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2.1

System Description

This guide presents a solution to control a Half-Bridge LLC Resonant DC/DC Converter with Synchronous
Rectification system using TMS320F2802x microcontrollers. The Piccolo TMS320F2802x series of
devices are part of the family of C2000 microcontrollers which enable cost-effective design of power
supply systems. With these devices, it is possible to control power stages in an efficient and very accurate
way. In addition to this, the speed of the C2000 microcontroller allows it to integrate many supplemental
tasks that would, in a normal system, increase chip count and complexity. These tasks could include
synchronous rectification, system management, and various communication protocols.

This guide covers how to run and get familiar with the High-Voltage Half-Bridge LLC Resonant DC/DC
Converter with Synchronous Rectification Kit's HVLLC project. For an in-depth discussion of LLC
Resonant DC/DC Converters and their design considerations, along with a design process example,
please refer to SEM1900 Topic 3, Designing an LLC Resonant Half-Bridge Power Converter by Texas
Instruments. This guide will not repeat the discussion of those details found in SEM1900 Topic 3.

Overview

Hardware Overview

The High-Voltage Half-Bridge LLC Resonant DC/DC Converter with Synchronous Rectification Kit power
board has the following electrical specifications:

* Input voltage: 375 to 405 VDC

* Rated output power: 300 W

e Output voltage : 12 VDC

« Rated output current: 25 A

» Output voltage line regulation (lo =1 A): <1%

» Output voltage load regulation (Vin = 390 V): <1%

* Output voltage peak-to-peak ripple (Vin = 390 V and lo = 25 A): £120mV
» Efficiency (Vin = 390 V and lo = 25 A): >90%

» Switching frequency (normal operation): 80 kHz to 150 kHz

» Resonant frequency: fO = ~130 kHz
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Table 1. PWM and ADC Resource Allocation

Figure 1 shows the LLC Resonant power stage of the board in a circuit diagram format and illustrates the
major connections and feedback values being mapped to the C2000 MCU. Table 1 lists these resources.
It is important to note that not all resources are available on every C2000 MCU. Please refer to the

schematics and device datasheets for more detailed information.

. PWM/ADC L
Macro Name Signal Name Channel Description
PWM-1 PWM-1A PWM-1A Half-Bridge High-Side PWM signal
PWM-2 PWM-1B PWM-1B Half-Bridge Low-Side PWM signal
PWM-3 PWM-2A PWM-2A Rectlfu_ar 1 PWM signal
(negative half-cycle)
PWM-4 PWM-3A PWM-3A Rect_lf_ler 2 PWM signal
(positive half-cycle)
Vo-fb Vo-fb ADC-A7 Output voltage sense
Rectifier 1 Vds voltage sense
LLC Resonant + SR M1] V-SR1 V-SR1 ADC-A2 (muxed with I-SR1)
Rectifier 2 Vds voltage sense
V-SR2 V-SR2 ADC-A4 (muxed with I-SR2)
) Resonant tank current sense
Ip-cs Ipri-cs ADC-B1 (rectified)
COMP1 Rectifier 1 current sense
I-SR1 I-SR1 (ADC-A2) (muxed with V-SR1)
COMP2 Rectifier 2 current sense
I-SR2 I-SR2 (ADC-A4) (muxed with V-SR1)
F28027
<@ Vo LLC Resonant Vorfhy B>—
CPU @ 1o v T v
l—@ V-SRI —
Dg: bit < ADC ldd—@ V-sr2
core
60 MHz 12bit [€§—<& TSRI
4.6 MSPS [¢—@ I-SR2
3v3 -¢— .
[ ]
l > +3a
Comme L[ i |-am 1710
L] 2 | i e
vart | ([T |- am s
L Crwactum |- am o

Figure 1. TMDSHVRESLLCKIT Circuit Diagram
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3 Software Overview
3.1 Build Options
In order for the user to slowly build up and understand the project, the project is divided into various builds
separated by #if options in the HVLLC-Main.c and HVLLC-ISR.asm files. The build used is set by the
variable INCR_BUILD in HVLLC-Settings.h. Below is a short description of the different builds available in
the HVLLC project.
Build 1 — Open-Loop operation for checking functionality of the DC/DC stage
Build 2 — Closed-Loop operation of the DC/DC stage
Build 3 — Closed-Loop operation of the DC/DC stage with Analog Comparators enabled
The major variables used in the HVLLC project used to control and monitor the Half-Bridge LLC Resonant
DC/DC Converter with Synchronous Rectification are listed below in Table 2 along with brief descriptions
of each. The primary project files are shown in Figure 2. Digital Power Library files used are shown in
Table 2.
Table 2. Major Variables
LLC_Enable Enables the Half-Bridge PWM signals
SR_Enable Enables the Synchronous Rectification PWM signals
Comp_Enable
(Build 3 only) Enables the Analog Comparators for current level based SR turn-off
Gui_Vset
(Builds 2 and 3 only) Sets the Closed-Loop output voltage target value (Q9)
Gui_Vout Monitors the Output Voltage (Q9)
Pgain . )
(Builds 2 and 3 only) Proportional gain for PID control loop
Igain .
(Builds 2 and 3 only) Integral gain for PID control loop
Dgain N .
(Builds 2 and 3 only) Derivative gain for PID control loop
Duty{X} Sets the duty cycle of the PWM signals; Nominally 50%
Period The period (1/frequency) of the PWMs. In Build 1, this is manually set by the
user. In Builds 2 and 3, this is set by the control loop.
Min_Period - I
(Builds 2 and 3 only) Software-enforced minimum PWM period limi
Max_Period . e
(Builds 2 and 3 only) Software enforced maximum PWM period limit
RED Half-Bridge PW Rising Edge Delay (high-side rising edge delay)
FED Half-Bridge PWM Falling Edge Delay (low-side rising edge delay)
REM{X} SR{X} PWM Rising Edge Margin (rising edge delay)
FEM{X} SR{X} PWM Falling Edge Margin (falling edge advance)
COMP{X} . .
(Builds 3 only) SR{X} PWM Comparator trip value (register counts)
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3.2 Primary Project Files
The key framework files used in this project are:

HVLLC-Main.c — This file is used to initialize, run, and manage the application. This is the “brains”
behind the application.

HVLLC-DevInit_F2802x.c — This file is responsible for initialization and configuration of the device (in
this case the F28027), and includes functions for setting up the clocks, PLL, GPIO, etc.

HVLLC-ISR.asm —This file contains timing critical “control type” code. This file has an initialization
section that is executed one time by the C-callable assembly subroutine _DPL_Init. The file also
contains the _DPL_ISR routine which executes at a rate determined by the PWM or timer used to
trigger it.

HVLLC-Settings.h — This file is used to set global definitions for the project (ie. build options). Note that
it is linked to both LED-ColorMix-Main.c and LED-ColorMix-ISR.asm.

HVLLC-Calculations.xls —This is a spreadsheet file that calculates the values of the various scaling
factors used in converting Q-value numbers, used by the MCU, to real world values. The variables
K_Vout and iK_Vset are examples of scaling factors.

B CjC++ Pr
EREHvLLC [Acti
<> Binaries
é Includes
(= F2a02:_FLASH
HYLLC-Settings. b
[ ADC_S0C_Crf.c
@ D5P2a02x_CodestartBranch, asm
[ DEPzE02:_GlobalvariableDefs, o
@ D5PzE02x_usDelay, asm
[€ HYLLC-DevInit_Fzg02x.c
HYLLC-DPL-ISR. asm
[£] HYLLC-Main.c
[ PWIM_Lch_Crf.c
[ P4IM_Lch_UipCkDE_Cnf.c
[ P4IM_Lch_UpCntDE_Compl_Crf.c
[ P4I_ComplPairDE_Cnf.c
@ SciCornmsGEui.C
g5 DEP2B02x_Headers_nonBIOS.crmd
& F28027_FLASH_HVLLC, CMD
@ HYLLC-Calculations. xls [Excluded from Build]
Em 10math.lib
S macras.ini

ve - F2802x_FLASH]

Figure 2. HVLLC Project Files
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3.3

3.4

Digital Power Library Files

To reduce the effort for developing code each time, an approach of using Macro Blocks is used. These
macro blocks are part of the Digital Power Library and are written in C-callable assembly and can have a
C and assembly component. Following is the list of Digital Power Library files being used in this project.

Table 3. Digital Power Library Files Used

C Configuration Function ASM Macro
ADC_SOC_Cnf.c ADCDRV_1ch.asm
None CNTL_2P2Z.asm
PWM_1ch_Cnf.c None
PWM_ComplPairDB_Cnf.c PWMDRV_LLC_ComplPairDB.asm
PWM_1ch_UpCntDB_Cnf.c PWMDRV_LLC_1ch_UpCntDB.asm
PWM_1ch_UpCntDB_Compl_Cnf.c PWMDRV_LLC_1ch_UpCntDB_Compl.asm

As the configuration of the peripherals is done in C, it can be easily modified. The ASM driver macro
provides the necessary compact code to run in real time. For full details, please refer to the Digital Power
Library documentation. The role of each file in the project is described below.

ADC_SOC_Cnf.c — Used to configure the ADC peripheral as specified

ADCDRV_1ch.asm — This macro abstracts the usage of ADC module. The driver macro copies the
result from the ADCRegisters into a NetBus array variable.

CNTL_2P2Z.asm —This macro is a 2nd order compensator realized from an IIR filter structure. The 5
coefficients needed for this function are declared in the C background loop as an array of longs.

PWM_1ch_Cnf.c —Used to configure PWM4. PWM4 is used to trigger the control loop ISR.

PWM_ComplPairDB_Cnf.c —Used to configure PWM1. PWML is used to control the Half-Bridge
MOSFETs. PWML1 is also used to trigger the PWM update ISR.

PWM_1ch_UpCntDB_Cnf.c —Used to configure PWM3. PWM3 is used to control Synchronous Rectifier
MOSFET 2.

PWM_1ch_UpCntDB_Compl_Cnf.c —Used to configure PWM2. PWM2 is used to control Synchronous
Rectifier MOSFET 1.

PWMDRV_LLC_ComplPairDB.asm —Used to update PWML1 registers during operation based on user
and/or control-loop inputs.

PWMDRV_LLC_1ch_UpCntDB.asm — Used to update PWM3 registers during operation based on user
and/or control-loop inputs.

PWMDRV_LLC 1ch _UpCntDB_Compl.asm — Used to update PWM2 registers during operation based
on user and/or control-loop inputs.

RAM and CPU Use

Table 4. RAM Memory Use of the Final Project

Build Level Program Memory Usage 2802x Data Memory Usage 2802x
Build 3 (FLASH) 220 words 499 words

@ Excluding the stack size
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Table 5. CPU Usage of the Final Project

Macro Name Number of Cycles
Control Loop ISR (100kHz) 82
Context Save, Restore, ISR Management, 27
etc.
ADCDRV_1ch 6
CNTL_2P2Z 47
PWM Update ISR (100 kHz to 130 kHz) 121
Context Save, Restore, ISR management, 27
etc.
PWMDRV_LLC_ComplPairDB 26
PWMDRV_LLC_1ch_UpCntDB 38
PWMDRV_LLC_1ch_UpCntDB_Compl 31
Total Number of Cycles 203
CPU Usage @ 60 Mhz (at 100 kHz) 33.83%

Table 6. System Features

Development and Emulation

Code Composer Studio v4.1 (or above) with Real-Time debugging

Target Controller

TMS320F2802x

PWM Frequency

PWM1, PWM2, PWMS3 — Variable 100kHz to 130 kHz. PWM4 — Fixed 100 kHz

Interrupts

Control Loop ISR — Fixed 100 kHz. Triggered by EPWM4.
PWM Update ISR — Variable 100 kHz to 130 kHz. Triggered by EPWM1.

C Environment

Assembly (fast loops)

Cotitrol

)

o Context Sava Context Save
28x Device lavel
Peripheral level LLC
St sl Fesonant D
ISE, ADC CHTLZFZZ v
- (FE ¥loop) Context Restore
Slovwr Background L | - MTE
‘ | w Dackzro cop Context Festors EXIT
[ ExIT [
| ‘Sl\:\w Background Loop |
{ , '
Timer 1 Tashs: Timer 2 Tasls: Timer } Tashs:
OO control Instrument ation Variable updates
GUI comnmmnication

Figure 3. Software Control Flow
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3.5

Hardware Setup

Figure 4 shows some of the major connectors and features of the Half-Bridge LLC Resonant DC/DC
Conversion with Synchronous Rectification board. In this guide each component is named first with their
macro number follow by the reference name. For example, [M2]-J1 would refer to the jumper J1 located in
the macro M2 and [Main]-J1 would refer to the J1 located on the board outside of the other defined macro
blocks. Refer to the Hardware Guide (literature number: TIDU256) for full details.

[Main)-J4 [Main]-J4
I3 Enable 5V Enahle
Jumper Jumper

s v M3l M3)-JP1
M4}z USE Emulation - - [Main]-J2
External JTAG & 5CIH{UART) AuebC: Albs DG 400¥-10-15V 1o Aux-
Cohnector Communication Pawer Switch Power Input DC-Prwer Jumiper

[M4]-J5
On-Board Emulation
Disable Jumnper

. [Main]-J1
= Winto 400t
18 Jumper

[h4]-14
FTDI UART
Enahble

[tain}-J3
12-18% Enable
Jumper

[MainkBS2

[Main]-J&
Primary Ground

JTAGEnable

[Main-B51
Input Yoltage

[Main}-J7
W-BR2S
I-5R2 hux

M1} GND-5
Secondary Ground

[Main)-Jg
V-3R1 S
I-SR1 Mux

juotne)

26¢310n 4BY

[Main)-H1

[tain-B54
Secondary
Ground

DiM100
controlCARD Socket

[} GHD-P
Frimary Ground

[Main)-BS3
Qutput Voltage

Figure 4. Hardware Features

Listed below are some of the major connectors and features of the Half-Bridge LLC Resonant DC/DC
Conversion with Synchronous Rectification board. In this guide each component is named first with their
macro number follow by the reference name. For example, [M2]-J1 would refer to the jumper J1 located in
the macro M2 and [Main]-J1 would refer to the J1 located on the board outside of the other defined macro
blocks. Refer to the Hardware Guide documentation (literature number: TIDU256) for full details.

1. Listed below are some of the major connectors and features of the Half-Bridge LLC Resonant DC/DC
Conversion with Synchronous Rectification board. Insert a F28027 control card into socket [Main]-H1

2. Connect your computer to the board with a USB cable. [M4]-LD1 should turn on.
3. Verify the following jumper settings:

¢ No jumpers are placed on [Main]-J1,J2.

e Jumpers are placed on [Main]-J3, J4, J5,J6.

e Jumpers are placed on pins 1-2 on [Main]-J7,J8.

e Ajumper is placed on [M4]-J4.

Connect the 12 VDC power supply to [M3]-JP1 to power the Auxiliary power rail.
Connect a 390VDC, 1A (max), power supply across [Main]-BS1, BS2.

Connect a 300W (max) load across [Main]-BS3, BS4.

Set the power switch [M3]-SW1 so that it is pointed towards the “Ext” label. [M3]-LD1 should turn on
and a green LED should turn on on the controlCARD.

N o ok

NOTE: If Code Composer Studio has never been installed, it may be necessary to install drivers to
make the board work correctly. If a popup comes up when the USB cable is connected from
the board to the computer, have the install wizard install drivers from the XDS100v1 directory
of the USB drive included with this kit.

Resonant LLC Half-Bridge DC/DC Converter Software Design Guide TIDU257-April 2014

Submit Documentation Feedback
Copyright © 2014, Texas Instruments Incorporated


http://www.ti.com
http://www.ti.com/lit/pdf/TIDU256
http://www.ti.com/lit/pdf/TIDU256
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDU257

13 TEXAS
INSTRUMENTS

www.ti.com Software Setup

4 Software Setup

4.1 Installing Code Composer and controlSUITE

If not already installed, please install Code Composer v4.x from the USB drive included in the kit. Go to
http://www.ti.com/controlsuite and run the controlSUITE installer. Select to install the “Multi-DC/DC Color
LED Kit" software and allow the installer to also download all automatically checked software.

4.2 Setup Code Composer Studio to Work with the Kit
1. Open “Code Composer Studio v4”".

2. Once Code Composer Studio opens, the workspace launcher may appear that would ask to select a
workspace location,: (please note workspace is a location on the hard drive where all the user settings
for the IDE i.e. which projects are open, what configuration is selected etc. are saved, this can be
anywhere on the disk, the location mentioned below is just for reference. Also note that if this is not
your first-time running Code Composer this dialog may not appear)

Click the “Browse...” button

Create the path below by making new folders as necessary

“C:\Documents and Settings\<username>\My Documents\CCSv4_workspaces\HVLLC"
Uncheck the box that says “Use this as the default and do not ask again”

Click “OK”

No o hMow

X

% Works pace Launcher,

Select a workspace

Code Composer Studio stores wour projects in a folder called a workspace.
Choose a warkspace folder ko use Faor this session,

Warkspace: | Ci\Docurments and Settingsta027 184 1My DocumentsiCCSwd_workspaces\HYLLC "

[ Juse this as the default and do not ask again

(0] 4 l [ Cancel

Figure 5. Workspace Launcher
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8. Next we will configure Code Composer to know which MCU it will be connecting to. Click “Target ->
New Target Configuration...”. Name the new configuration “XDS100 F28027.ccxml”. Make sure that

the “Use shared location” checkbox is checked and then click “Finish”.
5 New Target Configuration g|

Target Configuration

Create a new Target Configuration File,

File name: | *¥DS100 F28027 coxml

Use shared location

Location: | CHi\Documents and Settingslalz27 1841 userCCSTargetConfigurations

2) [ Einish l ’ Cancel

Figure 6. Creating a Target Configuration

9. This should open up a new tab as seen in Figure 7. Select and enter the options as shown:
e Connection — Texas Instruments XDS100v1 USB Emulator
« Device - TMS320F28027
e Click Save

* Close the "XDS100 F28027.ccxml” tab

General Setup

Advanced Setup
This section describes the general configuration about the target.
Conneckion |Te><as Instruments ¥D5100v1 USE Emulatar v | Target Configuration: lisks the configuration options For the target,

Deviez [ Feanzy | B

Save Configuration

[ Expetimentsr's Kit - Piccolo F28027
[ controlSTICK - Piccola F28027
TMS320F 28027

Mote: Suppart For more devices may be available from the update manager.

Basic | Advanced | Source

Figure 7. Configuring a New Target

10
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10. Assuming this is your first time using Code Composer, the “XDS100 F28027" configuration is now set
as the default target configuration for Code Composer. Please check this by going to “View -> Target
Configurations”. In the “User Defined” section, right-click on the “XDS00 F28027.ccxml” file and select
“Set as Default”. This tab also allows you to reuse existing target configurations and link them to
specific projects.

B4 Target Configurations X & Qgﬁ =]

| type filber text |

== Projects
== User Defined

iR *D5100 F28027.cchml [Default]

[#) «Ds100 F28035. coxml [ Mew Target Canfiguratian
¥ Delete
Rename
§' Refresh

fﬁ Launch Selected Configuration

Set as Default
Link File to Project 4

Properties...

Figure 8. Setting a Default Target Configuration
11. Add the project into your current workspace by clicking “Project->Import Existing CCS/CCE Eclipse
Project”

(a) Browse to the project directory within the Kit folder. The default location is:
“C:\TI\controlSUITE\development_kits\TMDSHVRESLLCKIT_v1.0\HVLLC"

(b) Click “Finish” to load the project into the workspace.

& Import CCS Eclipse Projects @

Select Existing CCS Eclipse Project —

Select a directory to search for existing CC5 Eclipse projects, ; ;
<

(%) Select search-direckary: | C: T controlSUITE  developrnent_kits\ TMDSHYRESLLCKIT w1, Qi HYLLC | | Browse. .. |

() 5elect archive File: | |

Discovered projects:

tl HYLLC (C:ATTcontrolSULTEY development _kits) TMDSHYRESLLCKIT 1, DHYLLC) Select all

Deselect Al

|:| Copy projects into workspace

@ [ Eirish ] ’ Cancel

Figure 9. Importing the Project into the Workspace

12. The HVLLC project should be set as the active project. Right-click on the project name and click “Set
as Active Project”. Expand the file structure of the project.
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4.3 Incremental System Builds

In order for the user to slowly build up and understand the project, the project is divided into various builds
separated by #if options in the HVLLC-Main.c and HVLLC-ISR.asm files. The build used is set by the
variable INCR_BUILD in HVLLC-Settings.h. Below is a short description of the different builds available in
the HVLLC project.

Build 1 — Open-loop operation for checking functionality of the DC/DC stage.
Build 2 — Closed-loop operation of the DC/DC stage.

Build 3 — Closed-loop operation of the DC/DC stage with analog comparators enabled.

4.4 Build 1: Open-Loop Operation for Checking Functionality

NOTE: Before beginning this section, ensure proper setup of the hardware and software
components as described in Section 3.5 and Section 4, respectively.

The objective of this build is as follows:

« Verify that the PWM and ADC signals are working properly

» Verify that the power stage on the board is working correctly

» Manually control the period (1/frequency) of the power stage on the board and evaluate its output

The components of the system as used in the software are described in the diagram below:

A
Vout ggs D
<«—— AdcNetBus[1] o O
(o]
- H
w VouIt-fb
Resonant LLC
beriod Dutyll puty E | PwmA
erio
» Period ‘I:nv PWM-1B A A
PWMDRV_LLC [
_ComplPairDB w
D—>uty2 Duty E ]
»| Period ‘,’“" PWM-2A
PWMDRV_LLC | PWM-3A
_1ch_UpCntDB w
| I

Figure 10. Build Level 1 Block Diagram

4.5 Inspect the Project

1. After initial boot processes are complete the software will begin from the main function. Open up
HVLLC-Main.c and find the main() function (line 241).

2. The first thing that the software does in the main() function is call a function called Devicelnit() found in
HVLLC-Devlinit_F2802x.c. Open and inspect HVLLC-DevInit_F2802x.c by double clicking on the
filename in the project window. In this file, the various peripheral clocks are enabled/disabled and the
functional pinout, which configures which peripherals come out of which pins, is defined.
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4.6

4.7

3.

e Confirm that the ADC and PWM1-4 peripheral clocks are enabled (lines 99-117). Also confirm that
GPIO00-GPIOO07 are configured to be PWM outputs (lines 136-182).

The project is provided with incremental builds where different components / macro blocks of the
system are pieced together one by one to form the entire system. This helps in step by step debug and
understanding of the system.

« From the C/C++ Project tab open the file HVLLC-Settings.h and make sure that INCR_BUILD is
set to 1 and save this file. After we test build 1, this variable will need to be redefined to move on
to build 2, and so on until all builds are complete.

Go back to the HVLLC-Main.c file and notice the various incremental build configuration code. The
Build LEVEL1 configuration code is found on lines 478-493. In it, the ADC, PWM, and macro block
connections are configured. Note that if INCR_BUILD is set to 1, lines 496-539 will be ignored by the
compiler because they do not belong in the current build. A similar method of enabling or disabling
code based on the value of INCR_BUILD is done in HVLLC-ISR.asm as well.

Build and Load the Project

1.

4.

Right Click on the Project Name and click on “Rebuild Project” and watch the Console window. Any
errors in the project will be displayed in the Console window.

On successful completion of the build click the ﬁ “Debug” button, located in the top-left side of the
screen. The IDE will now automatically connect to the target, load the output file into the device and
change to the Debug perspective.

Now click the real-time mode 19 button that says “Enable silicon real-time mode”. This will allow the
user to edit and view variables in real-time without halting the program.

A message box may appear. If so, select YES to enable debug events. This will set bit 1 (DGBM bit) of
status register 1 (ST1) to a “0”. The DGBM is the debug enable mask bit. When the DGBM bit is set to
“0”, memory and register values can be passed to the host processor for updating the debugger
windows.

Setup Watch Window & Graphs

Click: View -> Watch on the menu bar to open a watch window to view the variables being used in the
project. Add the variables found in Figure 11 to the watch window. The format of a variable can be
changed by right-clicking on a particular variable then selecting a Q-Value. Change the format of each
variable to match Figure 11. The variables in this watch window are used to control and monitor the status
of the board while in Build 1.

Hint: Shift-Click can be used select multiple variables or elements and then right-clicking and changing
the format will affect all variables selected.
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& wyatch (1) 52 | Watch (2) = 3 o & 9~ ~—0
Marme Walue address Type Formak
Eﬂ Period Q-Yalue(14)
E?F LLC_Enable Makural
Y Gui_vout Q-Yalue(3)
Y Min_Period Q-Value(14)
5{%’? Max_Period Q-Value(14)
Y nep Naktural
=¥ rep Nakural
Y nEmi Nakural
Y remt Matural
Y neme Makural
Y ez Makural
5{%’? SR_Enable Makural
Y qui1 sr1 Q-value(s)
Y qui 1 ske Q-value(s)
ZNew =

Figure 11. Configuring the Watch Window for Build 1

[
Click on the Continuous Refresh button =~ in the watch window. This enables the window to run with
real-time mode.

4.8 Run the Code
1. Run the code by pressing Run Button O in the Debug Tab. The project should now run, and the
values in the watch window should keep on updating.
2. With the primary power supply set to OV or turned off, verify the PWM and ADC circuitry:

< Verify that all Voltage and Current feedback variables are close to 0. They may not be exactly 0.0
as it is normal for some low level noise to be present on the ADCs.

* Enable the PWMs by setting “LLC_Enable” and “SR_Enable” to 1. Use an oscilloscope to verify
the PWM waveforms. Adjust the “Period” value and verify that the frequency of the PWM
waveforms change.

3. Set the load to a minimum of 1 A.

4. Ramp the primary power supply up to 390 VDC and verify that voltage is present on the output.

5. Carefully adjust “Period” and verify that “Gui_Vout” increases when you decrease “Period” and that it
decreases when you increase “Period”.

6. Carefully adjust “RED” and “FED” to see how they affect the Half-Bridge PWM signals.

7. Carefully adjust “REM{X}" and “FEM{X}" to see how they affect the Rectifier PWM signals.

8. Once complete, turn off or set the primary power supply to 0 VDC.

b

9. Disable real-time mode 9 and Reset the processor ‘a‘(Target—>Reset—>Reset CPU) and then
terminate the debug session by clicking [ (Target->Terminate All). This will disconnect Code

Composer from the MCU.
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5 Build 2: Closed-Loop Operation

The objective of this build is as follows:
* Regulate the output voltage with closed-loop feedback using PID control.

The components of the system as used in the software are described in the diagram below:

A
ADC | D
Vout
< AdcNetBus[1] DRV |'C |
_1ch
H
w Votit-fb
Resonant LLC
Ve CNTL 2P2Z puty1 Duty ,E PWM-1A
sel 1
Ref  Outl—-2m9 4l period i PWM-18 A A
Vout
» Fdbk PWMDRV_LLC |
_ComplPairDB w
.D+2’uty Duty E ]
Period SIS :ﬁv PVWM-2A
PWMDRV LLC
[ I

Figure 12. Build Level 2 Block Diagram

The instructions for this build will be more succinct than in the first build. Please refer to the instructions in
Build 1 for further guidance. Please run build 1 prior to running build level 2.

5.1 Build and Load the Project

1. Open HVLLC-Settings.h and change the incremental build level to 2 (#define INCR_BUILD 2). Save
the file.

2. Right-click on the project name and select “Rebuild Project”.

3. On successful completion of the build click the ﬁ:“Debug“ button, located in the top-left side of the
screen. The IDE will now automatically connect to the target, load the output file into the device and
change to the Debug perspective.

-
4. Now click the real-time mode 19 button that says “Enable silicon real-time mode”. This will allow the
user to edit and view variables in real-time without halting the program.
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5.2 Setup Watch Window and Graphs
1. Add a new watch window to the workspace and add the variables and set it to use the correct format
as shown in Figure 13. The variables in this watch window are used to control and monitor the status
of the board while in Build 2.
6" wakch (1) 52 = e W @ gy~ =g
Marne Yalue Address Type Forrak
E?F Period Q-Value(14)
Y Gui_vset Q-value(3)
z:ﬂ LLC_Enable Makural
Y Gui_vout Q-Value(a)
Y Min_period Q-value(14)
E?F Max_Period Q-Yalue(14)
Y rep Makural
%Y rep Makural
%Y nEmi MNakural
Y ey Naktural
Y REmz Nakural
Y FEmz Nakural
E?F Pgain Makural
E?F Igain Matural
E?F Crgain Matural
5{%’? SR_Enable Makural
Y qui1 sr1 Q-value(s)
Y qui 1 ske Q-value(s)
e =
Figure 13. Configuring the Watch Window for Build 2
2. Click on the Continuous Refresh g button in the watch window.
5.3 Run the Code
1. Run the code by pressing Run Button Ob» in the Debug Tab.
2. Enable the PWMs by setting “LLC_Enable” and “SR_Enable” to 1.
3. Set the load to a minimum of 1 A.
4. Ramp the primary power supply up to 390 VDC
5. Set “Gui_Vset” to 12 VDC. “Period” should change automatically and “Gui_Vout” should change to 12
VDC to match “Gui_Vset".
6. Now experiment with changing the load. Notice that “Period” (1/frequency) increases with increasing
load and decreases with decreasing load.
7. Once complete, turn off or set the primary power supply to 0 VDC.
8. Disable real-time mode ¥ and Reset the processor ‘a‘(Target->Reset->Reset CPU) and then
terminate the debug session by clicking [ (Target->Terminate All).
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6 Build 3: Closed-Loop Operation with Analog Comparators Enabled
The objective of this build is as follows:

» Use the analog comparators to dynamically adjust the SR PWM turn-off timing based on SR current
levels.

The components of the system as used in the software are described in the diagram below:

A
ADC | D
Vout
< AdcNetBus[1] DRV [ C |
_1ch
H
w Vout-fb
Resonant LLC
- CNTL 2P2Z M Duty E PWM-A
sel 1
Ref  Out—21% ) period @ PWM-18 A A
Vout Fdbk PWMDRV_LLC |
_ComplPairDB w
24Y5) puty E
Period »| Period :ﬁv PVWM.2A
PWMDRV_LLC | PWM-3A
_1ch_UpCntDB w
[ I

Figure 14. Build Level 3 Block Diagram

The instructions for this build will be more succinct than in the first build. Please refer to the instructions in
Build 2 for further guidance. Please run build 2 prior to running build level 3.

6.1 Build and Load the Project

1. Open HVLLC-Settings.h and change the incremental build level to 3 (#define INCR_BUILD 3). Save
the file.

2. Right-click on the project name and select “Rebuild Project”.

3. On successful completion of the build click the ﬁ:“Debug“ button, located in the top-left side of the
screen. The IDE will now automatically connect to the target, load the output file into the device and
change to the Debug perspective.

-
4. Now click the real-time mode 19 button that says “Enable silicon real-time mode”. This will allow the
user to edit and view variables in real-time without halting the program.

6.2 Setup Watch Window and Graphs

Add a new watch window to the workspace and add the variables and set it to use the correct format as
shown in Figure 15. The variables in this watch window are used to control and monitor the status of the
board while in Build 3.
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6.3

& Wakch (1) 52 =

Mame Yalue Address

zc%-\r Period
Y Gui_vset
Y |LC_Enable

Y Gui_vout

zc%-\r Iin_Period

3(?' fax_Period

¥ reD

Y rep

Y rEm1

Y rep

Y pEmz

Y remz

X;Jr Pain

3‘3"" Igain

3‘3"" Dgain

3‘3"" SR_Enable
Y Gui 1 sm1
BY Gui 1 see
BY compy

B compz

53"" Carmp_Enable

<MW=

Farmat
Q-Walue(14)
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Q-Yaluel14)
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Makural
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Matural

Figure 15. Configuring the Watch Window for Build 3

1. Click on the Continuous Refresh button in the watch window.

Run the Code

Set the load to a minimum of 1 A.

Ramp the primary power supply up to 390 VDC
Set “Gui_Vset” to 12 VDC.

Set the load to 10 A.

© N A~ DNRE

SR Current drops back to 0.

Run the code by pressing Run Button Ob» in the Debug Tab.
Enable the PWMs by setting “LLC_Enable” and “SR_Enable” to 1.
Use an oscilloscope to probe the SR PWM and SR Current signals.

On the oscilloscope, make a note of where the SR PWM signal’s falling edge is relative to where the

9. Set “Comp_Enable” to 1. Observe how the SR PWM signal’s falling edge has shifted. The SR PWM
signal’s falling edge should now be closer to where the SR Current drops back to 0.

10. Now experiment with changing the load. Notice that the SR PWM signal’s falling edge tracks where

the SR Current drops back to 0.

11. Now experiment with changing the “COMP{X}" value. This affects the current level at which the analog

comparator will allow the SR PWM to turn-off.

12. Once complete, turn off or set the primary power supply to 0 VDC.

o~
13. Disable real-time mode 19 and Reset the processor ‘a‘(Target—>Reset->Reset CPU) and then

terminate the debug session by clicking [ (Target->Terminate All).

NOTE: The analog comparators is used to delay the SR PWM's falling edge and will not advance

the falling edge beyond that specified by “FEM{X}".
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Test Results

7 Test Results

This section contains various experimental results for use as references while experimenting with the

High-Voltage Half-Bridge LLC Resonant DC/DC Converter Kit.

12.06

12.04

12.02

12

Vout (V)

11.98

11.96

11.94

11.92

Load (A)

(1) Vin =390 VDC
Figure 16. Output Voltage: Load Regulation

121

12.08

12.06

12.04

12.02

Vout (V)
S

11.98

11.96

11.94

11.92

11.9
Vin (V)
(1) lo=1A
Figure 17. Output Voltage: Line Regulation
TIDU257—April 2014 Resonant LLC Half-Bridge DC/DC Converter Software Desigh Guide 19

Submit Documentation Feedback
Copyright © 2014, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDU257

Test Results

13 TEXAS
INSTRUMENTS

www.ti.com

135

130

Frequency (kHz)
2 & B B

—
o
(3]

100
1 2.5 5 75 10 125 15 175 20

Load (A)

25 215
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Figure 18. Switching Frequency vs Load
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Figure 19. Efficiency vs Load

—e— with Shunt
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By 2.00V B "'||'2.00ps 2.50G5/s 1 H'nr\ v 2011
J+>173.200ns 100Kk points 1.60V )| 14:55:42

(1) Yellow — HB HS
(2) Blue—HBLS
(3) Purple — SR2
(4) Green-SR1

Figure 20. PWM Timings Example

6 May 2011]

(@D 2.00V & ” 2.50G5/5 o - H
JW+v4.14480us  SM points  1.48V J|13:20:03 |

(1) Yellow — HB HS PWM
(2) Blue—-HBLS PWM
(3) Purple — MP Voltage

Figure 21. Half-Bridge Zero Voltage Switching
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Q "”'smms 1.25GS/8 i H'ls Mar 2011
J+~1.57360ps 10Kk points 6.40 V | 22:00:47 )

(1) Yellow — SR Current
(2) Blue — SR Mosfet Vds
(3) Green - SR PWM

Figure 22. Rectifier Zero Current Switching

1 May 2011

H 2.50G5/s & - H
N> 0.000005 100K points 2.64 V |18:58:41

(1) Yellow — HB HS PWM
(2) Green — Tank Current
(3) Blue — Capacitor Voltage

Figure 23. Resonant Tank Operational Waveforms
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50 < 2 00us 2.500G5/8 H "9 Feb 2011]
v—11.4364us 100k points 1 64V J10:37:14

(1) Yellow — HB HS PWM

(2) Purple - HB LS PWM

(3) Green — Combined SR Currents
(4) Blue — Tank Current

Figure 24. Operational Current Waveforms

Oy ”1 00ms 10.0M5/s 5 11 May 2011]

+v0.09930ms 100k points 7.80 A__J,__IT:SQ:SI

(1) Blue — Output Voltage
(2) Green — Load Current
A Transient results taken using 2P2Z coefficients and 2790 uF output capacitance

Figure 25. Transient Response: 10% « 60% load steps
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10.0ms 11.5V
10.2ms 11.8V
AZ208US A290mv

S00mV by "||"'400ps 25.0MS/s i Hn May 2011
J+~11.6061ms 100k points 7.80 A |18:00:16 )

(1) Blue — Output Voltage
(2) Green - Load Current
A Transient results taken using 2P2Z coefficients and 2790 uF output capacitance

Figure 26. Transient Response: 10% — 60% load step

7.49ms 121V
7.70ms 11.8V
A208us A280mvV

(11 May 2011]

500mV QO "H'"swnps 25.0MS/s x ‘
J++9.09932ms 100k points 7.80 A |18:00:01

(1) Blue — Output Voltage
(2) Green — Load Current
A Transient results taken using 2P2Z coefficients and 2790 uF output capacitance

Figure 27. Transient Response: 60% — 10% load step
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S00mV by "'”'l.nnms 10.0MS/S i Hn May 2011
J+>6.60300ms 100k points 17.4 A J|17:58:37 )

(1) Blue — Output Voltage
(2) Green - Load Current
A Transient results taken using 2P2Z coefficients and 2790 uF output capacitance

Figure 28. Transient Response: 50% « 100% load steps

5.00ms 11.6 ¥V
5.21ms 11.8V
A208us A240mv

(11 May 2011]

500mV QO "H'"swnps 25.0MS/s x ‘
J+*6.60300ms 100k points 17.4 A J|17:58:46

(1) Blue — Output Voltage
(2) Green — Load Current
A Transient results taken using 2P2Z coefficients and 2790 uF output capacitance

Figure 29. Transient Response: 50% — 100% load step
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7.50ms 121V
7.71ms 11.8V
AZ208US A2Z50mv

S00mV by "||"'400ps 25.0MS/s i Hn May 2011
J+>9.10432ms 100k points 17.4 A J|17:59:04 )

(1) Blue — Output Voltage
(2) Green - Load Current
A Transient results taken using 2P2Z coefficients and 2790 uF output capacitance

Figure 30. Transient Response: 100% — 50% load step

6 May 2011]

2.50G5/s & H
ll+¥0.00000s 5M points 760mY |12:20:01

(1) Blue — Output Voltage
Figure 31. High Frequency Voltage Ripple
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8 References
For additional information, please refer to the following:
HVLLC-SWGuide — Provides detailed information on the CCS4 project.
\TMDSHVRESLLCKIT_v1.0\~Docs\ HVLLC-SWGuide[R3].pdf

HVLLC-HWGuide — Provides detailed information on the hardware on the board.
\TMDSHVRESLLCKIT v1.0\~Docs\ HVLLC-HWGuide[R3].pdF

HVLLC-HWdevPkg — A folder containing files related to the hardware on the board (schematics, bill of
materials, Gerber files, PCB layout, etc).

\TMDSHVRESLLCKIT_v1.0\~HVLLC-HWdevPkg[R3]\
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help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No Tl components are authorized for use in FDA Class Il (or similar life-critical medical equipment) unless authorized officers of the parties
have executed an agreement specifically governing such use.

Only those Tl components that Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components that
have not been so designated is solely at Buyer's risk, and Buyer is solely responsible for compliance with all legal and regulatory
requirements in connection with such use.

Tl has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
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