regulator. The influence of MOSFET Q1 and inductor L on
peak-peak amplitude of inductor ripple current is given by Equation 1-6:

. -V _ —(R,. +R )l DT
Equation 1-6 AILppZka :(Vln out ( dTi)n L)out) S

where Rgson and R are the MOSFET on-state resistance and the inductor resistance,
respectively. The conduction time Tof of the freewheeling diode is given by Equation 1-7:

T. = IPkL _ (Vin _Vout _(Rdson + RL )Iout)DTs
MV A+ +R V,, +V. +R

Equation 1-7

out out

where VE is the forward voltage of freewheeling diode D2. The resulting conduction power
losses of MOSFET (Pq1.cond), inductor (PLcond), and freewheeling diode (Pp2,cond) are given
by Equations 1-8:

. T T, +T,
_pQL |2 . _ 2 ff . —
Equatlon 1-8 PQlcond - Rds(on)lpk ?;T-n ’ PL,cond - RLka 0n3T 2 ’ PD2,cond - %VFkaTofffs

The MOSFET causes a switching loss during the on-off commutation, given by Equation 1-9:

Equations 1-9 PQ:I.,SW = %(\/m JrVF )fslpktsw,off

where tswoff IS the time the MOSFET needs to turn off, which depends on MOSFET
parasitic capacitances, gate-to-source voltage threshold Vi, transconductance coefficient
S (see Labl and Lab5) and gate driver voltage Vq4r. The inductor is affected by magnetic
core power loss, which is modeled by the Steinmetz Equation 1-10:

Equation 1-10 P core = K fAIY

fe's L.pp

where the parameters Kre, X and y depend on material, shape and size of magnetic core. The
resulting efficiency of the buck regulator in discontinuous mode is given by Equation 1-11:

P V,

Equation 1-11 n= ﬁ’ Pout = Ro_m' Ploss = PQ:I.,cond + l:)Q:I.,sw + PL,cond + PL,core + PDZ,cond

out loss o

[Note: Some ringing can be observed in the experimental waveform on inductor current
during the idle time, caused by the resonance between the inductor and the parasitic
capacitances of half-bridge MOSFET and diode].
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Check Your Understanding
o

Note: The following questions are meant to help you self-assess your understanding so far. You
can view the answer key for all “Check your Understanding” questions at the end of the lab.

1-1 What implementation of a buck regulator could determine the discontinuous mode?
A. the use of a PWM modulator with high peak-peak triangular carrier signal
B. the use of a MOSFET-diode half-bridge
C. the use of a ceramic output capacitor

1-2 How do you detect discontinuous mode operation in a buck regulator?
A. by observing the inductor current, to verify if it crosses zero
B. by observing the capacitor voltage, to verify if it looks triangular
C. by observing the source voltage, to verify if it has spikes

1-3 What factor can determine discontinuous mode operation in buck regulator?
A. alow source voltage
B. a high inductance
C. a high load resistance

1-4 What would you do to prevent discontinuous mode if the buck regulator has a high
resistance load?
A. increase the inductance of the inductor
B. decrease the switching frequency
C. increase the source voltage

1-5 What would you do to prevent discontinuous mode if the buck regulator has a small
inductance?
A. increase the switching frequency
B. decrease the capacitance of the capacitor
C. increase the peak-peak amplitude of PWM triangular carrier signal

1-6 What is the effect of discontinuous mode operation on the voltage conversion ratio of
buck regulator?
A. it results lower than continuous mode operation
B. it results dependent on the capacitance of output capacitor
C. it results dependent on load resistance
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2 Exercise

In the Discrete Buck Section of the Tl Power Electronics Board for NI ELVIS llI, the
inductor can be configured with the following two options:

option 1. L=15uH
option 2: L=48uH

Assuming Vin = 7V, Vipp = 6V, Ts = 5us, Ve = 3V and R, = 50Q, determine:

a. the operation mode of the buck regulator:
e with inductor option 1:  continuous mode O discontinuous mode [,
e with inductor option 2:  continuous mode O discontinuous mode O,
b. the value of output voltage Vou, in VoIt with three decimal digits of accuracy:
e with inductor option 1:  Vout =

e with inductor option 2 Vout =

c. the minimum value of switching frequency allowing to operate in continuous mode, in
kilo Hertz with one decimal digit of accuracy:

e with inductor option 1:  fsmin =
e with inductor option 2:  fsmin =

d. the minimum value of duty-cycle Dmin allowing to operate in continuous mode, with three
decimal digits of accuracy, and the corresponding value V¢min Of the PWM control
voltage, in Volt with three decimal digits of accuracy:

e with inductor option 1: Dmin = ; Vemin = ;
e with inductor option 2:  Dmin = ; Vemin = ;
e. the maximum value of load resistance allowing to operate in continuous mode, in Ohm

with one decimal digit of accuracy:

e with inductor option 1 Ro,max = )
e with inductor option 2: Ro,max = ;
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3 Simulate

The goal of the simulations in this section is to analyze the discontinuous mode operation
of a buck regulator. You will verify the consistency of theoretical predictions of the
Exercise Section, and observe the inductor current waveform under different parameters
configurations, affecting the operation mode.

3-1 General Instructions

1. Open Lab7 — Buck Regulator in Discontinuous Mode Operation from this file path:
https://www.multisim.com/content/JzTGExaCRiRHvZpgWseVnL/lab-

7-buck-regulator-in-discontinuous-mode-operation/.

The circuit schematic for the analysis of the buck regulator in discontinuous mode
is shown in Figure 3-1.

____________________________________

N,

D1 half-bridge
Q1 Vew iL .
RL1 L1
— o O— y o
™ 140mQ  15uH
11
A D2
t"""""""""'"""""""""'I‘;:""
.fo
é Ve
PWM T &
comparator L

___________________________________________

5L2

—0
. 1 RLZ L2
A AAA——TN e AAN——

260mQ  33pH

L-C filter

Vout

.,0 l

5C2

____________________________________________________

Figure 3-1. Multisim Live Circuit Schematic for the Analysis of Buck Regulator in Discontinuous Mode.

N

The MOSFET is modeled by means of a Single Pole Single Throw (SPST) switch,
characterized by 1.2Q ON resistance and 1MQ OFF resistance. D1 represents the
MOSFET body-diode, while D2 is the freewheeling diode. The L-C filter is
configurable by means of switches SL1, SC1 and SC2 as follows:
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SL2 closed: L =Ly = 15uH, RL = Ry1 = 140mQ;

e SL2 open: L = Li+L2 = 48pH, RL = Rii+R2 = 400mQ;
e SC1 closed, SC2 open: C =C1=10puF, Rc = Rc1 =5mQ;
e SC2 closed, SC1 open: C = C2=100pF, Rc = Rc2 = 55mQ.

[Note: the series Lc2-Rc2-C2 models an electrolytic capacitor with parasitic
inductance Lco, while the series Rci1-C1 models a ceramic capacitor].

3-2 Simulation 1 Instructions

1.
2.
3.

0.

Set SL2 to be CLOSED, SC1 to be CLOSED and SC2 to be OPEN.

Select Interactive simulation and Split visualization options.

Check the Periodic option box for voltage probe Vout and current probes i in
Measurement labels menu.

Set the simulation circuit parameters as follows:

e Vin:DC_mag=7.0V,;

e Vi VA=6V, Per=5pus, TF = 2.5us, Offset 0V;

e Ro 500

e V. DC _mag=3.0V

Run the simulation and wait until it ends.

Read the average value Vav displayed by the output voltage probe Vout, in Volt with
four three digits, and report the result in Table 3-1.

Read the average value lav displayed by the inductor current probe i., in milli
Ampere with one decimal digit, and report the result in Table 3-1.

Read the peak-peak value Iy, displayed by the inductor current probe i, in milli
Ampére with one decimal digit, and report the result in Table 3-1.

Set SL2 to be OPEN and repeat steps 5-8.

10. Import in Table 3-1 the values of Vout you have calculated in the Exercise in step “b”.

Table 3-1 Buck Regulator in Discontinuous Mode

Vout [V] from Exercise step “b”. | Vout [V] | IL [MA] |[AiLpp [MA]

L = 15pH

L = 48uH

3-2-1 What operation mode do you detect?

A. continuous mode
B. discontinuous mode
why?
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3-2-2 Are simulations consistent with calculations?

A. yes
B. no
Please provide your comments:

3-2-3 Is the peak-peak amplitude of the inductor ripple current greater than two times the
average inductor current? Is this consistent with the operation mode?

A. yes
B. no
Please provide your comments:

3-2-4 What inductor determines the smallest peak-peak amplitude of inductor ripple

current?

A. L = 15pH
B. L = 48uH
why?

3-2-5 What is the value of the switching node voltage Vsw of the half-bridge during the
idle time Tigie?

A. Vsw = Vin
B. Vsw = Vout
why?

3-3 Simulation 3 Instructions

1. Set SL2 to be OPEN, SC1 to be CLOSED and SC2 to be OPEN.
2. Select Interactive simulation and Split visualization options.
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3. Check the Periodic option box for voltage probe Vout and current probes i in
Measurement labels menu.

4. Set the simulation circuit parameters as follows:

e Vin:DC_mag=7.0V,;
e Ro 500
e V. DC _mag=3.0V

5. Take the minimum value of switching frequency fsmin allowing to operate in
continuous mode with the inductor option L = 48uH calculated in Exercise Section
in step “c”.

6. Choose a value of switching frequency fs > fs min, calculate its period Ts > 1/fs and
set the parameters of the triangular carrier signal generator V: in the circuit
schematic as follows:

e ViVA=6V,Per=Ts, TF = Ts/2, Offset OV,

7. Run the simulation and wait until it ends.

3-3-1 What operation mode do you detect?

A. continuous mode
B. discontinuous mode
Please provide your comments:

3-3-2 If your answer to question 3-3-1 is “B”, what change would you make in the
simulation parameters to achieve continuous mode operation? why?

Troubleshooting tips:

e If the simulation does not converge and you get some error message, reload
Lab7 — Buck Regulator in Discontinuous Mode Operation from this file path
https://www.multisim.com/content/JzTGExaCRiRHvZpgWseVnL/lab
-7-buck-regulator-in-discontinuous-mode-operation/ and restart
the simulation following the instructions.
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4 Implement

The experiments in this section allow you to observe the behavior of the buck regulator
in discontinuous mode operation. You will measure the average output voltage, the
inductor peak-peak ripple current and average current under different conditions. Then,
you will use the measurements to verify the consistency of theoretical predictions. Finally,
you will measure the voltage conversion ratio of the buck regulator in discontinuous mode.
The Discrete Buck Section of the TI Power Electronics Board for NI ELVIS 11l shown in
Figure 4-1 will be used to perform the experiments.

Discrete Buck Section
ElDiscrete Buck ’ ‘ I:|_Ir tegrated Linear

:
|! mmsa \

g g 2 TP78 P79

o - |

L ]
TPBO P81 ] 2 3

uss

RHG[! i]
P

B @riz
| « [EL §R
L =@ Hrioo
r107 [fL i = i grios

TP100  TP98 TPY5
N

Figure 4-1. TI Power Electronics Board for NI ELVIS Il - Discrete Buck Section Used for the Analysis of Buck
Regulator in Discontinuous Mode Operation.

The half-bridge uses two TI's CSD15380F3 MOSFETSs. Its output can be connected to the
L-C filter by means of the Jumper J11. The L-C filter is configurable as follows:

e J39 closed: L = 15pH, RL =140mQ; J39 open: L =48uH, RL=400mQ;
e J12 shorting TP161-TP159: C = 10uF, Rc = 5mQ (ceramic capacitor);
e J12 shorting TP161-TP160: C = 100uF, Rc = 55mQ (electrolytic capacitor).
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A 50Q resistance R, can be connected to the output of the L-C filter by means of the
Jumper J16. The current shunt monitor INA139NA/3K senses the average DC output
current, which can be measured at test point TP79 with a 1:1 Ampere/Volt transduction
gain. The board uses a current sensing transformer and a resistor (T7 and R87 shown in
Figure 4-1) to sense the inductor ripple current. The transformer generates a voltage at
test point TP82, that can be measured by means of a voltage probe. As the voltage-to-
current transconductance of the sensing transformer is 0.5, dividing the voltage measured
at test point TP82 by 2 provides the peak-peak amplitude of the inductor ripple current
Airpp- The MOSFET gate driver TPS51601ADRBR features two optional configurations:

e FCCM: the gate drive signals of both MOSFET Q1 and Q2 are enabled,;

e SKIP: the gate drive signal of low side MOSFET Q2 is disabled

When the gate driver is configured for FCCM operation (Forced Continuous Conduction
Mode), the buck regulator operates in continuous mode under all operating conditions
determined by the source, switching frequency, inductance and load. When the gate driver
is configured for SKIP operation, the body diode of low side MOSFET operates as the
freewheeling diode in the MOSFET-diode half-bridge, and the buck regulator can operate
in discontinuous mode. The links to datasheets are available below:

e CSD15380F3 MOSFET: http://www.ti.com/lit/ds/symlink/csd15380f3.pdf;

e OPA835IDBVR OPAMP: http://www.ti.com/lit/ds/symlink/opa835.pdf;

e TLV7011DPWR COMPARATOR: http://www.ti.com/lit/ds/symlink/tlv7011.pdf;

e TPS51601ADRBR GATE DRIVER: http://www.ti.com/lit/ds/symlink/tps51601a.pdf;

e INA139NA/3K CURRENT MONITOR: http://www.ti.com/lit/ds/symlink/inal139.pdf.
[Note: the parameters provided in the following instructions for instruments setup may require
some_adjustment due to thermal effects and tolerances of Tl Power Electronics Board

COﬂ’]QOﬂGﬂtSl

4-1. General Instructions
1. Open Power Supply, Function Generator, Oscilloscope and Digital Multimeter
using Measurements Live. For help on launching instruments, refer to this help

document: http://www.ni.com/documentation/en/ni-elvis-
iii/latest/getting-started/launching-soft-front-panels/

2. Open the User Manual of Tl Power Electronics Board for NI ELVIS 11l from this
file pthIhttp://www.ni.com/en—us/support/model.ti—power—electronics—

board-for-ni-elvis-iii.html

3. Read the User Manual sections Description, Warnings and Recommendations
regarding Discrete Buck Section.

4. Openthe Tl Top Board RT Configuration Utility of TI Power Electronics Board for
NI ELVIS 1l (See Required Tools and Technology section for download
instructions), and select Lab7 — Buck Regulator in Discontinuous Mode Operation.
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5. Configure the jumpers of the board as indicated in Table 4-1.
6. Connect and configure the instruments as indicated in Tables 4-2 and 4-3.

Table 4-1 Jumpers setup

Ji1 J12 J16 J33 J37 J38
short short short
TP156-TP153 | TP159-TP161 | TP155-TP157 |SMO 23 short1-2] short
J39 J41 J42 Ja4 J46 J47 J48
short short short short short 2-3 short open

Table 4-2 Instruments Connections

Power Supply connect to red and black banana connectors

connect CH-1 to TP94 (V,), connect CH-2 to TP86 (Vou)

Oscilloscope connect CH-3 to TP96 (Ve), connect CH-4 to TP82 (iipp)

connect CH-1 to FGEN1 BNC connector (—»TP94 = PWM comparator V,)

Function Generator connect CH-2 to FGEN2 BNC connector (-»TP96 = PWM comparator V)

Digital Multimeter connect Voltage input to TP86 (Vou), TP79 (IL) or TP76 (Iin), as per instructions

Table 4-3 Instruments Configuration and setup

Power Supply Channel “+”: Static, 7.00V, Channel **: Inactive
Trigger: Horizontal; Acquisition: Measurements:
Analog Edge, CH-1, | 2us/div average show
set to 50%

Oscilloscope Channel 1: ON Channel 2: ON | Channel 3: ON Channel 4: ON
e DC coupling e DC coupling | e DC coupling e DC coupling
e 2V/div o 2V/div e 2V/div o 500mV/div
o offset -8V o offset 0.0V o offset -8V offset OV

Channel 1: Triangle, Frequency 200kHz, Amplitude 6.0Vpp, DC offset 3.0V

Function Generator Channel 2: Sine, Frequency 1Hz, Amplitude OVpp, DC offset 3.0V

Digital Multimeter Measurement mode: DC voltage; Range: Automatic

4-2. Experiment 1 Instructions

1. Connect the Digital Multimeter to TP86 (Vout).

Run Oscilloscope, Digital Multimeter, Function Generator and Power Supply.

3. Read the Digital Multimeter measurement of output voltage Vou, in Volt with three
decimal digit of accuracy, and report the result in Table 4-4.

N

168

INTERNAL - NI CONFIDENTIAL



7.
8.

9.

Using the Oscilloscope cursors in Track Mode, measure the peak-peak amplitude of
the inductor ripple current diLpp on CH-4, in mili Ampere with one decimal digit of
accuracy, and report the result in Table 4-4.

Connect Digital Multimeter to TP79, measure the average output current lout, in
milli Ampere with one decimal digit of accuracy, and report the result in Table 4-4;
Connect Digital Multimeter to TP76, measure the average input current lin, in milli
Ampere with one decimal digit of accuracy, and report the result in Table 4-4;
Stop Power Supply, Function Generator, Digital Multimeter and Oscilloscope.
Importin Table 4-4 the values of Vout, IL and 4i. pp collected in Table 3-1 for L=15uH.
Set jumper J39 to be open, repeat the steps 1-7 and report the results in Table 4-4.

10.Importin Table 4-4 the values of Vout, I and AiL pp collected in Table 3-1 for L=48pH.

Table 4-4 Buck Regulator in Discontinuous Mode

Vout [V] | Vout [V] | IL[MA] | IL[mMA] |AiLpp [MA]|diLpp [MA]
measured | simulated | measured | simulated | measured | simulated

L = 15pH

L = 48uH

4-2-1 Do you detect discontinuous mode operation from measurements? how?

A. yes
B. no
Please provide your comments:

4-2-2 Does the inductor ripple current waveform look similar to the theoretical plots of

Figure 2-17?
A. yes
B. no

Please provide your comments:

4-2-3 Are the measurements consistent with simulations?

A. yes
B. no
Please provide your comments:
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4-3.

SAREER R

©

8.

9.

Experiment 2 Instructions

Set jumper J39 to be shorted.

Connect the Digital Multimeter to TP86 (Vout).

Set the Function Generator CH-2 DC offset to 1.0V (PWM control voltage Vc).
Run Oscilloscope, Digital Multimeter, Function Generator and Power Supply.
Read the Digital Multimeter measurement of output voltage Vou, in Volt with three
decimal digit of accuracy, and report the result in Table 4-5.

Using the Oscilloscope cursors in Track Mode, measure the peak-peak amplitude of
the inductor ripple current AdiLpp on CH-4, in milli Ampére with one decimal digit of
accuracy, and report the result in Table 4-5.

Connect Digital Multimeter to TP79, measure the average output current lou, in
milli Ampere with one decimal digit of accuracy, and report the result in Table 4-4;
Connect Digital Multimeter to TP76, measure the average input current lin, in milli
Ampere with one decimal digit of accuracy, and report the result in Table 4-4;

Repeat steps 5-8, setting the Function Generator CH-2 DC offset to the values of
the PWM control voltage V¢ listed in Table 4-5, and report the results in Table 4-4.

10. Stop Power Supply, Function Generator, Digital Multimeter and Oscilloscope.
11.Using the equations provided in Theory and Background Section, calculate the

duty-cycle D, with tree decimal digits of accuracy, the theoretical output voltage
Vout, in VoIt with three decimal digits of accuracy, and the peak-peak amplitude of
the inductor ripple current Ai_pp, in milli Alpére with one decimal digit of accuracy, for
each value of the PWM control voltage V., and report the results in Table 4-5 [Note:
check the value of load resistance R, by calculating the ratio Vou/lout of measured
output voltage and current].

12.Calculate the efficiency 7= (Voutlout)/(Vinlin), with three decimal digits, for each value

of the PWM control voltage V¢, and report the result in Table 4-4.

Table 4-5 Output Voltage of Buck Regulator in Discontinuous Mode Operation under Different Duty-Cycle Conditions.

Ve V] 10 [ 15 [ 20 [ 25 [ 30 [ 35 40 45| 50

D

Vout [V] (measured)

Vout [V] (calculated)

Aipp [MA] (measured)

Aipp [MA] (calculated)

lin [MA] (measured)

lout [MA] (measured)

efficiency 7 (measured)
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4-3-1 Are the measurements and calculations trends consistent?

A. yes
B. no
C. other:

Please provide your comments:

4-3-2 Are the measured values of average output voltage and peak-peak amplitude of
inductor ripple current greater or lower than the calculated values?

A. greater
B. lower
C. other:

Please provide your comments:

4-3-3 What is the trend of the efficiency as the duty-cycle increases?

A. it increases
B. it decreases
C. other:

Please provide your comments:

4-3-4 What is the trend of the peak-peak amplitude of inductor ripple current as the duty-
cycle increases?

A. it increases
B. it decreases
C. other:

Please provide your comments:
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Troubleshooting tips:
e If the regulator does not work, verify the correct setup and connections of jumpers
and instruments, following the directions provided in Tables 4-1, 4-2 and 4-3, and
restart the experiment.

5 Analyze

5-1 Using the results collected in Table 4-5, graph the values of the measured and
calculated voltage conversion ratio Mpcm= Vout/Vin, as function of the duty-cycle D:

A
Mbcwm

D

Figure 5-1 Voltage Conversion Ratio of Buck Regulator in Discontinuous Mode Operation as Function of Duty-Cycle.

5-2 Describe the trend of the conversion ratio M you observe, and discuss the
differences between measurements and calculations, based on Theory and
Background equations:

6 Conclusion

6-1 Summary

Write a summary of what you observed and learned about the buck regulator in
discontinuous mode operation. Discuss the factors that can determine the transition of
the buck regulator from continuous mode to discontinuous mode, and the main
differences between performances in continuous and discontinuous mode operation.
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6-2 Expansion Activities

6-2-1. Investigate the influence of inductance and switching frequency on discontinuous mode
operation, by means of Tl Power Electronics Board for NI ELVIS Ill of Figure 4-1,
following the instructions below.

a. Use connections and setups indicated in Tables 4-1, 4-2 and 4-3.

b. Set the Frequency of Function Generator CH-1 at 250kHz.

c. Run Oscilloscope, Digital Multimeter, Function Generator and Power Supply
d. Using the Oscilloscope cursors in Manual Mode:

e measure the peak-peak amplitude of the inductor ripple current AiLpp on the
Oscilloscope CH-4, in milli Ampére with one decimal digit of accuracy, divide by 2
and report the result in Table 6-1; Ampere with one decimal digit of accuracy

e measure the average inductor current I on Digital Multimeter, in Ampere with
one decimal digit of accuracy, and report the result in Table 6-1.

e check the box in Table 6-1 corresponding to the operation mode you detect.

e. Repeat step d. for all the values of the Frequency of Function Generator CH-1
listed in Table 6-1.

f. Stop Power Supply, Function Generator, Digital Multimeter and Oscilloscope.

g. Set the jumper J39 to be OPEN, repeat steps b. to f., and report the results in

Table 6-1
Table 6-1 Buck Regulator Operation Mode under Different Switching Frequency and Inductance Conditions
f [kHz] 250 300 350 400 450 500
Aipp [MA]
J39 short IL [mA]
L = 15uH OccMm|{OccM|OccM|OccM|OCCM |OCCM

operation mode ObcMm|Obpcem|opem |lopem | OoObpem | 0o bem

Airpp [MA]

J39 open IL [mA]

L = 48uH operation mode occm|goceM|ocecm|ocem |OcemMm | Oocem
ODCM | ODCM|ODCM|ODCM |ODCM | ODCM

6-1 Analyze the values of peak-peak amplitude of inductor ripple current and average
inductor current as the switching frequency increases, and discuss the differences
between the two inductor setups based on Theory and Background equations:
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6-2-3. Compare the voltage conversion ratio of buck regulator in continuous mode and
discontinuous mode operation.

a.

Run Experiment 2 of Lab6, import in the graph of Figure 5-1 the values of the
voltage conversion ratio Mccm= Vou/Vin Of buck regulator in continuous mode
operation, as function of the duty-cycle D, and discuss the differences of the
voltage conversion ratio between the continuous and discontinuous mode of
operation:

6-3 Resources for learning more
e This book provides the fundamentals of switching regulators:

S.

Maniktala, Switching Power Supplies A - Z, Newness

Answer Key — Check Your Understanding Questions Only

E Check Your Understanding

1-1

1-2

1-3

1-4

1-5

1-6

B

A
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Lab Manual: Power Electronics
Using the Tl Power Electronics Board for NI ELVIS I

ics Board
er Electron!
_\‘;r\p:s ?\:‘iomf\eac\\! power

Lab 8: Buck regulator

In Closed Loop Operation
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Lab 8: Buck Regulator in Closed Loop Operation

The goal of this lab is to analyze the closed loop operation of a buck regulator. We
investigate the impact of the error amplifier on the output voltage DC regulation, and on
the capability of rejecting output voltage AC perturbations caused by load current noise,
which is one of the most important features of buck regulators. First, we will review the
simplified DC and AC model of a closed loop buck regulator. Next, we will predict its Dc
accuracy and AC response to load perturbations. Then, we will simulate the buck
regulator in DC and AC operation to verify the DC regulation capability. Finally, we will
perform experiments to observe the response of a real buck regulator to AC load
perturbations, and will compare the results of calculations, simulations and
measurements to verify their consistency.

B i I
|
= I (&) @ = 3
T Gate Driver bl b
1 |
= _
.‘_\L
TS
L
\I T
~

Figure 1-1. Closed Loop Buck Regulator.

Learning Objectives

After completing this lab, you should be able to complete the following activities.

1. Given a buck regulator and the characteristics of its L-C filter and error amplifier, you
will calculate the DC operating point and the AC response to load perturbations, with
specified units and accuracy, by applying the appropriate theoretical formulae.

2. Given a buck regulator and the characteristics of its L-C filter and error amplifier, you
will simulate its DC operation for different source voltage values, to determine the
accuracy of theoretical model predictions, with specified units and accuracy, by
comparing the appropriate sets of data and results

3. Given areal buck regulator, a power supply and a dynamic load, you will measure the
accuracy of the DC output voltage with respect to the desired nominal value, and the
amplitude of output voltage AC perturbations caused by AC load current perturbations,
with specified units and accuracy.
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Required Tools and Technology

Platform: NI ELVIS IlI v' Access Instruments
Instruments used in this lab: https://measurementslive.ni.com/
e Function generator v" View User Manual
e Digital multimeter http://www.ni.com/en-
e Oscilloscope us/support/model.ni-elvis-iii.html
e Power Supply v View Tutorials
https://www.youtube.com/watch?v=

Note: The NI ELVIS Il Cables and TwvbRUpEpJU&list=PLvcPluVaUMI

Accessories Kit (purchased separately) Wm8ziaSxvOgwtshBA2dh_M

is required for using the instruments.

Hardware: TI Power Electronics Board ¥ View User Manual
http://www.ni.com/en-
us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.ntml

Software: NI Multisim Live v' Access
https://www.multisim.com/

v" View Tutorial
https://www.multisim.com/get-started/

Software: TI Power Electronics v" Download (Windows OS Only)

Configuration Utility http://download.ni.com/support/acad

cw/PowerElectronics/TIPowerElectr
onicsBoardUtility-Windows.zip
Note: Mac Version will be available
soon
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Expected Deliverables
In this lab, you will collect the following deliverables:

v Calculations based on equations provided in the Theory and Background Section

v Results of circuit simulations performed by means of Multisim Live

v Results of experiments performed by means of Tl Power Electronics Board for NI
ELVIS I

v Observations on simulations and experiments

v" Answers to questions

Your instructor may expect you complete a lab report. Refer to your instructor for specific
requirements or templates.
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1 Theory and Background

1-1 Introduction.

In this section, we review the basic concepts and equations of a buck regulator in closed
loop operation (see the reference given in section 6-3 to learn more). We discuss the
impact of the L-C filter and of the error amplifier on DC offset error and the capability of
the buck regulator to attenuate the effects of AC load current perturbations.

1-2 Feedback Action of the Error Amplifier.

Figure 1-2 shows a buck regulator in closed loop operation. The error amplifier consists
of the OPAMP, the voltage reference Vies, the capacitors {Cs1,Cr2,Ci2}, and the resistors
{Rg,Ri1,Ri2,Rs2}. The error amplifier compares the output voltage Vout to the desired DC
nominal value Voubc,nom, and generates the PWM control signal V¢ ensuring that Vout =
Voutbc,nom. Thanks to the error amplifier, the buck regulator generates a well regulated
output voltage, rejecting the effects of load changes, which is one of the most important
feature of buck regulators. The components {Cs1,Cs2,Ci2} and {Rg,Ri1,Ri2,Rs2} set the poles
and zeros of the error amplifier, and determine its sensitivity to output voltage changes
(See Lab 3 for error amplifier operation).

Q1
\ﬁ

— Vin } Q2 - C Ro
—— . iy =< fr—
- Gate Driver 4ﬁ>

_________________________________

R

—— error amplifier |

Ri2 ci2

Figure 1-2. Buck Regulator in Closed Loop Operation.
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1-3 Closed Loop DC Analysis of the Buck Regulator

The DC output voltage Vouoc of a buck regulator is determined by the DC source voltage
Vinoc and by the DC PWM control voltage Vcpc. For a buck regulator with efficiency 7, it is:

V,

cbC

77V inDC

Pp

Equation 1-3-1 Vounc = —Vin =

where D is the duty-cycle of the MOSFET half-bridge, and Vi is the peak-peak amplitude
of the triangular carrier signal of the PWM comparator (see Lab5). The error amplifier
determines the DC PWM control voltage Vcpc, given by Equation 1-3-2:

Equation 1-3-2 Adc (Vref outDC )

where Aqc is the error amplifier DC gain and H=(1+Ri1/Rg)* is the voltage sensor gain (see
Lab3). Combining Equations 1-3-1 and 1-3-2 provides the buck regulator DC output
voltage:

A\jc ref
V +A\10 |n

Equation 1-3-3 VoutDC -

An unlimited DC gain A4c = o would determine an output voltage Voutbc,nom €qual to:

\Y

) V _ ref
Equation 1-3-4 outbC,nom H

Based on Equations 1-3-3 and 1-3-4, the output voltage DC offset error of a buck regulator
is given by Equation 1-3-5:

V
ERRDC ~ A\jc ref ref
77Vrpp + Adc |n H

Equation 1-3-5

The tolerance of resistances Ri1 and Ry and of the voltage reference Vies influence the
nominal value Voupcnom given by Equation 1-3-4 and the DC offset error given by
Equation 1-3-5. Typically, the accuracy of the voltage divider resistances and of the
reference voltage is about 1% (See Lab4 for effects of parameters tolerances on the DC
operation of an error amplifier).

180

INTERNAL - NI CONFIDENTIAL



1-4 Open Loop Output Impedance of the Buck Regulator

AC load current perturbations are frequent in applications where loads are logic devices, like
microprocessors. A load current AC perturbation loutacsin(2rft) causes an AC perturbation
Voutacsin(2xft+6) in the output voltage of the buck regulator. In open loop operation, the ratio
ZoutoL between the amplitude of the output voltage Vouac and load current AC perturbation
loutac is defined as open loop output impedance, and is given by Equation 1-4-1:

Equation 1-4-1 VoutAc 7,0 =Roe N, (FN(F)
OUKAC open loop M(f)
f2 f2 f2
N, (f 1+ , N.. (f 1+ : M(f — | +—=
(D)= ()= fc h=1-¢ ] o
Roc =R +DRZ, +(1-DRZ, 1, = f-—L . g-r/[C

csfony L=27rL 27ch " oiC L

where L and R are the inductance and resistance of the inductor, C and R are the capacitance
and resistance of the capacitor, R3,, and Ry, are the on-state resistances of half-bridge

MOSFETSs, D is the duty-cycle, and R, is the DC load resistance. Normally, f. < f, < f.. From
Equation 1-4-1 it follows that a low output impedance is a desirable feature of a buck regulator,
as it involves a better rejection capability of AC load current perturbations. At high frequency,
the output impedance is equal to the resistance of the capacitor, Zout,oL = Rc. At low frequency,
the output impedance is equal to the sum of inductor and MOSFETS resistance, ZouoL = Roc.

1-5 Error Amplifier Gain

The buck regulator capability to reject the effects of AC load current perturbations
improves in closed loop operation, thanks to the feedback action of the error amplifier.
When the error amplifier senses an AC perturbation of amplitude Vouac in the output
voltage, it generates an AC signal of amplitude Vcac = GeaVoutac, Where Gea is the error
amplifier gain, given by Equation 1-5-1, for the error amplifier configuration of Figure 1-2:

Lt/

Equation 1-5-1 G,.(f) :\\//cAC _ f 1+f2/£2 /—f\dc
OutAC 0
A H f<

C

The frequencies fo, fp and fz are set by capacitances {C,Cs,Ci2} and resistances
{Rg,Ri1,Ri2,Rr2}, and determine the sensitivity of the error amplifier with respect to AC
perturbations of the output voltage.
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1-6 Control-to-Output Gain of the Buck Regulator

The AC perturbation Vcac generated by the error amplifier determines an additional AC
perturbation in the output voltage, whose magnitude is given by Equation 1-6-1:

Vv Voo N (f
Equation 1-6-1 _OutAC :Gc(f) — _inDC_ c( )
VcAC Vrpp M )

where N¢(f) and M(f) are given in Equation 1-4-1. The function G¢ is defined as control-
to-output gain of the buck regulator. The AC perturbation generated by the error amplifier
attenuates the effect of the perturbation caused by the AC load current perturbation.

1-7 Loop Gain of the Buck Regulator

The product T = GcGea is defined as loop gain of the buck regulator, expressing the closed
loop sensitivity of buck regulator to AC perturbations. A high loop gain T involves a higher
sensitivity to AC perturbations and a higher efficacy of the buck regulator in attenuating them
(see also Lab4 for loop gain). Equation 1-6-1 highlights that the control-to-output gain is equal
to Vinoc/Vipp at low frequency, while it decreases as frequency increases. Equation 1-5-1
highlights that a higher pole frequency fo increases the error amplifier sensitivity with respect
to output voltage AC perturbations. However, the frequency fo has to be limited to prevent
instability, which causes uncontrollable high frequency noise in the output voltage. Therefore,
the loop gain T can be high only at low frequency. The loop gain cross-over frequency feo IS
the upper bound of the frequency range where the magnitude of loop gain T is greater than
1, and is determined by the error amplifier poles fo, fp and zero fz.

1-8 Closed Loop Output Impedance of the Buck Regulator

The closed loop output impedance ZaucL Of the buck regulator is given by the simplified
Equation 1-8-1.:

Zout,OL — RLVrpp NL(f) f <f
out,CL = Gea (f )Gc (f ) VinDC Gea (f ) °

OutAC |closed loop Zout oL f >fco

Equation 1-8-1 Vouac -7
I

According to Equation 1-8-1, the closed loop output impedance Zout,cL Of the buck regulator
is lower than the open loop output impedance Zout,oL below the cross-over frequency, where
Gea(f)Gc(f) > 1. Therefore, given the control-to-output gain Gc(f), the buck regulator has
better rejection capability of AC load current perturbing effects at frequencies where the
error amplifier gain is higher. The error amplifier gain at low frequency is mainly determined
by the pole frequency fo and by OPAMP DC open loop gain Aqc.
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Check Your Understanding
[u]

Note: The following questions are meant to help you self-assess your understanding so far. You
can view the answer key for all “Check your Understanding” questions at the end of the lab.

1-1 What parameters of a buck regulator determine the nominal value of its DC output
voltage?
A. the inductance and capacitance of the L-C filter
B. the reference voltage and the voltage sensor gain
C. the error amplifier pole and OPAMP dc gain Adc

1-2 What parameter of a buck regulator determines its DC output voltage offset error?
A. the inductance L
B. the OPAMP open loop dc gain Aqc
C. the error amplifier pole frequency fo

1-3 What parameter of a buck regulator determines the open loop output impedance of
the buck regulator at low frequency?
A. the inductance of the inductor
B. the capacitance pf the capacitor
C. the resistance of the inductor

1-4 What parameters majorly influence the closed loop output impedance of the buck
regulator at low frequency?
A. the error amplifier pole frequency fo and OPAMP dc gain Adc
B. the MOSFET half-bridge gate driver voltage
C. the reference voltage and the voltage sensor gain

1-5 Based on your answers to Questions 1-1 to 1-4, what would you do to design a buck
regulator with higher DC accuracy and low output impedance?
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2 Exercise

The Discrete Buck Section in the Tl Power Electronics Board for NI ELVIS Il is based
on the following setup:

e MOSFETs: TI's CSD15380F3, assume Vi = 1.35V, #= 0.24A/V?2, 2 =0.05V!
e OPAMP: TI's OPA835IDBVR, assume Adc=10°, Vc+=5.5V, Vcc=0V.

e VOLTAGE REFERENCE: TI's LM4140, assume V(=1.024V.

e ERROR AMPLIFER SETUP: fo = 4.06kHz.

The TI's devices datasheets are available at the following links:

e (CSD15380F3 MOSFET: http://www.ti.com/lit/ds/symlink/csd15380f3.pdf
e OPA835IDBVR OPAMP: http://www.ti.com/lit/ds/symlink/opa835.pdf
e | M4140 VOLTAGE REFERENCE: http://www.ti.com/lit/ds/symlink/Im4140.pdf

The voltage divider is configurable as follows:
e (a) Ri1=39.2kQ), Rg=18.2kQ); (b) Ri1=39.2kQ), Rq=10.2kQ
The L-C filter is configurable as follows:

e (a)L=15uH, R =140mQ; (b) L = 48uH, RL = 400mQ;
e (a) C=10pF, Rc =5mQ; (b) C = 100pF, Rc = 55mQ.

2-1 Calculate the nominal value of the DC output voltage Voutocnom, in Volts with three
decimal digits, and the DC offset error, in microvolts with one decimal digit, with
voltage divider options (a) and (b) :

® (a): Voutbc,nom = . ERRpc =
b (b) VoutDC,nom = ’ ERRDC =

2-2 You have a buck regulator powered by a 7V DC source voltage and generating a 5V
DC output voltage for a 120Q DC load resistance Ro. The load is subjected to an AC
perturbation loutacsin(2rft), where the frequency f can have the values listed in Table
2-1. Assume the inductor configuration (b) and the capacitor configuration (a).
Calculate the open and closed loop output impedance Zout,oL and Zout,cL in Ohms with
three decimal digits, and report the results in Table 2-1.

Table 1-1 Output Impedance of a buck regulator in open loop and closed loop operation.

f [HZz] 1 10 100 1000 10000
Zout,0L
Zout,cL
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2-3  Based on the results of your calculations, do you see an improvement in the AC
load current perturbation rejection capability of the buck regulator in closed loop
operation compared to open loop operation?

A. yes
B. no
Please provide your comments:

2-4  What parameter would you change to further improve the low frequency rejection
capability, and how?

3 Simulate

The simulations you will perform in this section allow you to analyze the closed loop
behavior of buck regulator. You will observe the DC output voltage while varying the DC
source voltage, to verify the regulation capability of the feedback control loop. You will
analyze the PWM control voltage generated by the error amplifier and compare it with the
ratio between the DC output and source voltages.

3.1 Instructions
1. Open Lab8 — Buck Regulator in Closed Loop Operation from the file path:
https://www.multisim.com/content/WSHeUkuHMCHHnyeEu2MHx7Z/lab-

8-buck-regulator-in-closed-loop-operation/.

The circuit used for simulating the DC and AC buck regulator closed loop operation
is shown in Figure 3-1. The error amplifier generates the PWM control voltage V..
The load is a DC resistance R, = 240Q. The error amplifier poles and zero
frequencies are fo = 120Hz, f, = 4.276kHz and fp = 153.9kHz, with switches Sf2
and Si2 closed. The OPAMP is characterized by a dc gain A¢:=108. The DC voltage
source Vin is characterized by a parasitic resistance Rin = 100mQ.
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Figure 3-1. Multisim Live Circuit Schematic for the Analysis of Buck Regulator in Closed Loop Operation.

a bk wN

2ms in the Simulation settings menu;

o

Measurement labels menu.

7. Import in Table 3-1 the nominal value Voutbc,nom in Volts with three decimal digits,

calculated in the Exercise Section 2-1.
8. Set DC_mag = 6.0V for generator Vin.
9. Run the simulation and wait until it ends.

10.Read the average value Vav displayed by the output voltage probe Vout, in Volt with

three decimal digits, and report the result in Table 3-1.

11.Read the average value Vav displayed by the PWM control voltage probe V¢, in
Volt with three decimal digits, calculate the ratio V¢/Vipp and report the result in
Table 3-1, with three decimal digits.

12.Calculate the ratio Vounc/Vinoc with three decimal digits and report the result in

Table 3-1.

13.Repeat steps 9-12 for each value of DC source voltage Vinoc (VO voltage of the
generator Vi) listed in Table 3-1.
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Set switches SCin2 and SC1 to be CLOSED, and switches SL2 and SC2 to be OPEN.
Set the initial voltage of capacitor C1 to 5V.
Select the Interactive simulation option and the Split visualization option.
Set the Maximum Time Step and Maximum Initial Step to 10ns, and End time to

Check the Periodic option box for voltage probes Vin, Vou, and V¢ in the




Table 3-1 DC Output Voltage and Error Amplifier Voltage as function of DC Source Voltage.

Vinoc [V] 6.0 6.5 7.0 7.5 8.0 8.5 9.0
VoutDC,nom [V]
VoutDC [V]

Veoe/Vipp [V]
Voutoc/Vinbc

3-1-1 Does the DC output voltage Voutoc change as Vinpc increases?

A. yes
B. no
Discuss the results based on the Theory and Background section equations:

3-1-2 Does the PWM control voltage Vcpc change as Vinoc increases?

A. yes
B. no
Discuss the results based on the Theory and Background section equations:

3-1-3 How is the ratio Vcpc/Vipp correlated to the ratio Voutnc/Vinoc? why?

3-1-4 What change do you expect in the simulation results if you close the switch SC2
and open the switch SC1? why?
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Troubleshooting tips:

e If the simulation does not run and you get some error message, reload Lab8 —

Buck Regulator in Closed Loop Operation from this file path:

https://www.multisim.com/content/WSHeUkuHMCHHnyeEu2MHx7/1ab

-8-buck-regulator-in-closed-loop-operation/
and restart the simulation, following the instructions.

4 Implement

The experiments of this section allow you to observe the behavior of a real buck regulator
in closed loop operation. First, you will analyze the DC operating point of the buck
regulator while varying the DC source voltage. Next, you will measure the AC output
voltage perturbation generated by an AC load current perturbation. The Discrete Buck
Section of the Tl Power Electronics Board for NI ELVIS IIl shown in Figure 4-1 will be

used to perform the experiments.

Discrete Buck Section
E]Discrete Buck ‘ @ tegrated Linear

I! !EIE_'ER‘GE i I El_.ﬂms
L!}bag_éuﬁﬂ — TP87 TP82 J3;I'P:8 4T cmi% =
L ]

P80 TPE1 —

1°0g

3
=S
3 -
o =)

[ @riz

| « JEL HR
ST =@ Mrios

2]

.
=]
[T}
1
8

3

r101 BB [E @

TP100 TP98 TP95
1)

Figure 4-1. Tl Power Electronics Board for NI ELVIS 1l - Discrete Buck Section Used for the Analysis of Buck

Regulator in Closed Loop Operation
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The half-bridge MOSFETSs is implemented with TI's CSD15380F3, the error amplifier
OPAMP is TI's OPA835IDBVR, the PWM comparator uses a TI's TLV7011DPWR, the gate
driveris a TI's TPS51601ADRBR. The INA139NA/3K current shunt monitor senses the low
frequency output current, which can be measured at test point TP79 with a 1:1 Ampere/Volt
transduction gain. The links to datasheets are available below:

CSD15380F3 MOSFET: http://www.ti.com/lit/ds/symlink/csd15380f3.pdf;
OPA835IDBVR OPAMP: http://www.ti.com/lit/ds/symlink/opa835.pdf;

TLV7011DPWR COMPARATOR: http://www.ti.com/lit/ds/symlink/tlv7011.pdf;
TPS51601ADRBR GATE DRIVER: http://www.ti.com/lit/ds/symlink/tps51601a.pdf;
INA139NA/3K CURRENT MONITOR: http://www.ti.com/lit/ds/symlink/inal139.pdf.

The MOSFETSs on-state resistance is 1.2Q at 4.5V gate-to-source voltage. The half-bridge is
connected to the L-C filter through jumper J11. The output of the L-C filter is connected to
the input of an Integrated Linear Regulator, which operates as a dynamic load, through
jumper J16. The L-C filter is configurable by means of jumpers J39 and J12 as follows:

e J39 closed: L = 15pH, RL = 140mQ; J39 open: L =48uH, RL=400mQ;

e J12 shorting TP161-TP159: C =10uF, Rc = 5mQ (ceramic capacitor);

e J12 shorting TP161-TP160: C = 100uF, Rc =55mQ (electrolytic capacitor).

The error amplifier poles and zero frequencies are set to fo = 120Hz, f, = 4.27kHz and fp =
153.9kHz, with jumpers J41 and J42 closed. [Note: the parameters provided in the following
instructions for instruments setup may require some adjustment due to thermal effects and
tolerances of Tl Power Electronics Board components].

4-1 General Instructions

1. Open Variable Power Supply, Function Generator and Oscilloscope using
Measurements Live. For help on launching instruments, refer to this help
document: http://www.ni.com/documentation/en/ni-elvis-
iii/latest/getting-started/launching-soft-front-panels/

2. Open the User Manual of Tl Power Electronics Board for NI ELVIS 11l from this
file path: http://www.ni.com/en-us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.html

3. Read the User Manual sections Description, Warnings and Recommendations
regarding Discrete Linear Section.

4. Openthe Tl Top Board RT Configuration Utility of TI Power Electronics Board for
NI ELVIS Ill (See Required Tools and Technology section for download
instructions), and select Lab8 — Buck Regulator in Closed Loop Operation.

5. Configure the jumpers of the board as indicated in Table 4-1.

Table 4-1 Jumpers configuration

J11 J12 J16 J33 J37 J38
short TP156-TP153 | short TP159-TP161 | short TP155-TP154 | short 2-3 short 1-2 short
J39 J41 J42 J44 J46 Ja7 J48
open short short short short 1-2 short open
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4-2 Experiment 1 Instructions

1. Connect the instruments as indicated in Table 4-2-1.

Table 4-2-1 Instruments Connections

Power Supply connect to red and black banana connectors

. connect CH-1 to TP83 (Vin), connect CH-2 to TP86 (Vou)
Oscilloscope connect CH-3 to TP93 (V), connect CH-4 to TP87 (Vew)

connect CH-1 to FGEN1 BNC connector (TP94 = Buck PWM comparator V,)

Function Generator connect CH-2 to FGEN2 BNC connector (TP108 = Linear Feedback Veg)

2. Configure and setup the instruments as indicated in Table 4-2-2.

Table 4-2-2 Instruments Configuration and setup for Experiment 1

Power Supply Channel “+”: Static, 7.00V, Channel “-*: Inactive
Trigger: analog Horizontal: Acquisition: Measurements:
edge, CH-4, setto | 200ms/div average show
50%

Oscilloscope Channel 1: ON Channel 2: ON [ Channel 3: ON | Channel 4: ON
e DC coupling e DC coupling | e DC coupling e DC coupling
e 2V/div e 2V/div e 2V/div e 2V/div
¢ offset 0.0V o offset 0.0V ¢ offset -8.0V offset 0.0V

. Channel 1: Triangle, Frequency 500kHz, Amplitude 6Vpp, DC offset 3.0V
Function Generator Channel 2: Sine, Frequency 1Hz, Amplitude 0.0Vpp, DC offset -2.0V

w

Run Oscilloscope, Function Generator and Power Supply.

4. Using the Oscilloscope cursors in Track mode, read the average DC values of the
CH-2 (Vou), in VoIt with two decimal digits, and report the value in Table 4-2-3.

5. Using the Oscilloscope cursors in Track mode, read the average DC values of the
CH-3 (V¢), in Volt with two decimal digits, divide it by the triangular carrier peak-peak
amplitude Vipp = 6V, and report the result, with two decimal digits, in Table 4-2-3.

6. Repeat the measurements and calculations for all the values of the source voltage
Vinpc indicated in Table 4-2-3, by changing the DC voltage of Power Suppy.

7. Import in Table 4-2-3 the DC values of Voutoc and Vepc/Vipp collected in Table 3-1,
with two decimal digits.

8. Stop Power Supply, Function Generator and Oscilloscope.
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Table 4-2-3 DC Output Voltage and Error Amplifier Voltage as function of DC Source Voltage.

Vinoc [V] 6.0 6.5 7.0 7.5 8.0 8.5 9.0
VoutDC,nom [V]

Voutoc [V] measured
Voutoc [V] from Table 3-1
Vepce/Vipp [V] measured
Veoce/Vipp [V] from Table 3-1

4-2-1 Does the DC output voltage Voutpc Vary as Vinpc increases?

A. yes

B. no

Discuss the differences between simulations and experiments based on the
Theory and Background section equations:

4-2-2 What is the trend of the ratio Vcpc/Vipp @s Vinoc increases? why?

4-2-3 Based on your answer to Questions and 4-1-1 and 4-1-2, what parameter of the
buck regulator model would you change to improve the accuracy of simulations?
How and why?
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4-3 Experiment 2 Instructions

1. Connect the instruments as indicated in Table 4-3-1.

Table 4-2-1 Instruments Connections

Power Supply

connect to red and black banana connectors

Oscilloscope

connect CH-1 to TP83 (Vin), connect CH-2 to TP86 (Vou)
connect CH-3 to TP93 (V¢), connect CH-4 to TP79 (low)

Function Generator

connect CH-1 to FGEN1 BNC connector (TP94 = Buck PWM comparator V,)
connect CH-2 to FGEN2 BNC connector (TP108 = Linear Feedback Veg)

Digital Multimeter

connect Voltage input to TP79 (lour)

2. Use the instruments configuration and setup shown in Table 4-3-1.

Table 4-3-1 Instruments Configuration and setup for Experiment 2

Power Supply

Channel “+”: Static, 7.00V, Channel “-* Inactive

Oscilloscope

Trigger: Horizontal; Acquisition: Measurements:
Immediate 200ps/div average show

Channel 1: ON Channel 2: ON | Channel 3: ON Channel 4: ON
e DC coupling e DC coupling | e DC coupling e DC coupling
e 2V/div e 10mV/div e 10mV/div e 10mV/div

¢ offset 0.0V o offset -5.0V o offset -4.33V | offset 0.0V

Function Generator

Channel 1: Triangle, Frequency 500kHz, Amplitude 6Vpp, DC offset 3.0V
Channel 2: Sine, Frequency 1Hz, Amplitude 1Vpp, DC offset 550mV

Digital Multimeter

Measurement mode: DC voltage; Range: Automatic

3. Run Oscilloscope, Function Generator and Power Supply.
4. Read the DC average of output voltage Voutnc and PWN control signal Vcpc on the
Oscilloscope CH-2 (Vout) and CH-3 (V¢), in Volts with all decimal digits shown by

the instrument, and report the values in Table 4-3-2.

5. Read the peak-peak amplitude of output voltage AVoupp and PWN control signal
AV¢pp 0N the Oscilloscope CH-2 (Vout) and CH-3 (V¢), in milli Volts with all decimal
digits shown by the instrument, and report the values in Table 4-3-2.

6. Calculate the error amplifier gain Gea = AVcpp/AVoutpp, IN With three decimal digits,

and report the result in Table 4-3-2.
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7. Read the DC average output current loutnoc on Digital Multimeter, in milli Volt, with
one decimal digit, and report the value in Table 4-3-2 in mA with one decimal digit.

8. Read the peak-peak amplitude of output current Aloutpp On the Oscilloscope CH-4
(lout), in milli Volt with all decimal digits shown by the instrument, and report the
value in milli Ampere in Table 4-3-2.

9. Calculate the output impedance Zout.cL = AVoutpp/Aloutpp, in Ohm with three decimal
digits, and report the result in Table 4-3-2.

10.Repeat the steps 2-6 for all the values of Frequency of the Function Generator CH-
2 indicated in Table 4-3-2.

11.Stop Power Supply, Function Generator and Oscilloscope.

Table 4-3-2 Buck Regulator Closed Loop Output Impedance.
Function Generator CH-2 Frequency [Hz] 1 10 100 1000

VoutDC,nom [V]
VoutDC [V]

AVoutpp [mV]

VcDC [V]
AVepp [MV]
Gea = AVcpp/ AVoutpp

loutoc [MA]

Aloutpp [MA]

Zout,cL = AVoutpp/A|outpp [Q]

4-3-1 Discuss the trend you observe in the values of the error amplifier gain as the
frequency f increases, based on Theory and Background section concepts:

4-3-1 Discuss the trend you observe in the values of the closed loop output impedance as
the frequency f increases, based on Theory and Background section concepts:
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4-3-3 Based on your answer to Questions and 4-3-1 and 4-3-2, what parameter of the
buck regulator would you change to reduce the output impedance? How and why?

Troubleshooting tips:

e If the simulated and measured results do not match, verify the setup and
connections of instruments, and restart the experiment.

5 Analyze

5-1 Re-calculate the theoretical values of error amplifier gain Gea and of closed loop
output impedance ZoutcL, based on Theory and Background equations, using the values
of switching frequency (fs=500kHz) and peak-peak amplitude of the PWM triangular
carrier signal (Vipp=6Vpp) adopted for the Experiment 2 of Section 4-2. Graph the resulting
values versus the frequency f, together with the experimental values of Gea and Zout,cL
collected in Table 4-3-3. Include a legend indicating which line style corresponds to which
series (calculations, measurements).

Table 5-1 Closed Loop Power Supply Rejection Ratio.

Frequency [Hz] 1 10 100 1000
theoretical Gea
experimental Gea
theoretical Zout,cL []
experimental Zout,cL [Q]

A A
Gea Zout,CL
N A
L4 L.l
f [Hz] f [Hz]
Figure 5-1 Theoretical and Experimental Values of Error Amplifier Gain and Closed Loop Output Impedance of Buck
Regulator.
194

INTERNAL - NI CONFIDENTIAL



5-2  Discuss the differences you observe between the experimental and theoretical
values of error amplifier gain Gea and of closed loop output impedance Zou,ct.
Based on your learning, assess what parameters majorly influence the two
functions Gea and ZouwcL, and indicate what parameter would you change to
improve the accuracy of the theoretical predictions.

6 Conclusion

6-1 Summary

Write a summary of what you observed and learned about the closed loop operation of a
buck regulator, concerning its DC accuracy and rejection capability of load current AC
perturbations. Discuss the conditions and the parameters influencing the closed loop
operation of the buck regulator, and discuss why and how can you reduce the output
impedance of buck regulator.

6-2 Expansion Activities

6-2-1. Investigate the influence of switching frequency on closed loop output impedance of

buck regulator, by means of TI Power Electronics Board for NI ELVIS Il of Figure 4-1.

a. Follow general instructions provided in Section 4-1.

b. Follow the instructions for Experiment 2 provided in Section 4-3.

c. Set the switching frequency to 200kHz by means of the Frequency of Function
Generator CH-1.

d. Run the experiment and report the resulting values of closed loop output
impedance in Table 6-1.

e. Repeat step d. for all the values of the switching frequency listed in Table 6-1.

Table 6-1 Buck Regulator Closed Loop Output Impedance under different switching frequency conditions
load current AC frequency [Hz] 1 10 100 1000
ZoutcL @ fs = 200kHz [Q]
ZoucL @ fs = 400kHz [Q]
ZoutcL @ fs = 600kHz [Q]
ZoutcL @ fs = 800kHz [Q]
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6-1 Analyze the values of closed loop output impedance as the switching frequency
increases and discuss them based on Theory and Background equations:

6-2-2. Investigate the influence of the L-C filter setup on closed loop output impedance of
buck regulator, by means of TI Power Electronics Board for NI ELVIS Il of Figure 4-1.
a. Follow general instructions provided in Section 4-1.

b. Follow the instructions for Experiment 2 provided in Section 4-3.

c. Import in Table 6-2 the values of closed loop output impedance recorded in Table
4-3-2 for Experiment 2, relevant to the setup of jumper J39 open (L = 48uH, R =
400m<) and jumper J12 shorting TP161-TP159 (C = 10uF, Rc = 5mQ).

d. Short the jumper J39 to set L = 15uH, RL = 160mQ, run the experiment and
report the resulting values of closed loop output impedance in Table 6-1.

e. Open the jumper J39 to set L = 48uH, RL = 400mQ, short TP161-TP160 with
jumper J12 to set C = 100pF, Rc = 55mQ, run the experiment and report the
resulting values of closed loop output impedance in Table 6-2.

f. Short the jumper J39 to set L = 15pH, RL = 160mQ, run the experiment and
report the resulting values of closed loop output impedance in Table 6-2.

Table 6-2 Buck Regulator Closed Loop Output Impedance under different L-C filter setup conditions
load current AC frequency [Hz] 1 10 100 1000
ZoucL @ L =48uH, C = 10uF [Q]
ZoutcL @ L = 15pH, C = 10pF [Q]
ZoucL @ L = 48uH, C = 100uF [Q]
ZoutcL @ L = 15pH, C = 100pF [Q]

6-2 Analyze the values of closed loop output impedance for the different L-C filter
configurations and discuss them based on Theory and Background equations:
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6-3 Resources for learning more
e This book provides the fundamentals of switching regulators:
S. Maniktala, Switching Power Supplies A - Z, Newness

Answer Key — Check Your Understanding Questions Only

o—

E_[.J Check Your Understanding

11 B
1-2 B
13 C
14 A

1-5  high fo, high Ade
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Lab Manual: Power Electronics
Using the Tl Power Electronics Board for NI ELVIS I
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T\ Power Electronics Board
www 0l .cnm;‘\each"power

Lab 9: DC-AC
PWM Inverter Operation
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Lab 9: DC-AC PWM Inverter Operation

The goal of this lab is to investigate the behavior of a DC-AC Pulse Width Modulated
(PWM) Inverter, which is widely used in variable frequency AC drives for induction motors.
First, we review the principle of operation and the main waveforms of a PWM Inverter,
based on a MOSFET full-bridge converter topology. Next, we analyze the effect of L-C
filter by means of simulations. Finally, we perform lab experiments to obseve the AC
output voltage and perform ripple voltage measurements.

vDC ‘
(é ) Q1 (é ) Q3
G1

G3

— Vin VAC Ro

TR - T

G2 G4

=

Figure 1-1. DC-AC Inverter
Learning Objectives
After completing this lab, you should be able to complete the following activities.

1. Given a DC-AC PWM Inverter, with specified modulation and switching PWM signals
setup, you will calculate the amplitude of sinusoidal and ripple components of AC
current and voltage, with specified units and accuracy, and determine the L-C output
filter parameters needed to limit the amplitude of ripple components below given limits,
under different switching frequency operating conditions.

2. Given a DC-AC PWM Inverter, you will simulate its operation under different PWM
signals and L-C filter setup, to analyze the amplitude of sinusoidal and ripple
components of AC current and voltage, and verify their consistency with theoretical
predictions.

3. Given areal DC-AC PWM Inverter with configurable PWM signals and L-C output filter,
you will observe the AC load voltage waveform, and measure the amplitude of
sinusoidal and ripple components, with specified units and accuracy, under different L-
C output filter and PWM signals setup.
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Required Tools and Technology

Platform: NI ELVIS IlI v' Access Instruments
Instruments used in this lab: https://measurementslive.ni.com/
e Function generator v" View User Manual
e Digital multimeter http://www.ni.com/en-
e Oscilloscope us/support/model.ni-elvis-iii.html
e Power Supply v View Tutorials
https://www.youtube.com/watch?v=

Note: The NI ELVIS Il Cables and TwvbRUpEpJU&list=PLvcPluVaUMI

Accessories Kit (purchased separately) Wm8ziaSxvOgwtshBA2dh_M

is required for using the instruments.

Hardware: TI Power Electronics Board ¥ View User Manual
http://www.ni.com/en-
us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.ntml

Software: NI Multisim Live v' Access
https://www.multisim.com/

v" View Tutorial
https://www.multisim.com/get-started/

Software: TI Power Electronics v" Download (Windows OS Only)

Configuration Utility http://download.ni.com/support/acad

cw/PowerElectronics/TIPowerElectr
onicsBoardUtility-Windows.zip
Note: Mac Version will be available
soon
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Expected Deliverables

In this lab, you will collect the following deliverables:

v
v
v

v
v

Calculations based on equations provided in the Theory and Background Section
Results of circuit simulations performed by NI Multisim Live

Results of experiments performed by means of TI Power Electronics Board for NI
ELVIS I

Observations and comparisons on simulations and experimental results
Questions Answers

Your instructor may expect you to complete a lab report. Refer to your instructor for
specific requirements or templates.
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1 Theory and Background

1-1 Introduction

In this section, we review the fundamental concepts relevant to the operation of a single-
phase DC-AC PWM inverter based on a MOSFET full-bridge. First, we analyze the
principle of operation and the resulting AC voltage waveform. Next, we discuss the
filtering effect of load inductance. Finally, we analyze the effect of an L-C filter.

1-2 DC-AC Inverters Fundamentals

An ideal DC-AC inverter converts a DC voltage Vpc into an AC sinusoidal voltage Vac(t),
as shown in Figure 1-2.

Vin=VDC Vout=VAC 10
DC — AC

input ,\’ output .

-10

Figure 1-2. Inverter Input and Output waveforms.
The ideal output AC voltage of a DC-AC inverter is given by Equation 1-1:

Equation 1-1 V,

AC

iaea (1) = KV cos(27f 1)

where fm is the desired frequency and k is a constant. The DC-AC conversion can be
performed by means of several circuit topologies and control techniques, providing an AC
voltage characterized by different levels of accuracy with respect to the ideal sinusoid of
Equation 1-1. The output of a real DC-AC inverter is given by Equation 1-2:

Equation 1-2 Ve rea (1) = KVpe cOS(27f t) + > A cos(2znf t +6,)
n=1

where the magnitude An of the harmonics is determined by the circuit topology and
modulation technique. Harmonics are undesired high-frequency effects determined by
DC-AC inverter operation. They must be kept with levels that are compatible with a correct
and safe operation of load and source, and ensure that the electro-magnetic emission
limits imposed by Electro Magnetic Compatibility (EMC) regulations are met.
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1-3 DC-AC PWM Inverter.
Figure 1-2 shows a DC-AC Pulse Width Modulated (PWM) inverter.

vDC A
VAC_p

G1
4
T

Iy

< > >
1 1

(a) DC-AC PWM Inverter With Ohmic Load

(d) Load AC Voltage Vac(t) = Vac_p(t) - Vac_n(t)

Figure 1-2. MOSFET Full-Bridge Inverter.

The MOSFET full bridge is comprised of two half-bridges. The half-bridge Q1-Q2 operates
in PWM mode (see Lab5), driven by PWM comparator 1. As shown in Figure 1-2(b), the
signal FG1(t)=Vrecos(2nfmt), of period Tm = 1/fm, is the modulation reference for the output
voltage Vac(t). The triangular waveform FG2(t), of period Ts = 1/fs, is the modulation carrier.
Normally the switching frequency fs is much greater than the modulation frequency fm. For
AC frequency f = 50Hz, the PWM switching frequency fs can be 5kHz. The resulting output
voltage Vac p(t) of the half-bridge Q1-Q2 is the modulated square pulses train shown in
Figure 1.2(b). The half-bridge Q3-Q4 also operates in PWM mode, driven by PWM
comparator 2, with an inverter reference signal FG1_INV(t) = - FG1(1) (see Figure 1-2(c)).
The resulting output voltage Vac n(t) of the half-bridge Q3-Q4 is the modulated square pulses
train shown in Figure 1.2(b). The resulting voltage Vac(t) = Vac p(t) - Vac_n(t) applied to load
resistor R, is the sequence of square pulses of amplitude Vpc shown in Figure 1-2(d). The
width of pulses is modulated by the reference sinusoidal signal FG1(t). If the PWM triangular
carrier has a peak-peak amplitude Vipp, the average Vaca(t) of the AC voltage Vac(t) over
each half switching period Ts/2 is given by Equation 1-3:

to+Ts2

2 N,
Equation 1-3 Vica ) == [ Viedt =D(t\Vse;  D(t) = TEsin(2xf, t)

s 1t PP

where D(t) is the modulation duty-cycle of the DC-AC PWM inverter output voltage.
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1-4 Impact of Load Inductance.

Figure 1-3(b) shows the current waveform of an AC ohmic load. Many AC loads, like
induction motors, are ohmic-inductive. If the PWM switching frequency fs is sufficiently high,
the L-R low pass nature of the load determines the current waveform shown in Figure 1-3(c).

vDC -

voltage Vac(t)

01 "3 +
T ety “ MMWWWWWWWMWWWMMMMMWW
; —> [ Vac(t) %L e
J

—ArA—

$ urrent Iac(t)
= (b) Ohmic Load Voltage and Current
T C A —
voltage Vac(t)
comparator 1 - comparator 2 "11'
current lac() ...
. - | A..'.»x~.’-.‘"f"»'"-"""""'"'A"'"" i MAAAA LA R TP
(a) DC-AC PWM Inverter With Ohmic-Inductive (c) Ohmic-Inductive Load Voltage and Current

Load
Figure 1-3. AC Currents of Ohmic and Ohmic-Inductive Loads Powered by a DC-AC PWM Inverter.
The current of the ohmic-inductive load exhibits a sinusoidal component at modulation
frequency f of the reference signal and a triangular ripple component at PWM switching
frequency fs. The sinusoidal component is given by Equation 1-4:

Equation 1-4 INGES \%D(t); zZ = ,/ROZ +(2xf,L,)?

f

m

The peak-peak amplitude of the switching frequency ripple component is time varying,
and is given by Equation 1-5 (see Lab6):

Equation 1-5 Alye o () = \%}I“(t)mt) = \L/“;fvf’c {1— sz\f/ R, Sin(27rfmt)]sin(27n‘mt)
S 0°'s " rpp T PP

From Equation 1-5, the amplitude of the peak-peak ripple component Alacpp(t) is
maximum at the instant tmax given by Equation 1-6:

ZV. T (zZVv.) _ ZV T
Equation 1- if —o ™ <1:t  =-Tarcsin| | jf ™ 59t =-T
quation 1-6 4RV, o0 [ 4RV, 4R V. 4

The maximum amplitude of peak-peak AC ripple component is given by Equation 1-7:

A VooZ, . Z,V V.V N_R
Equation 1.7 if —= " <1: Al =T o P 9 Al = _fefbC g _—ref o
mevrpp

4R0Vref A ppme 8R0 Lofs 4R0Vref A ppme Lofsvrpp
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1-5 DC-AC PWM Inverter with L-C Filter.

If an ohmic load requires an AC voltage with low harmonic content, the modulated square
wave voltage generated by the MOSFET full-bridge must be filtered by means of an L-C
filter (insight the same concept in Lab6), resulting in the waveforms shown in Figure 1-4.

Yo VAC_p

grey = Vac(t), black = Vac ou(t) e

@ lac) = @ ' ? WL fAVac ()

1 P
= L+ current lac(t) 1
@) Q2 ‘@> VAE_ out(t) ..,.,;4-;-,.__,.,_‘-,-n:.;-‘-‘-.-‘-.-‘~"‘"""""""""""""""""""""""""""'"‘*"»"--"'"'- ey y
A v
PWM PWM ) grey = VAC(t)! bIaCk = VAC_OUt(t) VVVVV -
-~ current lac(t)
(a) DC-AC PWM Inverter With L-C Filter (c) Voltage and Current Waveforms with Co

Figure 1-4. AC Currents of an Ohmic Load Powered by a DC-AC PWM Inverter with L-C Filter.

As discussed in Section 1-4, the current of an ohmic-inductive load has a sinusoidal
component at frequency fm of the reference signal and a triangular ripple component at
switching frequency fs. Adding an inductor L, in series to an ohmic load R, determines the
same effect of an ohmic-inductive load. The inductance L, needed to keep the peak-peak
amplitude of AC ripple component below a given limit Alac_outppmax, iS given by Equation 1-7:

VDC

Equation 1-7 . = ;
41 Al

AC _out,ppmax

Without a parallel capacitor, the resulting maximum peak-peak amplitude of ripple voltage on
load resistor Ro will be AVac outppmax = RoAlac_out,ppmax. The maximum peak-peak amplitude of
load ripple voltage with a parallel capacitor of capacitance C, is given by Equation 1-8:

. Al
Equation 1-8 AVAC_Out,ppmax _ Acs,fouct,ppmax

From Equation 1-8, the capacitance Co, needed to keep the maximum peak-peak amplitude
of switching frequency load ripple voltage below a given limit AVac outppmax IS given by

Equation 1-9:
AIAC out,ppmax
Equation 1-9 C, = =—
8fsAVAC_out,ppmax
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Check Your Understanding
o

Note: The following questions are meant to help you self-assess your understanding so far. You
can view the answer key for all “Check your Understanding” questions at the end of the lab.

1-1 What is the function of a DC-AC inverter?
A. to convert a DC source voltage into an AC load voltage
B. to invert the flow of energy between a DC source and a DC load
C. to invert the polarity of a DC source voltage

1-2 How can we achieve the conversion of a DC voltage into an AC voltage?
A. by means of a transformer
B. by means of a MOSFETSs full-bridge
C. by means of a diodes full-bridge

1-3 What type of AC waveform we obtain with a DC-AC PWM inverter?
A. a sinusoid with a triangular ripple component
B. a sinusoid with a DC component
C. atrain of square pulses

1-4 What type of AC load powered by DC-AC PWM inverter absorbs a quasi-sinusoidal
current?
A. an ohmic-capacitive load
B. an ohmic-inductive load
C. an ohmic load

1-5 How do we obtain a sinusoidal AC voltage for an ohmic load from a DC-AC PWM
inverter?
A. by mean of an L-C filter
B. by means of capacitors in parallel to the MOSFETs
C. by means of an inductor in series to the source

1-6 How do the values of the inductance and capacitance of the L-C filter of a DC-AC
PWM inverter, needed to limit the amplitude of AC current and voltage ripple
components, change as the PWM switching frequency increases?

A. they increase
B. they decrease
C. they do not depend on the PWM switching frequency
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2 Exercise

The MOSFET full-bridge of the DC-AC Inverter Section of the TI Power Electronics Board
for NI ELVIS 1ll can be connected to a 50Q2 load resistor R, through an L-C filter,
comprised of a 6.8mH series inductor L, and a 10uF parallel capacitor Co.

2-1 Assuming that the DC source provides a DC voltage Vpc = 10V, the PWM modulator
triangular carrier has a 5kHz switching frequency fs and a 6.0V peak-peak amplitude Vpp,
the AC reference voltage has a 50Hz modulation frequency fm and 2.5V amplitude Vrer,
use the rules and equations provided in the Theory and Background section to
calculate:

e the amplitude of AC sinusoidal component Iac(t) of the series Ro-Lo at modulation
frequency fm, in Ampeére with three decimal digits of accuracy:
lac =

e the maximum peak-peak amplitude of AC ripple component Alac,pp(t) of the series
Ro-Lo at switching frequency fs, in Ampere with three decimal digits of accuracy,
and the ratio between the instant tmax Where that maximum is reached and the
modulation period Tm, with two decimal digits:

AlAC,ppmax = tmax/Tm =
e the maximum peak-peak amplitude of AC ripple component AVac outpp(t) Of

voltage on ohmic load resistor R, at switching frequency fs, in Volt with three

decimal digits of accuracy:

AVAC,ppmax =

2-2 Assuming Ro= 50Q, for the values of switching frequency fs listed in Table 2-1, use
the equations provided in the Theory and Background section to calculate:
e the L-C filter inductance L, needed to limit the maximum peak-peak amplitude of
AC current ripple component Alac,ppmax to 50mA, in milli Henry with two decimal
digits of accuracy;
e the L-C filter capacitance C, needed to limit the maximum peak-peak amplitude
of AC voltage ripple component AVac_out,ppmax to 100mV, in micro Farad with two
decimal digits of accuracy.

Table 1-1 Inductance and Capacitance of L-C filter as Function of PWM Switching Frequency fs.

fs [kHZ] 1 5 10 50
Lo [mH]
Co [UF]
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3 Simulate

The goal of the simulations you will perform in this section is to analyze the operation of
a DC-AC PWM Inverter. You will observe the AC voltage and current waveforms under
different operating conditions, to verify the impact of PWM switching frequency and the
consistency of the theoretical model.

3-1 Instructions

1. Open Lab9 — DC-AC PWM Inverter Operation from this file path:

https://www.multisim.com/content/kTPAgYp6A2aPhxtxVMBdMd/lab
-9-dc-ac-inverter-pwm-operation/
The circuit schematic for the analysis of the DC-AC PWM inverter is shown in
Figure 3-1. The MOSFETSs are modeled by means of two Single Pole Single Throw
(SPST) switches. The gate drivers include time delays td1-td4 and gates A1-A4
to prevent cross conduction of the MOSFETSs. The switches JLo and JCo allow the
output L-C filter configuration. An input L-C filter is also included, which can be
configured by means of switches JLin and JCin. Voltage-Controlled sources
AC_probe and AC_out_probe allow AC differential voltage measurements.

____________________
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i1 i T 10, : i £ [ . i P 1 !
: i = ! o - Pl v i
T 1 | H [ T - ! I
: ' : - oo ' P :
| 1 | H ! i !
= 1 = = : + l: 1 : 1
’ = - 1 = P :

H e -9 1 i \ £
| ISR T AT 1 Iy |
! i H ! i ul !

1 r 1
i input filter | 1 output filter ! i !
AN p N . - S l\ p J : 1 :
e i
A H 1
------------ ] mmmmeStzzzmzammnnaonononnand i
Y ~;u;; PWM! PWM'
N ‘: L '| 1 E

E tdg
woT 34 5] 20ns
I . !

o5y gate driver
Q3-Q4

M e ———

' e e e e e e e
o ot o e e S

|
|

............

Figure 3-1. Multisim Live Circuit Schematic for the Analysis of the DC-AC PWM Inverter Operation.
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Simulation 1 - PWM inverter operation with ohmic load.
Set the switches as indicated in Table 3-1-1.

Table 3-1-1 Switches Setup for Simulation 1

JLin JCin JLo JCo
shorted open shorted open

. Set the circuit parameters as follows:

e FG1 (sinusoidal modulation signal): VA = 2.5V, Freq = 50Hz, Offset 0.0V,

e FG2 (triangular switching signal): VA = 6V, Per = 500us, TF = 250ps, Offset -3V;
Double click on probes FG1, VAC out and IAC_out, and check the Show plot
option box. Uncheck the Show plot option box for all the other probes.

Interactive simulation and Grapher visualization options.

Run the simulation and wait until it stops.

Is the waveform of AC voltage of load resistor VAC_out a train of square pulses,
whose width is proportional to the instant value of the modulation sinusoid FG1?

A. yes
B. no
Please provide your comments:

Are the waveforms of load resistor voltage and current VAC out and IAC_out
similar?

A. yes
B. no
Please provide your comments:

Simulation 2 - PWM inverter operation with ohmic load and series filter inductor.
Set the switches as indicated in Table 3-2-1.

Table 3-2-1 Switches Setup for Simulation 1

JLin

JCin

JLo

JCo

shorted

open

open

open
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2. Set the circuit parameters as follows:
e FG1 (sinusoidal modulation signal): VA = 2.5V, Freq = 50Hz, Offset 0.0V,
e FG2 (triangular switching signal): VA = 6V, Per = 500us, TF = 250ps, Offset -3V;
3. Double click on probes FG1, VAC, VAC_out and IAC_out, and check the Show
plot option box. Uncheck the Show plot option box for all the other probes.
4. Select Interactive simulation and Grapher visualization options.
5. Run the simulation and wait until it stops.

3-2-1 Do the waveforms of AC voltage VAC_out and current IAC_out of load resistor
show a sinusoidal component at modulation frequency fm and a ripple component
at switching frequency fs?

A. yes
B. no
Please provide your comments:

3-2-2 Is the peak-peak amplitude of AC voltage VAC_out and current IAC_out ripple
component variable during the modulation period Tm?

A. yes
B. no
Please provide your comments:

3-2-2 Detect the instant tmax Where the peak-peak amplitude of AC voltage VAC_out and
current IAC_out ripple component reach the maximum and calculate the ratio
tmax/Tm. IS the result consistent with the value calculated by means of Equation 1-
6 provided in the Theory and Background Section?

A. yes
B. no
Please provide your comments:

3-3-1 Simulation 3 - PWM inverter operation with ohmic load and L-C Filter.
1. Set the switches as indicated in Table 3-3-1.
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Table 3-3-1 Switches Setup for Simulation 1

JLin JCin JLo JCo
shorted open open shorted

2. Set the circuit parameters as follows:
e FG1 (sinusoidal modulation signal): VA = 2.5V, Freq = 50Hz, Offset 0.0V,
e FG2 (triangular switching signal): VA = 3V, Per = 500us, TF = 250ps, Offset -3V;
3. Double click on probes FG1, VAC, IAC, VAC_out and IAC_out, and check the
Show plot option box. Uncheck the Show plot option box for all the other probes.
4. Select Interactive simulation and Grapher visualization options.
5. Run the simulation and wait until it stops.

3-3-1 Is the peak-peak amplitude of ripple components of load voltage and current at
switching frequency fs lower than in Simulation 27?

A. yes
B. no
Please provide your comments:

3-3-2 Isthe peak-peak amplitude of AC ripple component at switching frequency fs bigger
in current IAC or in current IAC_out?

A. bigger in current IAC
B. bigger in current IAC_out
C. other:

Please provide your comments:

Troubleshooting tips:
If the simulation does not converge and you get some error message, reload
Lab9 — DC-AC PWM Inverter Operation from this file path
https://www.multisim.com/content/kTPAgYp6A2aPhxtxVMBdAMd/1lab

-9-dc-ac-inverter-pwm-operation/ and restart the simulation following
the instructions.
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4 Implement

The experiments you perform in this section allow you to observe the voltage and current
waveforms of a real DC-AC PWM inverter operation, under different operating conditions.
The DC-AC Section of the Tl Power Electronics Board for NI ELVIS Il shown in Figure
4-1 will be used to perform the experiments. The full-bridge uses four TI's CSD16322Q5C
MOSFETSs, two TI's TLV7011DPWR comparators and two TI's UCC27712DR MOSFET
drivers. The full-bridge AC output can be connected to a 50Q resistance Ro, by means of
the Jumper J21. The jumpers J24 and J27 allow to connect a 6.8mH inductor in series
and a 10pF in parallel to the load resistor Ro, respectively. The modulation sinusoidal
signal FG1 and the triangular switching signal FG2 are available at test points TP71 and
TP70, respectively. The datasheets of TI's components are available at these links:

e CSD16322Q5C MOSFET: (http://www.ti.com/lit/ds/symlink/csd16322g5c.pdf)
e TLV7011DPWR COMPARATOR: (http://www.ti.com/lit/ds/symlink/tlv7011.pdf)
e UCC27712DR GATE DRIVER: (http://www.ti.com/lit/ds/symlink/ucc27712.pdf).

§|DC-AC Section =il s =
I-l —J @ O Er @

Bgee P42 TP43 TRSS  TRG3  TRS6  TPe4

TP52 TP61

e

-0 fﬂ

TP74 utt Li | iz TP75 rp4s TP45
L §

@ -

TP68

g2 4 3 2 |
. . . 0. . .1 ..TT
Figure 4-1. TI Power Electronics Board for NI ELVIS Ill — DC-AC Section Used for the Analysis of MOSFET DC-AC
PWM Inverter Operation.

[Note: the parameters provided in the following instructions for instruments setup may require
some adjustment due to thermal effects and tolerances of Tl Power Electronics Board

components]
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4-1 Instructions
1. Open Power Supply, Function Generator, Oscilloscope and Pattern Generator using
Measurements Live. For help on launching instruments, refer to this help document:
http://www.ni.com/documentation/en/ni-elvis-
iii/latest/getting-started/launching-soft-front-panels/

2. Open the User Manual of Tl Power Electronics Board for NI ELVIS 1l from this
file path: http://www.ni.com/en-us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.html

3. Read the User Manual sections Description, Warnings and Recommendations
regarding Discrete Buck Section.

4. Open the Tl Top Board RT Configuration Utility of TI Power Electronics Board for
NI ELVIS IIl (See Required Tools and Technology section for download
instructions), and select Lab9 — DC-AC PWM Inverter Operation.

5. Connect and configure the instruments as indicated in Tables 4-1 and 4-2.
[Note: the AC load voltage can be observed on the Oscilloscope Math channel,
which provides the difference between CH-1 (Vac_p) and CH-2 (Vac_n)]

Table 4-1 Instruments Connections

Power Supply connect to red and black banana connectors

. connect CH-1 to TP57 (Vac_p), connect CH-2 to TP62 (Vac_n)
Oscilloscope connect CH-3 to TP70 (FG2), connect CH-4 to TP71 (FG1)

connect CH-1 to FGEN1 BNC connector (-»TP71 = FG1)

Function Generator | ¢;nnect CH-2 to FGEN2 BNC connector (»TP70 = FG2)

Pattern Generator | connect TRIG to DIO 0 (red) and GND (black) using a BNC-to-Alligator Cable

Table 4-2 Instruments Configuration and setup

Power Supply Channel “+”: Static, 10.00V, Channel “-* Inactive
Trigger: Horizontal: Acquisition: Measurements:
Analog Edge, 2ms/div average hide
CH-4, set to 50%

OSCIIIOSCOpe Channel 1: ON Channel 2: ON | Channel 3: ON | Channel 4: ON | Math: ON

¢ DC coupling e DC coupling | e DC coupling | e DC coupling | e« CH1-CH2
e 5V/div e 5V/div e 1V/div e 1V/div e 5V/div

e Offset 15V o Offset OV e Offset OV e Offset OV o Offset -15V

Function Generator | follow instructions provided below

Pattern Generator follow instructions provided below
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6. Configure the jumpers of the board as indicated in Table 4-3.

Table 4-3 Jumpers Setup

J21 J22 J23 J24 J26 J27

short TP53-TP59| open shorted shorted shorted open

J4 J28 J29 J30 J31 J32
shorted short 2-3 | short 2-3 | short 2-3 | short 1-2 | short 2-3

7. Perform the Experiments 1 to 5 in the sequence they are presented.

4-2Experiment 1 - PWM inverter operation with ohmic load, 50Hz modulation frequency
and 500Hz switching frequency.

1. On Channel 1 of the Function Generator:

a.

select Custom and use the file selector to select the TDMS waveform
Lab9 FG1_sinusoidal 50Hz_450mVpp_25kSps;

set Trigger source to TRIG, set Gain to 1, set Update rate to 25kS/s, set
Generation mode to Loop.

2. On Channel 2 of the Function Generator:

a.

select Custom and use the file selector to select the TDMS waveform
Lab9 FG2_triangular_ 500Hz_1Vpp_25kSps;

set Trigger source to TRIG, set Gain to 1, set Update rate to 25kS/s, set
Generation mode to Loop.

3. On Logic Analyzer and Pattern Generator:

a.
b.
C.

d.

click on “+”in the Pattern Generator section;

click on Signal to add a new signal to the Pattern Generator;

check the box next to Logic O to add the line and click on the whitespace in
the instrument;

set Status to On, set Mode to Clock, set Frequency to 1Hz, set Duty cycle to 50%.

4. Run Oscilloscope, Pattern Generator, Function Generator and Power Supply.

5. Stop Power Supply, Function Generator, Pattern Generator and Oscilloscope.

6. You should see on the Oscilloscope the 50Hz sinusoidal modulation waveform
on CH4 and the 500Hz triangular switching waveform on CH3.

4-2-1 Please describe the waveforms you observe on Oscilloscope CH-1 and CH-2:
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4-2-2 Please describe the waveforms you observe on Oscilloscope Math channel:

4-2-3 Is the waveform of the load voltage observed on Math channel corresponding to
your expectation, based on Theory and Background learning and simulations?

A. yes
B. no
Please provide your comments:

4-3  Experiment 2 - PWM inverter operation with ohmic load, 50Hz modulation
frequency and 2kHz switching frequency.

1 On Channel 2 of the Function Generator:
a. select Custom and use the file selector to select the TDMS waveform
Lab9 FG2_triangular_2kHz_1Vpp_ 25kSps;
b. set Trigger source to TRIG, set Gain to 1, set Update rate to 25kS/s, set
Generation mode to Loop.

2 Run Oscilloscope, Pattern Generator, Function Generator and Power Supply.
3 Stop Power Supply, Function Generator, Pattern Generator and Oscilloscope.

4 You should see on the Oscilloscope the 50Hz sinusoidal modulation
waveform on CH4 and the 2kHz triangular switching waveform on CH3.

4-3-1 Please describe the waveforms you observe on Oscilloscope CH-1 and CH-2:

4-3-2 Please describe the waveforms you observe on Oscilloscope Math channel:
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4-3-3 Does the waveform of the load voltage you observe on Math channel complies with
your expectation, based on Theory and Background learning and simulations?

A. yes
B. no
Please provide your comments:

[Note: the Oscilloscope sampling rate is 25kS/s when the time base is set to
2ms/div: as a result, you will not see sharp rise and fall edges in all the square pulses
on CH1, CH2 and Math channel, unlike you did with 500Hz switching frequency. To
see the sharp edges of square pulses of the load voltage you can set the
Oscilloscope time base to 200us/div, run the Oscilloscope, Function Generator and
Power Supply, stop the Oscilloscope and observe the Math channel. You will see
just few pulses, instead of an entire modulation period of the waveform]

4-4 Experiment 3 - PWM inverter operation with ohmic load and series inductor.

1. Setthe jumper J24 to be OPEN.
2. Run Oscilloscope, Pattern Generator, Function Generator and Power Supply.
3. Stop Power Supply, Function Generator, Pattern Generator and Oscilloscope.

4-4-1 Does the waveform of the load voltage you observe on Math channel comply with
your expectation, based on Theory and Background learning and simulations?

A. yes
B. no
Please provide your comments:

4-4-2 s there a sinusoidal component at modulation frequency in the load voltage waveform?

A. yes
B. no
Please provide your comments:
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4-4-3 s there a triangular component at switching frequency in the load voltage waveform?

A. yes
B. no
Please provide your comments:

4-4-4 Does the peak-peak amplitude of the triangular component at switching frequency
show a maximum over the modulation period? where? what is its value?

A. yes:
it is located at tmax/Tm = , and its value is AVac_outppmax@fs [MV] =
B. no

Please provide your comments:

[Note: the Oscilloscope sampling rate is 25kS/s when time base is set to 2ms/div:
the resulting measurement of the peak-peak amplitude of the triangular component
at switching frequency AVac outppmax@ts Can be not accurate. To improve the
measurement accuracy, you can reduce the Oscilloscope time base to 200us/div]

4-5 Experiment 4 - PWM inverter operation with ohmic load, series inductor and
parallel capacitor.

Set the jumper J27 to be SHORTED.

Run Oscilloscope, Pattern Generator, Function Generator and Power Supply.
Stop Power Supply, Function Generator, Pattern Generator and Oscilloscope.
Using the Oscilloscope cursors on the Math channel, measure the peak-peak
amplitude of the load voltage waveform at the modulation frequency fm, in Volts
with one decimal digit: Vac_out,pp@m = ;

PN

4-4-1 Does the waveform of the load voltage you observe on Math channel complies with
your expectation, based on Theory and Background learning and simulations?

A. yes
B. no
Please provide your comments:
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4-4-2 |s the sinusoidal component at modulation frequency in the load voltage waveform
the same you have observed in Experiment 3?
A. yes
B. no
Please provide your comments:

4-4-3 Does the peak-peak amplitude of the triangular component at switching frequency
show a maximum over the modulation period? where? what is its value?

A. yes:
it is located at tmax/Tm = , and its value is AVac_outppmax@fs [MV] =
B. no

Please provide your comments:

[Note: the Oscilloscope sampling rate is 25kS/s when time base is set to 2ms/div:
the resulting measurement of the peak-peak amplitude of the triangular component
at switching frequency AVac outppmax@ts Can be not accurate. To improve the
measurement accuracy, you can reduce the Oscilloscope base to 200us/div]

4-6 Experiment 5 - PWM inverter operation with ohmic load and series inductor, under
different switching frequency conditions.

Set the jumpers J24 and J27 to be OPEN.

Run Oscilloscope, Pattern Generator, Function Generator and Power Supply.
Stop Power Supply, Function Generator, Pattern Generator and Oscilloscope.
Using the Oscilloscope Cursors on the Math channel, measure the peak-peak
amplitude Vac outpp@m Of the load voltage waveform at the modulation frequency
fm, in Volts with one decimal digit, and the maximum peak-peak amplitude of the
load ripple voltage AVac out,ppmax@ts at the switching frequency fs, in Volts with two
decimal digits, and report the results in Table 4-5-1.

[Note: the Oscilloscope sampling rate is 25kS/s when time base is set to 2ms/div:
the resulting measurement of the peak-peak amplitude of the triangular component
at switching frequency AVac outppmax@fs Can be not accurate. To improve the
measurement accuracy, you can reduce the Oscilloscope time base to 200us/div].
5 Repeat step 2-3 for all the values of switching frequency listed in Table 4-5-1, by
uploading on Channel 2 of the Function Generator the TDMS waveforms:

PoOhPE
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a. Lab9_FG2_triangular_3kHz_1Vpp_25kSps,
b. Lab9 FG2_triangular_4kHz_1Vpp_25kSps,
c. Lab9 FG2_triangular_5kHz_1Vpp_25kSps,

6. Report the results in the Table 4-5-1.

7. Using the equations provided in Theory and Background Section, calculate the
theoretical values of the maximum peak-peak amplitude of the load ripple voltage
AVac_outppmax@ss, IN VoIt with two decimal digits, and report the results in Table 4-5-1.

Table 4-5-1 Amplitudes of Load Voltage Sinusoidal and Ripple Components as Function of Switching Frequency
fs [kHZz] 2 3 4 5
Vac_out,pp@im [V]
AVAC_out,ppmaX@fs [V] @ 2ms/div
AVac_out,ppmax@fs [V] @ 200us/div
AVac_outppmax@fs [V] calculated

4-5-1 Are the measured values of peak-peak amplitude of the triangular component at
switching frequency consistent with calculations?

A. yes
B. no
Please provide your comments:

Troubleshooting tips:

e |f the DC-AC PWM inverter does not work, or the waveforms look much different
with respect to simulations, verify the correct setup and connections of jumpers
and instruments, following the directions provided in Tables 4-1, 4-2 and 4-3, and
restart the experiments.
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5 Analyze

5-1 Compare the Oscilloscope waveforms to the simulated waveforms, and discuss
their similarities and differences based on Theory and Background equations:

6 Conclusion

6-1 Summary

Write a summary of what you observed and learned about the operation of a DC-AC PWM
Inverter, and discuss the impact of switching frequency, inductance and capacitance on

the resulting load voltage waveform.

6-2 Expansion Activities

Investigate the DC source current determined by the operation of a DC-AC PWM Inverter,

by means of Multisim Live simulations.

6-2-1. Open Lab9 — DC-AC PWM Inverter Operation from this file path:
https://www.multisim.com/content/kTPAgYp6A2aPhxtxVMBdMd/lab-9-

dc-ac-inverter-pwm-operation/

The switches JCin and JLin allow connecting the additional 100uF parallel capacitor
and 6.8mH series inductor to the DC source. These two component help filtering the
switching frequency ripple current component of the AC current lac.

6-2-2. Set the switches as indicated in Table 6-2-1.

Table 6-2-1 Switches Setup

JLin

JCin

JLo

JCo

shorted

open

open

open

a. Set the circuit parameters as follows:

e FG1 (sinusoidal modulation signal): VA = 2.5V, Freq = 50Hz, Offset 0.0V;

e FG2 (triangular switching signal): VA = 6V, Per = 200us, TF = 100us, Offset -3V,
b. Double click on probes IDC, FG1, VAC and IAC, and check the Show plot option

box. Uncheck the Show plot option box for all the other probes.
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Select Interactive simulation and Grapher visualization options.

Run the simulation and wait until it stops.

Export the grapher image as .png format file, or the grapher data as .csv format file.
Set the jumper JCin to be CLOSED and repeat steps f-g.

Set the jumpers JCin to be OPEN and JLin to be OPEN, and repeat steps f-g.
Compare the switching ripple components of the DC source current Ipc
waveforms you have obtained with the three different simulations.

6-4 Resources for learning more

e These book provides the fundamentals of DC-AC Inverters:

P.Krein, Elements of Power Electronics, Oxford Press
N.Mohan, T.M.Undeland, W.P.Robbins, Power Electronics: Converters,
Applications and Design, John Wiley & Sons

Answer Key — Check Your Understanding Questions Only

E Check Your Understanding

1-1

1-5

1-6

A

B
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Lab Manual: Power Electronics
Using the Tl Power Electronics Board for NI ELVIS I

Electronics Board
Aeachipower

T\ Power
Www .ol com

Lab 10: High-Frequency

Transformer Operation
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Lab 10: High-Frequency Transformer Operation

The goal of this lab is to investigate the behavior of a high-frequency power transformer,
which is widely used in isolated switching power supplies to step-up and step down the
voltage and to achieve galvanic isolation between the source and the load. First, we
review the principle of operation and the main equations and waveforms of a transformer.
Next, we simulate the transformer to analyze the effects of its parameters on voltage and
current waveforms. Finally, we perform lab experiments to observe the voltages and
currents of a real high-frequency transformer under square-wave voltage operation.

Transformer

Np %% Ns1
% Ns2

Figure 1-1. Transformer
Learning Objectives
After completing this lab, you should be able to complete the following activities.

1. Given a transformer and an AC source with specified parameters, you will calculate
the amplitude of its primary and secondary side voltages and currents and the
minimum operating frequency needed to avoid saturation, with specified units and
accuracy, under different secondary coils configurations.

2. Given a transformer and an AC source with specified parameters, you will simulate its
operation under different secondary coils configurations, to analyze the effect of
transformer parameters on voltage and current waveforms, verify their consistency
with theoretical predictions, and observe the magnetizing current drift caused by
primary coil voltage DC component.

3. Given a real transformer and a full-bridge inverter applying a square-wave of given
amplitude and frequency to the primary coil voltage, you will observe the transformer
voltage and current waveforms and measure their amplitudes, with specified units and
accuracy, to verify the transformer behavior in step-up and step-down operation and
estimate the transformer magnetizing inductance.
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Required Tools and Technology

Platform: NI ELVIS IlI v' Access Instruments
Instruments used in this lab: https://measurementslive.ni.com/
e Function generator v" View User Manual
e Digital multimeter http://www.ni.com/en-
e Oscilloscope us/support/model.ni-elvis-iii.html
e Power Supply v View Tutorials
https://www.youtube.com/watch?v=

Note: The NI ELVIS Il Cables and TwvbRUpEpJU&list=PLvcPluVaUMI

Accessories Kit (purchased separately) Wm8ziaSxvOgwtshBA2dh_M

is required for using the instruments.

Hardware: TI Power Electronics Board ¥ View User Manual
http://www.ni.com/en-
us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.ntml

Software: NI Multisim Live v' Access
https://www.multisim.com/

v" View Tutorial
https://www.multisim.com/get-started/

Software: TI Power Electronics v" Download (Windows OS Only)

Configuration Utility http://download.ni.com/support/acad

cw/PowerElectronics/TIPowerElectr
onicsBoardUtility-Windows.zip
Note: Mac Version will be available
soon
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Expected Deliverables

In this lab, you will collect the following deliverables:

v
v
v

v
v

Calculations based on equations provided in the Theory and Background Section
Results of circuit simulations performed by NI Multisim Live

Results of experiments performed by means of TI Power Electronics Board for NI
ELVIS I

Observations and comparisons on simulations and experimental results
Questions Answers

Your instructor may expect you to complete a lab report. Refer to your instructor for
specific requirements or templates.
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1 Theory and Background

1-1 Introduction

In this section, we review the fundamental concepts relevant to the operation of a
transformer. First, we analyze the principle of operation and the resulting voltage and
current waveforms. Next, we discuss the effect of magnetizing and leakage inductance
on the transformer operation. Finally, we analyze the effect of windings resistance.

1-2 Ideal Transformer

A transformer is comprised of a primary coil with N, turns and N secondary coils with Nsg,...,Nsn
turns, wounded around a core of magnetic material. The transformer converts the AC primary
voltage Vp(t), applied to the primary coil, into the AC secondary voltages Vsi(t), ..., Vsn(t) of
secondary coils, according to Equations 1-1:

N,
N

vV, (©), V() = '\l\'ISN

P P

Equations 1-1 V,,(t) = Vp (t)

If load resistors Roq, ..., Ron are connected to the secondary coils, the secondary currents
Is1(t) = Vs1(t)/Ro1, ..., Isn(t) = Vsn(t)/Ron are proportionally reflected to the primary coill,
resulting in the total primary coil current given in Equation 1-2:

Equation 1-2 |p(t) = N,

N
I, () +...+ NSN I (1)
P p

Figure 1-2(a) shows a transformer with two secondary coils. Figures 1-2(b) and 1-2(c) show
the primary and secondary voltage and current waveforms of the transformer with N, =10,
Ns1 =5, Ns2 = 2, Ro1 = Ro2 = 5092, subjected to a 100kHz/20Vpp sinusoidal and square-wave

primary voltage.
Vb Ip Transformer i1 Vel
400 T 0@
Np Ns1 Vsi

Vp

- o 0 (b) Sinusoidal AC Operation

(@) 1 Primary — 2 Secondary (1P2S)
Transformer

(c) Square-Wave AC Operation

Figure 1-2. Ideal Transformer Input and Output Waveforms in AC Operation.
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Depending on the turns ratios Nsi/Np, and Ns2/Np, the transformer can convert the primary
voltage V(t) into higher or lower secondary voltages Vsi(t) and Vsz(t). Similarly, the secondary
currents Isi(t) and Is2(t) are reflected into higher or lower primary coil currents. Based on
Equations 1-1 and 1-2, an ideal transformer performs the conversion of voltages and currents
without power loss:

Ny,
N

A0+, 012

p P

Equation 1-3 Vo (O, (1) =V, (1) 155 () = Vaa (0152 (8) + Vo (D15 (1)

1-3 Real Transformer

Figure 1-3(a) shows the simplified circuit model of a real transformer, where Rp, Rs1 and Rs2
are the coil resistances, Ln is the magnetizing inductance and L, is the primary leakage
inductance. The parameters Rp, Rsi, Rs2, Lm and Lp model the transformer power losses,
magnetic core flux and the leakage flux, respectively. In a good transformer, Lm is big and L is
small. The magnetizing inductance Ln majorly influences the primary coil current waveform, as
shown in Figure 1-3(b) for a of transformer with Np =10, Ns1 = 5, Ns2 = 2, Rp = 50mQ, Rs1 =
30mQ, Rs2 = 35mQ, Lm = 100uH, Ly = 0.5uH, subjected to a 100kHz/20Vpp square-wave
primary voltage. The effect of the magnetizing inductance is visible as a triangular component
on the primary coil current waveform of Figure 1-3(b). The current of the magnetizing
inductance can be better observed in no load operation, as shown in Figure 1-3(c).

. Vor

i tr tf

1 »
< »

T4
—>
(c) Square-Wave no Load Operation

Figure 1-3. Real Transformer Input and Output Waveforms in Square-Wave Operation.

The magnetizing inductance Lm depends on primary coil turns number and on magnetic
core cross-section Ac, path length 4, and permeability 4, as shown in Equation 1-4:

_NpuA

" |

Equation 1-4 L

m
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From Figure 1-3(c), the peak value I.mpk Of the magnetizing current is given by Equation 1-5:

T, /4 Vv
Equaton1-5 | = Li [ v, @t = Vim v, = p
m e 1+ p[ ]

i, N1 N, 1
N§ R, +R,; N; R, +R,,

The condition limpk < lsat = Bsam/(UNp) must be fulfilled to prevent the saturation of the
magnetic core, where Bsat is the maximum magnetic flux density of the core material.
From Equation 1-5, the condition to prevent core saturation determines the maximum
value Amax Of the Volt-second integral that can be applied to the primary coil:

Ts/4

Equation 1-6 A= j Vv, (t)dt :\itfm <L A
[o] s

m'Lm,sat — “‘max

The DC component of primary coil voltage must be zero, to prevent the magnetizing current to
rise above lsa, which can result in the saturation of the magnetic core and overcurrent condition
in the primary coil. From Figure 1-3(c), the DC component of primary coil voltage is zero if Vprtr
+ Vpits = 0.

1-4 Transformer Power Losses and Efficiency

The secondary coils resistances Rs: and Rs2 influence the load voltage and power, as shown
in Equations 1-6, and cause power losses given by Equations 1-7:

Equations 1-6 \V/ — RolVLm & — R02VLm st . — Ro:LVLZm N_521 — R02VL2m NSZZ
’ o Rsl + Rol Np , o Rsz + Roz Np , o (Rsl + Rol)2 N§ , o2 (Rsz + ROZ)2 N;
RV NS, RoVin NS,

Ppy = —tm L. p =
(R, +R,) N2 (R, +R,,) N2

Equation 1-7

The primary coil current has a square component of amplitude lsp, corresponding to the
sum of the secondary coils currents reflected to the primary coil, given by Equation 1-8:

(M
LI
P m N§ R, +R,, N,f R, +R,,

Equation 1-8

The primary coil current also includes the triangular component corresponding to the
magnetizing inductance current. The resulting values of the rms primary coil current and
of power loss determined by the primary coil resistance Ry are given by Equations 1-9:
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Equation 1-9 | = |12 +%+ VLZ"‘ : P. =R |?
S A TR b

The magnetic core is affected by hysteresis and eddy current losses, given by Equation 1-10:

B
Equation 1-10 P.o =Al K[ Ve J
core m' ‘e
A AN,

where and Ky and g are characteristic parameters depending on frequency and on magnetic
core material. The resulting efficiency of the transformer is given by Equation 1-11:

. P
Equation 1-11 =_—ld - p
n P +P load

load loss

-P

Rol

+P,

Ro2’

P. =P, +P

loss Rsl Rs2 core

+Pg, +P,

1-5 Single, Parallel and Series Connections of Secondary Coils

Connecting a single secondary coil to a load resistor Ro, while the other one is open,
results in Equations 1-12:

2 2 2 2 2
Equation 1-12 v Vp | _\ﬁ Nsx _ R5><VLm Nsx _ RoVLm Nsx
- =— P 5l T2 y | Rsx 2 23 Ro 2 N2
TN R, NZ R, +R, (Ry +R,)? N (R, +R,)* N

N§ R, +R,

where the subscript sx can be s1 or s2. The two secondary coils can be connected in
parallel only if Ns1 = Ns2. This connection is adopted if a higher output current rating is
required. The two coils in parallel are equivalent to a single secondary coil with resistance
Rseq = Rs1Rs2/(Rs1tRs2) and turns number Nseq = Ns1 = Ns2. The two secondary coils can
be connected in series. This connection is adopted if a higher output voltage rating is
required. The two coils in series are equivalent to a single secondary coil with resistance
Rseq = Rs1tRs2 and turns number Nseq = Nsi1+Ns2. Connecting the parallel or series
secondary coils to a load resistor R, results in the Equations 1-13:

2 2 2 2 2
Equation 1-12 VvV = Vp - =VL_n21 Nseq 1 Prceq :iLmZN;T, o =LWIZNSEZ‘*
Lm L steq R, N, R, +R, (Ryeq + R, N (Reeqg t R, N;
+
NZ Ry, +R,

where Rseq and Nseq are determined according to the selected connection. Given the
connection of secondary coils, the primary coil rms current and ohmic loss and
transformer efficiency are given by Equations 1-13:
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; | = 2 ISpVLm VL2m P =RI2 - _ PRo . _ PRsx + Pcore Single coil
FAUAtON A3 Toms =4l Top | Tpppz e T e 175 T o Tes Z1p  Lp  serfpar coils
SLm S Lm Ro + loss Rseq core p
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: ® Check Your Understanding
o

Note: The following questions are meant to help you self-assess your understanding so far. You
can view the answer key for all “Check your Understanding” questions at the end of the lab.

1-1 What is the function of a transformer?
A. to convert a square-wave source voltage into a sinusoidal load voltage
B. to convert a primary voltage into proportional secondary voltages
C. to transform a voltage source into a current source

1-2 What are the factors determining the ratio between primary voltage and secondary
voltages?

A. the cross section and length of coils

B. the cross section and magnetic path length of magnetic core

C. the primary and secondary coils turn numbers and secondary coils connection

1-3 How is the primary coil current related to the secondary coils currents?
A. itis the sum of secondary coils currents, each one multiplied by the relevant
secondary-to-primary turns ratio
B. itis the sum of secondary coils currents
C. itis the inverted sum of secondary coils currents

1-4 What is the effect of transformer magnetizing inductance?
A. the primary coil current is affected by a triangular ripple component
B. the secondary coils currents are affected by a triangular ripple component
C. the secondary coils voltages are affected by a triangular ripple component

1-5 How can the peak amplitude of magnetizing current be reduced?
A. by increasing the primary coil voltage or the secondary coils turns numbers
B. by increasing the magnetizing inductance or the operation frequency
C. by decreasing the magnetizing inductance or the primary coil turns number

1-6 Why do we need to limit the magnetizing current?
A. to reduce the size of the transformer
B. to prevent secondary coils overvoltage
C. to prevent the magnetic core saturation
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2 Exercise

The transformer of the DC-AC Inverter Section of the Tl Power Electronics Board for NI
ELVIS Ill is characterized by the following nominal parameters:

e Ns1/Np = Ns2/Np = 0.585

e Rp=50mQ, Rs1 =30mMQ, Rs2 = 35mQ

¢ Lm=100uH, Lp = 0.50H, Amax = 1050VsS
e Pcore = OW

Two connection options are available for secondary coils #1 and #2:

option (a): the secondary coil #1 is open and the secondary coil #2 is connected to a
100<2 load resistor Ro

option (b): the secondary coils #1 and #2 are connected in series with a 100Q2 load
resistor Ro

2-1 Assuming the voltage applied to primary coil is a 100kHz-20Vpp square-wave, use
the equations provided in the Theory and Background section to calculate:

e the peak value of magnetizing current, in milli Ampére with one decimal digit of
accuracy:

option (a): lm,pk [MA] = option (b): lmpk [MA] =

e the value of the Volt-second integral applied to the primary coil, in micro Volt-
second with one decimal digit of accuracy:

option (a): A [uVs] = option (b): A [uVs] =

e the amplitude of the square-wave voltage applied to load resistor Ro, in Volts with
two decimal digits of accuracy:

option (a): Vro [V] = option (b): Vro [V] =

e the amplitude of the square-wave primary coil current, in milli Ampére with one
decimal of accuracy:

option (a): Isp [MA] = option (b): Isp [MA] =
e the transformer efficiency, with three decimal digits of accuracy:
option (a): = option (b): n=

2-2 Assuming the voltage applied to primary coil is a 20Vpp square-wave, use the
equations provided in the Theory and Background section to calculate the minimum
operating frequency allowing to prevent the core saturation, in kilo Hertz with three
decimal digits of accuracy:
option (a): fs,min [kHZ] =
option (b): fsmax [kHZ] =
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3 Simulate

The goal of the simulations you will perform in this section is to analyze the operation of
a high-frequency transformer under square-wave voltage operation. You will observe the
AC voltage and current waveforms under different operating conditions, to verify the
impact of PWM switching frequency and the consistency of the theoretical model.

3-1 Instructions

1. Open Labl10 — High-Frequency Transformer Operation from this file path:
https://www.multisim.com/content/926CMvd7zwR336GVmurMDh/1ab

-10-high-frequency-transformer-operation/

The circuit schematic for the analysis of the transformer under high-frequency
square-wave primary voltage operation is shown in Figure 3-1. The primary voltage
is generated by a full-bridge DC-AC inverter. The switch Str allows to configure the
connection of secondary coils to load resistor Ro, corresponding to options (a) and
(b) of the Exercise Section. Voltage-Controlled sources P_probe and S_ probe
allow primary and secondary coils differential voltage measurements.

___________________________________________________

...........

differential

voltage probes

__________________________________

Figure 3-1. Multisim Live Circuit Schematic for the Analysis of the High-Frequency Transformer Operation.
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[Note: the DC voltage generator FG1 and the triangular voltage generator FG2
determine the switching frequency fs and the rise and fall times t. and t; of the
square-wave voltage applied to the primary coil. The amplitude of the square-wave
voltage applied to the primary coil is equal to the DC voltage Vpc of the source
generator. The triangular voltage generator FG2 is set with peak-peak amplitude
Vipp = 1Vpp, whereas the DC voltage generator FG1 is set with DC voltage Vq = 0.
This setup provides t; = tr = Ts/2, so that the DC voltage applied to the primary coil
Voc(tr - tr)/Ts is zero. If Vg is not zero, the resulting DC voltage applied to the primary
coil is 4VpcVd/Vipp. This allows to observe the drift of magnetizing current].

3-2  Simulation 1 — Transformer Operation with Zero DC Component in Primary Coil
Voltage.
1. Set the switch Str in position (a).

Set the circuit parameters as follows:

e FG1: DC_mag =0.0V, AC_mag = 0.0V,

e FG2: VA =1.0V, Per=10us, TF = 5pus, Offset = -0.5V;

Double click on probes VP, IP, VS, IS, and ILm and check the Show plot option box.

Set Interactive simulation and Split visualization options.

Run the simulation and wait until it stops.

Using the Grapher cursors in Y Axis mode:

e measure the peak-peak value of the magnetizing current Im pkpk, divide by 2 to
get the peak value IL.m pk, in milli Ampére with one decimal digit of accuracy, and
report the result in Table 3-1-1;

e measure the difference Isp = Ippk — ILm,pk between the peak value Ippk of the
primary coil current and the peak value I.m pk of the magnetizing current, in milli
Ampére with one decimal digit of accuracy, and report the result in Table 3-1-1;

e measure the amplitude of load voltage Vro, in Volt with two decimal digits of
accuracy, and report the result in Table 3-1-1.

7. Set the switch Str in position (b) and repeat steps 5-6.

8. Import in Table 3-1-1 the values of I.mpk, Isp and Vro calculated in the Exercise
Section for options (a) and (b).

N

o g how

Table 3-1-1 Square-Wave High-Frequency Transformer Operation.

ILm,pk [MA]|lLm,pk [MA]| Isp [MA] | Isp [MA] | Vro [MA] | VRo [MA]
simulated |calculated| simulated |calculated|simulated |calculated

option (a)
option (b)
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[Note: the simulation time is set to 100us and the circuit does not reach its steady-
state operation within this time. Therefore, the DC component of the current is not
exactly zero. If you extend the simulation time to 500us, or more, you will get zero
DC component in the magnetizing current. Decreasing the simulation time step also
improves the simulation accuracyy].

3-2-1 Is the simulated waveform of magnetizing current fitting the calculation?

A. yes
B. no
Please provide your comments:

3-2-2 In what condition does the transformer perform step-up voltage conversion?

A. option (a)
B. option (b)
Please provide your comments:

3-2-3 In what condition is the secondary coil current reflected to primary coil bigger?

A. option (a)
B. option (b)
Please provide your comments:

3-3  Simulation 2 — Transformer Operation with non-Zero DC Component in Primary
Coil Voltage.
1. Set the switch Sy in position (a).
2. Set the circuit parameters as follows:
e FG1: DC_mag =0.01V, AC_mag = 0.0V,
e FG2: VA =1.0V, Per=10us, TF = 5ps, Offset =-0.5V;
Double click on probes VP, IP, VS, IS, and ILm and check the Show plot option box.
Set Interactive simulation and Grapher visualization options.
5. Set the simulation End time to 200ps.

W
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6. Run the simulation and wait until it stops.
7. Set the Time Axis minimum to 1ps and maximum to 200 ps.

3-3-1 What is the trend of the magnetizing current?

A. it is triangular with zero DC component

B it is triangular with increasing DC component
C. it is triangular with decreasing DC component
D other:

Please provide your comments:

3-3-2 What is the trend of secondary coil voltage?

A. it is a square wave with constant small DC component
B it is a square wave with increasing DC component

C. it is a square wave with decreasing DC component

D other:

Please provide your comments:

Troubleshooting tips:
If the simulation does not converge and you get some error message, reload
Lab10 — High-Frequency Transformer Operation from this file path
https://www.multisim.com/content/926CMvd7zwR336GVmurMDh/lab
-10-high-frequency-transformer-operation/
and restart the simulation following the instructions.
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4 Implement

The experiments you perform in this section allow you to observe the voltage and current
waveforms of a real transformer in high-frequency square-wave primary voltage
operation, under different secondary coils configuration. The DC-AC Section of the TI
Power Electronics Board for NI ELVIS 11l shown in Figure 4-1 will be used to perform the
experiments.

§|DC-AC Section LTI
I-l _] @ Lillg @

TP43 TP55 TP63 TP56 TP64

B 18R TPS57
A=), RS x[ *
= TP52 P61

2 @Bz TP44

- .)E”

onl
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J23

TP65 9 LIEEJ |
TP74 it rhﬁ Hk I e TP75 rP45
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N S E S

. . . ﬂﬂ\

Figure 4-1. Tl Power Electronics Board for NI ELVIS 1ll — DC-AC Section Used for the Analysis of High-Frequency
Transformer Operation.

The primary square-wave voltage is generated by a full-bridge DC-AC inverter, using four
TI's CSD16322Q5C MOSFETs, two TI's TLV7011DPWR comparators and two TI's
UCC27712DR MOSFET drivers. The full-bridge AC output is connected to the
transformer primary coil by means of the jumper J21. The transformer is a Wurth
7491196112, with one primary and three secondary coils. Two secondary coils only are
used in the experiments. The transformer has the following parameters:

e Ns1/Np = Ns2/Np = 0.585+£3%
e Rp=50mQ, Rs1 =30MQ, Rs2 = 35mQ (max values @20°C)
e Lm=100uH£25%, Lp = 0.5puH max, Amax = 106.5uVs (typical)
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The jumper J22 allows to set the two secondary coils according to options (a) and (b)
already analyzed in Exercise and Simulation Sections. The load is a 100Q resistor Ro.
The reference signal FG1 and the triangular switching signal FG2 are available at test
points TP71 and TP70, respectively. The board uses two sensing transformers to sense
the primary and secondary coils currents, that can be measured by means of two voltage
probes at test points TP45 and TP40 respectively. As the voltage-to-current
transconductance of the two sensing transformers is 10, multiplying the voltages
measured at test points TP45 and TP40 by 10 provides the primary and secondary coils
currents Ip and Is respectively. The datasheets of components are available at these links:
CSD16322Q5C MOSFET: http://www.ti.com/lit/ds/symlink/csd16322g5c.pdf
TLV7011DPWR comparator: (http://www.ti.com/lit/ds/symlink/tlv7011.pdf
UCC27712DR gate driver: http://www.ti.com/lit/ds/symlink/ucc27712.pdf

7491196112 transformer: https://katalog.we-online.de/pbs/datasheet/7491196112.pdf

[Note: the parameters provided in the following instructions for instruments setup may require
some adjustment due to thermal effects and tolerances of Tl Power Electronics Board

components]

4-1 Instructions

1. Open Power Supply, Function Generator and Oscilloscope using Measurements
Live. For help on launching instruments, refer to this help document:
http://www.ni.com/documentation/en/ni-elvis-
iii/latest/getting-started/launching-soft-front-panels/

2. Open the User Manual of Tl Power Electronics Board for NI ELVIS 11l from this
file path: http://www.ni.com/en-us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.html

3. Read the User Manual sections Description, Warnings and Recommendations
regarding Discrete Buck Section.

4. Open the Tl Top Board RT Configuration Utility of TI Power Electronics Board for
NI ELVIS Il (See Required Tools and Technology section for download
instructions), and select Lab9 — DC-AC PWM Inverter Operation.

5. Connect and configure the instruments as indicated in Tables 4-1 and 4-2.
[Note: the primary coil square-wave voltage can be observed on the Oscilloscope
Math channel, which provides the difference between CH-1 (Vp ) and CH-2 (Vp_n),
while primary and secondary coils currents Ip and Is can be observed on CH-3 and
CH-4, respectively]

6. Configure the jumpers of the board as indicated in Table 4-3.
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Table 4-1 Instruments Connections

Power Supply

connect to red and black banana connectors

Oscilloscope

connect CH-1 to TP57 (Ve ), connect CH-2 to TP62 (Ve 1)
connect CH-3 to TP45 (lp), connect CH-4 to TP40 (Is)

Function Generator

connect CH-1 to FGEN1 BNC connector (-»TP71 = FG1)
connect CH-2 to FGEN2 BNC connector (-»TP70 = FG2)

Table 4-2 Instruments Configuration and setup

Power Supply

Channel “+”: Static, 10.00V, Channel “-*: Inactive

Trigger: Horizontal; Acquisition: Measurements:
Analog Edge, 2us/div average show
CH-1, set to 50%

Oscilloscope | channel 1: ON | Channel 2: ON | Channel 3: ON | Channel 4: ON | Math: ON
e DC coupling e DC coupling | e DC coupling | e DC coupling |e CH1-CH2
e 10V/div e 10V/div e 20mV/div e 20mV/div e 10V/div
o offset 35V o offset 20V ¢ offset OV ¢ offset OV o offset -20V

Function Generator

Channel 1: Sine, Frequency 1Hz, Amplitude 0.0Vpp, DC offset 0.0V
Channel 2: Triangle, Frequency 100kHz, Amplitude 1Vpp, DC offset 0.0V

Table 4-3 Jumpers Setup

J21 J22 J23 J24 J26 J27

short TP53-TP54 open shorted shorted shorted open

J4 J28 J29 J30 J31 J32
shorted short 2-3 short 2-3 short 1-2 short 2-3 short 2-3

4-2 Experiment 1 — Transformer in no-load Operation.

1. Run Oscilloscope, Function Generator and Power Supply.
2. Stop the Oscilloscope, Power Supply and Function Generator.
3. Using the Oscilloscope Cursors:
a. measure on CH-3 the peak-peak value of the primary coil current lim,pkpx and
multiply by 5 to to get the peak value I mpk, in milli Ampére with one decimal digit

of accuracy: Iumpk [MA] =
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4-2-1

4-2-2

b. measure on Math channel the amplitude of primary coil voltage Vp, in Volt with
one decimal digit of accuracy: Vp [V] =

Using Theory and Background Equations, estimate the magnetizing inductance
of the transformer, in micro Henry with one decimal digit of accuracy:
Lm [pH] = ___

Is the value of magnetizing inductance estimated from measurements close to its
nominal value?

A. yes

B. no

Please provide your comments:

Does the waveform on CH-4 shown a square-wave component?
A. yes

B. no

Please provide your comments:

4-3Experiment 2 — Transformer under Loaded Step-Down Mode Operation.

1.

w

Set jumper J22 to SHORT TP51-TP60, connecting secondary coil #2 to the 100Q

load resistor Ro.

Run Oscilloscope, Function Generator and Power Supply.

Stop the Oscilloscope, Power Supply and Function Generator.

Using the Oscilloscope Cursors:

a. measure on CH-3 the peak-peak value of the primary coil current Ip pkpk and
multiply by 5 to get the peak value Ip gk, in milli Ampére with one decimal digit of
accuracy: lppk [MA] =

b. measure on CH-4 the amplitude of the secondary coil square-wave current ls,
multiply by 10 to include the sensor transconductance, and provide the result in
milli Ampeére with one decimal digit of accuracy: Is [mA] =

c. measure on Math channel the amplitude of primary coil voltage Vp, in Volt with
one decimal digit of accuracy: Vp [V] =
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4-3-1

4-3-2

d. multiply the amplitude of the secondary coil current Is by Ns2/Np to get the
current Isp reflected to primary coil, in milli Ampere with one decimal digit of
accuracy: Isp [mA] =

e. convert the amplitude of the secondary coil current Is in Ampére and multiply by
the load resistance to obtain the amplitude of load voltage Vro, in Volt with one
decimal digit of accuracy: Vro [V] =

Using Theory and Background Equations, estimate the peak of magnetizing
inductance current, in milli Ampére with one decimal digit of accuracy:
ILm,pk [mA] =

Is the peak value of magnetizing current estimated under loaded step-down
conditions similar to the value obtained in no load conditions in Experiment 1?

A. yes

B. no

Please provide your comments:

Is the amplitude of load voltage consistent with primary coil voltage based on
secondary-to-primary turns number ratio Ns2/Np?

A. yes

B. no

Please provide your comments:

4-4Experiment 3 — Transformer under Loaded Step-Up Mode Operation.

1.

w

Set jumper J22 to SHORT TP51-TP58, connecting secondary coils #1 and #2 in

series to the 1002 load resistor Ro.

Run Oscilloscope, Function Generator and Power Supply.

Stop the Oscilloscope, Power Supply and Function Generator.

Using the Oscilloscope Cursors:

a. measure on CH-3 the peak-peak value of the primary coil current Ippkpk and
multiply by 5 to get the peak value Ip gk, in milli Ampere with one decimal digit of
accuracy: lp pk [MA] =
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b. measure on CH-4 the amplitude of the secondary coil square-wave current Is,
multiply by 10 to include the sensor transconductance, and provide the result in
milli Ampére with one decimal digit of accuracy: Is [mA] =

c. measure on Math channel the amplitude of primary coil voltage Vp, in Volt with
one decimal digit of accuracy: Vp [V] =

d. multiply the amplitude of the secondary coil current Is by (Ns1/Np+Ns2/Np) to get
the current Isp reflected to primary coil, in milli Ampere with one decimal digit of
accuracy: Isp [mA] =

e. convert the amplitude of the secondary coil current Is in Ampére and multiply by
the load resistance to obtain the amplitude of load voltage Vro, in Volt with one
decimal digit of accuracy: Vro [V] =

7. Using Theory and Background Equations, estimate the peak of magnetizing
inductance current, in milli Ampere with one decimal digit of accuracy:

|Lm,pk [mA] =

4-4-1 Is the peak value of magnetizing current estimated under loaded conditions similar
to the value obtained in no load conditions in Experiment 17?
A. yes
B. no
Please provide your comments:

4-3-2 Is the amplitude of load voltage consistent with primary coil voltage based on
secondary-to-primary turns number ratios Nsi/Np and Ns2/Np?
A. yes
B. no
Please provide your comments:

Troubleshooting tips:

e If the transformer does not work, or its waveforms look much different with respect
to simulations, verify the correct setup and connections of jumpers and
instruments, following the directions provided in Tables 4-1, 4-2 and 4-3, and
restart the experiments.
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5 Analyze

5-1 Compare the values of the peak value of magnetizing current under no-load, step-
down and step-up operating conditions and discuss them based on Theory and
Background equations:

6 Conclusion

6-1 Summary
Write a summary of what you observed and learned about the operation of a transformer
under high-frequency square-wave conditions, and discuss the impact of magnetizing
inductance and of step-up and step-down configurations on the resulting voltage and
current waveforms.

6-2 Expansion Activities
Investigate the influence of switching frequency on the operation of the transformer, by
means of Multisim Live simulations and of the Tl Power Electronics Board for NI ELVIS 111.
6-2-1. Simulation
Repeat the simulations following the instructions of Sections 3-1, 3-2 and 3-3 by
setting the parameters of triangular voltage generator FG2 as follows:
e Per=5.0us, TF = 2.50us, for 200kHz operation
6-2-2. Experiment
Repeat the experiments following the instructions of Sections 41, 4-2, 4-3 and 4-
4 by setting the frequency of Function Generator CH-2 to 200kHz.

6-4 Resources for learning more

e This book provides the fundamentals of transformers in power electronics:
R.W.Erickson, D.Maksimovic, Fundamentals of Power Electronics, Kluwer
Academic Publishers
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Answer Key — Check Your Understanding Questions Only

n_

E_[.J Check Your Understanding

11 B
1-2 C
1-3 A
14 A
15 B
16 C
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Lab 11: AC-DC Rectifier Operation

245

INTERNAL - NI CONFIDENTIAL



Lab 11: AC-DC Rectifier Operation

The goal of this lab is to investigate the behavior of a diode-bridge AC-DC rectifier, which
is used in all power supplies taking energy from AC sources, like grid utility. First, we
review the principle of operation of a diode-bridge AC-DC rectifier. Next, we simulate the
rectifier to analyze the effects of its parameters on voltage and current waveforms. Finally,
we perform lab experiments to observe the voltages and currents of a real AC-DC rectifier
under different operating conditions.

Cout é Ro

_H_
T —"

Figure 1-1. Diode-bridge AC-DC Rectifier

Learning Objectives

After completing this lab, you should be able to complete the following activities.

1. Given an AC-DC diode rectifier with specified parameters and an AC source, you will
estimate the amplitude of its average DC output voltage and peak-peak AC ripple,
with specified units and accuracy, under different output capacitor configurations.

2. Given an AC-DC diode rectifier with specified parameters and an AC source, you will
simulate its operation under different output capacitor and AC source inductance, to
analyze the effect of system parameters on voltage and current waveforms.

3. Given a real AC-DC diode rectifier with specified parameters and an AC source, you
will observe the rectifier voltage and current waveforms and measure the amplitudes
of their DC and AC components, with specified units and accuracy, to verify the
consistency with simulation results and estimate the system parameters.
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Required Tools and Technology

Platform: NI ELVIS IlI v' Access Instruments
Instruments used in this lab: https://measurementslive.ni.com/
e Function generator v" View User Manual
e Digital multimeter http://www.ni.com/en-
e Oscilloscope us/support/model.ni-elvis-iii.html
e Power Supply v View Tutorials
https://www.youtube.com/watch?v=

Note: The NI ELVIS Il Cables and TwvbRUpEpJU&list=PLvcPluVaUMI

Accessories Kit (purchased separately) Wm8ziaSxvOgwtshBA2dh_M

is required for using the instruments.

Hardware: TI Power Electronics Board ¥ View User Manual
http://www.ni.com/en-
us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.ntml

Software: NI Multisim Live v' Access
https://www.multisim.com/

v" View Tutorial
https://www.multisim.com/get-started/

Software: TI Power Electronics v" Download (Windows OS Only)

Configuration Utility http://download.ni.com/support/acad

cw/PowerElectronics/TIPowerElectr
onicsBoardUtility-Windows.zip
Note: Mac Version will be available
soon

247

INTERNAL - NI CONFIDENTIAL


https://www.multisim.com/

Expected Deliverables

In this lab, you will collect the following deliverables:

v
v
v

v
v

Calculations based on equations provided in the Theory and Background Section
Results of circuit simulations performed by NI Multisim Live

Results of experiments performed by means of TI Power Electronics Board for NI
ELVIS I

Observations and comparisons on simulations and experimental results
Questions Answers

Your instructor may expect you to complete a lab report. Refer to your instructor for
specific requirements or templates.
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1 Theory and Background

1-1 Introduction

In this section, we review the fundamental concepts relevant to the operation of an AC-
DC diode-bridge rectifier. First, we analyze the principle of operation and the resulting
voltage and current waveforms. Next, we discuss the effect of AC source parameters and
of DC output capacitance.

1-2 Ideal Diode-Bridge Rectifier

Figure 1-2(a) shows the typical configuration of an AC-DC diode-bridge rectifier, taking energy
from an AC voltage source Vs(t) = Vssin(24st) and supplying a DC load resistor Ro.

vDC  load O e

O VAC = Vac_p - Vac_n o P =z -’:— ‘-\:__-_:__—__- <= -‘:— el === o
A 5 i i
1 ! Tsl2 ! !
¢ > !
lcap : :
D1 D3 o i :
Vs i i
i i
1 1
1 1
1 i
] 1

‘;
= Mf—@— *— > J— Cout § Ro
_l_

Vac_n

D4

1
tls tlp tle tZS th tZe

_H_t
——

= = (b) AC-DC rectifier voltage and current waveforms:

(a) AC-DC Diode-Bridge Rectifier Rs=400m«2, Ls=1nH, Ro=200£2, Cou=47nF,
fs=50kHz, Vs=10V, VF=0V.

Figure 1-2. AC-DC Rectifier.

In this case, the AC voltage Vac(t) applied between the input nodes Vac p and Vac_n of the diode-
bridge, shown as a yellow trace in Figure 1-2(b), is equal to the source voltage Vs(t). When the
voltage Vs(t) is positive, diodes D1 and D4 may conduct, thus applying the positive voltage Vs(t)
to the output capacitor Cout, Whereas when the sinusoidal voltage Vs(t) is negative, diodes D>
and Dz may conduct, thus inverting the voltage Vs(t) and applying the positive voltage -Vs(t) to
the output capacitor Cout. In this way, the voltage Vs(t) is rectified, namely it is converted into a
voltage Vac(t) having a major DC component Vpc (dashed cyan line in Figure 1-2(b)) and a
minor AC ripple component AVac(t) = Vuc(t) - Voc, whose fundamental frequency is twice the
frequency fs of the AC source voltage Vs(t). The diodes D1 and D4 conduct during the interval
[ts,t1e], @and stop conducting when the sinusoidal voltage Vs(t) is smaller than the voltage Vac(t)
of the output capacitor Cout, Which is also the voltage of the DC load resistor Ro. Similarly, the
diodes D. and Dz conduct during the interval [tos,t2e] and stop conducting when the inverted
sinusoidal voltage -Vs(t) becomes smaller than the voltage Vqc(t). Over the period Ts/2, the
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output capacitor Coyt is charged during the interval [tis,tip], tip being the instant Vs(t) where the
voltage reaches the peak, and discharged in the time interval [tip,t2s]. The same happens in the
next period Ts/2, and so on. The dashed green trace in Figure 1-2(b) shows the capacitor
current leap(t), which is positive during [tis,t1p] and negative during [tp,tzs]. The dashed red trace
shows the current of the AC source voltage, which is positive during [tis,t1e] and negative during
[tie,t2s]. The dashed blue trace shows the current of the DC load resistor Ro, which is always
positive, like the voltage Vuc(t). The output capacitance Cou determines the DC component
Vpc. If Cout is very small, we have tis = 0 and tie = Ts/2, and Vpc is given by Equation 1-1:
Equation 1-1 Voo =V, —

s
T

The non-linear circuit equations of the rectifier do not allow easily determining an exact
analytical expression of the DC component Vpc and of the amplitude AVacpp Of the AC
ripple component as a function of system parameters. Nevertheless, simplified equations
to estimate the expected values of Vpc and AVacpp can be derived as follows. The voltage
of the output capacitor is equal to Vac(t) in the interval [tis,tie]. The sinusoidal AC voltage
Vac(t) can be well approximated within the half-wave time interval [0,Ts/2] by means of
the parabolic function given in Equation 1-2:

Equation 1-2 VO (t) =V, (t) = 8V.ft(1-2f t)

In the interval [tie,t2s], the voltage of the output capacitor is an exponential function,
starting from the value Vac(tie)=8Vsfstie(1-2fstie) and decaying with a time constant 7 =
CoutRo. This exponential function can be well approximated by means of the linear function
given in Equation 1-3:

Equation 1-3 VA @) =Vt )A—-(t—t,)/7)

The two functions given in Equations 1-2 and 1-3 are tangent in the instant tie, which is given
by Equation 1-4

1
Equation 1-4 t, = Z[TS - 4r + «’isz + 1612}

The instant t>s can be determined as the intersection of function given by Equation 1-4 with the
function given by Equation 1-2 shifted horizontally right side of Ts/2. The resulting expression
of the instant tzs is given by Equation 1-5:

2
Equation 1-5 t, = T?S+ -B+ \/BZA_ 4A-C

A 16vi? Bo8Vf + VIt (T —2t,) o AVt (T, - 26, )2, —T, +27)

T T
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The approximated values of DC component Vpc and amplitude AVacpp Of the AC ripple
component are given by the simplified Equations 1-6:

. V, V2 (t ) @
Equations 1-6 Ve = Y AV pepp =V, =V (L)
The real value of Vpc will be higher while the real value of AVacpp Will be lower than the the
result predicted by Equations 1-6.

1-3 Impact of Diodes Voltage Drop

Figure 1-3 shows the effect of the diodes forward voltage drop Vr on voltage and current
waveforms of the AC-DC rectifier. It can be observed that the diodes conduct during the
interval [tis,tze] where |Vs(t)|>Vac(t)+2VE. The diodes voltage drop causes a reduction of 2Ve
Volts in the DC component of the output voltage.
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Figure 1-3. Effect of Diodes Voltage Drop on AC-DC Rectifier Waveforms: Rs=400m.2, Ls=1nH, Ro=2002, Cout=47nF,
fs=50kHz, Vs=10V, VF=0.7V.

1-4 Impact of Output Capacitor

Figure 1-4 shows the results obtained by increasing the output capacitance Cou. The plots
highlight that, as Cout increases, the DC component Vpc increases, the amplitude AVacpp of
the AC ripple component AVac(t) decreases, the interval [tis,tie] shortens, and the peak of the
AC voltage source increases. If Cout gets very big, the DC component Vpc is almost equal to
the Vs -2VF and the amplitude AVacpp of the AC ripple component is almost equal to zero. In
real applications, the capacitance Cout is limited to a value allowing to have an amplitude
AVacpp Of the AC ripple component about 5% to 15% of the DC component Vpc. A DC-DC
post-regulator is normally connected to the output of diode-bridge AC-DC rectifiers, to filter the
AC ripple AVac(t) and regulate the DC output voltage suitable for the DC load (see Lab12).
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Figure 1-4. Effect of Output Capacitor on AC-DC Rectifier Waveforms: Rs=400m.2, Ls=1nH, Ro,=200.2,
Cout=47nF+220nF, fs=50kHz, Vs=10V, Vr=0.7V.

1-5 Impact of Voltage Source Inductance

Figure 1-5 shows the effect of the source inductance Ls on the voltage and current
waveforms of the AC-DC rectifier. Comparing Figure 1-5 with Figure 1-3 allows to observe
that, during the interval [tis,tie], Wwherein diodes are conducting, the inductance Ls causes
a distortion of the AC voltage Vac(t), while smoothing the AC current Iac(t) and the
capacitor current leap(t).
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Figure 1-5. Effect of Source Inductance on AC-DC Rectifier Waveforms: Rs=400m.2, Ls=10uH, Ro=200£2, Cou=47nF,
fs=50kHz, Vs=10V, VF=0.7V.

The AC voltage Vac(t) during the interval [tis,tie] is given by Equation 1-2:

Vo +vdc(t)]_ L d [C Ve +vdc(t)]

dt R dt dt R

Equation 1-2 VAc (t) =Vs (t)- 2V, - Rs [Cout s
o dt o
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Equation 1-2 highlights that increasing the capacitance Cout increases the distortion effect
of the source inductance Ls, as shown in Figure 1-6.
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Figure 1-6. Combined Effect of Source Inductance and Output Capacitance on AC-DC Rectifier Waveforms:
Rs=400m.2, Ls=10pH, Ro=200£2, Cout=47nF+220nF, fs=50kHz, Vs=10V, VF=0.7V.
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Check Your Understanding
o

Note: The following questions are meant to help you self-assess your understanding so far. You
can view the answer key for all “Check your Understanding” questions at the end of the lab.

1-1 What is the function of an AC-DC rectifier?
A. to convert an input voltage into a proportional output voltage
B. to convert a sinusoidal AC voltage into a DC voltage
C. to convert a voltage source into a current source

1-2 What are the factors majorly affecting the DC component and the amplitude of the AC
ripple component of the rectifier output voltage?
A. the output capacitance and load resistance
B. the phase of the AC source voltage
C. the frequency of the AC voltage source

1-3 How does the forward voltage drop of diodes impact the rectifier output voltage?
A. itis not influential
B. it causes a decrease of the DC component
C. it causes an increase of the DC component

1-4 What is the effect of AC source inductance on the rectifier operation?
A. adistortion in the output voltage
B. an increase of the DC component of the output voltage
C. a decrease of the amplitude of the AC ripple component of the output voltage

1-5 How does an increase of output capacitance affect the peak current of the AC source?
A. the peak current decreases
B. itis not influential
C. the peak current increases

1-6 How does an increase of the output capacitance affect the DC component and the
amplitude of AC ripple of the output voltage?
A. the DC component and the amplitude of AC ripple decrease
B. the DC component increases and the amplitude of AC ripple decreases
C. the DC component decreases and the amplitude of AC ripple increases
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2 Exercise

The AC-DC Rectifier Section of the Tl Power Electronics Board for NI ELVIS Il is
characterized by the following nominal parameters:

e VE=0.3V@300mA

e R,=200Q
L] Ls = 3“H
o Rs =60

Two connection options are available for output capacitor #1 and #2:

e option (a): Cou=47nF
o option (b):  Cout = 47nF+220nF

2-1 Assuming the AC source provides a 50kHz-5Vp sinusoidal voltage, use the equations
provided in the Theory and Background section to evaluate:

e the DC component of the rectifier output voltage, in Volt with two decimal digits of
accuracy:

option (a): Voc [V] = option (b): Vpoc [mA] =

e the amplitude of the AC ripple voltage of the rectifier, in Volt with two decimal digits
of accuracy:

option (a): AVacpp [V] = option (b): AVacpp [V] =
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3 Simulate

The goal of the simulations you will perform in this section is to analyze the operation of
an AC-DC rectifier. You will observe the AC voltage and current waveforms under
different output capacitor setup, to verify the impact of the capacitance on DC and ripple
components on the rectifier output voltage, and the consistency of the theoretical model.

3-1 Instructions

2. Open Labll — AC-DC Rectifier Operation from this file path:

https://www.multisim.com/content/BCzmgYVZWKkxG8u23Niho2/lab
-ll-ac-dc-rectifier-operation/open/
The circuit schematic for the analysis of the AC-DC rectifier operation is shown in
Figure 3-1. The AC voltage is generated by a 50kHz/5V sinusoidal voltage source,
with output impedance comprised of 6Q resistance Rs and 3uH inductance Ls. The
switch SL allows to add 10uH in series to inductance Ls. The switch J2 allows to
add 220nF in parallel to capacitance Cout1, thus enabling options (a) and (b) of the
Exercise Section. A voltage-controlled source is used to allow AC differential
voltage measurement with a single voltage probe.

[ diode-bridge ‘:f output capacitor ‘: _ load \:
i AC-DC rectifier i v 1 lload H
1 1 1
| . T Ho9 |
: i e :
; i P !
i 0 12 H 1
! D1 Dz i i i
1 IAC i 1 !
i I/o :i — Coutl jl Cout? i R i
' 1 o

! % & i 4700k 220nF | § i
i HE i 20001
i Vi \ac- :: kcap H i
| &AD2 @ . Anr il g ! i
1 1! A 1 1
1 1! 1 H
1 HI 1 1
1 1! 1 1
1 1! 1 H
1 . o 1= 1 - 1
1 = . 1 = 1
e e N ) ;

T ———————— ~ " S

i W
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1 Ve " 100H  3000H 60 Vs

| ] vac i N

1 | :| A | 5V

i WA =/ 50kHz

! i I o

i = i

1 1

1 iwi n

i o i

! differential i AC voltage

i voltage probe ,:l\ source

Figure 3-1. Multisim Live Circuit Schematic for the Analysis of the Diode-Bridge AC-DC Rectifier Operation.
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3-2  Simulation 1 — AC-DC Rectifier Operation with low source inductance.

1. Set the switch J2 open and the switch SL closed.

2. Set Vs AC voltage source parameters as follows:

e VA =5.0V, Freq= 50k, VO =0, Phase =0, TD =0, DF = 0;

3. Set Interactive simulation and Split visualization options.

4. Double click on probes VAC, IAC, VDC, Icap, and lload, check the Show plot option
box, and check the Periodic option box for Interactive simulation.

5. Run the simulation and wait until it stops.

6. Inthe voltage probe VDC measurement box, read the average value Vav and peak-
peak value Vpp, in Volt with two decimal digits, which provide the DC component
Vpbc and the peak-peak amplitude of the AC ripple component AVacpp Of the rectifier
output voltage respectively, and report the results in Table 3-1-1 (you may also use
Y-axis cursors on trace VDC in the Grapher to measure the average value Vav and
peak-peak value Vpp).

7. In the current probe IAC measurement box, read the peak-peak value lpp, in milli
Ampere with one decimal digit, which provides the peak lacpeak Of the AC source
current, and report the results in Table 3-1-1 (you may also use Y-axis cursors on
trace IAC in the Grapher to measure the peak value lacpeak).

8. In the current probe Icap measurement box, read the average value lav, in micro
Ampere with one decimal digit, which provides the average capacitor current lcappc,
and report the results in Table 3-1-1.

9. In the current probe lload measurement box, read the average value lay, in milli
Ampére with one decimal digit, which provides the average load current loupc, and
report the results in Table 3-1-1.

10.In the current probe IAC measurement box, read the average value lay, in milli
Ampére with one decimal digit, which provides the average source current lacoc,
and report the results in Table 3-1-1.

11. Set the switch J2 closed, and repeat steps 5-10.

12.Import in Table 3-1-1 the values of Voc, AVacpp Calculated in the Exercise Section
for options (a) and (b).

Table 3-1-1 AC-DC Rectifier Operation with 3uH AC source inductance.

Ve [V] Voc [V] | AVacpp [V] | AVacpp [V] |lacpeak [MA]| lcappe [MA] [ loutpc [MA] | lacpe [MA]
sim. calc. sim. calc. sim. sim. sim. sim.

option (a)
Cout = 47nF

option (b)

Cout =
47nF+220nF
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3-2-1 Are the results of simulations and calculations consistent?

A. yes
B. no
Please provide your comments:

3-2-2 Under what condition is the peak of AC source current maximum?

A. option (a)
B. option (b)
Please provide your comments:

3-2-3 Is the DC load current equal to the DC current of the AC source?

A. yes
B. no
Please provide your comments:

3-2  Simulation 2 — AC-DC Rectifier Operation with high source inductance.

1. Set the switch J2 open and the switch SL open.

2. Set Vs AC voltage source parameters as follows:

e VA =5.0V, Freq=50k, VO =0, Phase =0, TD =0, DF = 0;

3. Set Interactive simulation and Split visualization options.

4. Double click on probes VAC, IAC, VDC, Icap, and lload, check the Show plot option
box, and check the Periodic option box for Interactive simulation.

5. Run the simulation and wait until it stops.

6. Inthe voltage probe VDC measurement box, read the average value Vayv and peak-
peak value Vpp, in Volt with two decimal digits, which provide the DC component
Vpbc and the peak-peak amplitude of the AC ripple component AVacpp Of the rectifier
output voltage respectively, and report the results in Table 3-2-1 (you may also use
Y-axis cursors on trace VDC in the Grapher to measure the average value Vav and
peak-peak value Vpp).
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7. In the current probe IAC measurement box, read the peak-peak value lpp, in milli
Ampere with one decimal digit, which provides the peak lacpeak Of the AC source
current, and report the results in Table 3-2-1 (you may also use Y-axis cursors on
trace IAC in the Grapher to measure the peak value lacpeak).

8. In the current probe Icap measurement box, read the average value lav, in micro
Ampere with one decimal digit, which provides the average capacitor current lcappc,
and report the results in Table 3-2-1.

9. In the current probe lload measurement box, read the average value lay, in milli
Ampere with one decimal digit, which provides the average load current loutoc, and
report the results in Table 3-2-1.

10.In the current probe IAC measurement box, read the average value lay, in milli
Ampére with one decimal digit, which provides the average source current lacoc,
and report the results in Table 3-2-1.

11.Set the switch J2 closed, and repeat steps 5-10.

12.Import in Table 3-2-1 the values of Vpc, AVacpp, lacpeak, lcappc, loutbe, lacoc obtained
in the Simulation 1.

Table 3-2-1 AC-DC Rectifier Operation with 13uH AC source inductance..

Voc [V] AVacpp [V] lacpeak [MA] lcappc [HA] loutpc [MA] lacoc [MA]
siml|sim2| siml | sim2 | siml [ sim2 | siml | sim2 | siml | sim2 | sim1l | sim2
option (a)
Cout =47nF
option (b)
Cout =
47nF+220nF

3-2-1 What is the effect of the increase of source inductance on distortion of AC and
output voltage waveform?

A. the distortion increases
B. the distortion decreases
C. no effect

Please provide your comments:
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3-2-2 What is the effect of the source inductance increase on output voltage DC

component?
A. the DC voltage increases
B. the DC voltage decreases
C. other:

Please provide your comments:

3-2-3 What is the effect of the increase of source inductance on the amplitude of the AC
ripple component of output voltage?

A. the amplitude of AC ripple voltage increases
B. the amplitude of AC ripple voltage decreases
C. other:

Please provide your comments:

Troubleshooting tips:
If the simulation does not converge and you get some error message, reload
Labll — AC-DC Rectifier Operation from this file path
https://www.multisim.com/content/BCzmgYVZWKkxG8u23Niho2/1lab
-ll-ac-dc-rectifier-operation/open/
and restart the simulation following the instructions.
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4 Implement

The experiments you perform in this section allow you to observe the voltage and current
waveforms of a real AC_DC diode-bridge rectifier operation, under different output
capacitance configuration. The AC-DC Section of the Tl Power Electronics Board for NI
ELVIS Il shown in Figure 4-1 will be used to perform the experiments.

|!|AC-DC Section
@ e E
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Figure 4-1. Tl Power Electronics Board for NI ELVIS 1l — AC-DC Section Used for the Analysis of Diode-Bridge
Rectifier Operation.

The AC source voltage is generated by a circuit comprised of a non-inverting amplifier
and an inverting amplifier, using TI's OPA26741 OP-AMP. A TI's LM4040C25I voltage
reference provides a common 2.5V bias voltage to the amplifiers. Two synchronized
sinusoidal signals (FGi1,FG2) are injected in the amplifiers to generate two output
sinusoids 180° shifted each other. The outputs of the two amplifiers (TP17,TP19) are
connected in differential mode to the secondary coil of a Wurth 750311308 1:1
transformer, through jumpers J7 and J8. The primary coil of the transformer (TP9o,TP10) is
connected to the input of the diode full-bridge, using four B550C-13-FAC Diodes
Incorporated 50V/5A Schottky diodes. The output of the diode bridge (TPs, TP11) can be
connected to a 200Q fixed load resistor R, or to the input of a 1.2MHz TI's TPS40305
integrated buck converter, whose output can be connected to a 100Q fixed load resistor
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Ro1, or to the input of a TI's TPS7A6201-Q1 integrated linear regulator with 100Q2 load
resistor Ro2. The OPAMPs have about 6Q output resistance. The transformer is
characterized by the following parameters:

e Turnsratio: 1:1 1%

e Primary coll resistance: Rp = 325mQ +10%

e Secondary coil resistance: Rs = 480mQ +10%

e Magnetizing inductance: Lm = 100pH+10%

e Primary side leakage inductance: Lp = 3.0uH max.

The jumper J6 allows to connect, or bypass, a 10uH inductor in series to the transformer
primary coil. Two Coilcraft CST7030-150LC 150:1 current sensing transformers allow
sensing the diode bridge input and output currents at test points TP7 and TP2,
respectively, by means of two voltage probes. As the voltage-to-current transconductance
of the two sensing transformers is 10, multiplying the voltages measured at test points
TP7 and TP2 by 10 provides the diode bridge input and output currents respectively. A
TI's INA139NA current shunt monitor allows measuring the DC component of diode
bridge output current at test point TP4 by means of a voltage probe. The datasheets of
components are available at these links:

e OPA26741-14DR OPAMP: http://www.ti.com/lit/ds/symlink/opa2674.pdf

e LM4040C25IDBZR voltage reference: http://www.ti.com/lit/ds/symlink/Im4040.pdf

e 750311308 transformer: https://katalog.we-online.com/pbs/datasheet/750311308.pdf
e B550C-13-FAC diode: https://www.diodes.com/assets/Datasheets/ds13012.pdf

e TPS40305 buck regulator: http://www.ti.com/lit/ds/symlink/tps40303.pdf

e TPS7A6201-Q1 linear regulator: http://www.ti.com/lit/ds/symlink/tps7a6201-q1.pdf

e CST7030-150LC sensing transformer: https://www.coilcraft.com/pdfs/cst7030.pdf

e INA139NA/3K current monitor: http://www.ti.com/lit/ds/symlink/inal39.pdf

[Note: the parameters provided in the following instructions for instruments setup may require
some adjustment due to thermal effects and tolerances of Tl Power Electronics Board

COﬂ’]QOﬂGﬂtSl

4-1 Instructions

1. Open Power Supply, Function Generator, Pattern Generator, Digital Multimeter and
Oscilloscope using Measurements Live. For help on launching instruments, refer to
this help document: http://www.ni.com/documentation/en/ni-elvis-—
iii/latest/getting-started/launching-soft-front-panels/

2. Open the User Manual of TI Power Electronics Board for NI ELVIS Ill from this
file path: http://www.ni.com/en-us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.html
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3. Read the User Manual sections Description, Warnings and Recommendations
regarding Discrete Buck Section.

4. Open the Tl Top Board RT Configuration Utility of TI Power Electronics Board for
NI ELVIS 1l (See Required Tools and Technology section for download
instructions), and select Lab11l — AC-DC Rectifier Operation.

5. Connect and configure the instruments as indicated in Tables 4-1 and 4-2.

[Note: the AC input voltage of diode bridge can be observed on the Oscilloscope
Math channel]
6. Configure the jumpers of the board as indicated in Table 4-3.

Table 4-1 Instruments Connections

Power Supply connect to red and black banana connectors

connect CH-1 to TP9 (Vac+), connect CH-2 to TP10 (Vac-)

Oscilloscope connect CH-3 to TP7 (lac), connect CH-4 to TP6 (Vbc)

connect CH-1 to FGEN1 BNC connector (-»TP18 = FG1)

Function Generator | ¢;nnect CH-2 to FGEN2 BNC connector (TP20 = FG2)

Pattern Generator | connect TRIG to DIO 0 (red) and GND (black) using a BNC-to-Alligator Cable

Digital Multimeter connect to TP4 (average lioad)

Table 4-2 Instruments Configuration and setup

Power Supply Channel “+”: Static, 10.00V, Channel “-* Inactive
Trigger: Horizontal: Acquisition: Measurements:
Analog Edge, 5us/div average show
CH-1, set to 50%

Oscilloscope | cp.1: oFF CH-2:OFF | CH-3:ON CH-4: ON Math: ON
¢ DC coupling e DC coupling | e DC coupling | e DC coupling | ¢ CH1-CH2
o 1V/div o 1V/div e 20mV/div o 1V/div o 1V/div
o offset OV o offset OV o offset OV o offset OV o offset OV

Function Generator | follow instructions provided below

Pattern Generator follow instructions provided below

Digital Multimeter Measurement mode: DC voltage; Range: Automatic

Table 4-3 Jumpers Setup

J6 J7 J8 J9 J3
shorted shorted shorted short TP25-TP111 open
J18 J15 J19 J10 J13 J14
shorted short 2-3 open open open shorted
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10.

11.

12.

13.

14.

15.

16.

On Channel 1 of the Function Generator, select Custom, use the file selector to
select the TDMS waveform Labll FG1.tdms, set Trigger source to TRIG, set Gain
to 1, set Update rate to 100MS/s,set Generation mode to Loop.

On Channel 2 of the Function Generator select Custom, use the file selector to
select the TDMS waveform Labll FG2.tdms, set Trigger source to TRIG, set Gain
to 1, set Update rate to 100MS/s, set Generation mode to Loop.

On Logic Analyzer and Pattern Generator, click on “+”in the Pattern Generator
section, click on Signal to add a new signal to the Pattern Generator, check the
box next to Logic O to add the line and click on the whitespace in the instrument,
set Status to On, set Mode to Clock, set Frequency to 1Hz, set Duty cycle to 50%.

Run Oscilloscope, Digital Multimeter, Power Supply, Pattern Generator and
Function Generator.

Measure the DC component of the output voltage Vpc on Oscilloscope CH-4, in
Volt with two decimal digits of accuracy, and report the result in Table 4-4. [Note:
the measurement of the average value of Channel 4 can performed by means of
cursors. The measurement of the RMS value provides an approximated value of
the average value]

Measure the amplitude of peak-peak output voltage ripple AVacpp 0n Oscilloscope CH-
4, in Volt with two decimal digits of accuracy, and report the result in Table 4-4.

Measure the average DC load current licad On Digital Multimeter, in milli Ampere,
with one decimal digit of accuracy: licad [V] = ; [Note: there can
be up to about 15mA DC bias in the measurement. Check the value of the load
current with the ratio between the DC output voltage Vpc and the load resistance
Ro=200Q]

Measure the peak amplitude of diode-bridge AC current lac on Oscilloscope CH-3, in
milli Ampere with one decimal digits of accuracy, and report the result in Table 4-4.

Stop Oscilloscope, Digital Multimeter, Power Supply, Function Generator and
Pattern Generator, set jumper J3 to be shorted and repeat steps 10 to 14.

Import in Table 4-4 the results of Simulation 1 relevant to Vpc, AVacpp and lacpeak.

Table 4-4 AC-DC Rectifier Operation with different output capacitance.

Voc [V] AV pcpp [V] Iacpeak [MA]

sim 1 exp sim 1 exp sim 1 exp

Cout = 47nF
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4-2-1 Are the simulation values of output voltage DC component and peak-peak AC
ripple consistent with experimental measurements?
A. yes
B. no
Please provide your comments:

4-2-2 Are the simulation values of peak AC diode bridge current consistent with
experimental measurements?
A. yes
B. no
Please provide your comments:

Troubleshooting tips:

e If the AC-DC rectifier does not work, or its waveforms look much different with
respect to simulations, verify the correct setup and connections of jumpers and
instruments, following the directions provided in Tables 4-1, 4-2 and 4-3, and
restart the experiments.

5 Analyze

5-1 Comparing the simulated and experimental values of the DC output voltage
average and peak-peak ripple values, identify the parameters of the simulation
model to change in order to achieve a better agreement, based on concepts
discussed in the Theory and Background section:
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6 Conclusion

6-1 Summary

Write a summary of what you observed and learned about the operation of an AC-DC
diode bridge rectifier, and discuss the impact of the output capacitor on the resulting
voltage and current waveforms.

6-2 Expansion Activities
6-2-1. Measure diodes voltage drop
a. Repeat the experiment following the instructions of Section 4-1.
b. Set the Oscilloscope cursors in Track mode, associate Cursor 1 to Math CH
and Cursor 2 to CH-4
c. Align the cursors horizontally in a time instant where Math CH trace is higher
than CH-4 trace and read the difference between the two traces measured by

the Oscilloscope
Divide the measured voltage by two to obtain the forward voltage drop of each diode.
6-2-2. No load operating condition

a. Repeat the experiment following the instructions of Section 4-1 with jumper J9
open, which allows to disconnect the load resistor from the output of the
rectifier.

b. Analyze the waveforms of input and output voltages of diode bridge rectifier, to
verify that the input voltage is an ideal sine wave without distortion and the output
voltage is a constant without AC ripple.

6-4 Resources for learning more

e This book provides the fundamentals of AC-DC diode bridge rectifiers:
N. Mohan, T.M. Undeland, W.P. Robbins, Power Electronics: Converters,
Applications, and Design, John Wiley & Sons, Inc.
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Answer Key — Check Your Understanding Questions Only

n_

E_[.J Check Your Understanding

11 B
1-2 A
1-3 B
14 A
15 C
16 B
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Lab 12: Post Regulators Operation
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Lab 12: Post Regulators Operation

The goal of this lab is to analyze the behavior of power electronic system composed by a
diode-bridge AC-DC rectifier, a buck DC-DC regulator and a linear regulator. This system
emulates the typical configuration of many real world power supplies, using:

- a rectifier to convert the AC voltage of a power source into a DC voltage;

- a switching regulator to regulate the rectifier DC output voltage and adjust its level to
better fit the application requirements;

- a linear regulator to filter the switching ripple of the output voltage of the switching
regulator and provide the final voltage regulation required by the load.

In this Lab we analyze the system configuration, we simulate it to analyze the impact of
main setup parameters, and we perform lab experiments to observe the main voltages
and currents of a real system under different operating conditions.

—
AC-DC DC-DC DC-DC

DIODE-BRIDGE BUCK LINEAR

RECTIFIER | REGULATOR | REGULATOR

Figure 1-1. Diode-bridge AC-DC Rectifier with Buck DC-DC regulator and Linear post-regulator

Learning Objectives

After completing this lab, you should be able to complete the following activities.

1. Given a system composed by an AC-DC diode rectifier, a buck DC-DC regulator and
a linear post-regulator, you will calculate the average voltages and currents of each
block, with specified units and accuracy, under different setup conditions.

2. Given a system composed by an AC-DC diode rectifier, a buck DC-DC regulator and
a linear post-regulator, you will simulate its operation under different setup conditions,
to analyze the average voltage and current and the AC noise.

3. Given a real system composed by an AC-DC diode rectifier, a buck DC-DC regulator
and a linear post-regulator, you will observe its voltage and current waveforms in
different points, and measure the amplitudes of their DC and AC components with
specified units and accuracy, to verify the consistency with simulation results and
estimate system parameters.
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Required Tools and Technology

Platform: NI ELVIS IlI v' Access Instruments
Instruments used in this lab: https://measurementslive.ni.com/
e Function generator v" View User Manual
e Digital multimeter http://www.ni.com/en-
e Oscilloscope us/support/model.ni-elvis-iii.html
e Power Supply v View Tutorials
https://www.youtube.com/watch?v=

Note: The NI ELVIS Il Cables and TwvbRUpEpJU&list=PLvcPluVaUMI

Accessories Kit (purchased separately) Wm8ziaSxvOgwtshBA2dh_M

is required for using the instruments.

Hardware: TI Power Electronics Board ¥ View User Manual
http://www.ni.com/en-
us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.ntml

Software: NI Multisim Live v' Access
https://www.multisim.com/

v" View Tutorial
https://www.multisim.com/get-started/

Software: TI Power Electronics v" Download (Windows OS Only)

Configuration Utility http://download.ni.com/support/acad

cw/PowerElectronics/TIPowerElectr
onicsBoardUtility-Windows.zip
Note: Mac Version will be available
soon
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Expected Deliverables

In this lab, you will collect the following deliverables:

v
v
v

v
v

Calculations based on equations provided in the Theory and Background Section
Results of circuit simulations performed by NI Multisim Live

Results of experiments performed by means of TI Power Electronics Board for NI
ELVIS I

Observations and comparisons on simulations and experimental results
Questions Answers

Your instructor may expect you to complete a lab report. Refer to your instructor for
specific requirements or templates.
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1 Theory and Background

1-1 Introduction

In this section, we review the fundamental concepts relevant to the operation of a power
conversion system comprised of an AC-DC diode-bridge rectifier, a DC-DC Buck
regulator and a linear regulator. We analyze the main voltage and current waveforms in
different points of the system and discuss the relationships among them based on the
operation principle of each functional block.

1-2 Ideal Diode-Bridge Rectifier

Figure 1-2 shows the typical configuration of an AC-DC diode-bridge rectifier, taking energy
from an AC voltage source Vs(t) = Vssin(24st) and supplying a DC load resistor R, through a
DC-DC buck regulator and a DC-DC linear post regulator.

Ls loutD loutB loutL
, I_NV\_ - > " > "
AC-DC DC-DC DC-DC
Vs DIODE-BRIDGE |VoutD BUCK VoutB LINEAR VoutL Ro
RECTIFIER _ | CoutD REGULATOR _ | CoutB REGULATOR _ CoutL
VrefB VrefL
5 100m

—VoutB
—VoutL

Vou
Vourn(t) ouhbe —}

Vous_pc w '
..... out
loutl

3 VoutLiDC W 60m

Voltage (V)
() Juen)

u f

oli H % 3 osogosen T IR AR IR I | H ]
2.95m 2.955m 2.96m 2.965m 2.97m 2.975m 2.98m 2.985m 2.99m 2.995m

Figure 1-2. Diode-Bridge AC-DC Rectifier with DC-DC Buck Regulator and DC-DC Linear Post-Regulator

The diode bridge rectifier converts the sine source voltage Vs(t) into a non regulated voltage
Voun(t), comprised of a DC component Voup pc and an periodical AC ripple component
AVoun_ac(t) at frequency 2fs. The value of Voun_pc and the peak-peak amplitude of AVouto ac(t)
are determined by the load, the output capacitor Coutp and the source inductance Ls (see
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LAB11). Typically, the peak-peak amplitude of AVoup ac(t) can be about 10% of Voun pc. The
variability of Voup pc and the large amplitude of AVoun ac(t) are not tolarated by DC loads like
analog and digital electronic devices. The function of the DC-DC buck regulator is to convert
the unregulated DC voltage Voun(t) into a regulated DC voltage Vous(t) and to suppress the
large ripple component AVoup ac(t). The output voltage Vous(t) of the buck regulator is
comprised of a regulated DC component Vous pc, an AC ripple component AVous ac 2rs(t) at
the frequency 2fs of the rectifier output ripple AVous ac 1s(t), and an AC ripple component
AVou_ac 1s(t) at the switching frequency fsw of the buck regulator itself, as shown in Figure 1-3,
where 2fs = 100kHz and fsw = 1.2MHz.

3.33

3.3295

W

100m

3.455m 3.46m 3.465m 3.47m 3.475m 3.48m 3.485m 3.49m 3.495m 3.5m

Figure 1-3. Output Voltage of DC-DC Buck Regulator

The value of Vous_pc is regulated by the control circuitry of the buck regulator and is proportional
to a reference voltage Ve (See LAB8). The peak-peak amplitude of AVour _ac(t) is determined
by the output capacitance Couw Of the buck regulator (see LABG), and it is very small compared
to Vous_pc (typically 1%-2%). Certain special devices, like electronic circuits used in medical
diagnostic equipments or in automotive and aerospace applications, do not tolerate the
switching ripple characterizing the output voltage of switching regulators. In these cases, a
linear post-regulator can be used, to achieve the adjustment of the regulated load voltage to
lower levels and to suppress the switching ripple noise. The output voltage Vou(t) of the linear
regulator is then comprised of a regulated DC component Vou. pc and a negligible AC ripple
component AVou ac(t) at the switching frequency fsw of the switching regulator, as shown in
Figure 1-4.
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2.5625

2.56245
100m

25624 | — p——— loutB

VoutL loutl
..... lou
2.56235 80m

2.562 20m
3.455m 3.46m 3.465m 3.47m 3.475m 3.48m 3.485m 3.49m 3.495m 3.5m

Figure 1-4. Output Voltage of DC-DC Linear Regulator

The value of Vou is proportional to a reference voltage Vier, and is regulated by the control
circuitry of the linear regulator (see LAB4). The peak-peak amplitude of AVou ac(t) is
determined by the output capacitance Cou Of the linear regulator or by the control circuitry of
the linear regulator, depending on its frequency, and it is very small compared to Vou pc
(typically less than 1%).

Both the DC-DC buck regulator and the DC-DC linear regulator perform a step-down
regulation. They can only regulate an average output DC voltage Vou at a lower level than the
average input DC voltage Vin. The main difference between them is that, given the voltage
conversion ratio M=Vou/Vin between the output and the input voltage, the efficiency of DC-DC
buck regulator can be much higher that the efficiency of the DC-DC linear regulator (see Labl
and Lab5). Moreover, the average input current lin of the buck regulator is lower than the
average output current lout, according to Equation 1-1:
\Y

Equation 1-1 [, =1, ==t <
nVv.

in

out

where 77=Pou/Pin is the efficiency of the buck regulator. The average input current of the linear
regulator, instead, is slightly higher than the output current, according to Equation 1-2:

Equation 1-2 o=l +1 4>

in out gnd out

where Igng is the ground current of the linear regulator, whose value can range from few tens
to hundreds of micro Ampéres, depending on the regulator technology and current rating.
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Check Your Understanding
[u]

Note: The following questions are meant to help you self-assess your understanding so far. You
can view the answer key for all “Check your Understanding” questions at the end of the lab.

1-1 What is the function of a DC-DC regulator?
A. to convert a non-regulated DC input voltage into a regulated DC output voltage
B. to convert a DC voltage source into a DC current source
C. to convert a DC input voltage into a sinusoidal AC output voltage

1-2 What is the function of a linear regulator?
A. to convert a DC input voltage into a DC output voltage of higher value
B. to regulate a DC output voltage suppressing AC input voltage noise
C. to convert a DC input voltage into an output voltage increasing linearly in the time

1-3 What is the main difference between a buck and a linear regulator?
A. the buck steps up the voltage while the linear steps down the voltage
B. the buck can have much higher efficiency than the linear
C. the buck can have much higher input current than the linear

1-4 What is the main function of a buck regulator when placed on the output of a diode
bridge rectifier?
A. to increase the efficiency
B. to regulate the voltage and suppress the AC ripple
C. to limit the output current of the diode bridge rectifier

1-5 What is the main function of a linear regulator when placed on the output of a buck
regulator?
A. to suppress switching noise
B. to increase the efficiency
C. to increase the voltage

1-6 Where do we find the maximum average DC current in a system comprised of a diode
bridge rectifier, a buck regulator and a linear regulator?
A. at the output of the diode bridge rectifier
B. at the output of the buck regulator
C. at the output of the linear regulator
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2 Exercise

The AC-DC diode bridge rectifier of the TI Power Electronics Board for NI ELVIS Il
generates an output voltage characterized by a 4.1V DC component and a 430mV peak-
peak amplitude ripple component at 100kHz. A DC-DC buck regulator is connected to the
output of the rectifier, with two output regulation options:

e option B1:  Vous pc =5V
e option B2:  Vous pc = 3.3V

The output of the buck regulator can be connected to a 100Q2 load resistor or to a linear
regulator, with two output regulation options:

e optionLl: Vou pc=3.3V
e optionL2:  Vour pc = 2.5V

The output of the linear regulator is connected to a 100Q2 load resistor.

2-1 Based on the characteristics of the buck and linear regulator summarized in the
Theory and Background Section, assuming that the buck regulator has 90%
efficiency and that the ground current of the linear regulator is negligible, check the
feasible combinations in Table 2-1 and calculate the values of the average DC output
currents loutb_pc, louto_bc and louto_pc Of rectifier, buck regulator and linear regulator,
respectively, in milli Ampére with one decimal digit of accuracy.

feasible loutb_DC loute_bcC loutL_DC
[MA] [MA] [mA]

buck output connected to 100Q | O yes
resistor with option B1 setup O no
buck output connected to 100Q | O yes
resistor with option B2 setup O no
buck output connected linear input | O yes
with option B1-L1 setup O no
buck output connected linear input | O yes
with option B1-L2 setup O no
buck output connected linear input | O yes
with option B2-L1 setup O no
buck output connected linear input | O yes
with option B2-L2 setup O no
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3 Simulate

The goal of the simulations you will perform in this section is to analyze the operation of
of a power conversion system comprised of an AC-DC diode-bridge rectifier, a DC-DC
Buck regulator and a linear regulator. You will observe the voltage and current waveforms
at the output of each block of the system, to verify the impact of the conversion, regulation
and filtering capabilities of buck regulator and linear regulator.

3-1 Instructions

1. Open Labl2 — Post-Regulator Operation from this file path:
https://www.multisim.com/content/jmMuKf3CNeGgzZt5Jy8BPff/lab
12-post-regulators-operation/open/

The circuit schematic for the analysis of the power conversion system comprised
of an AC-DC diode-bridge rectifier, a DC-DC Buck regulator and a linear regulator
is shown in Figure 3-1.

DC-DC buck regulator

Joutl

" ACvoltage source

vach Vace
[vscs Ls2 Ls Rs

vac 10pH 3pH 2 L w
i vac &
\\\\\ b
-

e o e
"
N i e o

i

Figure 3-1. Multisim Live Circuit Schematic for the Analysis of Post-Regulators Operation.

The AC voltage is generated by a 50kHz/5V sinusoidal voltage source, with output
impedance comprised of 6Q resistance Rs and 3pH inductance Ls. The switch SL allows
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https://www.multisim.com/content/jmMuKf3CNeGgZt5Jy8BPff/lab12-post-regulators-operation/open/
https://www.multisim.com/content/jmMuKf3CNeGgZt5Jy8BPff/lab12-post-regulators-operation/open/

to add 10pH in series to inductance Ls. The switch JoD allows to add 220nF in parallel to
capacitance Cout Of the rectifier. A voltage-controlled source allows AC differential voltage
measurement with a single voltage probe. The rectifier output can be conected to the
2002 RoD load resistor, or to the input of a DC-DC buck regulator, by means of the switch
SD. The switch JgB allows to set the output voltage of the buck regulator with two options:

e option B1 (JgB closed): Vous pc =5V
e option B2 (JgB open):  Vous pc = 3.3V

The output of the buck regulator can be connected to the 100Q2 RoB load resistor, or to
the input of the linear regulator by means of switch SB. The switch JgL allows to set the
output voltage of the linear regulator with two options:

e option L1 (JgL closed): Vout pc = 3.3V
e option L2 (JgL open): VoutL pc = 2.5V

The output of the linear regulator is connected to the 1002 load RoL resistor.

The simulation schematic includes the two voltage generators VrefB and VrefL, which
provide the voltage reference for the buck and the linear regulator, respectively. These
generators start from zero and ramp up linearly to reach their nominal values (1.024V for
VrefB and 0.800V for VrefL) in 1.25ms. The VrefL generator starts ramping with 1.25ms
delay with respect to VrefB, thus allowing the buck regulator to reach its nominal output
voltage. The total simulation time is set to 3.5ms to allow the regulators to reach a steady-
state operation. Figure 3-2 shows an example of the expected output voltage waveforms
of buck regulator and linear regulator resulting from this sequential soft-start logic.

5
—\VoutB

—VoutL
4.5

100m

4

Buck regulator output voltage w

60m

Linear regulator output voltage W

40m

20m

0 -20m
] 500p 1m 1.5m 2m 2.5m 3m 3.5m

Time (s)

Figure 3-2. Sequential Soft-Start of Buck and Linear Regulators.
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3-2  Simulation 1 — Operation with buck regulator connected to 100Q2 load resistor.

1. Set switches JoD and SL to be closed, switches JoL, JgB and JgL to be open, switch
SD to be closed on buck regulator input, switch SB to be closed on load resistor RoB.

2. Set Interactive simulation and Split visualization options.

3. Double click on probes VoutD, loutD, VoutB, loutB, VoutL and loutL, check the Show
plot option box and the Instant and Periodic option boxes.

4. Run the simulation. During the simulation you will observe in the Grapher, that:

- the rectifier output voltage (VoutD blue continuous trace) has a DC
component and a well visible 100kHz ripple;

- the buck regulator output voltage (VoutB red continuous trace) rises during
the simulation and settles after about 1.5ms of simulation time, with no visible
AC ripple at 100kHz;

- thelinear regulator output voltage (VoutL green continuous trace) is zero;

- therectifier output current (loutD blue dashed trace) has a 1.2MHz AC ripple
component plus a 100kHz bumping AC ripple (as shown in Figure 1-2);

- the buck regulator output current (loutB red dashed trace) rises linearly in
the time and settles after about 1.5ms of simulation time, with no visible
100kHz AC ripple;

- the linear regulator output current (loutL green dashed trace) is zero.

5. Read the average measurement Vay of voltage probes VoutB and VoutL, in Volt with
three decimal digits of accuracy, and the average measurement lay of current probes
loutB and loutL, in milli Ampére with one decimal digit of accuracy, and report the
results in Table 3-2-1.

6. Use the cursors in Track mode on voltage probe VoutD to measure the average
value and the amplitude of peak-peak 100kHz AC ripple of the rectifier output
voltage, in Volts with three decimal digits of accuracy, and report the results in
Table 3-2-1 (you may also adjust Y-axis range to better visualize the waveform).

7. Zoom-in the Y-axis around the VoutB trace until you see the 100kHz AC ripple, use
the cursors in Track mode on voltage probe VoutB to measure the amplitude of
peak-peak 100kHz AC ripple of the buck regulator output voltage, in milli Volts with
three decimal digits of accuracy, and report the results in Table 3-2-1.

Table 3-2-1 Operation with buck regulator connected to 10042 load resistor.

Voutp_av Vouts_Av VoutL_av louts_Av loutL_av AVouo ac | AVous_ac
V] \Y| \Y%| [mA] [mA] V] [mV]
279

INTERNAL - NI CONFIDENTIAL



3-2-1 Is the average output voltage of buck regulator lower than the average output
voltage of diode-bridge rectifier?

A.
B.
Please provide your comments:

yes
no

3-2-2 Is the peak-peak amplitude of the 100kHz AC output voltage ripple of buck
regulator lower than the peak-peak amplitude of the 100kHz AC output voltage
ripple of diode-bridge rectifier?

A.
B.
Please provide your comments:

yes
no

3-3  Simulation 2 — Operation with buck regulator connected to linear regulator.
1. Set switch SB to be closed on linear regulator input.
2. Run the simulation. During the simulation you will observe in the Grapher, that:

the rectifier output voltage (VoutD blue continuous trace) has a DC
component and a well visible 100kHz ripple;

the buck regulator output voltage (VoutB red continuous trace) rises during
the simulation and settles after about 1.5ms of simulation time, with no visible
AC ripple at 100kHz;

the linear regulator output voltage (VoutL green continuous trace) starts
rising after about 1.25ms and settles after further 1.5ms of simulation time, with
no visible AC ripple at 100kHz;

the rectifier output current (loutD blue dashed trace) has a 1.2MHz AC ripple
component plus a 100kHz bumping AC ripple (as shown in Figure 1-2);

the buck regulator output current (loutB red dashed trace) rises linearly in
the time and settles after about 1.5ms of simulation time, with no visible
100kHz AC ripple;

the linear regulator output current (loutL green dashed trace) starts rising
after about 1.25ms and settles after further 1.5ms of simulation time, with no
visible AC ripple at 100kHz;
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3. Read the average measurement Vay of voltage probes VoutB and VoutL, in Volt with
three decimal digits of accuracy, and the average measurement lay of current probes
loutB and loutL, in milli Ampére with one decimal digit of accuracy, and report the
results in Table 3-3-1.

4. Use the cursors in Track mode on voltage probe VoutD to measure the average
value and the amplitude of peak-peak 100kHz AC ripple of the rectifier output
voltage, in Volts with three decimal digits of accuracy, and report the results in
Table 3-3-1 (you may also adjust Y-axis range to better visualize the waveform).

5. Zoom-in the Y-axis around the VoutB trace until you see the 100kHz AC ripple, use
the cursors in Track mode on voltage probe VoutB to measure the amplitude of
peak-peak 100kHz AC ripple of the buck regulator output voltage, in milli Volts with
three decimal digits of accuracy, and report the results in Table 3-3-1.

6. Zoom-out the Y-axis until you see the VoutL trace, then zoom-in the Y-axis around
the VoutL trace until you see the 100kHz AC ripple, use the cursors in Track mode
on voltage probe VoutL to measure the amplitude of peak-peak 100kHz AC ripple
of the buck regulator output voltage, in milli Volts with three decimal digits of
accuracy, and report the results in Table 3-3-1. [Note: VoutL trace looks rising as
the simulation has not reached the real steady-state yet].

Table 3-3-1 Operation with buck regulator connected to 10042 load resistor.

Voutp_av Vouts_av Vout_av louts_av loutt_av ANVoup_ac | AVous_ac | AVout_ac

[\ V] 4 [mA] [mA] [\ [mV] [mV]

3-3-1 Is the average output voltage of buck regulator lower than the average output
voltage of diode-bridge rectifier?
A. yes
B. no
Please provide your comments:

3-3-2 Is the peak-peak amplitude of the 100kHz AC output voltage ripple of buck
regulator lower than the peak-peak amplitude of the 100kHz AC output voltage
ripple of diode-bridge rectifier?
A. yes
B. no
Please provide your comments:
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3-3-3 Is the average output voltage of linear regulator lower than the average output
voltage of buck regulator?
A. yes
B. no
Please provide your comments:

3-3-4 Is the peak-peak amplitude of the 100kHz AC output voltage ripple of buck
regulator lower than the peak-peak amplitude of the 100kHz AC output voltage
ripple of diode-bridge rectifier?
A. yes
B. no
Please provide your comments:

3-3-5 Is the average output current of linear regulator lower or higher than the average
output current of buck regulator?

A. lower
B. higher
C. other:

Please provide your comments:

Troubleshooting tips:

1. If the simulation does not converge and you get some error message, reload
Labl12 — Post-Regulator Operation from this file path:
https://www.multisim.com/content/jmMuKf3CNeGgzt5Jy8BPff/lab
12-post-regulators-operation/open/
and restart the simulation following the instructions.
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4 Implement

The experiments you perform in this section allow you to observe the voltage and current
waveforms of a system comprised of an AC-DC diode-bridge rectifier, a DC-DC Buck
regulator and a linear regulator, under different configuration setup. The AC-DC Section
of the Tl Power Electronics Board for NI ELVIS Ill shown in Figure 4-1 will be used to
perform the experiments.

JAC-DC Section -
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Figure 4-1. TI Power Electronics Board for NI ELVIS Il — AC-DC Section Used for the Analysis of Post Regulators
Operation.

The output of the diode bridge can be connected to the 200Q fixed load resistor Rop
(parallel of R6 and R7) or to the input of a 1.2MHz TI's TPS40305 integrated buck
converter. The buck regulator output can be connected to the 100Q fixed load resistor
Ros (R24), or to the input of a TI's TPS7A6201-Q1 integrated linear regulator whose
output is connected to the 10002 load resistor Ro. (R33). The DC output currents of diode
bridge rectifier, buck regulator and linear regulator are sensed by means of TI's INA139
current monitor chips U1, U3 and U5, respectively, allowing the current measuement by
means of a multimeter or a voltage probe. The transformer T1 senses the diode bridge
AC output current, with sensing gain 0.1. The waveforms of interest in the experiment are
available at following test points:

283

INTERNAL - NI CONFIDENTIAL



diode bridge rectifier output voltage Voun: TPs;

buck regulator output voltage Vous: TP32;

linear regulator output voltage Vout: TP37;

diode bridge rectifier DC output current loutp_pc: TPa4;
diode bridge rectifier AC output current louto_ac: TP2;
buck regulator DC output current lous pc: TP2s;

¢ linear regulator DC output current lout_pc: TP3a.

The datasheets of TI's components are available at these links:

e TPS40305 buck regulator: http://www.ti.com/lit/ds/symlink/tps40303.pdf

e TPS7A6201-Q1 linear regulator: http://www.ti.com/lit/ds/symlink/tps7a6201-q1.pdf
e INA139NA/3K current monitor: http://www.ti.com/lit/ds/symlink/ina139.pdf

[Note: the parameters provided in the following instructions for instruments setup may require
some adjustment due to thermal effects and tolerances of Tl Power Electronics Board

components]

4-1 Instructions

1. Open Power Supply, Function Generator, Pattern Generator, Digital Multimeter and
Oscilloscope using Measurements Live. For help on launching instruments, refer to
this help document: http://www.ni.com/documentation/en/ni-elvis-
iii/latest/getting-started/launching-soft-front-panels/

2. Open the User Manual of Tl Power Electronics Board for NI ELVIS 11l from this
file path: http://www.ni.com/en-us/support/model.ti-power-
electronics-board-for-ni-elvis-iii.html

3. Read the User Manual sections Description, Warnings and Recommendations
regarding Discrete Buck Section.

4. Open the Tl Top Board RT Configuration Utility of TI Power Electronics Board for
NI ELVIS Il (See Required Tools and Technology section for download
instructions), and select Lab12 — Post-Regulators Operation.

5. Connect and configure instruments as indicated in Tables 4-1 and 4-2.

Table 4-1 Instruments Connections

Power Supply connect to red and black banana connectors

connect CH-1 to TP6 (Vou), connect CH-2 to TP32 (Vouts)

Oscilloscope connect CH-3 to TP37 (Vouy), connect CH-4 to TP2 (louo ac)

connect CH-1 to FGEN1 BNC connector (-TP18 = FG1)

Function Generator | ¢;nnect CH-2 to FGEN2 BNC connector (TP20 = FG2)

Pattern Generator | connect TRIG to DIO 0 (red) and GND (black) using a BNC-to-Alligator Cable

Digital Multimeter connect to TP4 (louo oc), TP28 (louts_pc) of TP34 (low_pc) as per instructions
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http://www.ni.com/en-us/support/model.ti-power-electronics-board-for-ni-elvis-iii.html
http://www.ni.com/en-us/support/model.ti-power-electronics-board-for-ni-elvis-iii.html

Table 4-2 Instruments Configuration and setup

Power Supply Channel “+”: Static, 10.00V, Channel “-*: Inactive
Trigger: Horizontal: Acquisition: Measurements:
Analog Edge, Sus/div average show
CH-1, set to 50%
Oscilloscope CH-1: OFF CH-2: OFF CH-3: ON CH-4: ON
¢ DC coupling ¢ DC coupling e DC coupling | e DC coupling
o 1V/div o 1V/div o 1V/div e 20mV/div
¢ offset OV ¢ offset OV ¢ offset OV offset OV
Function Generator | follow instructions provided below
Pattern Generator follow instructions provided below
Digital Multimeter Measurement mode: DC voltage; Range: 50mV

4-2 Experiment 1 — Operation with buck regulator connected to 100Q2 load resistor.

1. Configure the jumpers of the board as indicated in Table 4-2-1.

Table 4-2-1 Jumpers Setup

J6 J7 J8 J9 J3
shorted shorted shorted short TP25-TP23 shorted
J18 J15 J19 J10 J13 J14
open short 2-3 open short TP151-TP152 open open

2. On Channel 1 of the Function Generator, select Custom, use the file selector to
select the TDMS waveform Lab12 FG1.tdms, set Trigger source to TRIG, set Gain
to 1, set Update rate to 100MS/s,set Generation mode to Loop.

3. On Channel 2 of the Function Generator select Custom, use the file selector to
select the TDMS waveform Lab12 FG2.tdms, set Trigger source to TRIG, set Gain
to 1, set Update rate to 100MS/s, set Generation mode to Loop.

4. On Logic Analyzer and Pattern Generator, click on “+”in the Pattern Generator
section, click on Signal to add a new signal to the Pattern Generator, check the
box next to Logic O to add the line and click on the whitespace in the instrument,
set Status to On, set Mode to Clock, set Frequency to 1Hz, set Duty cycle to 50%.

5. Run Oscilloscope, Digital Multimeter, Power Supply, Pattern Generator and
Function Generator.
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10.

11.

12.

Measure the DC component of the diode bridge output voltage Vounp pc on
Oscilloscope CH-1, in Volt with three decimal digits of accuracy, and report the
resultin Table 4-2-2. [Note: the measurement of the average value can performed
by means of cursors. The RMS measurement provides an approximation of the
average value]

Measure the amplitude of peak-peak output voltage ripple AVoup ac 0N
Oscilloscope CH-1, in Volt with three decimal digits of accuracy, and report the
result in Table 4-2-2.

Measure the DC component of the buck regulator output voltage Voue pc on
Oscilloscope CH-2, in Volt with three decimal digits of accuracy, and report the
result in Table 4-2-2. [Note: The RMS measurement provides a good
approximation of the average value]

On Oscilloscope CH-2, set the vertical axis to 10mV/div, set the vertical offset to a
negative value -Vous pc, UsSe cursors to measure (if visible) the peak-peak
amplitude of the 100kHz AC ripple on output voltage of buck regulator, in milli Volt
with three decimal digits of accuracy, and report the result in Table 4-2-2. [Note: If
you are not able to observe any 100kHz AC ripple report 0.000 in Table 4-2-2]

Connect the Digital Multimeter to TP4-TP5 to measure the average DC output
current of diode bridge loutp_pc, in milli Ampére, with one decimal digit of accuracy,
and report the result in Table 4-2-2.

Connect the Digital Multimeter to TP28-TP30 to measure the average DC output
current of buck regulator loue pc, in milli Ampeére, with one decimal digit of
accuracy, and report the result in Table 4-2-2.

Stop Oscilloscope, Digital Multimeter, Power Supply, Function Generator and
Pattern Generator.

Table 4-2-2 Operation with buck regulator connected to 10042 load resistor.

Voutb_pc

V]

Voute_pc

\

loutb_bc
[mA]

louts_pC
[mA]

AVoub_Ac

4

AVous Ac

[mV]

4-2-1 Does the DC output voltage of buck regulator correspond to the expected value?
A. yes
B. no
Please provide your comments:
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4-2-2 |s the peak-peak amplitude of the 100kHz AC ripple of the buck regulator output
voltage lower than the peak-peak amplitude of the 100kHz AC ripple of the diode
bridge output voltage?

A. yes
B. no
Please provide your comments:

4-3 Experiment 2 — Operation with buck regulator connected to linear regulator.

1. Configure the jumpers of the board as indicated in Table 4-3-1.

Table 4-3-1 Jumpers Setup

J6 J7 J8 J9 J3
shorted shorted shorted short TP25-TP23 shorted
J18 J15 J19 J10 J13 J14
open short 1-2 open short TP150-TP151 shorted open

2. Run Oscilloscope, Digital Multimeter, Power Supply, Pattern Generator and
Function Generator.

3. Measure the DC component of the diode bridge output voltage Vounp pc oOn
Oscilloscope CH-1, in Volt with three decimal digits of accuracy, and report the
resultin Table 4-3-2. [Note: the measurement of the average value can performed
by means of cursors. The RMS measurement provides an approximation of the
average value]

4. Measure the amplitude of peak-peak output voltage ripple AVoup ac 0N
Oscilloscope CH-1, in Volt with three decimal digits of accuracy, and report the
result in Table 4-3-2.

5. Measure the DC component of the buck regulator output voltage Vous pc On
Oscilloscope CH-2, in Volt with three decimal digits of accuracy, and report the
result in Table 4-3-2. [Note: The RMS measurement provides a good
approximation of the average value]

6. On Oscilloscope CH-2, set the vertical axis to 10mV/div, set the vertical offset to a
negative value -Vou pc, USe cursors to measure (if visible) the peak-peak
amplitude of the 100kHz AC ripple on output voltage of buck regulator, in milli Volt
with three decimal digits of accuracy, and report the result in Table 4-3-2. [Note: If
you are not able to observe any 100kHz AC ripple report 0.000 in Table 4-3-2]
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10.

11.

12.

13.

Measure the DC component of the linear regulator output voltage Vou pc on
Oscilloscope CH-3, in Volt with three decimal digits of accuracy, and report the
result in Table 4-3-2. [Note: The RMS measurement provides a good
approximation of the average value]

On Oscilloscope CH-3, set the vertical axis to 10mV/div, set the vertical offset to a
negative value -VouL pc, use cursors to measure (if visible) the peak-peak
amplitude of the 100kHz AC ripple on output voltage of linear regulator, in milli Volt
with three decimal digits of accuracy, and report the result in Table 4-3-2. [Note: If
you are not able to observe any 100kHz AC ripple report 0.000 in Table 4-3-2]
Connect the Digital Multimeter to TP4-TP5 to measure the average DC output
current of diode bridge loutp_pc, in milli Ampeére, with one decimal digit of accuracy,
and report the result in Table 4-2-2.

Connect the Digital Multimeter to TP28-TP30 to measure the average DC output
current of buck regulator lous pc, in milli Ampére, with one decimal digit of
accuracy, and report the result in Table 4-2-2.

Connect the Digital Multimeter to TP34-TP35 to measure the average DC output
current of linear regulator lowt_pc, in milli Ampére, with one decimal digit of
accuracy, and report the result in Table 4-3-2.

Set the jumper J13 to be open, set Channel 2 and Channel 3 with zero offset and
1V/div resolution, and repeat the steps 3-11.

Stop Oscilloscope, Digital Multimeter, Power Supply, Function Generator and
Pattern Generator.

Table 4-3-2 Operation with buck regulator connected to linear regulator.

113 Voun_pc | Vous_pc | Vou_bc | louto_pc louts_pC loutt bc | AVoutn_ac | AVous_ac | AVoutl_ac
Y| [V] (V] [mA] [mA] [mA] V] [mV] [mV]

shorted

open

4-3-1 Does the DC output voltage of buck regulator correspond to the expected value?

A. yes

B. no

C. other:

Please provide your comments:
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4-2-2 s the peak-peak amplitude of the 100kHz AC ripple of the buck regulator and linear
regulator output voltages lower than the peak-peak amplitude of the 100kHz AC
ripple of the diode bridge output voltage?

A. yes
B. no
Please provide your comments:

Troubleshooting tips:

e |f the system does not work, or its waveforms look much different with respect to
simulations, verify the correct setup and connections of jumpers and instruments,
following the directions provided in Tables 4-2-1, 4-2-2, 4-2-3, 4-3-1, 4-3-2, 4-3-3
and restart the experiments.

5 Analyze

5-1 Comparing the simulated and experimental values of the DC output voltage
average and peak-peak ripple values, identify the parameters of the simulation
model to change in order to achieve a better agreement, based on concepts
discussed in the Theory and Background section:

6 Conclusion

6-1 Summary

Write a summary of what you observed and learned about the operation of system a
comprised of an AC-DC diode-bridge rectifier, a DC-DC buck regulator and a linear
regulator, and discuss the impact of the buck and linear regulators on the DC and AC
components of their own output voltages, given the input voltage DC and AC components.
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6-2

Expansion Activities

6-2-1. Impact of diode bridge rectifier output voltage

Set the jumper J3 to be open and repeat the experiments 1 and 2, to observe the
effects of a smaller output capacitor.

6-2-2.Understanding diode bridge rectifier

Execute Lab11 to learn more on diode bridge rectifier.

6-2-3.Understanding buck regulator

Execute Labs 5-8 to learn more on buck regulator.

6-2-4.Understanding linear regulator

Execute Labs 1-4 to learn more on linear regulator

6-2-5.Understanding AC sources

Execute Lab 9 to learn more on how to generate an AC sine voltage by means of
a DC-AC inverter.

Resources for learning more

This book provides the fundamentals of AC-DC diode bridge rectifiers:

N. Mohan, T.M. Undeland, W.P. Robbins, Power Electronics: Converters,
Applications, and Design, John Wiley & Sons, Inc.

This book provides the fundamentals of switching regulators:

S. Maniktala, Switching Power Supplies A - Z, Newness

This document provides the fundamentals of linear regulators:

Linear Regulators: Theory of Operation and Compensation,
http://www.ti.com/lit/an/snva020b/snva020b.pdf
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Answer Key — Check Your Understanding Questions Only

n_

E_[.J Check Your Understanding

1-1 A
1-2 B
1-3 B
14 B
15 A
16 B
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