MICROCHIP AN3725

Buck Converter Design and Feedback Controller Using
Core Independent Peripherals

Features

* An Implementation of a PWM Feedback Controller for Buck Converters Using Core Independent Peripherals is
Presented

» Hardware Design Guide for a Simple Buck Converter
» Component Value Calculations for Buck Converter

» Component Value Calculations for Error Amplifier

» Code Example is Available in Atmel START

Introduction

Author: Viktor Aase, Microchip Technology Inc.

Switch mode power supplies are more efficient at DC-DC conversion than typical linear voltage regulators but can
often be overlooked because of the higher complexity and cost related to them. Dedicated controller ICs will typically
only operate with predetermined voltage ranges and switching parameters, meaning that different designs have to be
used in different use cases. Implementing the switching controller using the core independent peripherals of the
AVR® DB family of microcontrollers makes for a highly flexible system, adding only passive components to the bill of
materials, thereby reducing the number of more expensive ICs.

This application note shows how to implement a feedback switching controller for a buck converter using the core
independent peripherals of the AVR DB family of devices. After the initial set-up, the core independent peripherals
are independent of the CPU, allowing the microcontroller to do any other task in parallel.

In 2. Closed Loop Voltage Control using Core Independent Peripherals, a short overview of the feedback controller is
given, as well as how to implement it using the core independent peripherals. The general design of the buck
converter is covered in 3. Component Selection - Buck Converter. Setting the output voltage of the buck converter is
covered in 4. Setting Output Voltage, while 5. Component Selection - Error Amplifier goes over the principles for
PWM generation and design of the error amplifier compensation network. Finally, some measured characteristics of
an example implementation are presented in 6. Results.

This application note does not go into detail on aspects like efficiency and time variance in current and voltage or
layout considerations. Other application notes, linked below, go into more detail and can be used in conjunction with
this application note to provide a deeper understanding of the subject.

* ANO968 - Simple Sychronous Buck Regulator
» CIP Hybrid Power Starter Kit User's Guide

The available schematics of the CIP Hybrid Power Starter Kit can be used as a reference for layout and component
selection.
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Relevant Devices

1. Relevant Devices

This section lists the relevant devices for this document. The following figures show the different family devices,
laying out pin count variants and memory sizes:

+ Vertical migration upwards is possible without code modification, as these devices are pin-compatible and
provide the same or more features

» Horizontal migration to the left reduces the pin count and, therefore, the available features

» Devices with different Flash memory sizes typically also have different SRAM and EEPROM

Figure 1-1. AVR® DB Family Overview
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Closed Loop Voltage Control using Core Ind...

Closed Loop Voltage Control using Core Independent Peripherals

A buck converter uses periodic switching to step down the input voltage, V;,. This is achieved by controlling a power
MOSFET using a PWM signal. The duty cycle of this signal decides the output voltage of the regulator, but, as the
output voltage of the buck converter would naturally vary based on differences in load current, the PWM signal needs
some kind of feedback regulated switching controller to compensate for this.

Figure 2-1 shows the basic layout of such a controller. It is implemented using an error amplifier, analog comparator
and a ramp signal to adjust the duty cycle of the switch on the buck converter based on feedback from the output.
With the introduction of the op amp peripheral of the AVR® DB family of microcontrollers, it is possible to implement
this control system using only core independent peripherals with some external resistors and capacitors. By
combining the voltage regulation of a system with the microcontroller, the cost of the system, as well as complexity,
can be reduced by eliminating the need for a dedicated controller IC. The controller also adds the ability to adjust the
output voltage in software, making it a practical solution for digitally adjustable power supplies and fine adjustment to
compensate for tolerances in external components.

Figure 2-1. Closed Loop Voltage Control With Type 3 Error Amplifier
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Figure 2-2 shows the internal and external connections on the AVR DB to implement this controller. The code for the
configuration of the peripherals is available through Atmel START. Additional components, as seen in Figure 2-3, are
needed to achieve proper amplification and phase compensation through the error amplifier, as well as a simple RC-
filter, which is used to shape the square wave output of the timer to be used as the ramp voltage for PWM-
generation.

Figure 2-2. Closed Loop Voltage Control Using Core Independent Peripherals
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Closed Loop Voltage Control using Core Ind...

Figure 2-3. Error Amplifier Compensation Network and Ramp Generator
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Peripheral Configuration

Some of the important considerations when configuring the peripherals are mentioned below. For a complete setup,
see the code example on Atmel START.

All peripherals are set up to run in Standby sleep mode to allow the microcontroller to enter its most power-efficient
sleep mode available while still regulating the buck converter.

Op amp and DAC

The op amp is configured as a standalone general purpose operational amplifier. As the error amplifier configuration
needed for proper feedback regulation in buck converters is specific for this use case, there is no internal functionality
for this. To implement the external feedback network, the negative input of the op amp is configured as a pin input,
and the output needs to be enabled. The positive input is internally connected to the DAC output.

The regulation process is active, meaning that the peripheral needs to be configured in “always on” mode.

The DAC is used to set the reference voltage for the error amplifier. The value for this voltage is set to provide good
headroom in both directions in the op amp. A good starting point is to set it close to half of the supply voltage of the
microcontroller.

Analog Comparator

The Analog Comparator (AC) is configured to compare voltages on external inputs. As the AC generates the PWM
signal used to control the switching transistor, the output is routed to a pin. The comparator must have a fast
response time. As a result, the power profile setting with the shortest response time and highest power consumption
is chosen as a tradeoff since the power profile setting controls the current through the comparator.

Timer Counter B

The Timer Counter B (TCB) peripheral is chosen over the Timer Counter A (TCA) as it has a lower power
consumption. The peripheral is configured in 8-bit PWM mode with a duty cycle of 50%, and the output is filtered
through an RC-filter, shaping the signal so that the comparator can use the resulting triangle wave to generate the
PWAM signal. The frequency of the waveform generated by this peripheral will set the switching frequency, fsy, of the
controller.

© 2020 Microchip Technology Inc. Application Note DS00003725A-page 5
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Component Selection - Buck Converter

Component Selection - Buck Converter

Components chosen in the buck converter, shown in Figure 3-1, have to be correctly dimensioned based on the
needs of the rest of the system. As Switch mode regulation is inherently imperfect for generating a constant stable
output voltage, some variation is to be expected in regards to the output voltage and current. Table 3-1 shows the
parameters that must be specified to calculate the values of the components in the circuit. Based on the needs of the
system, the designer decides the accepted limits for these variations, along with the operating voltages and power
ratings.

Figure 3-1. Buck Converter
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Table 3-1. Power Supply Parameters

Input voltage Vin
Output voltage Vout
Maximum power Pmax
Output voltage ripple AVt
Inductor current ripple Al
Switching frequency fsw

Inductor and Input/Output Capacitor

The first choice of components is the inductor, L, which is used in conjunction with the output capacitor, Cq, for
filtering the output voltage, stabilizing it around the targeted output voltage. The main consideration for this
component is to limit the current ripple in the regulator, and its value is, therefore, based on the specified inductor
current ripple, Al:

Vin = Vout . D

L =
Al fsw

Where D = V,,,+/Vin is the duty cycle of the switch. In situations where a range of input voltages is required, the
inductor is dimensioned for the highest rated voltage, as this is when the ripple current is largest.
Cout is chosen next to complete the output filter. The charge in the capacitor will counteract the output voltage ripple

and, therefore, its value is decided according to the maximum output voltage ripple, AVy. Its minimum value can be
calculated using the following equation:

_Al-D/fsw
out — AVOut

Add an input capacitor to stabilize the voltage further. This value can be calculated in the same way as the output
capacitor, but for most applications, a 10 yF ceramic capacitor will suffice.

The duty cycle used in the calculations above does not take into consideration the changes in the load resistance,
R_, which affect the step response of the output filter, as seen in Figure 3-2. A margin of 10-20% may be added to the
maximum duty cycle to make sure the components are within specs for the full operating range.

© 2020 Microchip Technology Inc. Application Note DS00003725A-page 6
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Component Selection - Buck Converter

Figure 3-2. Step Response of RLC-Filter
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Note: In addition to choosing components based on calculated values and desired characteristics, all components
must be dimensioned to handle the maximum current and voltage in the circuit.

Rectifier and Switch

Choosing the rectifying diode and switching transistor is done in such a way that they exhibit as close to ideal switch
behavior as possible. The following is a few points to take into consideration when choosing the switching transistor:

Switching Transistor

* Low figure of merit

* Low ON-resistance

» High switching speed

» Vpg rating to handle voltage spikes

» Ability to switch using the logic level of the controller
If the input voltage of the buck converter is higher than the logic level of the microcontroller, additional circuitry is
needed to achieve reliable switching. The figures below show two such options for switching circuitry that always
satisfies the requirement of operating the switching transistor using the logic level of the switching controller. An N-

channel MOSFET will typically have a lower on-resistance than a P-channel MOSFET, meaning that Figure 3-4 will
have a higher efficiency than Figure 3-3, but at the cost of some additional complexity in the supporting circuit.

Figure 3-3. Buck Converter With PMOS-Switch
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Component Selection - Buck Converter

Figure 3-4. Buck Converter With Bootstrapped NMOS-Switch
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The diode choice is made to minimize the forward voltage, as the power loss in the diode is proportional to the
forward voltage and driving current, meaning that the power loss can become substantial for regulators delivering
higher currents. Typically, a good diode choice will be a Schottky diode with low forward voltage and sufficient power
rating.

For applications that require smaller losses in the rectifying circuit, a synchronous solution can be implemented by
replacing the diode with a MOSFET. As the switching transistor and the rectifying MOSFET can never be turned on at
the same time, additional logic has to be added to introduce dead time control. However, only the most basic solution
with a simple diode is outlined in this application note.

© 2020 Microchip Technology Inc. Application Note DS00003725A-page 8
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4. Setting Output Voltage
Figure 4-1. Constant Output Buck Converter Network
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Figure 4-1 shows the complete feedback network needed. As the capacitors block DC voltages, the feedback
resistors Rpgt and Regg Will set the feedback voltage, Vg, by attenuating the buck converter output voltage, V.
Knowing this, the V¢ of the buck can be set. The resulting feedback voltage, Vgg, of this voltage division will equal
the internal reference voltage V¢ When V, is at the desired level. The resulting relation between the resistors and
the reference voltage is given by:

Rppr + Rppp

Vout = Vref : Rrpp

VOut
= Rppr = RFBB(Vre i 1

This feedback controller uses the internal DAC as the reference voltage, meaning that the output voltage can be
adjusted in software. It does, however, not allow for very large adjustments, as the amplifier might have undesired
characteristics closer to its supply voltage.

Figure 4-2. Variable Output Buck Converter Network With Variable Resistor
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For applications using an adjustable output regulator, the bottom resistor Rggg is replaced by a variable resistor, such
as a potentiometer, as seen in Figure 4-2. This is important as the top resistor RggT is a part of the phase
compensation network in the error amplifier, while Rggg does not affect the poles of the system.

Note: Typical values for these resistors fall in the range of 20-200 kQ. Higher values than this can affect the stability
of the op amp, while lower values will draw unnecessary amounts of current, resulting in lower efficiency.

© 2020 Microchip Technology Inc. Application Note DS00003725A-page 9
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Component Selection - Error Amplifier

Component Selection - Error Amplifier

Importance of Poles

The function of the error amplifier is to output a signal relating to the deviation between the output voltage and a
reference voltage. To use this principle in a switching controller, however, we also need to compensate for phase
effects in the output filter. This ensures that the switch reacts in phase with the voltage on the input on the buck
converter filter and not the output voltage, V. Identifying the poles and zeroes generated by the output filter, as well
as the bandwidth, is the first step in designing this compensation network and is given by:

1
wo—\/ﬁ
oy = — L
2~ Resr - Cout
3 _Zﬂ_fsw
c— 10

where wy is the pole given by the LC output filter. wz is given by Cy, where Rgsg is the equivalent series resistance
of the capacitor. The bandwidth, wg, is given by the switching frequency, fsy.

The effects of poles and zeros of the output filter will be canceled out by setting the amplifier zeros equal to output
filter poles and ampilifier poles equal to output filter zeros. Figure 5-1 shows the poles and zeros as well as the Bode
plot of two complementary systems to illustrate the effects of the different parts of this system. The complementary
poles and zeros to the output filter of the buck converter are added to the system by the resistors and capacitors in
the feedback network, Figure 2-3.

Figure 5-1. Pole-Zero Plot and Bode Plot for Complementary Pole-Zero Systems
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Component Selection - Error Amplifier

PWM Generation

The PWM signal is generated using the error amplifier and the voltage ramp generated by the filtered waveform
output of the TCB. As seen in Figure 5-2, the error voltage, Vg, on the output of the op amp sets the duty cycle in
relation to the voltage ramp, Vyamp. This means that to achieve good regulation, the amplification factor must
therefore be set in relation to the amplitude of the ramp signal generated by the TCB waveform generator and filter.
Taking into account the effects of w. and wy, the amplification factor Ay can be set:

A Yy
VM wp - Vin ramp

Figure 5-2. PWM Generation
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Generating the ramp signal, Vyamp, is done by filtering the square wave output of the timer with an RC-filter. The
amplitude of the signal is decided based on the accuracy and responsiveness of the op amp in the controller,
meaning the better characteristics in the op amp will allow for lower amplitudes, which will lead to a more efficient
system. Knowing this, the components for the triangle wave filter can be set using the equation for charging a
capacitor in the RC circuit, seen in Figure 5-3, like this:

1
Cfilter = - Vramp
fsw- Rfilter - In (1 - V—cc)
Figure 5-3. Triangle Wave Filter
TCB WO

Ritter
Vramg

Cfilter

where V¢ is the supply voltage of the microcontroller. The switching frequency, fsy, is set as the frequency in the
TCB, as described in 2.1.3 Timer Counter B.

Component Selection

Knowing the poles, zeros and the appropriate amplification factor, the rest of the components in the compensation
network can be calculated.

The gain is set by the ratio between Reomp and Regt. As Regt and Ay are set previously, Reomp can be calculated as
the product of these:

© 2020 Microchip Technology Inc. Application Note DS00003725A-page 11
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Component Selection - Error Amplifier

Reomp = Avm - RpBT

Setting the first zero of the amplifier is done using Ccomp and Reomp, While the other is set by Crr and Regt. These will
fall on the output filter poles, resulting in the following capacitor values:

coo__ 1
comp T wg - Reomp
1
CFF = o Repr

The first pole of the amplifier is set by the combination of Cyyr and Reomp, and the second is set using Rrr and Cer.
Setting the pole resulting from Chr and Reomp equal to half the switching frequency, fsy, and the pole resulting from
Crkr and Rgf equal to the zero generated by the output capacitor and its series resistance gives the following
equations for Cyr and Rgg:

_ 1
T2 fsw/2- Rcomp

Cyr

Rpp = ——F—
wz - Cpp

Note: The calculated values typically fall outside standard values for the components. In this case, the closest
available standard value may be chosen. Larger deviations from the calculated components can result in slower
switching response as the phase of the input and regulation signals fall out of sync. The system will typically still
handle the regulation, but lower efficiency and higher output ripple is to be expected.

© 2020 Microchip Technology Inc. Application Note DS00003725A-page 12
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Results

Results

The test results provided in this application note are meant only as indications of the capabilities of a system like this.
Several factors as layout, switching frequency, component accuracy, and more will influence the final result. Layout
considerations and component accuracy was purposefully not optimized in the testing to give a better starting point
for less experienced designers, which means it will be possible to achieve higher performance by optimizing the
design to reduce loss and increase stability.

Table 6-1. Power Supply Specifications

Input voltage Vin 5-24V
Output voltage Vout 5V
Maximum power Pre 5w
Output voltage ripple AVt 50 mV
Inductor ripple current Al 215 mA
Switching frequency s 100 kHz

Table 6-2. Components

L 220 uH 220 uH
Cout 10 pF 10 uF
Regt 3.31kQ 3.3kQ
Rres 1kQ 1kQ
Reomp 84.90 850
Coomp 552.6 nF 600 nF
Rer 105.8Q 100Q
Cer 14.2 nF 15 nF
Cir 37.5nF 40 nF

A bootstrapped ILB88721 N-channel MOSFET was used for switching in conjunction with a 1N4007 rectifying diode,
which both are rated for more power than Py .

Output Voltage Characteristics

The output voltage maintains a stable level for input voltages ranging from 5.5V to 24V while driven with 3W on the
load. While some larger ripples can be seen in Figure 6-1, most noise is high-frequency switching noise, which can
be eliminated using decoupling capacitors or other simple filtration methods. The average output voltage is slightly
below the target voltage of 5V, though if higher accuracy is needed, this can be tuned using Rggg or adjusting the op
amp DAC-reference.

© 2020 Microchip Technology Inc. Application Note DS00003725A-page 13
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Results

Figure 6-1. Output Voltage - Buck Converter using AVR128DB Voltage Controlled Feedback Regulation

Closed Loop Voltage Control
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Maximum Ratings

As mentioned in 6.1 Output Voltage Characteristics, the power supply was tested to a maximum input voltage of 24V
and remained stable on the output. The theoretical maximum input voltage is decided by the target output voltage
and the minimum duty cycle of the PWM signal.

The power supply was also tested to a maximum output power of 5W at an input voltage of 12V. While under this
load, the output voltage remained stable. In a less than optimal system, there will be quite substantial switching
losses in the transistor, meaning that good heat dissipation is important. These losses reduce efficiency in the circuit.
For better performance, chose a switching topology with low on-resistance and fast switching

© 2020 Microchip Technology Inc. Application Note DS00003725A-page 14
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The Microchip Website

Microchip provides online support via our website at www.microchip.com/. This website is used to make files and
information easily available to customers. Some of the content available includes:

* Product Support — Data sheets and errata, application notes and sample programs, design resources, user’s
guides and hardware support documents, latest software releases and archived software

* General Technical Support — Frequently Asked Questions (FAQs), technical support requests, online
discussion groups, Microchip design partner program member listing

* Business of Microchip — Product selector and ordering guides, latest Microchip press releases, listing of
seminars and events, listings of Microchip sales offices, distributors and factory representatives

Product Change Notification Service

Microchip’s product change notification service helps keep customers current on Microchip products. Subscribers will
receive email notification whenever there are changes, updates, revisions or errata related to a specified product
family or development tool of interest.

To register, go to www.microchip.com/pcn and follow the registration instructions.

Customer Support

Users of Microchip products can receive assistance through several channels:

» Distributor or Representative

* Local Sales Office

» Embedded Solutions Engineer (ESE)
» Technical Support

Customers should contact their distributor, representative or ESE for support. Local sales offices are also available to
help customers. A listing of sales offices and locations is included in this document.

Technical support is available through the website at: www.microchip.com/support

Microchip Devices Code Protection Feature

Note the following details of the code protection feature on Microchip devices:

» Microchip products meet the specifications contained in their particular Microchip Data Sheet.

» Microchip believes that its family of products is secure when used in the intended manner and under normal
conditions.

* There are dishonest and possibly illegal methods being used in attempts to breach the code protection features
of the Microchip devices. We believe that these methods require using the Microchip products in a manner
outside the operating specifications contained in Microchip’s Data Sheets. Attempts to breach these code
protection features, most likely, cannot be accomplished without violating Microchip’s intellectual property rights.

» Microchip is willing to work with any customer who is concerned about the integrity of its code.

» Neither Microchip nor any other semiconductor manufacturer can guarantee the security of its code. Code
protection does not mean that we are guaranteeing the product is “unbreakable.” Code protection is constantly
evolving. We at Microchip are committed to continuously improving the code protection features of our products.
Attempts to break Microchip’s code protection feature may be a violation of the Digital Millennium Copyright Act.
If such acts allow unauthorized access to your software or other copyrighted work, you may have a right to sue
for relief under that Act.
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Legal Notice

Information contained in this publication is provided for the sole purpose of designing with and using Microchip
products. Information regarding device applications and the like is provided only for your convenience and may be
superseded by updates. It is your responsibility to ensure that your application meets with your specifications.

THIS INFORMATION IS PROVIDED BY MICROCHIP “AS 1S”. MICROCHIP MAKES NO REPRESENTATIONS OR
WARRANTIES OF ANY KIND WHETHER EXPRESS OR IMPLIED, WRITTEN OR ORAL, STATUTORY OR
OTHERWISE, RELATED TO THE INFORMATION INCLUDING BUT NOT LIMITED TO ANY IMPLIED
WARRANTIES OF NON-INFRINGEMENT, MERCHANTABILITY, AND FITNESS FOR A PARTICULAR PURPOSE
OR WARRANTIES RELATED TO ITS CONDITION, QUALITY, OR PERFORMANCE.

IN NO EVENT WILL MICROCHIP BE LIABLE FOR ANY INDIRECT, SPECIAL, PUNITIVE, INCIDENTAL OR
CONSEQUENTIAL LOSS, DAMAGE, COST OR EXPENSE OF ANY KIND WHATSOEVER RELATED TO THE
INFORMATION OR ITS USE, HOWEVER CAUSED, EVEN IF MICROCHIP HAS BEEN ADVISED OF THE
POSSIBILITY OR THE DAMAGES ARE FORESEEABLE. TO THE FULLEST EXTENT ALLOWED BY LAW,
MICROCHIP'S TOTAL LIABILITY ON ALL CLAIMS IN ANY WAY RELATED TO THE INFORMATION OR ITS USE
WILL NOT EXCEED THE AMOUNT OF FEES, IF ANY, THAT YOU HAVE PAID DIRECTLY TO MICROCHIP FOR
THE INFORMATION. Use of Microchip devices in life support and/or safety applications is entirely at the buyer’s risk,
and the buyer agrees to defend, indemnify and hold harmless Microchip from any and all damages, claims, suits, or
expenses resulting from such use. No licenses are conveyed, implicitly or otherwise, under any Microchip intellectual
property rights unless otherwise stated.
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