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Introduction

The vehicles nowadays are trying to adopt a 48 -12 volt system to increase their vehicle efficiency.
The 48 volt system provides support for the chassis and regenerative braking. The 12 volt system
provides support for the ignition, lighting, and entertainment. To make best use of the energy
available , a converter that can transfer energy in both dirctions i.e charge the 12 V batter using the
48 V and vice versa has to be employed.
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Figure 1

The above figure shows where the converter would fit in. It is expected to deliver large amount
of power in a short amount of time. Due to limited space available, the converter has to be as

small as possible requiring no extra cooling parts like a fan. The converter can be designed by
stacking multiple converters for a higher power output.

This document discusses one such converter that uses a TI's high performace power controller.

Input : 44V~b2V
Quftput : 11~13V
Max Power : 1.6kW

Figure 2
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The converter shown above is a 4 phase Buck-Boost converter capable of handling up to 1.6
kKW. It is placed above a heat sink to absorb the heat from the mosfets and inductors. It has
protective fuses to prevent any short ciruit form happening.

Some of the features of the converter are mentioned below:

1)
2)
3)
4)
5)
6)

Buck-Boost operation in each phase for up to 400 Watts.
Ideal diode emulation.

Current balancing.

Phase shedding.

High efficiency ( ~ 96 %).

PMBus communication.

Bidirection DCDC Converter User Guide
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1 The Bidirection DCDC converter
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Figure 3

The bidirection DCDC converter uses a UCD3138128 digtal power controller. It can control 4
phases using a single current loop. The current that is sensed is an average of all the 4 phases.
The board allows current to be sensed from individual phases for current monitoring. It has an
bias supply to power up the UCD device and otherIC’s. The bias works only when the 48 V
battery is connected. Communication to the board is performed using PMBus. The board also
uses other Tl parts like the LM34927,TLV1117,0PA211 and UCC27201. The below image
shows the power state of the converter:

4 Bidirection DCDC Converter User Guide
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Figure 5 above shows the schematic for the power stage for a single phase. It uses four mosfets for
the switching node. The active fets for BUCK mode are Q6 and Q7. The fets Q10 and Q13 are used
as sync fets. During boost mode, the active fets are Q10 and Q13. The Fets Q6 and Q7 are used as
sync fets. Following the switching node (TP 4) are the inductor and the oring fets. The oring fets are
used to block any damaged phase and also to protect the controller in case the 12V battery was
installed reversely. The fuses XF1 and XF2 provide safety especially when using the board with
actual batteries.

| |
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|
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Current Feedback g e - ————— Current command — — — — — — — Main loop 100 uS Interrupt
Front End 0 Peripheral Buck
Initializations Error Value Initializations Initializations
________ N
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Figure 6
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The block diagram above shows the working of the UCD3138128 device on the Bidirection board. It
uses a single front end for the current loop control. The DPWM'’s provide the appropriate PWM
signals to the phases. The PWM signals from the DPWM's are phase shifted by 90 each to provide
interleaving. A single filter (filter 0 ) provides the filter duty value for all the DPWM'’s. The DPWM'’s
are configured in such a way that the a DPWM provides phase trigger to the other DPWM. For
example DPWM 0 provides phase trigger to DPWM 1 and then DPWMZ1 provides the phase trigger
to DPWM2. The phase trigger makes the DPWM module to restart its counter there by maintaining a
phase difference between itself and the module that is sending the phase trigger.

The ADC of the device senses the 48 V,12 V and individual phase currents. The firmware then
collects the ADC readings and calculates the average value. There are some protections being
placed by the device using firmware based on the reading from the ADC.They are over voltage and
under voltage protection, both for the 12 V and the 48 V battery.

The usual values are shown below in the the table:

Protection limit 48 V Battery 12V Battery
Over voltage 56 V 14V
Under voltage 36V 9V

Table 1. ADC based protection limits

Other protections are available in the device based on the cycle by cycle value of the current. These
are implemented by the hardware and uses the fault mux and the DPWM module to make
appropriate adjustment to the output waveform.

The IDE_KD hardware in the fault mux provide the DPWM modules with the ratio of the turn on and
turn off times. The DPWM B is now a ratio of the size of DPWM A pulse .We can say that :

DPWM B pulse = IDE_KD * DPWM A pulse.

The IDE_KD value is calculated in firmware using the ADC reading of the 48 V and the 12 V battery.

Bidirection DCDC Converter User Guide 7
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2 BidirectionDCDC firmware

The code for the Bidirection DCDC converter is designed in such a way that it initializes power
peripherals in the beginning for a specific topology and then lets the hardware take care of most
of the control and PWM generation.

The firmware along with the hardware provides the following power supply features:

1)
2)
3)
4)

Buck operation.
Boost operation.
Ideal diode emulation.

Current ramp up/ramp down.

The following features are available for communications and firmware update :

1)
2)
3)
4)

PMBus communication.
UART communication.
SPI communication.

DFlash update.

The general flow of the program for the Bidirection DCDC converter is as shown below

8 Bidirection DCDC Converter User Guide
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Initial device setups
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|
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Figure 7 General code flow for Bidirection DCDC converter.

2.1 Initial device setups and calibration

When the converter is powered up, the device initially makes some sanity checks to see if the
the converter is connected properly and has the components ready to do the power conversion. The
following are checked in sequence :

1) 48V battery check.
2) 12V battery check.
3) Current feedback circuit check and calibration.

4) Peripheral initializations.

Bidirection DCDC Converter User Guide 9
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2.1.1 48V battery check

The bias of the converter starts working as soon as a voltage of 24 and up is supplied. It is
necessary that the 48 v source is checked for stability before starting any power supply
converson operation. There is a minimum value required to accept the 48 V source as an input.

I Is the voltage

No sufficient ?

Is the voltage stable

Figure 8 48 V battery check

2.1.2 12V battery check

The 12 V battery or source has to be checked if it is present and stable. There is a minimum
value required to be considered as an input. Once detected, the device waits till the 12 V source
is stable.

Bidirection DCDC Converter User Guide
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Is the voltage
sufficient ?

Is the voltage stable

Figure 9 12 V battery check

2.1.3Current feedback circuit check and calibration.

The current feedback circuit of the Bidirection convertor is very critical for proper operation of the
converter. A faulty circuit can lead to damage of the battery or switching components. Hence this
circuit has to be tested for functionality and accuracy.

The current feedback circuit uses a shunt resistor and an amplifier to represent the current flowing
through a phase. The output of the amplifier is setup in such a way that it can represent positive and
negative currents flowing through the resistor. When no current flows through the resistor, a value of
1.25 V is expected from the amplifier output. This output is then scaled down to a value that can be
taken as a current feed back and sent to EADC 0. This value can be read from the EADC as an error
value to determine the actual input. But the EADC works with a reference value, hence an
approximate value is needed to be fed to get the error. The approximate value can be calculated
using the value read from the ADC.

Once the calculated reference value is available, it is placed in the EADC to get the error value .This
error value represents the difference between the calculated value and the actual reference value
needed to produce a zero error. This difference can then be added to the calculated value to
represent the true reference value for zero current reading.

Bidirection DCDC Converter User Guide 11
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l

Set up DPWM,EADC and ADC 12.
Make sure no current is flowing
through the resistor.

v

Read ADC value for current feedback
and generate calculated EADC
reference value.

v

Place calculated reference value in
the EADC 0 module. Then provide
delay.

v

Read the error value from the EADC
module.

\ 4

Adjust the calculated with error
value to represent true zero current
reference value. Call it

«I_OUT_ZERO”

Report error in the
detection circuit and stay
here.

Does I_OUT_ZERO have
a valid value ?

Continue with other peripheral initialization .

Figure 10 Current feedback circuit check and calibration
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2.2 Current handler

The current handler function decides wheather the converter should operate in buck or boost mode.
The current command is communicated through the PMBus and available in the background loop.
The current handler looks at the polarity of current command value and makes the decision.

If the current command is positive then it puts the converter in buck mode. If it is negative, it puts the
converter in boost mode. When zero, it puts the converter in standby mode.

2.3 Buck operation

The board is configured in buck mode when the received current command is positive. The firmware
first initializes the peripherals to support buck operation. The code for implementing the buck mode is
designed as a state machine which executes its state every 100usS.

The buck mode has 4 states:

1) Entry state : In this state the power peripherals are initialized uniquely to work with the
buck mode. Peripherals affected are DPWM’s,EADC 0, Filter 0 and IDE .
2) Prebias state : In this state the device senses the input and out voltage to decide on the

starting duty cycle value.

3) Rampup state: In this state the device waits till the hardware ramp is complete.

4) Steady state : This is the state the device stays once all the setup and conditions have
been meet. It allows the output current to be changed by doing a
firmware ramp up/dowm depending on the current command. It also

allows the dead time to be updated for a specific current command.

Bidirection DCDC Converter User Guide 13
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Figure 11 Buck operation state machine

2.4 Boost opertation

The boost operation is very similar to buck operation. The ony difference is is the initialization
and the current ramp down implementations.

The boost mode has 4 states:

1) Entry state : In this state the power peripherals are initialized uniquely to work with the
buck mode. Peripherals affected are DPWM’s,EADC 0, Filter 0 and IDE .
2) Prebias state : In this state the device senses the input and output voltage to decide on

14 Bidirection DCDC Converter User Guide
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the starting duty cycle value.

3) Rampup state: In this state the device waits till the hardware ramp is complete.

4) Steady state

\ 4

/ et
| Prebias |

: This is the state the device stays once all the setup and conditions have

been meet. It allows the output current to be changed by doing a
firmware ramp up/dowm depending on the current command. It also
allows the dead time to be updated for a specific current command.

~

—— Initialize

Initialization
complete

Ramp Not complete

| state | Prebias \ state
U complete

Ramp
complete

Steady Any error | Standby

&E

No errors
Figure 12 Boost operation state machine
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2.5

2.6

2.7
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ADC readings and current reading calibrations

The ADC readings form the device happens every 100 uS. The available readings are 48 V ,12
V and the phase currents. These values are averaged to 128 values.

The current detection circuits may have slightly different gains from each other and hence the
ADC reading from a detection circuit of a particular phase may be different from others even
though same currents are flowing through them. To compensate for this difference, the zero
current reading of the detection circuit are used as the base for calculating the exact ADC
reading.

Checking limits
To protect the board against any damage, limits are placed for the voltages and currents.

The protection limits are :

1) Over input voltage ( The 48 V source)
2) Under input voltage .

3) Over output voltage ( The 12 V source).
4) Under output voltage.

5) Cycle by cycle current limit.

The voltage limits are detected and protected by ADC 12 readings. Where as the Cycle by cycle
current limit is protected using a hardware mechanism.This mechanism limits the peak current
that can flow through the shunt resistor. If the current exceeds the specified limit , the hardware
turns off the active switch.

Open loop operation

The firmware has a special mode called as the open loop mode where the converter acts as a
simple switching device. This mode is especially useful for checking the hardware for proper
connections and their working conditions after a new FET(s) has been placed. This mode
provides test cases to test individual phases and also multi phase operation. To make this mode
available, the firmware has to be compiled with build configuration set as “Debug_Open_loop” .

Bidirection DCDC Converter User Guide



I3 TEXAS
INSTRUMENTS

SLUAT765A

2.8 Data flash operations

The firmware allows to change some power supply related parameters like the deadtime and the
protection limits. These value can be tweaked in the RAM and then placed in the DFlash for later
use. The DFlash write operation can be initiated using the memory debugger GUI by writing a value
“3” to the RAM variable “store”. This operation will happen in the background while the power supply

is running.

During a fresh download of the firmware, default values are set to these parameters. Then after
tweaking these parameters, they can be written to the DFlash.

Note : Please perform firmware updates without effecting the DFlash.

2.9 Compiling code in Code Composer Studio

To compile the given code , TI's Code Composer Studio has to be used. The latest version of
Code composer Studio can be downloaded here :

http://www.ti.com/tool/CCSTUDIO

The steps below show how to compile the BidirectionDCDC code.

1) Identify the location of the project folder. These are the folders named
“BiDirectionDCDC”. They can be found under the device named folder like “UCD3138128".

2) Add the project to Code Composer Studio:

Go to the project menu in Code Composer studio as shown in the figure and click

“Import CCS Project...”

v« CCS Edit - BiDirection_DC-DC_UCD3138128/variables.h - Code Composer Studit

File Edit View MNavigate |Project| Scripts Run Window Help

P8 R vigs i E
¢

MNew CCS Project...
New Energia Sketch...

Ia Project Explorer &2 Examples
o w Build Al Ctrl+B
= B!DHFECT!O”-DC'DC-UC Build Configurations 4
" Build Working Set 8
l Clean...

o BlDlrectlon,DC—DC,UC.

Build Automatically
Show Build Settings...

Add Files...

Import CCS Projects... |

Import Legacy CCSv3.3 Projects...
Import Energia Sketch...
Import Energia Libraries...

C/C++ Index L4

Properties

Figure 13 Project import for CCS

Bidirection DCDC Converter User Guide
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Select the folder and click on “OK”,

'+ Import CCS Eclipse Projects — == Browse For Folder @
Select CCS Projects to Import &7\:‘; Select root directory of the projects to import
Select a directory to search for existing CCS Eclipse projects. -
4 | BidirectionDCDCFirmware-1.0 =
@) Select search-directory: 4 | BidirectionDCDC
= I = > b UCD3138
_) Select archive file: Browse..
d UCD3138A64
Discovered projects: | UCD3138064
[ selectal | 4] UCD3138128
Deselect All 4|}, BiDirectionDCDC
| settings

J Date created: 4/16/2015 1
| Debug_Hardswitcrmmg

‘ Refresh ‘
(i | Debug_Open_loop
Debug_Softswitching
| Release
| Header Files

). Linker Files

11l

|| Automatically import referenced projects found in same search-directory | rollbackBackupDirectory
["] Copy projects into workspace

Open the Resource Explorer and browse available example projects...

@ Einish Cancel

Folder;  BiDirectiondcDC

[ Make New Folder | [ oK ] ‘ Cancel

Figure 14 Project selection

Once added, the project will show up in the Projects Explorer. The default build configuration
that Code Composer Studio sets is “Release”. We need to change it to the required build
configuration. In our case, we have to set it to “Debug_Hardswitching” as shown in the

figure.

18 Bidirection DCDC Converter User Guide
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¥+ CCS Edit - Code Composer Studio """

File Edit View MNavigate Project Scripts Run Window Help

[ Project Explorer £

T BiDirection_DC-DC_UCD3138
LT BiDirection_DC-DC_UCD3138064
» [i BiDirection_DC-DC_UCD3138128 [Active -

= iR it

&

-

8

R

==

=

-

=

|

|

New

Add Files...

= Copy
Paste

K Delete
Refactor
Source
Move...
Rename..

Import
Export...

C.

Build Project

Clean Project

Rebuild Project
&] Refresh

Close Project

£

Make Targets
Index

Debug As
Team
Compare With

Properties

Show Build Settings...

Build Configurations

Restore from Local History...

»

Ctrl+C
Ctrl+V
Delete

»

»

B2

F5

Alt+Enter

Manage...
Set Active

Build All
Clean All
Build Selected...

1 Debug_Hardswitching

2 Debug_Open_loop
3 Debug_Softswitching
4 Release

Figure 15 Build configuration setting

Now build the project as shown in the figure below:

Bidirection DCDC Converter User Guide
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«'+ CCS Edit - Code Composer Studio

File Edit View Mavigate Project Scripts Run Window Help
ia e Qv#@ve"vu“ =0 2 -

[t5 Project Explorer & BE% Y= 0

21 BiDirection_DC-DC_UCD3138

21 BiDirection_DC-DC_UCD3138064
- .2 BiDirection_DC-DC_UCD3138128 IActi\re - Debug_Hardswitching] |
New 4

Add Files...
= Copy Ctrl+C
Paste Ctrl+V
# Delete Delete
Refactor 4
Source 4
Move...
Rename... F2
) Import 4
i Export..
Show Build Settings...
Build Project I
Clean Project
Rebuild Project

2] Refresh F5

Close Project

Build Configurations 4
Make Targets 4
Index 4
Debug As 4
Team 4
Compare With 3

Restare from Local History...

Properties Alt+Enter

Figure 16 Compiling the project

If the compilation process was successful, then the output would be an x0 file which can be
downloaded to the device.

% Problems '; Advice B Console &3 |22 Call Hierarchy 5B BpOER By = o
CDT Build Console [BiDirection_DC-DC_UCD3138128]

<Linking>

'Finished building target: BiDirection_DC-DC_UCD3138128|.out’

-

‘Tektronix Extended format’
("C:/ti6/ccsvb/tools/compiler/arm_5.1.5/bin/armhex.exe” -x "BiDirection_DC-DC_UCD3138128.out" -o
|'BiDirection_DC-DC_UCD3138128 HardSwitching.x@"| -memwidth 8 )
Translating to Extended Tektronix format...
"BiDirection_DC-DC_UCD3138128.out" ==> .vectors

"BiDiFECtiDniDC*DC:UCDEIBSIZB.Dl.lt" .text
"BiDirection_DC-DC_UCD3138128.out" .const
| .cinit

"BiDirection_DC-DC_UCD3138128.out"

F%%% Build Finished ****

@

Figure 17 Compilation result and output
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3

Using the Bidirection DCDC converter

at48V

Power Supply

Bidirection
DCDC
converter

The bidirection DCDC converter is used to charge either the 12 V battery or the 48 V battery. But for
demo purposes, user can use a powersupply/load configuration to simulate a battery. The image
shown below illustrates how the connections has to be made:

Power Supply

Electronic load in
constant voltage
mode set at 48 V

Figure 18

ati12v

Electronic load in
constant voltage
mode set at 12 V

Follow the below steps to get the bidirection DCDC converter running:

After setting up the board as shown above, connect the PMBus connector to the converter.

1) Turn on the 48 V supply.

2) Turn on the 12 V supply.

3) Press the reset button on the converter to clear any operation to be pending.
4) Download the provided firmware.

Now lets explore the Fusion GUI that allows you to download the firmware and run the

converter:

Bidirection DCDC Converter User Guide 21
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Downloading the firmware:

Download and install the latest Fusion GUI from this link:

http://www.ti.com/tool/fusion digital power designer

After installing the software go to the location as shown in the figure:
T @

MinGW
MobaXterm Personal Edition
National Instruments
Notepad++
P-CAD 2006 Viewer
PuTTY
Realterm
Saleae LLC
Sandboxie
Startup
Symantec Endpoint Protection
Texas Instruments
Texas Instruments Fusion API
Texas Instruments Fusion Digital Power [
@) Documentation & Help Center
b Fusion Digital Power Designer
Q Fusion Digital Power Designer Offline
“ License Agreement

Texas Instruments Home Page
rﬁ Uninstall
| Device GUIs

” Driver Device GUI

* UCD 3o & UCDDom Device GUI

s

m

| Special
| Tools
Texas Instruments Fusion Digital Power I

TI Emulators
WebEx

4 Back

| ‘ Search programs and files P

The window as shown should appear:

22
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‘ﬂ UCD3XXX / UCD9XXX Device GUT

Settings Custom: Bidirection. ..
[status Wis S
Attached: ROM UCD3138A64 Rev1l IScan Device in ROM Model

Scan for Device in Program Mode: DEVICE ID DEVICE CODE IC DEVICE 1D PMBUS REVISION
[] when a device is found, dump additional PMBus commands

Last ROM Found:

IC Info: UCD3138A64 Revl
ROM Info: ROM v1IC v6 Command ROM to execute its program {SendByte 0xFO to Address 11)
Package ID: 80-pin Command Program to jump to ROM (SendBvte 0xD3}

Las;zmgram Found: Flash |Checksums |[SMBus/12C |[Debug | [Utiities || Trim |[Multiimage | (5-DCDC
Address: =

DEVICE_ID: == IMI Download firmware to data/program/boot flash  Set PFlash: |0 [v] 0xFE Oxar
M;:R_Maga_; —_— Dump Flash File Displays the contents of a flash file SetDFlash: OxFF OxAA
MFR_REVISION: — Export Flash Reads program andjor data flash from the device to a file

Compare Flash Files  Compares two flash file contents

Full Export Tool Reads program andjfor data flash from the device

Flash Test Tool Erases, writes a pattern, and then verifies that the pattern is present
%0 to Hex Tool  Converts a Tektronix Extended %0 to Intel Hex or S-Record

Log 1

Timesta... | Message | ~|

10:35:54.06 Launching firmware download tool; pausing detailed SAA/12C logging ...
10:35:54.28 SAA: SetPecMode (PEC): ACK

10:35:54.20 SAA: SetPecMode (PEC): ACK

10:35:54.30 SAA: SetPecMode (PEC): ACK

10:35:54.30 SAA; BlodkRead (Address 11d, Cmd OxEC): ACK 0x00060001
10°35:54.30 SAA: BlockRead (Address 11d, Cmd 0xEC): ACK 0x00060001
10:38:19.33 Click one of the scan buttons to find a device in ROM or program mode ...

10:38:31.30 Looking for device in ROM mode at address 11d ...
10:38:31.30 Reading ROM version ...

10:38:31.30 SAA: BlockRead (Address 11d, Cmd 0xEC): ACK 0x00060001
10:38:31.32 Reading PKGID ...

10:38:31.33 SAA: BlodiWrite (Address 11d, Cmd 0xFD, 0xFFF7F010): ACK
10°38:31.33 SAA: BlockRead (Address 11d, Cmd 0xFA): ACK 0x00000000

14l

Figure 20

Click on the “Scan Device in ROM Mode” as shown. Then the device should be detected as
shown in the Geen highlighted line.

If an error occurs then the device might be in program mode. Click on “Device ID” as shown in
figure 17.

If the device was found in ROM mode then click on “Firmware Download” :

Bidirection DCDC Converter User Guide 23



I3 TEXAS
SLUA765A INSTRUMENTS

#9 Fusion Digital Power Firmware Download Tool 1 e

Note: Use the Fusion GUI's built-n firmware download tool if you need to downloadfreset data flash but want to keep your current PMBus configuration.
Unlike the Fusion GUI, this tool does not require that the device have firmware loaded or be able to execute its program.

Firmware File: | Z:\dp_firmware\CCS6\Bidirection_DC-DCYICD3138128\BiDirectionDCDC \Debug_Hardswitching\BiDirection_DC-DC_HardSwitching. x0 Select File

Data flash mode: Program flash checksum write mode (power up mode): Download
Download data flash

(C) DO NOT write program checksum (Stay in ROM)

Select this option for experimental firmware or if you need Flash block:
Download partial to be able to perform low-evel debugging via the ROM.
o = When the UCD3XXX is powered on, it will stay in ROM (®) Block 0 328

Start page | mode. () Block 0,1 64k
(*) WRITE program checksum {Automatically execute
Select this option for producton devices. Then the device O Block 2,3 648
() Erase data flash is powered on, it will execute its program flash. ) Block 0-3 128kB
[] validate with checksum 0x/ 0

® (mass erases first)

Final page

["] Boot support  Help
(C) PASS THRU whatever program checksum is in the firmware
This option can be used to test a firmware image produced
by the Fusion GUI "File-=Export” tool PFlash+DFlash
output or the UCD3XXX Device GUI's "Export Flash™
output,

I Execute program when download is complete (boot device, one time only) I Detailed logging
Scan for device after program is executed (What's this?) [ | Abort firmware download if device has not been factory trimmed (What's this?)

| Timesta... | Message | E|
10:58:29.86 Looking for device in ROM mode ... -
5 detected =

10:58:29.87 Ready to download firmware :|
v

| Copy Log | [ ClearLog ] [ Other ... ] [ Scan for Devices in Program Mode ][ Scan forDevices inROM Mode] [ Close ]
Fusion Digital Power Designer v2.0.30 [2015-03-09] | ROM v1 IC v5 | Q‘ltml.nrrmsms | fusion digital power

Figure 21

Click on “Select File...” and point it to the xO0 file . The xO file is usually located in the
“Debug_Hardswitching” folder.

Keep the setting as shown in the figure above and click on the button “Download”. Once
downloaded, the device has the firmware that can run the board. Now close the Download
window.
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Settings Custom: Bidirection. ..
[status 7 [Tools N
Attached: UCD310128V1 @ Address 88d Scan Device in ROM Mode

Scan for Device in Program Mode:| DEVICE ID § DEVICE CODE IC DEVICE ID PMBUS REVISION

Last ROM Found: When a device is found, dump additional PMBus commands

IC Info: UCD3138128 Revl
ROM Info: ROM v1IC va Command ROM to execute its program (SendByte 0xF0 to Address 11)
Package ID: 80-pin Command Program to fump to ROM (SendByte 0xD3 to Address 88)
Last Program Found: Flash [Che&sms](SMBusﬂZCl Debug IUﬁI\ﬁEs ﬁ} Multi-mage ||Bi-DCDC
Address: 83d 0x58 L 1
DEVICE_ID: LUCD310128V1[0.0.35,0068|120227 Firmware Download  Download firmware to data/program/boot flash  SetPFlash: |0
MFR_MODEL: BidirectionDEDC Dump Flash File Displays the contents of a flash file
MFR_REVISION: E3 Export Flash Reads program andj/or dats flash from the device to a file
Compare Flash Fles Compares two flash file contents

Full Export Tool Reads program andfor data flash from the device
Flash Test Tool Erases, writes a pattern, and then verifies that the pattern is present
%0 to Hex Tool  Converts a Tektronix Extended x0 to Intel Hex or S-Record

p=

Log

Timesta... | Message

11:08:47.03 SAA: BlockRead (Address 121d, Cmd 0xFD): NACK

11:08:47.04 SAA:BlockRead (Address 122d, Cmd OxFD): NACK

11:08:47.04 SAA: BlockRead (Address 123d, Cmd OxFD): NACK

11:08:47.04 SAA: BlockRead (Address 124d, Cmd OxFD): MACK.

11:08:47.05 SAA: BlockRead (Address 125d, Cmd 0xFD): NACK

11:08:47.05 5AA: BlockRead (Address 126d, Cmd 0xFD): MACK

11:08:47.05 SAA: BlockRead (Address 127d, Cmd OxFD): MACK

11:08:47.06 SAA: BlockRead (Address 88d, Cmd OxFD): ACK 0x55434433313031323856317C302E302E33352E303036387C31323032323700
11:08:47.06 SAA: BlockRead (Address 83d, Cmd OxE7): ACK 0x56455253494F4E317C4C4C4330303100

11:08:47.07 SAA: BlockRead (Address 88d, Cmd 0xE4): ACK 0x0000000000000000000000000000000000000000000000000000000000000000
11:08:47.07 SAA: BlockRead (Address 88d, Cmd OxES): ACK 0x00000000000000000000000000000000000000FEQO0000000000004030000004
11:08:47.07 SAA: BlockRead (Address 88d, Cmd OxFD): ACK 0x55434433313031323856317C302E30 2633352630 3036387C31323032323700
11:08:47.09 SAA: BlockRead (Address 83d, Cmd OXE7): ACK 0x56455253494F4E317C4C4C4330303100

11:08:47.09 SAA: BlockRead (Address 83d, Cmd 0xE4): ACK 0x0000000000000000000000000000000000000000000000000000000000000000
11:08:47.09 SAA: BlockRead (Address 88d, Cmd OxES): ACK 0x00000000000000000000000000000000000000FE0O0000000000004030000004
11:08:47.10 SAA: BlodkRead (Address 83d, Cmd OxFD): ACK 0x55434433313031323856317C 302630 2E33352E 30 3036387C 31323032323700

Copy Log

v

Display all SMBus/12C activity in log

Fusion Digital Power Designer v2.0.30 [2015-03-09] ‘ * Texas InsrrusmenTs | fusion digital power

Figure 22

After detecting the device in program mode , click on the “Debug” tab as shown:
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*9 UCD3X0X{ [ UCDIXXX Device GUT

Settings

e

Custom: Bidirection....

Status [Tools

Attached: UCD310128V1 @ Address 83d Scan Device in ROM Mode

5Scan for Device in Program Mode: DEVICE ID DEVICE CODE IC DEVICE ID PMBUS REVISION

Last ROM Found: When a device is found, dump additional PMBus commands

IC Info: UCD3138128 Revl
ROM Infa: ROMw1IC w5 Command ROM to execute its program (SendByte 0xF0 to Address 11)
Package ID: B80-pin

Command Program to jump to ROM (SendByte 0xDS to Address 88)

LES;:"UQ”'“ Found: = Flash ||Checksums SMBus,fIZC'DEbLIQ Utilities || Trim ||Multi-mage ||Bi-DCDC
Address: 0x58

DEVICE_ID: UCD310128V1]0.0.35.0068]120227 [FEmory Gebugzer]
MFR_MODEL: BidirectionDCOC Read and write using memary maps
MFR_REVISION:  E3 Memory Peek/Poke

Peek/Poke at specific addresses

Device Debug Tool
"One dick” analysis of a UCD3xxx-based device's firmware, ROM, config,
and trim state. Devices supported: UCD32xx, UCD90xxx, UCD30%x.

Log

Timesta... | Message

11:08:47.03 5AA: BlockRead (Address 121d, Cmd OxFD): NACK

11:08:47.04 SAA: BlockRead (Address 122d, Cmd 0xFD): NACK

11:08:47.04 SAA: BlodkRead (Address 123d, Cmd 0xFD): NACK

11:08:47.04 SAA: BlodkRead (Address 124d, Cmd 0xFD): NACK

11:08:47.05 S5AA:BlodRead (Address 125d, Cmd OxFD): NACK

11:08:47.05 SAA: BlockRead (Address 126d, Cmd DxFD): NACK

11:08:47.05 SAA: BlodkRead (Address 127d, Cmd 0xFD): NACK

11:08:47.06 SAA: BlockRead (Address 83d, Cmd 0xFD): ACK 0x55434433313031323856317C302E302E33352E303036387C31323032323700
11:08:47.06 SAA:BlodkRead (Address 88d, Cmd DXET): ACK 0x56455253494F4E317C4C4C4330303100

11:08:47.07 SAA: BlockRead (Address 88d, Cmd OxE4): ACK 0x0000000000000000000000000000000000000000000000000000000000000000
11:08:47.07 SAA: BlockRead (Address 88d, Cmd 0xES): ACK 0x00000000000000000000000000000000000000FEQ0000000000000403D000004
11:08:47.07 SAA: BlodkRead (Address 88d, Cmd 0xFD): ACK 0x55434433313031323856317C302E302E33352E303036 387C31323032323700
11:08:47.09 S5AA: BlodRead (Address 88d, Cmd OxE7): ACK 0x56455253494F4E317C4C4C4330303100

11:08:47.00 SAA: BlockRead (Address 88d, Cmd OxE4): ACK 0x0000000000000000000000000000000000000000000000000000000000000000
11:08:47.00 SAA: BlockRead (Address 88d, Cmd 0xES): ACK 0x00000000000000000000000000000000000000FE0000000000000403D000004
11:08:47.10 SAA: BlockRead (Address 83d, Cmd 0xFD): ACK 0x55434433313031323856317C302E302E33352E303036387C31323032323700

Copy Log ClearLog

Display all SMBus/12C activity in log

Fusion Digital Power Designer v2.0.30 [2015-03-09] | & Texas InsTruMENTS | fusion digital power

Figure 23

Click “Memory Debugger”. If you are opening the memory debugger for the first time then the GUI

will ask for a password. Please enter “forestin” as the password.

Once the memory debugger is opened, click on the “File” tab as shown:
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A7

| Fie |

Register Variable Name:

Al ¢ Watch List

E Substring

Match

[ Filter

Selection: Al T >

Show: () Al (C)Registers (2)RAM (O)DFlash (O) PFlash

[

=

— About Map/PP Files

While only IC registers can be debugged by default, if you tell the =
debugger where certain Code Composer output files are located, non-
local global (extern) variables can be debugged. The Code Composer |-
files that are used are:

e *.map - A map file defines the top-level variables in your "C"
source code and at what address in memory they have been
located. There is only one map file.

* *.pp - Contains declarations from your source code, after they

hava haan run thrannh tha © nro-nraraccar Thara wiill ha

— Select Files & Options

Settings are saved for each unique DEVICE_ID. So for example, if you switch between

UCD2244 and UCD9222, the debugger will automatically use the apprpriate files.

Current SettiuFolder:
Z:\dp_firmware\CCS6\Bidirection_DC-DC\UCD3138

|[ Select Folder Containing Map/PP Files | [SEIethIP File Containing Map/PP FI|ES]

[Show Registers Only - Auto Select MapJ [ow Registers Only - Manually Select M]

[] Collapse unions in favor of bit fields
Because the debugger allows you to edit bit field structures full "hex" values in addition
to the lower level bit fields, you may find that alternative byte and word
representations of a struct bitfield complicate debugging. Checking this box simplifies
tha variahle nade trea hv anlhe showinn bit field structs when other members of a union
[] Code Composer small enums mode we
Check this it the --small-enums mode was used in Code Composer when the target
firmware was compiled. Small enums mode reduces the size that enums take up in

memory (varahle length instead of fixed 4 byte llength).

- Cance'

FREAN

Fusion Digital Power Designer v2.0.30 [2015-03-09] | DC-DC LLC Firmware v0.0.35.68 @ Ad

alul Browse Far Folder

Refr... |Write |... |

Select a folder where your .map and .pp files are locatted:

4 ) CCSe

Bidirection_DC-DC

UCD3138128

| Header Files

Linker Files

11

Figure 24

Log Clear Log J

PEC. 400 0z

Click on the “Select Folder Containing the Map/PP Files” button and point it to the folder

containing the project. Click “OK”.
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File =
Al S\ Watch List
Register Variable Name: E| Substring Match Filter | show: (O Al () Registers| (=) RAM | (O DFlash () PFlash
Chedkcall Unchedk All
Selection: Al T3 = 1_cvD 3
[Name * | Descrip... | Type | Value ‘ AS... | Hex Address | Size | Cate... | + | = | Refr... | Write | Z

- adc_struct Struct ADC_... (x0006A... 32 by... RAM O

[+ block_to_receive Union BLOC... 0x0006A... 17 by... RAM 1
boost_state Enum POW... 0x0006A... 4 bytes RAM O
buck_state Enum POW... 0x0006A... 4 bytes RAM |

¢ converter_state Enum CONV... 0%0006A... 4 hytes RAM I]
DTl UInt32 0x0006A... 4 bytes RAM O

[ D_T1_array Array unsig... 0x0006A... 132 b... RAM 1
D T2 UInt32 0x0006A... 4 bytes RAM

(- D_T2_array Array unsig... 0x0006A... 132 b... RAM |
data UInts 0x0006A... 1byte RAM O

[ dflash_variables Union DFLA... 0x0006A... 1040 ... RAM O
do_internal_loop uInt3z 0x0006A... 4 bytes RAM &
eadc_DAC_RAM UInt32 0x0006A... 4 bytes RAM

[ eeprom_dev Union eeprom 0x0006A... 64 by... RAM []

|5 error_state Enum ERRO... 0x0006A... 4 bytes RAM []
error_value UInt32 0x0006A... 4 bytes RAM O
1 UInt32 0x0006A... 4 bytes RAM |

-3¢ 1 CMD Int32 0x0006A... 4 bytes RAM  E3 B CEZIRINTEE [

- 1 OUT_ZERO UInt32 0x0006A... 4 bytes RAM
IDE_V12 interrup... UInt32 0x0006A... 4 bytes RAM O
IDE_V48 interrup... UInt32 0x0006A... 4 bytes RAM [
MIN_TON UInt32 0x0006A... 4 bytes RAM
phase UInt3z 0x0006A... 4 bytes RAM B
prev_sync UInt3z 0x0006A... 4 bytes RAM O

[ primary_packet Array SFI P... 0x0006A... 88 by... RAM O

[+ program_area small R... Array unsig... 0x0006A... 128 b... RAM 1
PANMO_duty Float32 0x0006A... 4 bytes RAM
PAWMI_duty Float32 0x0006A... 4 bytes RAM O
Ratio UInt32 0x0006A... 4 bytes RAM O
receive_delay UInt32 0x0006A... 4 bytes RAM O
receive_fail_flag uInts 0x0006A... 1 byte RAM O

[ Import .. ] [Expartsale:ted ] [ Export All ... ] [ CIearWatchL’lstJ
| Timesta... |Message Copylog Clear Log
Fusion Diaital Power Desianer v2.0.30 [2015-03-091 | DC-DC LLC Firmware v0.0.35.68 @ Address 88d | Map Folder: BiDirectionDCDC | USB Adaoter v1.0.10 IPEC: 400 kHzl

Figure 25

In the “All” tab, click on the “RAM” Radio button. Following that , all the RAM variables used in the
device are displayed as shown. We are interested in only a few of the RAM varaibles. They are
highlighted as shown. Click on the star icon on the left of those variables to make them available in
the “Watch list”.

Now , click on the tab “Watch list” and click on the “RAM” Radio button.
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510 emory Debugger - DC-D are v0.0 68 @ Address 88d o %

File =

ml s'¢ Watch List I

Register Variable Name: E] Substring Match B Filter | show: QA O Regisbersl (O] RAMl (_)DFlash () PFlash "Ee Togg\e|

[l startPoling  Polling Interval: 1,700 E ms  Global Poll Change: Check All Unchedk All

5e|ecnon> rovo T

[Name ‘ Description ‘Type ‘Va\ue Hex. |Address ‘ Size ‘ Category | ot |— ‘ Refr... |Write ‘-ﬁuﬁom‘ PO“]
37 1CMD nt32 0|0x00000000 0x0006A... 4bytes  RAM oCmEERNE |0
converter_state Enum CONVERTER_STATE 2 - STAND_BY |0x00000002 0x0006A... 4 bytes RAM O O
57 error_state Enum ERROR__STATE 0 - UNDER_INPUT_VOLTAGE |0x00000000 0X0006A... 4 bytes RAM | |

[ Expand Al ] [ Collzpse All ] [ Refresh Filtered W [ Import .. ] [ExportSe\ected ] [ExpurtWatch\ist..,] [ CIearWatchList]

Timesta... | Message Copylog Clearlog | A

12:06:11.09 0x00064478: read 4 byte(s) 0x00000000 2z

Figure 26

The variables that we had earlier “starred” will appear in this window as shown above. The three
important variables are |_CMD, converter_state and error_state. The meaning of these variables
is described in the table below:

Variable Description Read / write
I_CMD This variable is used to set the current output of the
converter.

Positive values make the 48 V battery discharge and charge
the 12 V battery. Hence the direction of current flow is from
48 V to 12 V. This direction is considered positive. For Write
these values the board is operating in BUCK mode.

Negative values make the 12 V battery discharge and charge
the 48 V battery. The direction of current flow is from 12 VV
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to 48 V. For these values the board is operating in BOOST
mode.
converter_state | This variable simply indicates which state the board is . Read only
error_state This variable gives a error if any during the operation of the
converter.

It has nine values:
UNDER_INPUT_VOLTAGE
OVER_INPUT _VOLTAGE
UNDER_OUTPUT _VOLTAGE Read only
OVER_OUTPUT_VOLTAGE
SYNC _CRAZY
NO_BATTERY_CONNECTED
OPAMP_LOCK_UP

FEED BACK_ERROR
NO_ERROR

Table 2. RAM variables description.
To run the converter, enter values between -120 to 120 for |_CMD variable. It is advised that you

should start with smaller values like -20 to 20 to check if the connections are made well.

Also, before changing the sign of the current command, it is better to go to zero first and then change
the command.

lecti Match Li
Click on the “Watch List” > Emnm to read the values of the variables.
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4  Using the Bidirection DCDC GUI

The Fusion GUI has an in buit feature to support the Bidirection DCDC converter. It allows direct
dontrol of the board in a more graphical form.

e

Bidirectional DC/DC Converter

1800 Buck

lout Phases Total Gurrent

T DR BBNNENR [ 1T R I

Cuarent (1)

(*TumOff Standby | | +Buck <Boost ° 164

Figure 27

To launch the program , the Fusion GUI will need a custom code to activate this section.

Please follow the steps below to activate it:

Bidirection DCDC Converter User Guide 31



I3 TEXAS
SLUA765A INSTRUMENTS

Click on the “Settings” label in the GUI as shown:

"9 UCD3XXX [ UCD9XXX Device GUL
Settings

| Custom Mode ... |

Ovwverride Commands is 8ad

Last ROM Found:

IC Info: UCD3138128 Revl
ROM Info: ROM w1IC v5
Package ID: 20-pin

Last Program Found:

Address: 88d 0x58
DEVICE_ID: JCD310128v1]0.0.35.0068 ] 120227
MFR_MODEL: BidirectionDCDC

MFR_REVISION: E3

Figure 28
Enter the password “bidcdc” and click “OK”.
*ﬂ Customer features T
Unlodk GUI customer spedfic features that are password protected.  Please enter
passward:
Password: |[TTTIT] valid
[ 0K ] [ Cancel ] Turn Off

Figure 29

After entering the code, a new tab is available as shown :
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3 UCD3X0CX / UCDIXXX Device GUI

Settings Custom; Bidirection...
= e )
Attached: UCD310128V1 @ Address 88d Scan Device in ROM Mode
Scan for Device in Program Mode: DEVICE ID DEVICE CODE IC DEVICE ID PMBUS REVISION
B AR When a device is found, dump additional PMBus commands
IC Info: UCD3138128 Revl
ROM Info: ROMv1ICv5 Command ROM to execute its program {SendByte 0xF0 to Address 113
Package ID: 80-pin Command Proaram to jump to ROM (SendByte 0xD3 to Address 88
La:;:rogvam FALE S Flash ||Checksums ||SMBus/12C ||Debug ||Utlities || Trim (m] |
ress: X
DEVICE_ID: UCD310128v1]0.0,35,0088|120227 LOO T| min S
MFR_MODEL: BidiectionDCDC P g Offset: Scale:
MFR_REVISION:  E3 Standby;  3[2] s Toutt: 1.250 (] 38.314 ]
Buck: 5( s Tout2: 1250 38.314 5]
Standby!  3[5] s Tout3: 1.250[5] 38.314 5 Launck
Boost: 5[ s Toutd: 1.250 38.314 (5
(og 2
Timesta... = Message E
16:03:38.51 SAA: BlockRead (Address 119d, Cmd OxFD): NACK
16:03:38.51 SAA: BlodkRead (Address 120d, Cmd 0xFD): NACK
16:03:38.52 SAA: BlockRead (Address 121d, Cmd 0xFD): NACK
16:03:38.52 SAA: BlockRead (Address 122d, Cmd 0xFD): NACK
16:03:38.52 SAA: BlodkRead (Address 123d, Cmd 0xFD): NACK
16:03:38.53 SAA: BlodkRead (Address 124d, Cmd 0xFD): NACK
16:03:38.53 SAA: BlockRead (Address 125d, Cmd 0xFD): NACK
16:03:38.53 SAA: BlockRead (Address 126d, Cmd OxFD): NACK
16:03:38.54 SAA: BlodkRead (Address 127d, Cmd 0xFD): NACK
16:03:38.60 SAA: BlockWrite (Address 88d, Cmd 0xE2, 0x0034040401): ACK
16:03:38.60 SAA: BlockRead (Address 88d, Cmd OxE3): ACK 0x00000000
16:03:38.60 SAA: BlodiWrite (Address 83d, Cmd 0xE2, 0x000D010104): ACK
16:03:38.60 SAA: BlodkWrite (Address 88d, Cmd 0xE3, 0x00000000): ACK
16:03:38.61 SAA: BlockWrite (Address 88d, Cmd 0xE2, 0x0034040401): ACK
16:03:38.61 SAA: BlockRead (Address 88d, Cmd OxE3): ACK 0x00000000 =
<
Copy Log ClearLog Display all SMBus/12C activity in log

Fusion Digital Power Designer v2.0.30 [2015-03-09] | & Texas InsTrRuMEnTs | fusion digital power

Figure 30

Click on “DEVICE ID” and then click on “Launch” to open the BidirectionDCDC converter GUI.

To run the converter, first, select the current at which you would be operating:
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Bidirectional DC/DC Converter

Standby

18l & P
Total Gurrent [t |

48 45 08 2 0 0@ oW 05 08

Standby | | +Buck <Boost +loop [

Figure 31

Then click on either Buck or the Boost radio button to run the converter.

The table below describes the operation of the radio buttons:

Radio Button Decsription

Turn off This button turns off the GUI and puts the converter in
standby mode. Here the graphs are not updated.

Standby This button puts the converter in standby i.e it is not

doing any power supply operations. However, the graphs
will be updated with their current values.

Buck This button puts the converter in Buck mode. Here the
48 V source is being dischared and the 12 V source is
being charged.

Boost This button puts the converter in Boost mode. Here the
48 V source is being charged and the 12 V source is
being discharged.

Loop This button puts the converter alternating between Buck
, standby and boost mode. The duration of each mode is
decided by the value placed in the “Loop Timings”
shown in the “Bi-DCDC” tab( See figure 19).

Table 3 Radio buttons description.
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5 Results and test data
5.1 Effeciency plots

The efficiency for the hardswitching Bidirection DCDC converter in Buck operation is as shown

below :
98.00% - .
Effeciency plot for Buck operation
96.00% X’,v--x e v
-
et
94.00% 2(
]
[}
/
= 92.00% I
c ]
.g ]
[-1] '
£ 9000% ,' = == =HS Buck w/o safety parts
]
!
X
88.00%
86.00%
840096 T T T T T 1
0 20 40 [+10} 80 100 120
12 V battery current in Amps

Figure 32 Efficiency plot for Hardswitching Buck operation

The data collected above was at an input voltage of 48 V and an output voltage of 12 V.The
data was collected after deadtime optimization for each output current intervals of 4 Amps. The
board was fitted on to a heat sink and placed in room temperature and no air cooling was

provided.

The hardswitching Buck operation has a good efficiency at lower currents and this is because
of the DCM operation. However, at higher currents the efficiency starts to take a slight dip.
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98.00% . .
Effeciency plot for Buck operation
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/
’
!
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[ 1
2 ]
g /
& 90.00% '= = =l==7VS Buck w/o safety parts

'

88.00% .'

1

]

!

86.00%
84.00% T T T T 1
0 20 40 60 80 100 120
12V battery current in Amps

Figure 33 Efficiency plot for ZVS Buck operation

The data for the ZVS Buck operation was collected with the same conditions as the
hardswitching Buck operation. As shown above, the efficiency at light load is not very
impressive, but at higher loads, the efficiency is really flat and the higest efficiency of 96.28 % is

achieved at its peak load of 110 A.
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96.00% : s
Effeciency plot for Boost operation
94.00%
92.00%
-
-E 90.00% -
E ~—l—Hard Switching Boost
88.00%
86.00%
84.00% T T T T T 1
0 20 40 60 80 100 120
12 V battery current in Amps

Figure 34 Efficiency plot for Hardswitching Boost operation

The data collected above was at an input voltage of 12 V and an output voltage of 48 V.The
data was collected after deadtime optimization for each output current intervals of 4 Amps. The
board was fitted on to a heat sink and placed in room temperature and no air cooling was
provided.
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Figure 35 Efficiency plot for ZVS Boost operation
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Figure 36 Different losses for Hardswitching and ZVS topologies.

The above bar graph shows losses from different components for the hardswitching and ZVS
modes. From the data shown, we can see that there is more switching loss from the FETs in the

Hardswitching Buck than the ZVS Buck. However, the ZVS buck has more core loss. This

is

because of high current ripple. This core loss can be minimized by using a better inductor

having lower conduction loss.

Total Loss

Hardswitching Buck

ZVS Buck

70.8 W

65.3 W
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5.3 Thermal data

TopFETI/C Bottom FET/C CorelC | Winding/ C

84.75/92 68.25/69 64/65 77.5/78

Figure 37 Thermal image of the BidirectionDCDC board on a heat sink performing Hard switching Buck operation at
110 A.

The above image is a thermal image of the top view of the board operating in Hardswitching
Buck mode at a total current of 110 A. The center of the image shows the FETs and the
inductors of different phases. It can seen that the active FETs are relatively hot compared to the
sync FETs.
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Top FETI/C | Bottom FET/C Winding / C

72.0/73" 61.5/64 56.5//59 62.3//64

Figure 38 Thermal image of the BidirectionDCDC board on a heat sink performing ZVS Buck operation at 110 A.
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5.4 Operating the board in Buck and

Boost mode.

12V

Switching node

Battery current ..

\ /

@moAQBw

]ﬁ.bor'ws'fs; M' S

ﬂ 500V ]'(1.'00:5'

Figure 39 Output current and switch node waveforms

The above image shows the switching node waveform, 12 V battery current and the inductor

current for a single phase. The Board

is made to switch between Buck and Boost mode. The

total current at the 12 V battery is ramped up or ramped down to have a smooth transition

between Buck and Boost operation.
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Figure 40 Battery voltage waveforms and total current for Buck and Boost operations.

The 48 V battery and the 12 V battery voltage wave forms are displayed for the buck and boost
operation. As seen in the image, the 12 V battery’s voltage ramps up during the Buck operation
and the 48 V battery voltage ramps down. And during the Boost operation, the 48 V battery
voltage ramps up and the 12 V battery voltage ramps down. Also the 12 V battery current
waveform shows that the battery charging happens in constant current mode.
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In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
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.
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have executed a special agreement specifically governing such use.
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