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RidleyWorks® Release 20 Toolbar Icons

LT Import/Export  Summary Clear

Specifications Topology Hz

Release 20 of RidleyWorks® has an intuitive toolbar system for navigation around the program. You will see the toolbar above on the Power Stage worksheet of the
program. If you click on a specific icon, it will take you to a new page, or pull up a form for data entry and design. Each of the toolbar icons are described in this section

of the RidleyWorks® manual.

STANDARD DESIGN FEATURES
Topology Selection
Component Selection
Controller Design
Waveform Simulation
Current-Mode or Voltage-Mode Control
Automated Compensation Design
Control Loop Analysis
Stress and Loss Analysis
LLC Design

The gear wheel icon at the right of the toolbar opens a form to let you choose the design features that you want

to use.

ADVANCED DESIGN FEATURES This form shows you the standard design features of RidleyWorks® and allows you to select optional advanced

B Magnetics Designer . .

a coeenE design features. You can also use the form to open the RidleyBox for measurements.
Snubber Design and Analysis

[l Second Stage Output Filter

Output Impedance and Audiosusceptibility

The voice commands can be turned on and off on this form as you wish.

M Input Filter Design and Analysis

RIDLEYBOX CONNECTION

@ RidleyBox Present

[ SCREEN SIZE :|
Zoom

VOICE COMMANDS
SPEAK ON Speak Off

DESIGN HELP ON Design Help Off

About RidleyWorks
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Mo lelifec 14l Enter Input and Output Specifications Topology Choose Power Converter Topology
Show the Design Sequence

Select Switching Frequency

Show Time-Domain Waveforms Show Bode Plots
Show efficiency details Design Power Inductor
Design Power Transformer Design Two-Stage LC Filter
Design Snubber Circuit

Design LLC Power Stage

LT Create LTspice Schematics NGRS Teladl  Save/Load Design Values

\ I

ST ETR"Al  View Summary Page Clear Clear All Design Values

R

iv|RidleyWorks® Manual



(o0]o]| M Mol Start the RidleyBox Link to collect data

(AWIyelsleladl |Import LLC Simulation Data from LTspice

Magnetics Toolbar Icons

Return to Power Stage Schematic

Show Magnetics Impedance Plots

Design Windings

Solve for AC Resistance

RipLeylQ™
=

 turm/core.
e

Clear

Simulate converter from Startup

High-level Intelligent Design Feature

Show Recommended Magnetics Design Sequence

Select Core and Turns

Select Core Material

Clear Magnetics Parameters Only
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1 Introduction to RidleyWorks®
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RidleyWorks® is the only switching power supply design program which provides component design, large-signal simulation, feedback control design, and small signal
analysis in one easy-to-use package. Features of RidleyWorks®, Release 14 include:

Power stage designer
Magnetics designer (included in full version, not in Control and Simulation version.) Library of cores.
36 most popular topologies used in the industry. All topologies in one program allow you to compare quickly and easily

Industry’s fastest cycle-by-cycle simulation shows true large-signal performance

SPICELaunch™ instantly creates LTspice® files to continue design and more detailed simulation with all components selected.

Unique LTspice® models for proximity loss and core loss.

Control loop designer suitable for constant-frequency PWM
Current-mode control using the latest and most accurate modeling techniques
Voltage-mode control using the results of the PWM switch model
CCM and DCM converter simulation and analysis

Small-signal analysis of control system, including loop gain
Digital compensation delay calculation

Two-stage input filter design and analysis

Output impedance analysis

Audiosusceptibility or PSRR analysis

Second-stage LC output filter analysis and design

Snubber design and analysis

Switching loss analysis for power FETs and IGBTs

LLC power circuit design for 8 different topologies
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There are three levels of application for this software. These levels are commensurate with experience to help you achieve the greatest value from RidleyWorks®
without the burden of struggling with the 6500+ design equations involved in arriving at the solution.

Level 1: Basic Design

At this level, you can simply input the power requirements for your circuit. When you click “OK”, the entire converter, including control loop, is designed for you. The
components are chosen for you based on your data, and these are working values which you can put into hardware with confidence. You can then examine the design
with the simulations of RidleyWorks® or convert designs to LTspice® files with our SPICELaunch’ feature.

Level 2: Intermediate Design

Level two designers have design experience and want to input their knowledge as the design progresses. They want to understand and further optimize their design. At
this level, you will look carefully at the selected values from RidleyWorks® and change some of them to improve the design.

Level 3: Advanced Design

Level three designers not only know how to design an effective power supply— they know how to get maximum performance out of their power system for their very
specific applications. They have a library of preferred parts that work well for their applications and use these to fully optimize the design.

The magnetics design section works similarly in levels. You can view the transformer or inductor on the main design schematic and
1. Choose from simplified parameters and refer to a magnetics design house for completion.

2. Choose your own cores, wire, and other components and give the completed design to a manufacturer for production; or

3. Design the magnetics from the ground up using your own parameters and knowledge.

Regardless of your design experience, RidleyWorks® allows you to check and cross-check all parameters and results. You can stop at any time during the process and
view resulting waveforms and control parameters.

We hope you enjoy the benefits of this interactive design tool. To learn more about the powerful capabilities of the program, we highly recommend attending one of
our hands-on Five-Day Power Supply Design Courses.
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1.1 Computer System Requirements (PC-Based)

To run RidleyWorks® effectively, any modern computer with at least Excel 2019 or later installed will work. The RidleyWorks® code is extremely efficient, and it does
not need a high-powered computer. It is also very compact, taking up only about 23 MB of disk space.

Make sure you select the 64-bit version of Excel when installing.

RidleyWorks® is recommended for use with Windows 10 or later.

1.2 Computer System Requirements (MAC-Based)

Microsoft Office is available to run on Apple computers, but Excel for MAC does not work as it should. You will be able load RidleyWorks®, but the formatting will not
show everything properly. To use RidleyWorks® on the MAC, you will need to install a Windows partition and the normal PC-based version of Excel (64-bit).

1.3 RidleyWorks® Software Download

The latest version of RidleyWorks® is available for download at

http://ridleyengineering.com/software-ridley/download-RidleyWorks.html

If you are installing for the first time, you should download the full install version, and if you are upgrading, download the update version.
To download the software, you will need a software product key which looks like

RIDLEYWORKS-XXXX-XXXX-XX
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1.4 RidleyWorks® Software Installation

Overview
Install RidleyWorks® in C:\RidleyWorks directory. Permission files will be placed in the directory c:\Users\<username>\Documents\RIDLEYWORKS\CONFIG directory.

Install LTspice® in the default directory during installation. The subroutines and symbols needed should be found in the appropriate folder. We recommend using the
latest version of LTspice® 24.

Detailed Procedure

1. Earlier versions of RidleyWorks® should first be removed using the Windows Uninstall utility. This will not remove any of your working files.

2. We recommend deleting the folder C:\ProgramData\AFY\RIDLEYWORKS so that the permission files are updated to the latest version.
3.  You should have downloaded a zip file RIDLEYWORKSINSTALL on your computer. Inside this zip file, you will see the installation file:

RIDLEYWORKSINSTALL.EXE

4. Double click on the RIDLEYWORKSINSTALL application to install in your Documents folder.

4.2 Inthe target C:\RidleyWorks directory, you should see the following files when the installation program is done:
RidleyWorks18xx.xlsm
Transfer.xIsm
RidleyWorks_to_LTspice®
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There is also a permission code library directory located at C:\Users\<username>\Documents\RIDLEYWORKS\CONFIGIQ contains the license files:

RidleyWorks641Q.dll
RidleyWorks641Q.dll.cm
CMServer.exe

The blue .xIsm filename is the main RidleyWorks® program which will run under Excel. The six files shown in green contain the permission code to work with your

specific License Key for the program, provided to you when you purchased RidleyWorks®. If you receive an error message that Excel cannot find the .dll files,
please refer to section 101 of this manual.

To use the SPICELaunch® feature of RidleyWorks®, you will need to install LTspice®. You can download that from Linear Technology’s site. Please install LTspice® in

the default directory.) Additional LTspice® files, symbols, and subcircuits will be placed in the appropriate folders on your computer when you install
RidleyWorks® in step 3 above.

Double click on the blue file name to launch RidleyWorks®. When the program begins to load, you may get the message that it contains Macros. Click Enable
Macros. The first time that you load RidleyWorks®, there will be a registration process. You can make copies of this file as you wish on your computer. It is often
useful to keep the RidleyWorks file on the desktop or in a specific project file.
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M Select the file to be configured as a standalone program and enter the password which you should have received upon purchase.
L After this, you will be asked to enter registration information, including address and contact information.
@ Configure as a standalone program

€ Coripon s atil (If you receive an error about RidleyWorks.dll files not being found, please refer to page 78 of this manual.)

€ Configure 5 a network chent

Ploase enter your Product Key below. A Product Key takes the form: POWERASERIT
00O If you don't have a Product Key, please contact your software
suppber

POWER456R31

oK | Carcel | Hep |

1.5 RidleyWorks® Software Upgrades

On the opening page of RidleyWorks, you will see the option to Check for Updates. Click on this link to see if there is a later version available for download.

1.6 Loading Workbooks

After registration, Excel will then proceed to open the specified workbook, and a page like

that shown in Fig. 1.1 will appear. Once you see this the words “License Verified” in the
bottom left corner, your product is fully registered.

To make sure sizing is correct for your display, click on Screen Size, and select the option
that fit your system. This command is under the gear icon.
%

You can also use the zoom slide bar at the bottom right of Excel to adjust individual
worksheets.

with

RipLeylQ™

Fig. 1.1: RidleyWorks® Guide Page
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1.7 Saving Workbooks

Your design in RidleyWorks® can be saved just like any Excel workbook. It is recommended that you save a project under a different name from the original file. To do
this, click on File Save As, and specify a folder and a name for your project.

Every time you do this, you will be saving a complete copy of RidleyWorks® together with the simulator, designer, and all the features of the program. It is a live copy
of your design, constantly analyzing and simulating any changes you make, not just the data.

1.8 Saving Data Only and Transferring Data to New Version

dT Import/Export  Summary Clear

Specifications Topology

(]
o)
©
(a]
v
>
(5]
(%]

It is possible to save just the data from your design in a much smaller file. This feature has been added to allow you to easily transition your design to a new version of
the program without having to re-enter all your design choices. You can also send a design to your colleagues in a very small file.

To take advantage of this feature, it is necessary to have two files open — RidleyWorks18.xlsm and TRANSFER.xIsm. (the Transfer file should automatically open.) Once
you have opened these files, go to the Power Stage page of RidleyWorks® and click on the Export/Import Data button. When you then click the Import/Export icon,
your data that you have entered will be placed in the TRANSFER.xIsm file. Clicking on Import will load data from the TRANSFER.xIsm file into your RidleyWorks®
worksheet.

You can then open the latest version of RidleyWorks® and follow the process above to reload your data into the new version.
11|RidleyWorks® Manual



1.9 Which Version Do | Have?

Specifications Topology ) I Import/Export Summary Clear

2001.01 May 17 2025

is licensed for your use. It remains the property of Ridley

Engineering. Please help support us in our efforts to prevent illegal

distribution of this software.
About RidleyWorks

License Agreement Updates

Fig. 1.2: RidleyWorks® Version Number and Recent Updates.

To find out which version you have installed, click on the gear wheel tool on the toolbar, the on About RidleyWorks. You can also see the recent changes and upgrades
by clicking on the Updates button. The version number will also be displayed on the opening screen.

1.10 Help Notes

RidleyWorks® has extensive on-line help inside the program. Click on any of the help buttons to access notes about a particular feature of RidleyWorks®. A wealth of
design information is contained in the program, together with power supply design tips.
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1.11 Software Support

If you are having problems installing or running RidleyWorks®, please call or e-mail for help. If no one is immediately available, please leave a message,
including your name and phone number, and your call will be returned as soon as possible. You can also choose to attach your RidleyWorks® file to an
email for assistance.

Phone: (US) 805504 2212 E-Mail: info@ridleyengineering.com
(UK) +44 (0)1509 276 245

1.12 Facebook Support Group

If you are a part of Facebook, there is a group dedicated to power supply design with over 7500 industry and research members. Whenever a new
version of the software is available, a posting will be placed on this site, immediately notifying you. You can also ask questions about the software at
this site. The group is called

POWER SUPPLY DESIGN CENTER
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Design and Simulation

START DESIGN

Click on Start Design, and you will be taken to the schematic page
to begin your design process

with

RipLeylQ™

Fig. 2.1: RidleyWorks® Guide Page
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2.1 Entering Specifications and Topology

Specifications  Topology  Hz LT import/Export  Summary  Clear You will start working on the schematics page as shown
below. This will let you see waveforms and small-signal
measurements while interactively changing power parts
and control parts. An automatic expert-system design
routine will help you with all component choices. If you
are a new designer, you may choose to let RidleyWorks®
choose every parameter for you and you can expect a
good working design. On the schematic page, you will see
a power topology, a controller with all the settings needed
to implement most constant-frequency options, and a

Modulation

0_| feedback compensator. The compensator and controller
Current may all be in one chip, and you have full control of all the
Gain parameters.
E:I Schematic components in red are clickable, and you can
= o edit their valugs and see cor.nponent.s stresses. This WI||. be
vex 1r - . demonstrated in more (:I.e.tall.later. First, though, you will
s R — want to enter your specification for your power system. To
J I_ T—® A1 o Re enter your power specifications, click on the Spceification
Clock . e | =Wy Ri Icon as shown.
] /
o S‘afi ve'Max . Divider 4 Ry,
T l + Vref 1

PWM Controller Compensation (J

Fig. 2.2: RidleyWorks® Schematic Page
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Input and Output Specifications % The first area of the Specifications form lets you choose either DC or AC input. You can select the pre-
programmed ranges of ac or enter specific voltages that you want to use. One of the unique advantages of

RidleyWorksBuck 1A RidleyWorks is that there is no limit on the voltage ranges. The design process is not restricted to any
specific controller that may limit the operating ranges. Control chip choice, and semiconductor choice, will
INPUT VOLTAGE RANGE come later

(" 120VAC ( 240VAC  120-240VAC 1+ DCInput
If you plan on using a flyback converter, you can specify up to 5 outputs. Other converters are restricted to

Low Line Voltage | 3% single outputs in the present release, although this does not limit the experienced designer. You should use
Nominal Input Voltage | 42 coupled inductors to provide the extra outputs. The single output for other converters will be designed at
T ) | the sum of all the power outputs.

Airflow and temperature ranges will impact magnetics design. The higher the temperature, the larger the
magnetics size estimates will become.

The feedback can be configured as either non-isolated, or with a TL431 optocoupler.
OUTPUT VOLTAGE AND CURRENT

Main Aux 1 Aux 2 Aux 3 Aux 4
Oizotivchizeculll 1 | | | Once you click OK on this form you will see a summary of your inputs to check, then you will be presented
Output Current [~ | | | | with a set of choices for the topology of the power stage.
The topology choices will be to the right of the main schematic. You may have to scroll right to see these

after clicking on the Topologies icon in the toolbar.

POWER SUPPLY COOLING
(" High Airflow  Moderate { Low Airflow ™ None 85 -

FEEDBACK ISOLATIOM
* Non-lsolated " TL431/Opto EfA .

i .

Fig. 2.3: RidleyWorks® Specifications Entry Form
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Fig. 2.4: RidleyWorks® Topology Choices
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Figure 2.4 shows the full set of topologies
available in RidleyWorks®. For ease of use,
these are grouped into families for you.

Once you have selected a new topology,
RidleyWorks® will proceed to do an amazing
amount of work. First, all the power
components will be selected. A controller will
then be optimized around the power stage to
give good transient performance and stability.
Loop gains will be plotted and analyzed. Finally,
800 cycles of large-signal operation will be
simulated. All of this is done instantly. This will
totally change your design and simulation
experience. Your design procedure will become
much more interactive, trying far more options
and repetitively simulating as if you had a live
breadboard.

Before digging deeper into design values, it is
very valuable to look at circuit waveforms to
see how the converter is operating. At this
point, you have had no input to design values
and RidleyWorks® will provide you with fully
automated results for a realistic converter. You
can verify this by looking at the waveforms of
the circuit.
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2.2 Running Waveform Simulations

1|
1

@ ik

A

—

—NAN— \<
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Dirives
R Comp
Max
I:Iu‘.'y’_ R | Limit

J I
Com
Clock "

Ve Max

Ramp

Feedback Design

Soft Smil % )
T

PWM Controller

Fig. 2.5: RidleyWorks® Waveform Choices

Isolation

Cy ulu Ra '_|,
— AN Ry

Efa Ry
+ W ref

AN AN

Figure 2.5 shows the selection of voltages and currents
that can be probed with RidleyWorks®. The simulation
algorithm inside RidleyWorks® is so fast that you will
routinely run hundreds of simulations during a design
session, never having to wait for the results. Every time a
component is changed, another 800-cycle simulation is
run to confirm that the converter is operating properly.

To begin doing this click on the blue button labeled
Waveforms, then click on the scope probe at the output
of the converter.
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RidleyWorks Output Voltage (V)

12.0002

Horizontal
Delay

Step

1z2.0001
_ | | | 1 II |I 1 1 II 'I \ 1 |I 1 II | 'I 'I | 1 o
. \ 1 1 ¥ 1 1 1 I 1 1 1 ! 1 ! ¥ 1
\ ! \ \ | 1 | \ 1 1 ! | A \

Time Base

Min

K
1

Vertical

0.160

Change Capacito uF & W  REBET

art Tin deianun] Mol ESTEit S Change Inductor pH M W REEET

Ripple Frequency = LinefLoad 10-100% Load Line Step
Loop Zain Crossover =
Loop Phase Margin =

Control Mode Compensation

Show Voltage and Current

Fig. 2.6: RidleyWorks® Output Voltage Waveform

RidleyWorks® automatically simulates 800 cycles at a time. To zoom in on this waveform, treat the controls of RidleyWorks® just like a scope. Turn the Time Base dial
clockwise to zoom in by clicking on the up arrow next to the dial. Each time you click on the up arrow, the number of complete waveforms will be cut in half. You can
quickly turn the dial back to the original setting by clicking on the Min setting.
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2.3 Startup Simulation

RidleyWorks Output Voltage (V)
Horizontal
Delay

step

0.500 3.000 4.000

Change Capacitor ur AW
First Pulse Dut

Startup Startup Continue  Steady-State

Change Inductor H AV
Line/load 10-100% Load Line Step

Loop Phase Margin = 59 degrees

Show Voltage and Current Ceontrol Mode Compensation

Fig. 2.8: RidleyWorks® Start Up Simulation Voltage Waveform

Startup of your converter can be simulated by clicking the green button as shown above. This will start with zero output voltage, and zero inductor current, and
simulate the converter into regulation as shown. It takes over 200 cycles to get the output voltage into regulation in the example shown. It can be instructive to click on
button to add the current waveform of the converter to show what effect the current limiting has on the performance of the startup.
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RidleyWorks Output Voltage (V)
14 Horizontal

12 -_— 0 Delay

10 - Step
=0
v

0

Time Base
0.000 0.500 1.000 1.500 2.C 2.500
Time (ms)
Inductor Current (A)

Vertical

1.500 2.0 4.000

Change Capacitor uF 4 W RESET
First Pulse Duty Cycle =
Starti Conti -
Simulation Start Time = 0. C ontinus SUEACY RS Change Inductor pH AY RESET

Ripple Fre Line/Load 10-100% Load Line Step
Loop Gain Crossover =
Loop Phase Margin =

Control Mode Compensation

Fig. 2.9: RidleyWorks® Start Up Simulation Voltage and Current Waveforms

In the red waveform of Figure 2.9, you can see that the converter enters current limiting during startup.

Determining the proper values of parameters such as current limit is crucial at the very early stages of design. The peak current will impact the design of magnetics and
sense resistors, and you don’t want to discover this kind of effect later in the design cycle. RidleyWorks® is ideal for this kind of work since it automatically designs all
compensation parameters at the very beginning of a design, and this is essential for proper simulation.
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2.4 Step-Load Transient Simulation

RidleyWorks Qutput Voltage (V)
Horizontal

Delay
Step

Simulation Conditions 0
INPUT VOLTAGE Time Base
Initial Input:

Stepped Input:

OUTPUT POWER

% Initial Power: STEP LOAD Vertical

% Stepped Power:

_ Rate of change
0.500

First Pulse Duty Cycle
Startup  Continue Steady-St

LINE AND LOAD Line/load 10-100% Load Line

Simulation Start Time =
Ripple Frequency =
Loop Gain Crossover = 2 Hz

Loop Phase Margin = 53 dagraes

Control Mod i
Show Voltage and Current ontrol Mode Compensation

Fig. 2.11: RidleyWorks® Step-Load Transient Simulation

The line and load conditions can be set as shown. Two values of load are shown. The first 200 cycles are run with 100% load, the second 200 cycles with 20% load.
Simulation of both the voltage and current are shown, with the inductor current entering DCM on the second transient when the load falls to 20%.
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2.5 Modulation Waveforms Adding Input Voltage Modulation
Modulation Waveform Parameters RidleyWorks® has the capability to add
sinusoidal modulation on top of the input
dc voltage. It can also be used to add
modulation to the reference voltage to
drive the output.

® Input Voltage Modulation Active

12.0603
12.0602 (" Output Voltage Modulation Active

12.0601
’ (" NO Modulation Active
Click on the Modulation button on the

schematic to activate this feature and
adjust the modulation amplitude and
frequency.

12.06

12.0599

Modulation Amplitude

12.(

o Modulation Frequency 1000 Hz . . . .
12,059 The simulation algorithm built into

RidleyWorks is fast enough to be able to
see the large-signal modulation with the
closed loop converter.

12.0596

i

Update

Fig. 2.12: RidleyWorks® Input Line Modulation

23|RidleyWorks® Manual



2.6 AC Input Simulation

Input and Output Specifications X

Clear Design

Workshop Forward Converter

INPUT VOLTAGE RANGE
® 120vAC (" 240VAC (" 120-240VAC (" DC Input
Low Line Voltage 85

Nominal Input Voltage 120

I
=

# of Parallel Phases | 1 v

High Line Voltage 132

AC LINE FREQUENCY

@ 50Hz ¢ ©60Hz (" 400Hz (“ Custom Frequency 50 Hz

Fig. 2.13: Choosing AC Input on the Specifications Form

With RidleyWorks® you can select an AC
input and perform a simulation of the
input rectifier. Three choices of range are
available to you. When you check one of
these buttons, as shown below, the
expected low, nominal, and high-line
voltages will be filled in for you. You can
change these values if you wish. Once
you have checked an AC input, the
schematic will change on the input,
showing you the input rectifier block.

After clicking OK, click on the rectifier at

the input to see the simulated input
waveforms.
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The simulation of input line

Input current and input capacitor
input voltage EEJIED Y rms 50 3l voltage are shown in the
O Fullwave Rectifier & Halfwave Rectifier ﬁgure above. This helps you
size the input capacitor
Input Capacitance 59.1 appropriately for the desired
Capacitor ESR _ ) amount of ripple at the input

of your converter.

Time (s) Present Simulated Load

Input Line Current AC Line Current

Power Factor
Capacitor Current
Dissipation

Minimum Voltage

Use Minimum Value for Design

Time (5)

Fig. 2.14: AC Input Waveforms for a 27 W Flyback Converter
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2.7 Exploring Further Simulation Options

Many more simulation options are possible within RidleyWorks® and you are encouraged to try them. For example, with the transient load simulation in Fig. 2.11, you
can interactively see the change in transient performance with different value inductors and capacitors. You can move these values up and down while watching the
change in the waveforms. This is a truly unique feature of RidleyWorks® that will change the way that you do your designs and greatly speed up the process.

You are encouraged to try all these options in RidleyWorks®. Let us know what you see and tell us if there are additional features that you would like to see included in
the program in the future. Once you have a license for the software, all upgrades are free if your license is current.

Please contact us to let us know what you would like to see included in the program in the future. We are constantly upgrading the software to respond to user’s
needs.
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Control Analysis Transfer Functions

Topology Hz

Specifications

LT import/Export

Current
Gain

o

M.

Djl’;* R tﬁ I Limit
J DM

Clock Ramp

Ve Max

C3

Cq L]

AN

Soft smni
T %

PWM Controller

Divider

l Vref

Summary

Clear

RidleyWorks® has unsurpassed techniques for designing and
analyzing the control system for a switching power supply. The
analysis techniques and design routines have evolved over a period of
35 years to give you all the control information that you need to
optimize the performance of your power supply.

3.1 Turning On Control Options

When you click on the Control Design icon you will see the green
options buttons below appear on the power stage schematic. (If you
don’t see the Z Out and the Audiosusceptibility buttons, make sure
these features are checked when you click on the Features button.)

Once you see the green control buttons, click on the Loop button to
see the main control transfer functions.

Fig. 3.1: Control Design Options in RidleyWorks®
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3.2 Current-Mode and Voltage-Mode Control

RidleyWorks

Loop
Loop Phase Margin =

Loop Test Setup

Fig. 3.2: Current-Mode Control Transfer Function Bode Plots in RidleyWorks®

Power Supply Transfer Functions

100000

Control Loop Design

SELECT PLOTS

Compensate | Compensate
Predicted | Measured
ge | Power Stage

<<

Nyquist

AP

|

le if AP or Ridley
M
Loop Calculated from Z out meas

Power Stage Details

Change Capacitor uF MY RESET

Change Inductor uH & ¥ RESET

Qutput Power

Compensation

Figure 3.2 shows the control transfer
functions which are available in
RidleyWorks®. You can select multiple
plots to be shown all at the same time as
shown in the box above. Measurements
from the AP300 or AP310 Frequency
Response Analyzer can also be overlaid on
the graph to compare with predictions.

You can do many things on these graphs,
including moving the line and load up and
down, and changing the values of the
inductor and capacitor in the converter.
As you change these values, you can see
the immediate effect on the power stage,
compensation and loop gain.

Note that when you change the inductor and capacitor values, each time you click on the button, the control loop is optimized for the new power stage and the
transfer function plotted for the updated design. RidleyWorks® will automatically detect whether the converter is operating in CCM or DCM and provide the
appropriate transfer function. If you wish to see details of the converter you can click on the Power Stage Details button, and it will give you the poles and zeros.

The Compensation button is a feature of RidleyWorks® that lets you interactively move the shape of the compensation values while looking at the shape of the loop at
the same time. Figure 3.2 shows the transfer functions for current-mode control, the default control scheme chosen for all converters except the half-bridge.
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RidleyWorks
Power Supply Transfer Functions
Control Loop Design

Compensate | Compensate
Predicted | Measured
Power Stage | Power Stage

[ << [ <

|

[

Power Stage Details

Cha pacitor

Change Inductor

Loop Gain Cros!

Loop Phase Margin =

Loop Test Setup Control Mode Compensation

Fig. 3.3: Voltage-Mode Control Transfer Function Bode Plots in RidleyWorks®

If you click on the Control
Mode button, you can
change your selection to
voltage-mode control.
Once you do this, the
compensator will be re-
optimized and the
resulting transfer
functions plotted.

29|RidleyWorks® Manual



3.3 Interactive Compensation Adjustment

RidleyWorks H H
e S T o (e It is possible to look at the control
Compensafion Design transfer functions of RidleyWorks®
while adjusting the pole and zero
locations of the compensation, as
shown in the figure above. Each
time you click the Adjust button the
zero or pole will be moved, new
compensation components
1000 10000 100000 Loop Gain Crossover Freguency
Cossoer | W 2000 selected, and the curves replotted.

Compensation Zeros

First Zero I

« e o O
Second Zero Hz Default un

Compensation Poles

second Pole Hz 100000 Hz Default un
Hz 100000 Hz Default un

. Third Pole
10 0 10000 0
Ripple Frequency z m
Loop Gain
Output
Loop Phase Margin =

Loop Test Setup Control Mode Compensation COMPENSATION K

Fig. 3.4: Interactive Adjustment of Compensation Poles and Zeros with Transfer Functions
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RidleyWorks Output Voltage (V)

Compensation Design Horizontal
Delay
Step

Loop Gain Crossover Frequency

Crossover Hz 20000

Compensation Zeros

First Zero 1279 H: 1418 He pefaut DR m
Second Zero Hz 1891 H:

e D1 [
Compensation Poles

Second Pole Hz 100000 Hz Default un
Change Capacitor
=T

Startup Continue  Steady-State

m Line/load 10-100% Load Line Step

T

D

Vertical

1.700

Time (ms)

Third Pole Hz 100000 H:

Change Inductor

Loop Gain Crossover =
Loop Phase Margin =

Show Voltage and Current Control Mode Compensation

Fig. 3.5: Interactive Adjustment of Compensation Poles and Zeros with Simulation Waveforms

You can also interactively change
the compensation parameters
while looking at the simulation
waveforms. This is a powerful and
completely unique feature of
RidleyWorks®. No other design or
simulation program has this
capability.
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3.4 Voltage Feedforward Control

Comp

NN

Comp

/

Ve Max

— | Limit

er

Input Voltage Divider 15 VIV

Maximum Ramp Height & Voat 90

Minimum Ramp Height  0.666 Vat 10

+

a5

WV Default

Vo Input

Vo Input

V.= PWM Ramp Height

v

OK

Fig. 3.5: Selecting Voltage-Mode with Feedforward

It is possible to implement voltage-mode control with
feedforward. The normal implementation of this technique in
the control chip is to make the control ramp proportional to the
input voltage, scaled by an input voltage divider constant, k.

When the input voltage is increased, the ramp size will increase,
and there will be an immediate change in duty cycle. This can
greatly improve the transient response with changes in input
voltage. Normally it will be at least an order of magnitude
better, especially for buck-derived converters.

In addition, the changing ramp will make sure that the loop gain
of the system stays fixed for different input voltages. This can be
very important for large ranges of input voltage, and
compensation will remain optimal across the entire range. The
converter will regulate much better, and step load response will
be improved at low line.
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4 Magnetics Designer

Import/Export Summary

Topology Hz

4.1 Turning on the Magnetics Designer

Specifications

5 o

On the Power Stage design page, clicking on the Gearwheel icon
button allows you to enable the magnetics design features of
RidleyWorks®. You will then see the Inductor Design and
Transformer Design icons appear on the toolbar.

il
1

bl
Ll

Click on either of these to start your magnetics design process.

Current
Gain

Gate
Drive
R Feedback
Max _| g e
- I Limit

Duty [

%)

R

J DA o = R
Clock Ramp v
Ve Max /
: Divider Ry,
V ref

Soft Stari
T! %

PWM Controller

]

Fig. 4.1: Selecting the Magnetics Design Option Enables the
Inductor and Transformer Designers

Compensation O
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4.2 Inductor Design Page

Schematic RipLey = ™ LT Ssummary cooL--0

n Clicking the Inductor Design icon on the Power Stage page will take you to the inductor design sheet in
Core RidleyWorks®. The detailed inductor design process will include core selection, material selection, winding design,
420w RMS proximity loss and many other details.
165.31 mQ DCR F
247.40 mQ ACR S If you click on the design sequence icon, you will be guided through the design process with green numbers on the
AN : ] schematic for the inductor.
n ° A crucial part of magnetics development is the need for the frequency response of the component that has been
n designed. There are links to both the RidleyBox® and the AP310 analyzer from this page.
If you click on Summary, you will see the design table for the inductor. You can provide this to your magnetics
manufacturer.
150Tums
Inductance 36.65 pH
Peak Current Limit 6.38 A
fun simation
Input Voltage 36.00 v Core Area 0.54 sq. cm
Output Load 60.00 w Core Material F
Core Loss 0.028 W B max 0.29 T
igicu”e[m ggi; 2 Approximate Gap 0.41/16.4 mm/mils
urren ..
DC Current 5025 A AL Value 162.86 nH/n2
Winding Dissipation 0.34 W Inductor Turns 15
RMS8 Winding Surface Area 411 5q. cm Wire Type Magnet Wire
Total Loss 0.37 W Wire Size 18 awg
Inductor Efficiency 99.4 % Layers 2
Strands 1
Each End Margin 0.00 mm
ol O Insulation 0.000 mm
Window Used 66.2 %
DC Resistance 12.43 mOhm
AC Resistance 223.56 mOhm

Fig. 4.2: Inductor Design Page Guides You Through Inductor Details
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4.3 Choosing the Inductor Core Size

Clicking the Turns/Core icon on the inductor design page will bring up the form for selecting the design

ictorbeson 8 f the ind By defaul i ill be selected with ded
INDUCTOR CORE SELECTION pa.rameters of the inductor. .y. efault, a generic core will be se gcte with a recommende .core area.
Approximate Core Area 031 sa. cm This lets you choose any specific core that you or your company likes to use that has approximately
C fgeneric Corel & Use Selected Core that area. A larger core area will run a little cooler, and a smaller core size will have higher dissipation.
Inductance 36.645 W Peak Current 638054 A Your actual selection will depend on your cooling situation, and your need for efficiency versus size.
CORE TYPE AND AREA
Core Type T s If you click on the Select Core button, you will be presented with an array of standard cores to use,
Minimum Arca 054 sqem and you can also add your own favorite cores very easily to the program.

MAXIMUM FLUX LEVEL SETTING

OF o o [ s esommenmeons (2]

INDUCTOR TURNS REQUIRED
Turns 15 Maximum Flux Density at Current Limit: ~ 0.2886 T

CORE PHYSICAL DETAILS

Core Volume

2.43 cu. em
Window Width 0.9 cm Window Build 0.34 cm
Inner Turn Length 3.12 cm Outer Turn Length 5.3 cm

CORE GAPPING
0.41 mm  16.4 mills Al value 162.86  nH/n2

Note that gap length is a rough guide only. Gap core to Permeability p 176.064
achieve desired Al value.

AVAILABLE MATERIALS
F R P J

w PC47 PC95

Fig. 4.3: Inductor Core and Turns Selection
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4.4 Choosing the Inductor Core Material

INDUCTOR CORE MATERIAL

OPERATING CONDITIONS

Operating Delta B

Core Excitation Frequency
Duty Cycle D1 (Flux Rise)
Duty Cycle D2 (Flux Fall)

Temperature

INDUCTOR CORE MATERIAL

Ferroxcube
" 3c91

" 3co4
" 3¢95
" 3¢90
" 3F3

" 3¢96
" 3c97

Magnetics Powder

" 14u MPP
" 26u MPP
€ 60u MPP
€ 125u MPP
€ 147u MPP
" 160u MPP
€ 173u MPP

" 200u MPP

CHARACTERISTICS FOR SELECTED MATERIAL

Permeability

LTSPICE CORE LOSS MODEL

Inductors

LC1 14.224993 mH
LC2 16.01040219 mH
Lc3 18.023 mH

Voltage Exponent

3000

0.027 T Core Area 0.54 cm2
166 kHz Peak Flux at Current Limit 0.2886 T
0.435 Number of Turns 15
0.564 Core Volume 2.43 cm3
25 deg C
Mirrack Micro Metals Magnetics Ferrite  TDK Ferrites
" 300u MPP " Sendust26p € Si-Fe 60 ®F " pcag
" 550u MPP " Sendust40u Si-Fe 751 Cp  pcas
 New 2 " Sendust60u € Si-Fe 90p CR " pca7
" New 3 " Sendust 75p ¢ New 16 " pcso
 New 4 " Sendust 125p ¢ New 17 " pcas
 New5 " Si-Fe 26p " New 18 " No5
 New6 N8y
" Hi-Flux 60p
Core Loss 0.0279 W
Resistors
LC4 20.239 mH RC1 51.643 Q RC5 110.09216% kQ
LCs 23.398 mH RC2 348.749 0 RC6 568.015498 kQ
LC6 20.12 mH RC3 2355653 k0 RC7 5.732 MQ

RC4 15.871203 kO

Temperature data used: 60 degrees C

Fig. 4.4: Inductor Core Material Selection

" ENABLE LTspice Model

® DISABLE LTspice Madel

You can use any core selection with a variety of core materials. RidleyWorks®
incorporates a unique core loss modeling techniques that accurately give the loss for
different materials. Variable Steinmetz equation coefficients are used to produce a much
more accurate core loss estimate than is available from the manufacturers. Details of the
techniques used to calculate the loss are given in the Ridley Engineering Design Center
(www. http://www.ridleyengineering.com/design-center.html) in paper [A03] Modeling
Ferrite Core Losses.

If you are using a different core material to those shown, RidleyWorks® gives you the
proper frequency, flux level, and Delta B to be used with core loss curves.

RidleyWorks® also selects the values of an RL network to model the losses in LTspice®.
This is a nonlinear frequency-dependent loss model that allows you to run an LTspice®
simulate and click on the core to see the losses. There is no need to use core loss curves.
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4.5 Designing Inductor Windings

Pushing the Winding button will show you the details of the inductor winging.

. You can build inductors with foil, helical windings, or with wire, and
RidleyWorks® will help you to optimize each of these. The foil winding
Imtosiia el st s 5 thickness can be optimized with proper consideration for proximity losses, by
INDUCIDNESICH g_: clicking the Minimize Loss button.
Inductor Value 36.645 uH Number of Turng U% P6
AVAILABLE WINDOW — Details of the sophisticated techniques used to calculate proximity loss are
Morgnfequied | O 7] mmeachend o e winding leneth given in the Ridley Engineering Design Center (www.
il http://www.ridleyengineering.com/design-center.html) in numerous papers
insuletionRequired [ g | mmtotal |88888888| R on magnetics design and analysis.
WINDING STRUCTURE Each of these steps have now been fully automated with RidleylQ™. If you are
[ Litz Wire ® Use Magnet Wire € Use Foil € Helical Foil not comfortable with the manual design process, just click on the icon to see
Number of Layers EA Number of Parallel Wires EE the RidleylQ™ features.
Maximum Conductor Size That Wil Fit Exactly is 30 awg

Your Choice of Conductor Size 30 awg
Update

WINDING LOSS DETAILS

RMS Current 5.03675 A ‘Winding Loss (Including Proximity) 5.751 w
DC Current 5.02495 A ‘Winding Loss (without Proximity Loss) 5.7382 w
AC Current 0.34456 A Winding Surface Area 2.28 sg.cm
DC Resistance 2.26E-01 Q

120
AC Resistance 3.39E-01 o]

Fig. 4.5: Inductor Winding Design
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4.6 Designing Transformers

Schematic RipLey ™

RidleyWorks® has a powerful algorithm for designing transformers, incorporating
advanced core loss calculation, proximity loss analysis, core and winding

) 1 selection, all in an easy-to-use package. The design program interfaces closely
0I5 W 8 Gemaric osTwW with simulation waveforms to provide fast, efficient, and reliable designs.
108.36 m0 ACR 2 F 91.63 mN ACR L X Lo
65.65 m0 DCR o 48.73 m0 DCR The sequence of design is similar to that of the inductor. Start by clicking the
a2 . . .
s AN Turns and Core icon to begin the design.
TRANSFORMER CORE SELECTION (=
Approximate Core Area 0331 6 Each of these steps have now been fully automated with RidleylQ™. If you are not
PO et o comfortable with the manual design process, just click on the icon to see the
RidleylQ™ features.
CORE TYPE AND AREA
Core Type ’7 Generic fptimize Layers

Minimum Area 0331 sg.cm

MAXIMUM FLUX LEVEL SETTING

Turns 325.66 pH

oLl T This value will determine the
. number of turns needed Z

TRANSFORMER TURNS
Secondary Turns

Magnetizing Inductance 04677 mH

Worst Case Flux Density 0.2972 T (Maximum input Voltage and Maximum Duty)

CORE PHYSICAL DETAILS

Core Volume 1.14 cu. cm
Window Width 0.86 cm
Window Build 0.287 cm
Inner Turn Length 2.626 cm
Outer Turn Length 492 em

Once you select OK, values appearing on this form will

m be used in the converter simulation. “

Fig. 4.6: Transformer Design Page
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SPICELaunch™

LSS 5.1 Preparing an LTspice® File

Specifications

Designers often spend a lot of their development time in creating LTspice®
models for their converters. This is a process that requires experience with
magnetics models and power controllers. A powerful feature of RidleyWorks®
is the ability to automatically generate LTspice® schematic files with just the
click of a button.

SPICELaunch

3 Tspice files are in the ‘CA\RidleyWorks\RidleyWarks L Tspice’ folder

o When you click on the SPICELaunch® icon, you will have the option to create
. LTspice® schematics, or to adjust loop sweep settings. When using this feature

Curront for the first time, click on the button to create the files, and you will see the

Gain

message that three LTspice® files have been created. These can be found in
the folder RidleyWorks LTspice that can be found in the C:\Ridleyworks
directory.

Gate
Drive
R Feedback
I Limnit

Max
—R
Duty

s R
J OM o
’
Clock Ramp v R
/ Divider Ry
V ref

Ve Max
Soft Stai
T

PWM Controller

Compensation J

Fig. 5.1: Running SPICELaunch™
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5.2 Simulation Settings in LTspice®

;
()

FORWARD
SIEOWATE,

Hacks! and set the check boxes as shown below.

o
€ fle Edt Hirasechy Yiew Simulste Jools Window Help
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100y 1909 Teow 106 !
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& Comprosscn ’Smt)oh'.lt Frsece T Datteg Optons
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Latest Corvergence Macks ]
Show Energy Consanvation Check Sum{™] |
Teade decuracy fox commrgnces o TSTS v
iy > Aemrt > GaloCuront| O
e bt Mrsmeam shuet 10 man capoatance rato | 10006 =
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= = Donl temperatisre scale JFET 1] ]
10p] 17| .
A GMIN 20085 cumont sources v
L a frass.
CaY Supply 2 mn. nducter dampng ff no Rpar s gven{”] v
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.
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Fig. 5.2: Setting Up LTspice® Hacks!

wozvise |

o Ry
o Raense
< ns

wu Ltxsec
“iasom

If you double click on the LTspice® TRAN file that is in the folder on your desktop, it will automatically open LTspice® .

Before running a simulation, it is recommended that you set some parameters of LTspice® for better simulation accuracy. Select Tools Control Panel

LTspice®, like all versions of spice, may sometimes
struggle to converge during a simulation, and you
may need to adjust other simulation parameters to
help it along. This is one of the advantages of the
RidleyWorks® simulation — it never has convergence
issues and simulations are almost instantaneous.
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K1 Lpri Leecd Leecix 1
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Bﬂ Netlist Options Gl Sym. & Lib. Search Paths k: Waveforms D2
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Gear Integration
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[ Moopiter
[ Skip Grmin Stepping
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Engine
Solver[: | Altemate

Max threads: 4
Matrix Compiler: | object code

Alternate Solver

No Bypass[][]

Voo

- EA_out OUTA—Drvi

Fig. 5.3: Setting Up LTspice® simulation parameters

v OUTB|—DnB e
Riltr Rgatel [] Setting remembered between program invocations
Vref Ramp Dl
i Him 1008 0 . Reset to Defaut Values
Rin
=" Cancel Helo
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25.0m
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It is also recommended that your
Solver Engine should be selected as
Alternate. This will give greater
simulation accuracy. (The Normal
setting will simulate faster which
may be useful when generating the
Bode plots inside LTspice®.) In some
cases, selecting Normal may aid
convergence.

We also find that the Gear
integration routine works better for
transformer isolated converters, but
you might want to sometimes try
the default settings if you run into
difficulty. The default setting is
Modified Trap, and that may work
better for some circuits.

The integration method settings are
not retained in LTspice® each time
you exit the program, so you will
need to set them each time you
come in.

Manual



5.3 Simulating Transients in LTspice®

o WG UED RRE i hoM a8 iePisznne Ao zp

5 ,_r? X FORVARD 350 W TRASaN

SPURTID RMSUTSE0]

Fig. 5.3: Running LTspice® Transient Simulations

When you click on the running man icon,
the spice simulation will start. You can
then probe any waveform on the circuit.
The simulation above is the output
voltage during start-up of a circuit.
Although the spice simulation may be
slow, you have already done all of the
design of the control circuit and power
parts in RidleyWorks®, and you can now
use LTspice® for the things it is good at.
You can add any arbitrary circuits, any
devices, and move your design much
closer to the production schematic.

You will find that the combination of
RidleyWorks® and the rapid generation of
the schematics for LTspice® changes the
way that you design. It should greatly
speed up your process.
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5.4 Generating Swept Bode Plots in LTspice®

AP300 Analyzer

AP Instruments
Source ChA ChB

Rgate M
Isolation
E1
10 Rinj1
As » - B
1 . 20
Vin L Vec c2 R3 Cc3
y - = &C
1.96n 1.62K 654p
100 14 R2 Cc1 RL1 L1
. = EA Vee ouT [3 - -
R1 5.00K 23.8n 1.3320m  40.000p
As . L Vb Isense Cout_esr
44.00K Rtn 250"_
Vramp b1 | - Rout1
Rb Cout 2
6.43K
200p

Fig. 5.4: LTspice® Sweep Schematic for Bode Plots

A powerful new feature of RidleyWorks® is the generation of schematics which can produce Bode plots directly from the time-domain schematic. There is no need to
simulate small-signal equivalent circuits which are, by definition, approximations of the real circuit. For the first time, computers (in 2020) are fast enough that the
intensive simulation needed for Bode plot generation can be done in a reasonable amount of time. This kind of work was only possible up until now with specialized
high-speed simulation programs.
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How fast can this be done? At the time of writing this manual, our record for simulation is just 24 seconds for a buck converter. This kind of speed is produced with the
following features in place:

1. Automatic generation of a loop compensation that is ruggedly stable

2.  Emulation of the features of the AP300 analyzer with frequency-dependent source, automatically configured to give good results.

3. Proper setup of simulation times for steady-state solution.

For the example buck schematic above, the bode generation is initiated by clicking on the running man icon. If you then click on Point B of the schematic, you can
watch the waveforms being generated ready for measurement. This is done in a very similar way to the powerful AP300 analyzer.

Generation of the sweep schematic is a single button click in RidleyWorks®, and there is no need to change any settings from the default file that is generated. Figure
5.5 shows the repeated sweep waveforms generated in LTspice® . It is very instructional to watch this procedure to enhance your understanding of how the AP300

frequency response analyzer works.

These waveforms are generated by clicking on the Run icon, then clicking a probe on the output voltage of the converter.
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2 Buck- sweep =a

3ms

Fig. 5.5: LTspice® Sweep Waveforms at Point B of the Circuit.

Once the sweeps shown above are done, and the data has been processed by LTspice®, click on View then Spice Output Log. (If the Spice Error Log option is greyed
out, LTspice® has not yet finished processing the simulation data.) A file like that shown in Figure 5.6 will then appear:
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Direct Newton iteration for

.step
.step
.step

.step
.step

Fig. 5.6: LTspice® Error Log

freqm3oo

freqeizi.
freqe3d4s.
freg=377.
freg=407.
Eraq=440.
Fraq=475,
Freg=513.
freg=554.
Frequ5os.
fregqe6d6.
fregq=697.
freg=753.
frag=811.
frag=878.
freq=048

freq=1024

frege=1106.
frag=1194.
freq=1289.

fraq=1392

freq=1503.
freg=1623.
freg=1753.
freqm185z2.
freqez043.

- BUCK- SWEEP.log

Fig. 5.7: LTspice® Bode Plot of a Buck Power Stage Gain
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.op point succeeded.

Right click in the space to the right of the numbers on the screen and select the option Plot .Step’d meas
data. Answer Yes to the question that pops up about complex data, and you will see Bode plot Axes appear.
If you right click in the plot area, you can then add traces. Specify b/a for Loop Gain, b/c for Power Stage
Gain, and c¢/b for Compensation Gain curves.

Figure 5.6 shows the sweep for a buck power stage gain. Notice that approaching half the switching
frequency, noise is apparent on the sweep. This noise characteristic will be very familiar to anyone who has
used the AP300 or the RidleyBox on a switching power supply.

Figure 5.7 shows the sweep for a buck power stage.
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£ BUCK. SWEEPLog wa Figure 5.8 shows the sweep for a
buck power loop gain. Notice
that the phase of this plot is
reading phase margin, not
phase. The cursors on the loop
gain show the crossover
frequency and the phase margin
at this crossover.

Fig. 5.8: LTspice® Bode Plot of a Buck Loop Gain

The ability to sweep the transfer functions on the large-signal schematic inside LTspice® is a powerful tool for finding the bode plots of circuits that don’t have small-
signal models available for them and we encourage you to explore this feature of the software.

However, there are times when technique this cannot be used, such as:
e The circuit is not stable
e The desired sweep frequency is too low (10 Hz is very time consuming in LTspice®)

e Characteristics of the ac sweep are below the noise-floor resolution of the technique.

The next section of this manual describes another method of obtaining loop gains and other transfer functions via the small-signal models.
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5.5 Generating Small-Signal Bode Plots in LTspice®

Specifications Topology Hz LT Import/Export  Summary

The major modern work on small-signal models for power
V converters was initiated by Dr. Vatché Vorpérian with the
publication of the PWM Switch Model in 1988. Models were
completed by Dr. Ray Ridley with the publication of his Current-
b Mode Model in 1990. If you are new to power supply design, these
g models can take some time to become familiar with and implement
in your circuit simulator. We have fully automated this process for
T the first time, putting small-signal analysis at every engineer’s
oK fingertip.

ot FAFT

3 LTspice files are in the 'C:\RidleyWorks\RidleyWorks LTspice' folder

Click SpiceLaunch

— Release 12.35 of RidleyWorks® exports a small-signal model for use
S with LTspice®. This provides a rapid high-speed design and
simulation environment for the feedback networks. All
p— characteristics of input and output filters will be seen in the loop
E;I : characteristics, providing more detailed sweeps than those
. R % peeiack available in RidleyWorks®.

—R
Duty c3

S R

T «—ox :

Il

:

Comp

S \'J
Ve Max—l /
! . Divider
Soft StartJ_ -
TH 1
PWM Controller

Fig. 5.9: Exporting an LTspice® Small-Signal File. Three files are automatically exported:
a transient simulation, a swept-sine simulation, and a small-signal model.
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RidleyWorks LTspice Schematic 032819
BUCK FAMILY
Vin = 25.0, Vout = 30, lout = 0.1 two-switch forward converter, voltage-mode

AP300 Analyzer

[ Isclation ]

AP Instruments
Source ChA ChB
] o] Q

I [A}—
) RIDLEY CP—CP 1o
K1LpriLsecl 1 BUCKDCM L1 RL1
h g i CP AR
\ 107y d00r
rort b L Roeet ¥ 60.000m
85500 S gaztom CONT P
Lpri 2 0 Lsecl
860 o) (= 32302m
{ ~Cout_esr
Vi <, Riode 835 pl
o) <_12.0m Cout <0
7759.“
Rswitch é
133m .
c3 c2 R3
[Ch Il I MM
LCr 1 i v
478p 246n 848
c1 R2 <M
A/ < 16K
21.4n 5.00K
ut 4
e J_
Aol=100K
GBWW=10Meg

lib opamp.sub L vret
5

T 54

S

Fig. 5.9: Buck Family Small-Signal Model Exported to LTspice®

< 64TK

Figure 5.5 shows the buck family
configuration of the small-signal
model in LTspice®. There are three
fundamental families that cover all
of the topologies in RidleyWorks® -
the buck, boost, and buck-boost.
Each of these circuits contains a
single small-signal element, in this
case the Ridley BuckDCM. When the
file is exported to LTspice®,
RidleyWorks® determines whether
the circuit is going to be analyzed in
CCM operation or DCM operation.

Notice that the model is invariant for
both voltage-mode and current-
mode control. This is very important
—our small-signal model is the only
one that works in both regions. As
the compensating ramp for current
mode is increased, it is possible to
get a system that operates in
between voltage-mode and current-
mode, but the model gives the right
result regardless.
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RidleyWorks LTspice Schematic 032819-A

BOOST FAMILY

Vin = 25., Vout = 30, lout = 5 two-switch forward converter, voltage-mode

RIDLEY CPf—CP

AP300 Analyzer

AP Instruments

Source ChA
o) O

K1 Lpri Lsect 1 PWMCCM i i
A el— TSP A A/
Rpri ‘ L Rsect 73.300p 60.000m
< <
s.ssouT S saziom [CONT P
Lpri o) J: Lsect
b ] =
256p = (= 3.2392m X
Vil : * < Cout_esr
. nx
) <_Rdiode < 1.22m
.12.0m Cout
Ta0.7p
Rswitch >
13.3m
c3
[ct }
325p 1.67n )
c1 R2 <Rt
NN— <7 31.60K
14.5n 5.00K
us_
Aol=100K
GBW=10Meg kN
Jib opamp.sub L Vref <\>6.47K
)
154
|

Fig. 5.10: Boost Family Small-Signal Model Exported to LTspice®. Notice the PWM block is the same subcircuit as for the buck converter family.
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AP300 Analyzer
AP Instruments.
Source ChA ChB
Q [=) Q

RidleyWorks LTspice Schematic 032819-A
BUCK-BOOST FAMILY
Vin = 20., Vout = 30, lout = 5 flyback converter, voltage-mode =
— Rini
K1 Lpri Lsec 1 [Ab—e" N —+—dB]
RIDLEY 0
PWMCCM Rdiode
| A P A/
Rpel > <~ Rsec 4dom
E.Eﬂlllz;’ ? 36.640m CONT C CP
Lpri - gﬁ Lsect o]
227900 = — 12.532u o:_:“
N ’ 12,560
P J12.5604
N 5 <£”Cequlv_eur
=71.10m " Routt
<, RL1 i s
<, 22.326m _|Gequiv
45.3p
Rswitch e
133m
c3 c2 R3
[c —A\N—————
46dp 253p 8.90
c1 R2 §R1
— AN —1 305K
16.9n 5.00K
u3 o Vosin
(™)
s
V = -1"V(A)
Aol=100K
GBW=10Meg ZRb
Jib opamp.sub L Vref ‘-\)sz 55K
()
T4
~

Fig. 5.11: Buck-Boost Family Small-Signal AC Model Exported to LTspice®. Notice the inversion of the output voltage signal in the feedback path.
Manual
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4—n c'
inductor
L 9 c

' common

PWMCCM v

a o

active

2 °°

passive

R; [fat(ska— 10

15

5

A
o
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Fig. 5.12: Invariant Small-Signal Subcircuit for Current- or Voltage-Mode control in CCM. For pure voltage-mode control, the gain blocks inside the green rectangle
are all zero.
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Fig. 5.13: Invariant Small-Signal Subcircuit for Current- or Voltage-Vode Control in DCM. For pure voltage-mode control, the gain block inside the green rectangle is
zero.
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[&F Add Tracesto Plot

Available data

V(b)

Vi(c)

V(cp)
WV(uz:16)
V(u2:17)
V(u2 afmsx)
Vi(u2:gdix)
V(u2.gdox)
V(u2 gh)
W(u2:kfx)
V(2 rixy
W(u2 rox)
V(n0O1)

<
Expression(s) to add
Wby Via)

[+] AutoRange

Only ist fraces matching

[s] Asterisks match colons

|{Cout) I(Rsec1)
I(Cout_esr) I(Rswilch)

1(Viri)
I{vref)

frequency

Iu1:C3)
I{u1:G1)
Ifu1:R3)
(u2:B7)
I(Rdiode) I{u2:B3)
I(Rinj) I(12:B5)
I(RIN) I(u2B7)
I(Rout1) I{u2 B8)
I{Rpr) (u2:11)

I(u212)
I(u213)
H{u2:14)
H(u2:15)
1(u2:16)
Iuz17)
I(u2R1)
I(uzR2)
H{u2:R3)
I(u2-R4)
I(u2:R5)
I{u2 R6)
I(u2 R7)
(U2 R16)

RigleyWerks LTspice Schematie 032819

Vin = 25, Veut = 30, lout = 0.1 TWe-SWiteh farward cenverer, veltage-mode

The figure above shows the loop gain plot for a buck-
family converter. Running the sweep only takes a
couple of seconds. You can then add any quantities to
like to see desired transfer functions. The following are
the most useful:

V(b)/V(a) Loop Gain and Phase Margin

V(b)/V(c) Power Stage Gain (specify -
V(b)/V(c) for the buck-boost family

-V(c)/V(a) Compensation Gain

Fig. 5.14: Plotting the loop gain of a converter consists of just clicking on run, then right click on the plot area. The quantity v(b)/v(a) will be the loop gain and

phase MARGIN.
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Advanced Proximity Loss and Core Loss

‘x\, )
Dowell's Equations Normalized Curves R\'E&EY 85[5

20 Layer
—10 Layer
—8 Layer
—G Layer
—5 Layer

4 Layer
—3 Layer

2 Layer

1 Layer
—1/2 Layer

One of the biggest sources of error in designing a power supply
is underestimating the losses in inductor and transformer
windings. To get a reasonable estimate of how much loss there
will be, it is necessary to apply Dowell’s equations, a set of
highly complex formulae that is usually the domain of PhD
students in power electronics. It is estimated that less than 1%
of practicing engineers ever use these techniques in their design
work.

Fortunately, RidleyWorks® will do this for you. It does this in two
ways — first by solving the Dowell’s equation at the switching
frequency to finding the increase in resistance. The winding
current is then broken down into two parts — the dc current, and
the ac current, which is the sum of all the harmonics. For a
simple approximation, RidleyWorks® assumes that all the ac
current is at this frequency. This will give a low estimate of the
proximity loss, but it does provide good and fast guidance for
how to organize the winding layers and winding size.

Secondly, to get more accurate loss in the windings due to all the current harmonics, RidleyWorks® first does a sweep of the Dowell’s equation solutions from 1 kHz to
10 MHz. It then generates a circuit network that produces the same impedance versus frequency as Dowell’s equations. This network is exported to an LTspice® file
where the proximity losses can be directly simulated in the time domain. This process is described in this chapter.
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6.1 Estimating Proximity Losses in RidleyWorks®

Input and Output Specifications X

Forward 20V 20 4

INPUT VOLTAGE RANGE Switch Current (A)

" 120vAC  240VAC ( 120-240VAC ® DCInput

Low Line Voltage | 380

Nominal Input Voltage | 390

High Line Voltage 400

OUTPUT VOLTAGE AND CURRENT

Main Aux1 Aux 2 Aux3 Aux4
Output Voltage ,T ’7 ,7 ’7 ,7
Output Current ,T ’7 ,7 ’7 ,7 0.050 0.050

POWER SUPPLY COOLING

Continue 5
" Highaiflow (" Moderate ® Lowairflow (" None 25 - 2 ELeathesials

Line and Load Conditions
FEEDBACK ISOLATION
@ Non-lsolated (" TL431/Opto E/A C

» »

Fig. 6.1: Steady-State primary current from RidleyWorks® Simulation

Horizontal
Delay

0

Time Base

Vertical

The specifications for a 100 kHz two-switch forward
converter are shown in the Specifications entry form
for RidleyWorks®. This is for a 20 V, 20 A isolated
converter running from a high-voltage input.

Figure 7.1 shows the simulated primary current for the
converter. The rms primary winding loss, using the dc
value of the resistance of the winding is calculated to
be 0.491 W. This is the value that most designers would
use for estimating temperature rise, but we will soon
see that it is much too low.
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Transformer Design

— TRANSFORMER CORE SELECTION

Approximate Core Area 1.229 5g. cm

® Use Selected Core

(" Generic Core

>

— CORE TYPE AND AREA
Core Type I EC41
Minimum Area I 1.06 5Q. cm

— MAXIMUM FLUX LEVEL SETTING
0.3 T

n u RESET

This value will determine the number of turns needed

— TRANSFORMER TURNS

m Integer Turns
62
I 8 8

Primary Turns

Secondary Turns
Magnetizing Inductance 10.6671 mH
Worst Case Flux Density 0.2982 T (Maximum input Voltage and Maximum Duty)

Fig. 6.2: Transformer parameters from RidleyWorks®.

Figure 6.2 shows the important transformer parameters using and
EC41 core. There are 62 primary turns, and 8 secondary turns.
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PRIMARY WINDING ALLOCATION
window Allocation 0.5

Number of Turns 62

AVAILABLE WINDOW

0 ~| mmeachend 245

Margin Required

I
|

cm Available Window

0 T1 mmtotal ‘

Insulation Reguired

‘ 0.2875  om

WINDING STRUCTURE
(8 Magnet Wire

ol

Maximum Conductor Size That will Fit Exactly is

(" Triple Insulated Wire

Number of Layers

22
Your Choice of Conductor Size 22
Update

| Split Primary Winding Leakage Inductance  12.4502

WINDING LOSS DETAILS

Number of Parallel Wires

awg

awg

pH

" Foil

B

RMS Current 1.752 A Winding Loss (Including Proximity) 2.508 w

DC Current 1.146 A Winding Loss (without Proximity Loss) 0.491 w
AC Current 1.325 A Winding Surface Area 16.5 sqg.cm
DC Resistance 0.16005 Q

Fig. 6.3: Primary winding structure and analysis from RidleyWorks®

Figure 6.3 shows the structure and analysis of the primary winding of the transformer.
Two layers of 22 awg wire are used to give a dc resistance of 160 mOhm. When this is
multiplied by the square of the rms current, we see 0.491 W of loss.

However, the ac resistance of the winding, calculated at 100 kHz, is much higher at
1.54 ohms, almost 10 times the dc resistance. RidleyWorks® takes the rms of the ac
current squared and multiplies by this number, adds to the dc current squared times
the dc resistance, to get the total losses. You can see that they are much higher at 2.91
W. This is an increase of four times.

This more detailed and insightful information allows you to experiment with different
numbers of layers, wire sizes, and parallel strands to see what gives the lowest loss
combination. The Minimize Loss button automatically tries different layer counts to
find the best solution for you.
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Winding Layer Height 7.28534879 c©m
Total power dissipation in a winding is given by -
Skin Depth at 100000 Hz 0.024 cm n 1
_ 2 &
P=5,%], R [(1+a?)G, 446, |

Each Layer is 3.01908156 Skin Depths =
= [

The H field is calculated from

N.I.
H =_ii

00000000 ... o

b, = winding width

Layerl G, = A, sinh 2A, +sin 2A,
‘ cosh 2A, —cos2A,

sinh A, cos A, +cosh A, sin A,
PROXIMITY RESISTANCE MULTIPLIER BY LAYER G, =A, : : : :
: cosh 2A, —cos 2A,

1 2
3.0295 16.176

The ratio of the winding layver height to skin depth is
h, 2

Overall AC/DC Resistance Multiplier 9.602914 A= 5: skin depth & =
wu,om
DC Winding Resistance 0.16005 0 . -7 3
| > I o = conductivity U, =4x x10 1 = porosity
AC Winding Resistance 1.53694 Q

Fig. 6.4: Primary loss analysis by layer together with Dowell’s equations published in 1966.

Complex functions are needed to calculate the losses -

If you click on the blue Proximity Loss
button, you can see a detailed
breakdown of the resistance of the wire
layer-by layer. The complexity of
Dowell’s equations shows why few
engineers ever attempt this analysis.
Fortunately, RidleyWorks® automates
the whole procedure.
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6.2 Advanced Proximity Losses with LTspice® Circuit Modeling

Transformer Primary AC Resistance vs Frequency

10000 100000

Frequency (Hz)

Ripple Frequency Resistance =

Fig. 6.5: Sweep of ac resistance and equivalent circuit model

Once you have defined the winding
structure and are happy with the total
dissipation, you can begin the process of
LTspice® model generation and
simulation. When you click on this
button

RidleyWorks® will proceed to sweep the
solutions to Dowell’s equations from 1
kHz to 10 MHz and generate an
equivalent circuit model to match the
complex impedance.

This process must be followed for each
of the magnetics windings to generate
the equivalent circuit models to be used
in LTspice® . You can then click on the
button below to export the complete
circuit model.
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6.3 Running LTspice® for Proximity Loss

K2 Ltxsec Ltxpri 1

0.4A
0.89ms 0.90ms 0.91ms 0.92ms 0.93ms 0.94ms 0.95ms 0.96ms 0.97ms 0.98ms 0.99ms 1.00ms 1.01r¥ 1.02ms 1.03ms 1.04ms
= e S S A

i o
12.000m  30.590p

AT Waveform: V(NOO9,NO19)*I(Rpri) X

Interval Start: 890us

Fig. 6.6: Conventional dissipation in transformer primary (no proximity loss).

Figure 6.6 shows the two-switch forward schematic in
LTspice® . The yellow resistive elements are the ac proximity
models for each of the windings.

Step 1 is to simulate the converter to steady-state and plot
the primary switch current I(Lpri) as shown.

You can plot the conventional dissipation in the primary
(without proximity) by holding down the ALT key and clicking
on Rpri. This results in the waveform shown in Figure 6.8. If
you click on the name of the waveform in blue, while holding
down the Ctrl key, it will show the average dissipation. You
can see that this number agrees with the dissipation in
RidleyWorks® before proximity is added.
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V(NO30,N026)*I(ACpwr2)

48W
40W
32W
24W | |

16W AT Waveform: V(NO30,N026)*I(ACpwr2) X

niNSNNUSNNESNNESNNEENY - - (S

Interval End: | 1.05ms

0.89ms 0.90ms 0.91ms 0.92ms 0.93ms 0.94ms 0.95ms 0.96ms 0.97/ms 0.98ms 0.99ms Average: | D 7074W |

Fig. 6.7: Additional proximity loss dues to ac resistance model.

You can now plot the additional proximity loss dissipation in the primary by holding down the ALT key and clicking on the circuit element Rac in the primary. This
results in the waveform shown in Figure 6.9. If you click on the name of the waveform in green, while holding down the Ctrl key, it will show the average dissipation.
The sum of the conventional dissipation and the Rac dissipation is the total winding loss in the primary.

You will probably see the total dissipation predicted by LTspice® is higher than that predicted by RidleyWorks®. The LTspice® number will be more accurate since it
includes the dissipation in the resistors at higher harmonic frequencies. Depending on the topology and operating point, the difference may be considerable. In the
example above, the conventional losses are 0.481 W. The additional proximity losses produce an extra 2.7 W of dissipation!

Once you have mastered this technique, you will be doing proximity loss calculations that are more advanced than just about anyone in the industry. Attempting to do
this work without the aid of RidleyWorks® is extremely time-consuming and difficult — you now have a powerful tool that gives you a huge design advantage.
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6.4 Advanced Core Losses with LTspice® Circuit Modeling

Transformer Core Material Choices X
— OPERATING CONDITIONS

Operating Delta B 0.069 T Core Area 0424 cm2

Core Excitation Frequency 166 kHz Peak Flux at Max Duty 0284 T

Duty Cycle D1 {Flux Rise) 0.44% Number of Turns 11

Duty Cycle D2 (Flux Fall) 0.449 Core Valume 165 cm3

Temperature 70 deg C
— TRAMNSFORMER CORE MATERIAL SELECTION

Magnetics Ferroxcube TDK
“F CpiR 3000 ¢ 3F3 3096 " pcao  pcas & pea7 0 pCoO T PCOS

’7Perm eability 3000

CHARACTERISTICS FOR SELECTED MATERIAL

Magnetizing Inductance 0.1746 mH Core Loss 0.131 w
— LTSPICE CORE LOS5 MODEL
Voltage Exponent 2538 Resistor RC1 12 a
Inductor LC1 4.233 mH RC2 117 o
LC2 6.396 mH RC3 1.067 kO
LC3 9.665 mH RC4 9654 kO
LC4 14562 mH RC5 B9.63 kO
LCS 22543 mH RCE 646.402 kO
LCE 27.097 mH RCY 6.902 MO
RC1 RCZ RC3 RC4 RCS RCE
VPWR
- S
LC1 LCcz LC3 LC4 LCS LCE

m " Enable LTspice Core Model

¥ Disable LTspice Core Model

With the selected core shape and material, RidleyWorks® will automatically calculate
parameters for core loss simulation in LTspice®.

The component elements of the core loss model define how the core will behave with
different drive frequencies and amplitudes. This is a unique feature of RidleyWorks®.

Fig. 6.8: Selecting a core material will produce a matching LTspice® circuit model
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L You can plot the instantaneous core losses of the block to the left of the transformer primary by holding down

_— the Alt key and clicking on the block. The instantaneous core loss can be averaged by holding down the Ctrl key
and clicking on the name of the waveform shown in red below. You will observe that for the same flux swing in
a transformer, the losses increase with a shorter duty cycle, as is observed empirically. You will also see that the
losses of a transformer decrease with switching frequency if the turns are left unchanged on the core.

K1 Lpri Lsec11

[5{ Waveform: VNDT0P Ix(UZ:P1)+V(.. X

Interval Start 2 .2m;
Interval End 236ms
Average 330.86mW
F - Integral 52,937

M2

Rgate1 § '—'J—l 2.24ms 2.25ms 2.26ms 2.2Tms 2.28ms 2.29ms 2.30ms

Fig. 6.9: Core loss model parameters are automatically loaded into your LTspice® schematic. Instantaneous core losses are shown, together with the average value.
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Using RidleyWorks® to the AP310 Analyzer

Specifications Topology Hz ) LT import/Export  Summary Clear

7.1 Connecting RidleyWorks® to
Control Loop Design the AP

[l Loop Gain with Second Filter

: z 3 RidleyWorks® has a powerful and user-friendly interface
i leasured ice .
raesrgn | praescse |mousie il to the AP310 frequency response analyzer. This enables

you to control complex analyzer functions and settings
with a single button click inside RidleyWorks®.

Power Supply Transfer Functions

When you click on the loop option of the schematic, you
will see the opening screen shown here. Click on the
AP310 analyzer picture to start controlling your
instrument. (You can also click on the AP analyzer on any
page that you see within RidleyWorks®.

AP Analyzer

w aY

H AV
mn B RidleyWorks® will connect to the AP310 Measurements
w By B page shown below.

Loop Test Setup Multiloops Control Mode Pole Zeros

Fig. 7.1: RidleyWorks Opening page with AP310 and RidleyBox® Icons
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10000000

Frequency (Hz)

1000

Fig. 7.2: AP Instruments Analyzer Interface Page

Live Data

Datasel 2

Dataset 4

Dataset 6 —— Dataset 7

—Dataset 8

OAP Instrt

B SETTING
B INDUC

LOOP GAIN

INDUCTANCE

OUTPUT
IMPEDANCE

—n 0
el

CLEAR DATASET 1 na

CLEAR ALL

Launch APfra ’

CONNECT

This page provides a powerful interface for driving
the AP300 and collecting multiple data sweeps. There
are 8 preset settings on this page for magnetics
measurements, control measurements, impedance
measurements, and PSRR measurements.

First, turn on the power switch of the AP analyzer
that you have, and click on the Connect button to
automatically launch the APfra software.
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3 Untitled - AP Instruments Frequency Response Analyzer

- o x
Dle_E& Yion (oph_Toot Lo —_ Once you see the screen to the left, Click on File>Open Setup and
> m i J.Jﬁ LAk Log uﬂ\..i Paints [100 Avg [ [20 on Off| 4| [w | Level [125mv =l [6oogB  oOfiset 000V 2| 72| |ac oc| pw [1KkHz = j i
=l 2|2 2| Q|| [EIE | akas b =] Acwe [1 =] [1E 3| o A V| Search oo ds NC select AP300Setup.nac to load new default settings. Notice that the
sweep is now logarithmic, and the stop frequency is 30 MHz with a
Mag [B/A] (dB) Phase [B-A] (deg) K p. 8 ’ P a v
drive signal of 1 V.
15.000 360.000
0.000 288.000
ljéAP}:DSemp.m-Awnmum::: F::n:::q Response Analyzer aeeann — =] X
l>i Ii I:|i|il L.flu.;i ufJud Ponts 200 A [0 [on Off| | [ws | Level 10OV +{[600ds  ofset fooov  2|72|[AC DC| Bw [30Hz -
= B2 2% a|'®| B 3| Makers 2 =] Actve 2 <] [1B 3| | | search [000dE "] N\
| AP300 Measurement
10 kHz 100 kHz 1 MHz 10 MHz
[
ata 1 M,
Ready

Fig. 7.3: APfra default opening screen and screen after loading AP300Setup file.

67|RidleyWorks® Manual



7.2 Measuring Transfer Functions

There are multiple setups for automating the settings on the AP310.
This includes measuring the power stage plant, loop gains, magnetic
impedances, PSRR and output impedance.

PLANT LOOP GAIN

MAGNETICS
IMPEDANCE

e Select Each of these setups will adjust the source, bandwidth, and frequency

range for the AP analyzer. You can still adjust these quantities
individually within the APfra software as needed.

INDUCTANCE

OUTPUT

IMPEDANCE Full details of these measurement setups are provided in the AP310

analyzer user manual.

RidleyWorks
AP300 Measurement Transformer Cerigie

10 Hz 100 Hz 1 kHz 10 kHz 100 kHz 1 MHz 10 MHz

Fig. 7.4: Magnetics impedance measurement setup and test results
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Using RidleyWorks® with the RidleyBox®

Specifications  Topology Hz LT import/Export  Summary

Power Supply Transfer Functions
Control Loop Design

[ Loop Gain with Second Filter

c: C C
Predicted | Measured LTSpice
Power Stage | Power Stage | Power Stage

Multiloops Control Mode Pole Zeros

Loop Test Setup

Fig. 8.1: RidleyWorks® Opening page with AP310 and RidleyBox® Icons

8.1 Connecting RidleyWorks® to
the RidleyBox®

RidleyWorks® has a powerful and user-friendly interface
to the RidleyBox®. This enables you to control complex
analyzer functions and settings with a single button click
inside RidleyWorks®.

When you click on the loop option of the schematic, you
will see the opening screen shown here. Click on the
RidleyBox® picture to start controlling your instrument.
(You can also click on the RidleyBox® icon on any page
within RidleyWorks® where it appears.)

RidleyWorks® will connect to the RidleyBox®
measurements page shown below.

You can also connect to the RidleyBox with the COOL-I-O

icon in the Toolbar. m

69| RidleyWorks® Manual



8.2 RidleyBox® Interface

Gain (dB)

This page provides a powerful interface
for driving the RidleyBox® and collecting
multiple data sweeps. There are 8 preset
settings on this page for magnetics
measurements, control measurements,
impedance measurements, and PSRR

MAGNETICS LEAKAGE measurements.
inpucTANCE [l INDUCTANCE

e | (e The first step is to turn on the RidleyBox®
100m 100000 1000000 20 MHZ IMPEDANCE from within the software. No physical
power button is needed. When you click
on the button, you will soon hear a
message that the connection is complete,
and the power indicator will turn green.

Dataset 4 ——Dataset 5

LOOP GAIN

You can then select the measurement that
you want to make. Parameters will be
taken from RidleyWorks® to set up each
individual measurement properly. Please
refer to the RidleyBox® manual for more
details.

100000 1000000

RidleyBox® Power

POWER

Fig. 8.2: RidleyBox® Interface Page
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Designing LLC Converters with RidleyWorks®

Half Bridge

i
| { Hard Switched
L]

' 1
Half Bridge

LLC

Figure 10.1: Comparison of Half-Bridge and LLC Circuits

9.1 Why LLC?

The half-bridge converter has always held a place in the world of practical
power conversion. Now imagine a technology that:

1) Eliminates the output inductor

2) Reduces the AC coupling cap by an order of magnitude
3) Achieves zero-voltage (lossless) switching in the primary
4) Achieves zero-current switching in the secondary

That is what the LLC (Inductor-Inductor-Capacitor) converter achieves. It has
been around for decades, but only really became widespread after regulations
mandated power factor correction at the input of the power converter.

The LLC is not a panacea for all applications. Drawbacks include:

1) Poorly understood circuit design process (solved by RidleyWorks®)
2) Higher peak and RMS currents

3) Complex and widely-varying control characteristics

4) Light-load regulation challenges

5) Complex magnetics design process

6) Unsuitable for wide input ranges
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™ N7 VAN
IXIDLEY VWWORKS™ *
N4 \/

Enter Specifications
Choose LLC Topology

]

Design Power Components

Power Component Losses

.

Design Power Transformer

4

Design Power Inductor

4

Build Hardware

UTspice’

L

Simulate Circuit Waveforms

Save .txt File

Figure 10.2: RidleyWorks® LLC Design Process Overview

9.2 RidleyWorks® LLC Design Overview

RidleyWorks® has a fully automated power stage design algorithm built into the
program. The design process is based upon the superb work of Sanjaya Maniktala,
and the follow-on work by Nicola Rosano. Their basic philosophy is that you only
need one design optimized for an LLC converter, and every other converter
specification will take this optimized design and scale it according to voltage and
current specifications. There is no need to reinvent the wheel every time you
design an LLC converter.

The overview of the design flow is shown in Figure 9.2. Once you have designed
the power components you can then run a circuit simulation in LTspice® to verify
the circuit waveforms under different operating conditions. These waveforms can
then be brought back into RidleyWorks® for more detailed component design
work.

Less experienced designers may want to let their preferred magnetics vendor
design the custom parts needed for your converter. You just need to provide the
specified component values and simulated waveforms.

Experienced designers usually like to have full control over the magnetics design
and parts specification. RidleyWorks® will help you with this process. It can work
at a basic level, or deep into issues of magnetics proximity core losses if you
prefer.
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Input and Output Specifications

VL

n

:
A

LLC Converter 120 W|

INPUT VOLTAGE RANGE

C120vac 240 VAC

Main
12
10

Gate
Drive
+
R Comp
—R —— 1 Limit

S R
J + /
Com
ack &
|

Fig. 9.3: RidleyWorks® Specification Form

Output Voltage

Output Current

=

(" 120-240 VAC

Low Line Voltage 36
Nominal Input Voltage 48
High Line Voltage 60

OUTPUT VOLTAGE AND CURRENT

Aux 1

Clear Design

® DC Input

Aux 2 Aux 3

Aux 4

\ | \

9.3 Entering Specifications

The first step of the design is to enter the input line range and the output load
specifications. A narrow range of input voltage will lead to a more optimal
design for the LLC converter. The best application of LLC is when you have a
pre-regulated rail, as would be provided by a power factor correction circuit on
the input to the converter.

When you click OK, you will see the form on the next page allowing you to
specify the switching frequency for your design.
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9.4 LLC Frequency Selection

Specifications  Topology  Hz 5 L N Click on the Hz icon to open the form to enter the desired
frequency of the converter.
P : v
P, (ot Sprafiieriem Simmen, 2 For the LLC converter, the switching frequency entered on this
—k INPUT VOLTAGE form is the target frequency for full-load, low-line operation.

natural characteristic of the LLC converter.
Minimum Voltage 36 vDC

Maximum Voltage 60 vDC At higher line input, or lighter load, the regulated frequency of
Nominal Voltsge u voc operation will be higher than this target frequency. This is a

C

POWER SUPPLY QUTPUT .
Main Output Voltage 12 v
Main Output Current 5 A
Total Output Power 60 w

SWITCHING FREQUENCY

Switching Frequency kHz 166 kHz Default
Clear Design n

Fig. 9.4: Frequency Selection for the LLC Converter

PWM
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9.5 LLC Topology Choices

—
® [4 1

HALF-BRIDGE LLC

-
O F I

HALF-BRIDGE LLC SR

o Tl ¢

HALF-BRIDGE LLC FW FULL-BRIDGE LLC FW

O—Lr ' ||GQE ¥

HALF-BRIDGE LLC FW SR FULL-BRIDGE LLC FW SR

The first step is to click on the Topology button and select either full-bridge or half-

(_,-“_;||< L bridge LLC converters. You can then select the variation that you want to use for your
. design.

Unlike other topologies, the design of the circuit elements is not automatic. The next
section explains how to proceed with the design.

)
N ﬂ

T

FULL-BRIDGE LLC

kﬁ"“-zg

FULL-BRIDGE LLC SR

]l 13

1t

P Sa—

1t ¢

()
tv

Fig. 9.5: LLC Circuit Variations Available in RidleyWorks®
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9.6 LLC Circuit Optimization

Specifications  Topology  Hz D —— Once you have selected the desired LLC topology, you will see
the appropriate schematic appear, along with the icon for
designing the LLC circuit component values. Click on this button
to pull up the LLC Power Stage Designer form.

Rosano Curve

The design process is initiated by clicking on the text
highlighted with the second arrow.

Once you do this, you will see RidleyWorks® search for the

optimum design point, changing the component values and
1000 frequencies at the same time.

DESIGN LLC

You will then see the message that the design is complete, and

simulation files with all the component values will

automatically be created, ready to run in LTspice®. A total of 5

simulation files will be created and placed in a folder called

C:\RidleyWorks\RidleyWorks LTspice.

Rosano Curve 2

ns Ratio

Advanced Settings

LLC Steady State file must be run in LTspice before proceeding
further with your design.

PWM Controller

Fig. 9.6: LLC Power Stage Design Form

76| RidleyWorks® Manual



150 kHz

RidleyWorks LTspice Schematic
LLC CONVERTER 120 W
Vin = 36.0, Yout1 = 12.0V @ 10.04, lic steady state, voltage-mode

Rxes1
w
ut
=

vin K1Lpri Lseet Lsectx 1

15m san’
R
575m

vitr
é
Ruce2
w
£ Lm o e

2

g = 5817
g8 sz (3 ]

o Rer
v A

zin i.06m

RS
10k

Fig. 9.7: LLC Power Stage Steady-State Simulation Circuit

vpz

R

e ViB)={vout

Cout_esr
100y

| cout
3004

soctx
980y

Lasctx (S
1

9.7 LLC Circuit Simulation

Before you can view waveforms and proceed further with
the design in RidleyWorks®, a simulation of the LLC
converter in steady state should be run. The file created
for this simulation is:

—l.\ 1 LLC STEADY STATE.asc

The default operating condition for the LLC design is with
the minimum input voltage and full load. At this operating
point, the converter should be close to the specified
output voltage at the desired switching frequency
selected in RidleyWorks.

If you see that the output voltage is too high, you can
increase the value of Vss. That will increase the switching
frequency and decrease the output voltage.

Conversely, If the output voltage is too low, decrease the
value of Vss to lower the switching frequency.

You can look at the waveforms inside LTspice® to verify
proper operation. Important waveforms are listed in the
.save lines of LTspice®, and these can be imported into
RidleyWorks®.
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9.8 High Line Operation

204 I(Rsec1) I(Rsec1x)

o A A A N o) / A N It. isa g(?od ide'a to run t.he s'teat.:ly—state
simulation again with high-line input to the

1684 converter. When you do this, you will see the
output voltage will be higher than the desired

14A-] value. This can be reduced by raising the

switching frequency of the converter by

N I T T I

.param Vss=0.761
.param FreqMax=243K

8A .param FregMin=73.89K

o The parameter Vss controls the switching

o / \ x \ } \ / \ } \ / \ / \ f \ frequency. A value of 5 V will set it to the

4A maximum value, and a value of 0 V will set it to
the minimum value.

2

. When the output is regulated to the desired

o value, you should see that both secondary

-2A , , , , , , currents complete a full half-cycle and zero-

3 900ms 3902ms 390dms 3 90Bms 3 908ms 3910ms 3912ms 3914dms 3 918ms 3918ms 3920ms

current switching is maintained. This indicates
proper design of the power stage components.

When you are finished verifying the
waveforms in LTspice®, you can proceed with
the component design in RidleyWorks®.

Fig. 9.8: LLC Secondary Currents at High-Line Condition. Zero -Current Switching is Maintained

78| RidleyWorks® Manual



W LTspice ¥VII - [LLC STEADY STATE.raw]

= File

I(Rsec1x)

¥ . o
Print Preview

Print Setup...

settings  Simulation Tools Window
[w ] New Schematic Ctrl+N
— @ Open... Ctrl+O
b save Plot Settings Ctrl+S
B save Plot Settings As
3 Close
Print... Ctrl+P

A

-

[¢ Print Monochrome

B Select Traces to Export

@ Export data as text File: |Cr\Users\rrid\\Desktop\Rid\eyWorks LTspicelLLC STEADY STAT‘

ET Execute .MEAS Script
Convert to Fast Access

2]
24

T T T
3.900ms 3.902ms 3.904ms 3.906ms 3.90

Select Waveforms to Export
Ctrl-Click to toggle

Browse

Fig. 9.9: Exporting Data from LTspice® Simulation

Cancel

9.9 Exporting Waveforms from LTspice®

In the waveform window of LTspice®, click on File and

Export data as text. Highlight all of the listed waveforms and click
OK to save the simulation results as a .txt file. RidleyWorks® has an
automated reader to import all of these values.

Note: this text file will be quite large due to the long simulation
time of the steady-state circuit. You can reduce the final simulation
time in the following statement if you see that steady state is
reached well before the end of the simulation.

.param sim_time=8.000m
By default, the waveform data will be stored in the file named:
1 LLC STEADY STATE.TXT

Do not change this file name as RidleyWorks® will search for this file
name when trying to import the data.
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9.10 Importing LLC Waveforms

Specifications Topology Hz LT LT Import

Summary

Q___

IMPORT Data

‘E‘-:'P‘E TRUNCATE Data

CLEAR Data

Ve Max

‘ ] Divider

x

Compensation (J

Fig. 9.10: Importing Data from LTspice® Simulation into RidleyWorks®

The waveform data that has been saved to the file
1 LLC STEADY STATE.TXT can now be imported into
RidleyWorks®.

Click on the button to import the LTspice® data. You will
then see a form with two options. The first option will
import the large data file saved by LTspice®. You can bring
in up to 1 million lines of data, but these will be truncated
to the first 500 k lines. It will typically take a minute or so
to import the large data set.

You also have the option to truncate the imported date to
just the first 50 k lines to minimize the file size of
RidleyWorks®. This step will always be automated when
you exit RidleyWorks® and select the option to save the
file.

The main purpose of importing the waveforms into
RidleyWorks® is to be able to design the components of
the power stage. In general, you will find it more useful to
work on the waveform viewing inside LTspice®.

80|RidleyWorks® Manual
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Time Base
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Vertical

Simulation S Time =

Output Ripple Frequency =

Fig. 9.11: Viewing Waveforms in RidleyWorks®

9.11 Viewing LLC Waveforms

Click on the of the green probes on the circuit
schematic to see current or voltage waveforms. You
can zoom in on the waveforms inside RidleyWorks® in
the normal way using the timebase controls on the
screen.

Once you have imported the waveforms, you can begin
the transformer design. For the experienced designer,
this process is straightforward, especially when
assisted with the magnetics design capability of
RidleyWorks®.

If you don’t have magnetics design experience, you can
learn more by coming to our workshops or you can
work with your magnetics vendor to help you. Please
note that LLC design is not familiar to many magnetics
companies, and it may be better to learn the process
yourself.
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TH——— 9.12 LLC Transformer Design

RidleyWorks® treats the LLC transformer like an inductor design
for the selection of the turns needed on the transformer core. It is
important to simulate the converter with LTspice to see the
needed energy storage in the transformer. The peak current and
the magnetizing inductance value are used to make sure that the
maximum flux level of the core is not exceeded.

Notice that there is an additional constraint on the turns count on
the primary since there cannot be less than one turn on the
secondary. The number of primary turns must be at least equal to

0.050

LLC TRANSFORMER CORE SELECTION

Transformer Parameters Approximate Core Area 0.436 sq. em the turns ratio Of the transformer'
furns Ratio | e Defad € oeneri Corel ® Use Selected Core
Primary Resistance | e sE ma befa CORE TYPE AND AREA As frequencies are raised above 150 kHz, you may find that you
secomioryessoree | ‘ e 0ss ma befout CoreType epcz7 PimaryInductance 52331 increase the minimum turns count to reduce the observed core
e | R Minimum vea T remA loss in the transformer. This is usually an interative design process
STRESS SUMMARY MAXIMUM FLUX LEVEL SETTING s et ot s to trade off core and copper losses. For example, with three turns
s s O o« R ooy mecommerutuony winere B on the primary, using a PC95 material, there are 3 W of core loss.
FLYBACK TRANSFORMER TURNS & el € New - e
Secondary RMS Current 19.955724 A Primary Tums | 3 m m C New © New
Loss with DC Resistance 0.39 w Secondary Turns | 114 LLREE TRy B T SELECTED -
With 6 turns on the primary, the losses in the core are reduced
CORE PHYSICAL DETAILS CORE GAPPING
m “ Core Volume 3.99 cu. cm 0.1 mm 4 mils.
Window Width 207 cm Note that gap length is a rough guide Core Loss 0.563 W
} r only. Manufacturing design is specified
Window Build 0.299 cm by Al, and the core Is gapped to achleve
Inner Turn Length | 4.816 cm D
Outer Turn 6.69 em Alvalue 581.45 nH/n2 ThlS |S a better deslgn ChOICe.

Fig. 9.12: LLC Transformer Parameters
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e 9,13 LLC Transformer Winding Design

PRIMARY WINDING ALLOCATION

‘Window Allocation 0.5 |_|

omber of Turns ¢ Once the turns count is established for a specific core and turns ratio, we turn our attention to the detailed
AVAILABLE WINDOW winding layout in the transformer. For this design, six turns are used on the primary of the transformer. If
M‘:'“""“:“"i’edd { Z % m'“'““ls"“ — ::‘::"'W‘""” you try to use solid wire, the proximity losses are significant due to the high ac content of the primary

Insulation Require 71 mm total . cm

transformer waveform. Switching to Litz wire reduces the losses substantially.
WINDING STRUCTURE

v |Litz Wire| ® Magnet Wire  Triple Insulated Wire € Foil

Number of Layers B M Optimize Layers Number of Parallel Wires b d

Maximum Conductor Size That Will Fit Exactly is 18 awg

Your Choice of Conductor Size 18 awg

As with standard transformers, RidleyWorks estimates the loss of the winding including proximity effects.
For experienced designers, you can go deeper and ask RidleyWorks to sweep the AC resistance versus
frequency in order to build an LTspice model. This step is extremely powerful when estimating the losses in

the transformer at different operating points.

Leakage Inductance  0.0664 uH
WINDING LOSS DETAILS You could also choose to use a foil for the primary. The disadvantage of this approach is that it will increase
RMS Current 9.285 A Winding Loss (Including Proximity) 0.73 w . . . . )
o cument . n Winding oss (without Proximity o) 058 w the capacitance of the transformer and affect the operation of the LLC converter. As with any design, it is
AC currens 8.285 A Winding rface Area 2 saem crucial to measure the actual performance on prototype hardware (and later on production hardware) to
DC Resistance 0.00673 0 ore . . .
e vomr o = ensure that the parameters of the transformer are close to the specified values. Engineers with either the

AP300 or the RidleyBox will be aware of how to easily do this.
Fig. 9.13a: LLC Transformer Primary

WINDING STRUCTURE After you have designed both the primary and secondary windings, you can use the leakage inductance

" Magnet Wire © Triple Insulated Wire ®
E -l estimation of the primary winding to begin the design of the resonant inductor of the LLC.
Maximum Conductor Size That Will Fit Exactly is 0.902 mm = 35.53 mills.
Your Choice of Conductor Size 0.2301 mm = 905 mills B (v}
[ upaere | [ wiimizeoss

WINDING LOSS DETAILS
RMS Current 13.526 A Winding Loss {Including Proximity) 0.203 w
DC Current 5.373 A Winding Loss (without Proximity Loss) 0.168 w
AC Current 12.413 A Winding Surface Area 12 sg.cm

DC Resistance 0.0004621 o

AC Resistance 0.000618 0

Fig. 9.13b: LLC Transformer Secondary
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a
]l
Inductor Design
INDUCTOR VALUES
Inductance: WH 0.5156 JH Default
Winding Resistance: | mOhm  13.5 mOhm Default
R, L
AN
[ Subtract Measured Leakage 0.0664 g

[ Inductor Design
LLC RESONANT INDUCTOR CORE SELECTION

Approximate Core Area 0.09 sq.cm

C ormrc cos Al Cores © Use seected Core

CORE TYPE AND AREA

Core Type | RM6 Inductance 05156

o [ j Peak Current 30.4444
Minimum Area | 031 sqem

MAXIMUM FLUX LEVEL SETTING

ou . o [ iz

This value will determine the number of turns needed

INDUCTOR TURNS REQUIRED

Turns I 3 2

Maximum Flux Density at Peak Current Limit: 0.1687 T
CORE PHYSICAL DETAILS CORE GAPPING
Core Volume I 1.03 cu.cm 0.67 mm  26.8
Window Width 067 em Note that gap length is a rough guide

282 an the correct value

Window Build 024 cm
Inner Turn Length

Outer Turn Length I 3.86 cm Al value 57.28

Fig. 9.14: Resonant Inductor Core Selection

mills

only. Manufacturing design is specified
by Al, and the core is gapped to achieve

9.14 LLC Inductor Core and Turns Design

The first step in designing the LLC series inductor is to determine the value of the discrete inductor to be
added. The transformer leakage inductance will provide a portion of the resonant inductor value. You can
account for this contribution by clicking on the schematic of the converter. Enter the value of the leakage
inductance (make sure you measure this with your AP300 or RidleyBox to confirm the value at the
switching frequency) on the primary side of the transformer. You will see the required amount of extra
inductance needed changing as this leakage number is changed.

Some LLC transformers are deliberately designed with very high leakage so that an additional inductance is
not needed. In our experience with industry LLC converters, the high-efficiency products add a discrete

external inductor in most cases.

As with the transformer design, you may see that the minimum number of turns suggested (2 in this case)
results in high core loss. Increasing the number of turns to 3 will produce a more optimal design.

84|RidleyWorks® Manual



Inductor Winding Design
INDUCTOR DESIGN
Inductor Value

0.5156 uH Number of Turns 3

[ AVAILABLE WINDOW

“9.15 LLC Inductor Winding Design

0.67 em  winding length

o ~| mm each end
0.24
0 +| mm total

Margin Required

build
Insulation Required em bui

WINDING STRUCTURE

' Use Magnet Wire @ € Helical Foil
Maximum Conductor Size That Will it Exactly is 078 mm = 07 mills

Your Choice of Conductor Size

0.3975 mm = 1564 mills

Update
WINDING LOSS DETAILS
RMS Current 9.285786 A Winding Loss (Including Proximity) 0.06 w
DC Current [1} A Winding Loss (without Proximity Loss) 0.045 w
AC Current 18136708 A Winding Surface Area 207

DC Resistance 5.22E-04 a

— |3
AC Resistance o]

7.05E-04

Fig. 9.15: Resonant Inductor Winding

sq.cm

For this design, we only need three turns on the inductor. The losses are minimized by using a foil
structure with a 15-mil thickness foil. Notice that it is possible to use a thicker foil, but the high AC

currents would result in higher proximity losses in the winding.

(4] v]
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RidleyWorks LTspice Schematic
LLC CONVERTER 120 W
Vin = 36.0, Vout1 = 12.0V @ 10.0A, lic curve tracer, voltage-mode

SIMULATION PARAMETERS

.param FreqMax =366K

.param FregMin=110K

.param sim_time=40m

.param t0=2.00m

.step param Rload List 0.6 1.2 2.4 4.8 9.6
_tran 0 {t0+sim_time} {t0} {10n}

%0 Rgnd Rir Lr Vixfr
10Meq o017 sozn
£ Lm %
g
a 5.23) >
g o
.

Cr Rer

32in 1.00m

Rpri
6.75m

Lpri
6917

~
K1 Lpri Lsect Lsecix 1

Fig. 9.16: Schematic for Generating LLC Gain Curves
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980y
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lie V(B)={Vout}

&

VD1

§ 100
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L Cout

[ 300p

Rioad
{Rioad)

VD2

9.16 LLC Gain Curves Schematic

RidleyWorks® generates a second LTspice simulation
file for the LLC converter named:

—& 2 LLC CURVE TRACER.asc

When you run this file in LTspice, the frequency will be
increased from the minimum value to the maximum
value over the duration of the simulation.

.param FreqMax =366K
.param FregMin=110K

The minimum and maximum values from RidleyWorks
should cover the entire range of operation of the
converter from high line down to low line.

Please note that the accuracy of the curves will be

impacted by the total simulation time. If the time is
too short, there will be portions of the curve that have

sharp changes in them. If you increase the time, and

the curves do not change, then you can be confident

the curves are accurate. In this example, the default
simulation time of about 6 ms is increased to 40 ms for
optimal results.

.param sim_time=40m
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Fig. 9.17: LLC Gain Curves for a 12-V 10-A Output with a 36-V Input
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9.17 LLC Gain Curves

The LLC gain curves show the output
voltage for your specific converter design
at different load levels. For the lowest
curve in red, the load is set at twice the
specified value. In this case, output
voltage cannot reach the specified value
of 12 V and the converter cannot
regulate.

At full load, the curve shown in blue
shows that the output voltage reaches
the desired regulation value just above
the resonant peak.

The curves generated are the actual
curves including all the losses of your
particular circuit. This is much more
useful than working with theoretical
curves created by first harmonic analysis
methods.

You can spend a lot of time working with
these curves to understand how your
converter is working. For example, you
will want to redraw them for high-line
input to determine the actual limit to the
switching frequency needed.
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Appendix RidleyWorks®
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Appendix A Error Messages

Error Message Page Number
Protection Error 717 Incorrect Passkey Entered 102
Protection Error 758 License Expired 102
Protection Error 923 102
Run-Time Error 1004 104
Data Entry Format Error — Run-Time Error 13 105
Microsoft Excel Stopped Working (EMET problem) 105
Object Doesn’t Support Property or Method 106
LTSpice Cannot Find Sub or Sym Files 106
Enabling Macros in Excel 106
Copyminder Error 1991 107
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Protection Error 717 Incorrect Passkey Entered

Error =) vou will see this message if you enter an invalid passkey for the program. Check for the proper number, and contact Ridley
Engineering if you cannot find it.

CopyMinder protection error 717

Protection Error 758 License Expired

Errar &3]  You will receive this error when your license has reached its expiration date. Contact us to verify the date or to renew your
registration.

CopyMinder protection error 758

Protection Error 923 Installation Incomplete

Error 322 [] You may receive this error if the software installation did not finish generating all of the necessary files. Please go to Section 1.4,
item number 2 of this manual to learn how to complete the installation.

| CopyMinder protection error 923

| oK |

101|RidleyWorks® Manual



102|RidleyWorks® Manual



Run-Time Error 1004

Input and Cutput Specifications |

= [

| POWER 456 Design

Clear Design

Run-time error ‘1004

Unable to set the Text property of the Characters dass

Continue | End I

— OUTPUT VOLTAGE AND CURRENT

Debug

Main Aux 1 Aux 2 Aux 3 Aux 4
Output Vaoltage I 09 I I I I
Output Current I 0,1 I I I I

— POWER SUPPLY COOLING

& High Airflow " Moderate  © Low irflow { None I 25 VI

e

This error will occur if you have an old version of Excel prior to 2013. Please upgrade to the latest version.

In some cases, the error will occur if you do not have the decimal separator character set to a period “.”
You can change the setting of the decimal separator in your Windows system as described below.

-

= = |

OU [+ ControlPanel » Al Control Panel kems »

~ [ | seorch Contral Panel

=/ In the windows search bar pull up

‘ the Control Panel, Region and

Adjust your computer's settings

Languages | Administrative |

B Region and Language
Fomats | Location |

Vo e =
¥ Action Center

W Backup and Restore Numbers | currency | Time | Date

Credential Manager Example

& Desktop Gadgets Positive:  123,456,789,00 Negative: -123,456,789,00
& Display

A Fonts

&2 Indexing Options Decimal symbol:

[£] Java 32-bit)

No. of digits after decimal
B Mail (Microsoft Outlook 2

. Digit grouping symbol:
% Network and Sharing Cenf
8 Parental Controls Digit grouping:

[ Phone and Modem Negative sign symbol:

& Reattek HD Audio Manag Negative number format: 11 v
% RemoteApp and Desktop
@ Sync Center

[ Troubleshooting

Display leading zeros:

List separaton

B Windows CardSpace

Additional seftings..

3ges and regional formats

E® Windows Mobility Center. Standard digits:

Click Reset to restore the system default settings for

numbers, currency, time, and date.

0K Cancel

Aonly

Language. Under the Format tab,
click on Additional Settings, and
you will be able to change the
character to a period as shown.

Also make sure that Excel is using the system
separators. Go to File Options Advanced in Excel and
check the box shown here:

Use system separators
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Data Entry Format Error — Run-Time Error 13

,

Run-time error ‘13"

M| Type mismatch

Continue | End I Dehug | Help

Most mistakes in data entry will be flagged by RidleyWorks® and will give you an error message. However, if you see
the message here, you may have the decimal separator set incorrectly in your system. This is changed as described
in the above section. Or, you may have used some other invalid numerical character. If you see this happen, please
try to describe the sequence of events to us or send us the file. We are always working to improve and update the

program.

Microsoft Excel Stopped Working (EMET problem)

,‘r e <o M If you get the message that Excel has stopped working while verifying the license, it may be because your IT

Microsoft Excel has stopped working

Windows s checking for a solution to the problem..

department has installed Microsoft EMET (Enhanced Mitigation Experience Toolkit). This will block access to the
required website to verify the license code.

It is necessary to disable the following EMET options for RidleyWorks® to register itself properly without

J — triggering EMET to shut down the program.

, =——
‘ li"i‘.‘.] Export Address Table Filtering

Simulate the execution flow

There is no security risk in implementing these changes.
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Object Doesn’t Support Property or Method

You may see messages such as this when you click on one of the buttons. Microsoft did some security updates recently, and it causes problems in excel. You can find it
discussed at:

https://social.technet.microsoft.com/Forums/exchange/en-US/3f29c84b-97ad-46f7-9bc0-8648d69336ce/kb2553154-breaks-our-excel-
macros?forum=officeitproprevious

fix is to simply delete the file MSForms.exd from any Temp subfolder in the user's profile. For instance:

C:\Users\[user.name]\AppData\Local\Temp\Excel8.0\MSForms.exd
C:\Users\[user.name]\AppData\Local\Temp\VBE\MSForms.exd
C:\Users\[user.name]\AppData\Local\Temp\Word8.0\MSForms.exd

You can search for any files ending in .exd and delete them while excel is closed. Then start excel again and it should work properly. Microsoft are aware of this issue
and are trying to fix it, apparently.

More information is at http://stackoverflow.com/questions/27411399/microsoft-excel-activex-controls-disabled
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LTSpice Cannot Find Sub or Sym Files

On installation, the special symbols and subcircuits used by RidleyWorks to simulate fast and efficiency are placed in the

C:\RidleyWorks\LTspice folder by default.

The folders are also placed in the directory:

C:\Users\<username>\AppDate\Local\LTspice\lib folders, consistent with the current installation of LTspice (April 2024).

Enabling Macros in Excel

In Excel’s Trust Center under File > More > Options >Trust Center
Add the C:\RIDLEYWORKS folder to allow Excel to always trust running macros when RidleyWorks is launched in Excel.

Trust Center

Trusted Publishers

Trusted Locations

Trusted Documents
Trusted Add-in Catalogs

Add-ins

? X
Trusted Locations

Warning: All these locations are treated as trusted sources for opening files. If you change or add a location, make
sure that the new location is secure.

Path Description Date Modified ~
User Locations
CARIDLEYWORKS\ T7/8/2024 2:34 PM
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Copyminder Error 1991

IT teams become more and more cautious as time goes on. The protections at your company may be stopping files from running. Copyminder in the UK has provided
this information:

This error means the 32 bit helper process for the 64 bit protection check that our code has just written out to the disk without an error being triggered could not be
started. We attempt to start it through the standard Windows kernel API and this returns a failure. The file in question is the one that ends in .cm64.exe and written
out in the same directory as the license file.

Here is the solution from a RidleyWorks user:

Just to follow up, this was being flagged by a program our company uses called SentinelOne Agent. Our IT department was able to make a change to permit this file,
and now it works fine.

Please show your IT this information and they should be able to fix the issue.
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Appendix B License Agreement

Ridley Engineering, Inc.
Software License and Limited Warranty Statement

SOFTWARE LICENSE

1. License Grant. Ridley Engineering, Inc. or Ridley Engineering Europe UK Ltd. (referred to as "Ridley") grants to the registered purchaser (referred to as "you" and
"your") a nonexclusive right to use one copy of the enclosed computer programs ("the PROGRAMS") on a single computer in accordance with the terms of this
Software License. Ridley reserves all rights not expressly granted to you in this software license. This license is effective until terminated. Ridley may terminate this
license if you fail to comply with this Software License. In the event of such termination, you agree to destroy the original and all copies of the PROGRAMS.

2. Copyright. The PROGRAMS are licensed, not sold, to you. Ownership of the PROGRAMS, and their associated proprietary rights are retained by Ridley and its
assignees. The PROGRAMS are protected by the copyright laws of the United States and other countries, and by international treaties. Therefore you must comply
with such laws and treaties in your use of the PROGRAMS and, among other things, you may not copy the PROGRAMS except that you may load them into the random
access memory of your computer, install the PROGRAMS on a hard disk or other storage device of a single computer, copy versions of the PROGRAMS as you modify
their data contents onto a single computer, and make a single copy for archival purposes. Any copies of the PROGRAMS, either in their original forms, or modified by
you, are subject to this Software License. You may not copy the written material accompanying the PROGRAMS without the prior written consent of Ridley.

3. Transfer and Use Restrictions. You may not sell, lend, or otherwise transfer or lease the PROGRAMS or this license to others without written permission from Ridley

LIMITED WARRANTY STATEMENT

90-Day Limited Warranty. Ridley warrants that the PROGRAMS will perform substantially as provided in the accompanying written materials for a period of ninety (90)
days from the date of receipt from Ridley.

This Limited Warranty gives you specific legal rights, and you may have other rights which vary from state to state and from country to country.
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Remedies. Ridley's entire liability, and your exclusive remedy for any failure of the PROGRAMS to comply with the Limited Warranty shall be, at Ridley's option: (a)
repair or replacement of the PROGRAMS, or (b) return of the price you paid for the PROGRAMS. You must return all copies of the PROGRAMS and written material to
Ridley or Ridley's dealer with a written explanation of the noncompliance and a copy of your receipt within 90 days of the date you received the PROGRAMS to receive
this remedy. Any replacement PROGRAMS will be warranted for the remainder of the original 90-day warranty period, or 30 days from the date you received the
replacements, whichever is longer.

DISCLAIMER OF WARRANTIES. Ridley does not warrant that the programs are free from all bugs, errors, and omissions. Except for the 90-Day Limited Warranty
described above, Ridley makes no other warranties, express or implied, with respect to the PROGRAMS and any accompanying material; RIDLEY DISCLAIMS ANY
IMPLIED WARRANTY OF MERCHANTABILITY, AND RIDLEY DISCLAIMS ANY IMPLIED WARRANTY OF FITNESS.

LIMITATION OF LIABILITY

DAMAGES LIMITATION. Except for the remedies set forth in the Limited Warranty statement, Ridley shall have no liability or obligation for any other damages or
remedies, including, without limitation, the cost of substitute goods and any direct, incidental, special or consequential damages, arising out of this Software License
and Limited Warranty statement or the use or inability to use the PROGRAMS. Some states do not allow the exclusion or limitation of incidental or consequential
damages, so the above limitation may not apply to you.

LIMITATION OF LIABILITY. In no event shall Ridley's liability (whether in contract, warranty, tort (including negligence), product liability or other theory) with regard to
the PROGRAMS, the accompanying written materials, or this Software License and Limited Warranty Statement exceed the compensation you paid to Ridley for the
PROGRAMS.

If you wish to contact Ridley Engineering for any reason, including warranty service, please write to: Ridley Engineering, Inc., Ridley Engineering, Inc., 601 E. Daily

Drive, Suite 112, Camarillo, CA 93010

EMail: info@ridleyengineering.com
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