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Design Overview Design Features

TIDA-00653 is a non-isolated 48 to 12-V bi- = >06% efficiency

directional converter reference design for 48V = No air or liquid cooling needed
battery applications enabled by the UCD3138 digital =  Multi phases interleaved

power controller. The design has the flexibility to = 12V reverse connection prevention ( 20V
work in either a ZVS transition-mode topology to maximum reversed voltage)
optimize light-load efficiency, or a hard-switching = Protection including OCP, OVP,OTP
topology for a simple system design. The bi- = 100uA quiescent current when disabled (
directional converter features auto-phase shedding, after 48V is disconnected)

offset for light-load, and adaptive dead-time

optimization for compounding efficiency gains Featured Applications

greater than 96%. Due to the significant efficiency HEV’

improvements, heat loss is reduced and no air or * i S

liquid cooling are needed automotive applications. * EVs _

Additionally, the use of the UCD3138 high-control * Battery testing

frequency controller and hardware-based state

machine enable a small form factor and frees the Board Image

system CPU for other functions such as battery

management.

Design Resources

TIDA-00653 Design Folder

UCD3138A Product Folder

UCC27201A Product Folder

TLV3202 Product Folder

CSD17570Q58B Product Folder

REF1112
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SN74AHC1G
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1 Key System Specifications

PARAMETER 2 TEST CONDITION Min | Typ | Max | Units
48 V POWER NET
48V Power Net voltage range 20 48 60 \
48V Power Net OV 56 57 58 \%
48V Power Net Operating voltage without functional 36 52 \%
limitation
48V Power Net Operating voltage with functional 24 54 \%
limitation
Load dump transient 100mS 70 \%
Max output power 1.6 KW
Max output current 42 A
12V POWER NET ( LEAD ACID BATTERY)
12V Power Net voltage range ( Minimum voltage occurs at cold 45 12 \%
cranking)

12V Power Net OV 13.00 135 14.00 Y
12V Power Net Operating voltage without functional 12.3 12.7 \%
limitation
12V Power Net Operating voltage with functional 11.75 \%
limitation
Max output power 1.6 KW
Max intput current 133 A
Quiescent current 100 uA
Ambient temp 125 C
Current reporting accuracy @ 12V output 1% 2%
Current reporting accuracy @ 48V output Calculated from 12V output current 2% 3%
Current sharing tolerance 10%
Current control accuracy 5%

Efficiency in Buck mode 25% load and above 97%

In Boost mode 94 %
Figure 1: Key System specification
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3 System Description

The BidirectionDCDC converter employs a digital controller that is optimized for power supply
applications. This converter has four phases, each capable of performing either a Buck or a Boost
operation. The power level for each phase is rated at 400 W. Once of the phase is a master phase that
dictates the switching frequency.

3.1 UCD3138A

Control Architecture optimized for Power Supply Applications
Separation of High Speed Power Supply Control Loop from Housekeeping

- Programmable hardware for High Speed Functions
*  Advanced Power Peripherals operating autonomous from the processor, No need to
rely on slower firmware decisions
e Enhanced 2p / 2z Digital Compensator with Simplified PID Structure
. Protection features, Mode Switching, Constant Current, Peak current mode, voltage
feed forward
- Ease of Firmware Development
*  Dedicated resources for high speed functions hence No need for complex time-
slicing of shared resources
- Highest Levels of Integration
¢ Enhanced EADC (DAC Accuracy) with Hardware Dithering (3x 16 MHz, 1mV
resolution offers best in class current sharing accuracy)
e ADC
- 12 bit SAR
- Internal temp sensor
- Dual sample and hold
- Averaging
- Digital comparators
- PMBus addressing current sources
¢ Flexibility
- Digital Core enabling flexibility and manage housekeeping function.
- Support on-the-Fly firmware update without power supply interruption
e DPWM
- Hardware mapped shut-down due to faults
- Fixed or adaptive sample trigger positioning
- Sync FET soft on/off and Ideal Diode Emulation
- Mode switching and Light Load Burst mode
e Advanced Power Control
- Current Share
- CPCC
- Synchronization
- Primary side Vtg sensing
- Flex and Current Balancing
e Communications
- Several communication peripherals (e.g. PMBus, UART, SPI) providing
flexibility for host communication.
- Lower Power Consumption
e ~70mA-100mA during normal operation
e Can shut down portions of chip for lower power ~25mA standby power capable
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- Cost and Package Size Optimized
e Capable of fitting in high density applications (i.e. 1/8th brick)
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Figure 2: To insert a caption, right click picture > Insert Caption

|
TIDUBMS6 - April 2016 BidirectionDCDC converter

Copyright © 2016, Texas Instruments Incorporated



13 TEXAS
INSTRUMENTS

www.ti.com

4 Block Diagram
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Figure 3: To insert a caption, right click picture > Insert Caption

4.1 Highlighted Products

4.1.1 UCD3138A

* 3 Independent Feedback Loops

e 16MHz Error Analog to Digital Converter (EADC)

e 14-bit (effective) DAC for Control Loop Reference

* Synchronous Rectifier Dead Time Optimization Peripheral
e Dedicated PID Hardware (2p/2z configurable)

e 8 High Resolution DPWM Outputs (250ps Pulse Width Resolution)
e  2MHz Max Switching Frequency

e 14 Channel, 12-bit, 265ksps General Purpose ADC

e 2 UARTs (HW Auto Baud)+ PMBus Interface

e 750ns Analog Comparators, Cycle-by-cycle I wir

e On-chip (BOD / POR), Single Supply Operation (3.3V)

e External Interrupt + Fault Input & Output

e Input Voltage Feed-forward

5 System Design Theory

The Bidirection DCDC converter can operate in synchronous buck and boost mode to transfer power
in both the direction. This converter is designed to operate with a 48 V and a 12 V battery.

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 a bias supply to power
up the UCD device and otherIC’s.

—
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5.1 Device blocks used for control operation

¢ Device ).
|
«Initializations Firmware
Current Feedback d e — — — Current command — — — — — — Main loop 100 uS Interrupt
Front End 0 Peripheral Buck
Initializations Error Value Initializations Initializations
o Boost
| | Initializations
|
- 2 PMBus handler | 5\ dler
Filter Duty . |nitializations
= Phase0 DPWM 0 Filter0 «=====
Current handler | Boost handler
Phase shifted by .
l % IDE calculations ADC readings
l——|
Initializations ADC based fault
< Phase 1 < DPWM1l <-4 ——=————————————- protections
]
Calculated
Phase shifted by value
l EN) t— IDE_KD [«—==—- -

Initializations

-t Phase2 |«—4 DPWM2 [<«—--—--—---------———
PR -

lPhase shifted by
90

le—

[« Phase3 [« DPWM3 |[¢———p-———-ommmmmm =~

Initializations
[«

Scaled 48 V. >t

Scaled PV—————  ADC |- ——— >
Phase O current readzir‘g ADC ADC Readings
Phase 1 current reading
Phase 2 current reading
Phase 3 current reading

X

Figure 4 Internal working of the device.

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 DPWML1 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 table:

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

e
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6 Getting Started Hardware

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 power supply/load configuration to simulate a battery. The image
shown below illustrates how the connections have to be made:

Bidirection
Power Supply| | DCDC Power Supply
at12Vv
at4gV converter
Electronic load in Electronic load in
constant voltage constant voltage
mode set at 48 V mode setat 12 V

Figure 5 Basic setup for testing the converter.

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

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

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.
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7 Getting Started 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:
I MinGW &
| MobaXterm Personal Edition
| National Instruments
| Motepad++
| P-CAD 2006 Viewer
L PUTTY
| Realterm
| Saleae LLC
| Sandboxie
| Startup
| Symantec Endpoint Protection
| Texas Instruments
| Texas Instruments Fusion API
| Texas Instruments Fusion Digital Power [
©) Documentation & Help Center
# Fusion Digital Power Designer
b Fusion Digital Power Designer Offline
4 License Agreement L
Texas Instruments Home Page
r@ Uninstall
| Device GUIs
# Driver Device GUI
* UCD300 & UCD Device GUI | =
| Special
I Tools
| Texas Instruments Fusion Digital Power I
| TIEmulators
I WebEx -

1 Back

‘ Search programs and files L ‘

' Figure 4

The window as shown should appear:

e
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Settings Custom; Bidirection. .
[status | [Tools 1
Attached: ROM UCD3138A64 Revl ISican Device in ROM MudEI
Scan for Device in Program Mode: DEVICE ID DEVICE CODE IC DEVICE ID  PMBUS REVISION
el FR [ When a device is found, dump additional PMBus commands
1C Info: UCD3138A64 Revl
ROM Info: ROM v1IC vé Command ROM to execute its program (SendByte 0xFO to Address 11)
Package ID: 60-pin Command Program to jump to ROM (SendByte DxD3)
LES;:mQ’am Eind: Flash [Checksums |[SMBus/12C | [Debug (Utiities | Trim | Mult-image |[i-DcDC |
Address: —
DEVICE ID: = Firmuware Download | Download firmware to datafprogram/boot flash  Set PFlash: |0 [~ oxer oxan
MFR_MBDEL: — Dump Flash File Displays the contents of a flash file Set DFlash: OxFF OxAA
MFR_REVISION: o Export Flash Reads program andor data flash from the device to a file
Compare Flash Files Compares two fiash file contents
Full Export Tool Reads program and/or data flash from the device
Flash Test Tool Frases, writes a pattern, and then verifies that the pattern is present
X0 to Hex Tool  Converts a Tekiranix Extended x0 to Intel Hex or S-Record
= ~\
Timesta... | Message \

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

10:35:54.29 SAA: SetPecMode (PEC): ACK

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

10:35:54.30 SAA: BlockRead {Address 11d, Cmd OxEC): ACK 0x00060001
10:35:54.30 SAA: BlockRead (Address 11d, Cmd OxEC): ACK 0x00060001

10:38:19.33 Click one of the scan buttons to find a device in ROM o 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 5AA;: BlockRead {Address 11d, Cmd OXEC): ACK 0x00060001
10:38:31.32 Reading PKGID ...

10:38:31.33 SAA: BlodWrite (Address 11d, Cmd OxFD, OxFFF7F010): ACK
SAA: BlodkRead (Address 11d, Cmd 0xFA): ACK 0x00000000

el

Figure 5

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” :
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&3 Fusion Digital Power Firmware Download Tool

Mote: Use the Fusion GUI's built-in firmware download tool if you need to download/reset 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-DCYCD3138 128\BiDirectionDCDC \Debug_Hardswitching\BiDirection_DC-DC_HardSwitching, x0

Data flash mode: Program flash checksum write mode (power up mode):
() DO NOT write program checksum (Stay in ROM)
Select this option for experimental frmware or if you need, _2sh blodk:

() Download partial to be able to perform lowdevel debugging via the ROM.
When the UCD3XXX is powered on, it will stay in ROM
Start page made. () Block 0,1 64kB
. WRITE program checksum {Automatically execute
Final page I@ prog! I
elect this option for production devices. Wihen the device O Block 2,3 648
() Erase data flash is powered on, it will execute its program flash. () Block 0-3 1288

P —— [[] validate with checksum  0x/0

[] 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
10:58:29.86 Looking for device in ROM mode ...

|12

10:58:29.87 Ready to download firmware

Clear Log [ Other ... ] [ Scan for Devices in Program Mode ][ Scan forDevices inROM Mode] [ Close ]

il

Fusion Digital Power Designer v2.0.30 [2015-03-09] | ROM v1 ICv5 | &3 Texas InstrusmenTs | fusion digital power

Figure 6

Click on “Select File...” and point it to the x0 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.

e
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43 UCDIXXX | UCDIXXX Device GUT |

Settings
[status 7 [Tools '
Attached: UCD310128V1 @ Address 83d Scan Device in ROM Mode
Scan for Device in Program Mode: 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: ROMv1IC w5 Command ROM to execute its program (SendByte 0xF0 to Address 11)
Package ID: 80-pin

Command Program to jump to ROM (SendByte 0xD9 to Address 88)

st Program Found: Flash [Checksums | [5MBus/I2C | [Debug Iuﬁlmes [Trim [Multi-mage |[6i-DcDC
Address: 88d 0x58  — |

DEVICE_ID: UCD310128V1]0.0.35.0068| 120227 Eirmware Downlosd  Download firmware to data programyboot flash  SetPFlash: |0
MFR_MODEL: BidirectionDCOC Dump Flash File Displays the contents of a flash file Set DFlash:
MFR_REVISION: E3 Export Flash Reads program and/or data flash from the device to a file

Compare Flash Fles Compares two flash file contents
Full Export Tool Reads program andjor 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 Tekironix Extended x0 to Intel Hex or S-Record

-

Log )

Timesta... | Message

11:08:47.03 SAA: BlockRead (Address 121d, Cmd 0xFD): NACK
11:08:47.04 SAA: BlockRead (Address 122d, Cmd 0xFD): NACK
11:08:47.04 SAA: BlockRead (Address 123d, Cmd 0xFD): NACK
11:08:47.04 SAA: BlockRead (Address 124d, Cmd 0xFD): NACK
11:08:47.05 SAA: BlockRead (Address 125d, Cmd OxFD): NACK
11:08:47.05 SAA: BlodRead (Address 126d, Cmd 0xFD): NACK
11:08:47.05 SAA: BlodRead (Address 127d, Cmd 0xFD): NACK

Jide

11:08:47.06 SAA: BlodRead (Address 88d, Cmd 0xFD): ACK 0x55434433313031323856317C 30 2E 30 2633352303036 387C31323032323700
11:08:47.06 SAA: BlodRead (Address 88d, Cmd 0xE7): ACK 0x56455253434F4E317C4C4C4330303100

11:08:47.07 SAA: BlodRead (Address 88d, Cmd 0xE4): ACK 0x0000000000000000000000000000000000000000000000000000000000000000
11:08:47.07 SAA: BlodRead (Address 88d, Cmd OxES): ACK 0x00000000000000000000000000000000000000FEND0000000000004030000004
11:08:47.07 SAA: BlodRead (Address 88d, Cmd 0xFD): ACK 0x55434433313031323856317C302E 30 26 33352F303036387C31323032323700
11:08:47.09 SAA: BlodRead (Address 88d, Cmd 0xE7): ACK 0x56455253494F4E317C4C4C4330303100

11:08:47.09 SAA: BlodRead (Address 88d, Cmd 0xE4): ACK 0x0000000000000000000000000000000000000000000000000000000000000000
11:08:47.09 SAA: BlockRead (Address 83d, Cmd 0xES): ACK 0x00000000000000000000000000000000000000FED00000000000004030000004
11:08:47.10 SAA: BlockRead (Address 88d, Cmd 0xFD): ACK 0x55434433313031323856317C302E302E33352E303036387C31323032323700

Copy Log ClearLog Display all SMBus/T2C activity in log

Fusion Digital Power Designer v2.0.30 [2015-03-09] ‘ & Texas InsTRUMENTS | fusion digital power
Figure 7

After detecting the device in program mode, click on the “Debug” tab as shown:
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%3 UCD3300X / UCDYXXX Device GUT

Settings Custom: Bidirection...
[status 1 [Tools ’
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, st ¥ihen a device is found, dump additionsl PMBus commands
IC Info: UCD3138128 Rev1
ROM Info: ROM v1IC v5 Command ROM to execute its proaram (SendByte 0xFQ to Address 11)
Package ID: 80-pin Command Program to jump to ROM (SendByte 0xD3 to Address 88)
La:;z’“g’a"‘ Found: i Flash | [Checksums |[5MBus/12C | Debug [Diities | Trim | [Multimage |[Bi-DcDC
Iress: X
DEVICE_ID: UCD310128V1{0.0.35.0068120227 :
MFR_MODEL: i Read and writ using memory maps
MFR_REVISION:  E3 Memory Peek/Poke
Peek/Poke at spedfic addresses
Device Debug Tool
“One dick” analysis of a UCD3xxx-based device's firmware, ROM, config,
and trim state. Devices supported: UCD92xx, UCDI0X0xx, UCD30x.
= N
Timesta... | Message ||

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

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

11:08:47.04 SAA: BlockRead {Address 123d, Cmd 0xFD): NACK

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

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

11:08:47.05 SAA: BlockRead {Address 126d, Cmd 0xFD): NACK

11:08:47.05 SAA: BlockRead {Address 127d, Cmd 0xFD): NACK

11:08:47.06 SAA: BlockRead (Address 88d, Cmd 0xFD): ACK 0x55434433313031323856317C 30 2E302533352E303036387C 31323032323700
11:08:47.06 SAA: BlockRead (Address 88d, Cmd 0xE7): ACK 0x56455253494F4E 3 1704C4C4330303100

11:08:47.07 SAA: BlockRead {Address 88d, Cmd 0xE4): ACK 0x0000000000000000000000000000000000000000000000000000000000000000
11:08:47.07 SAA: BlockRead (Address 88d, Cmd DxES): ACK 0x00000000000000000000000000000000000000FE000000000000004030000004
: BlockRead (Address 88d, Cmd 0xFD): ACK 0x55434433313031323856317C30 6302633352630 3036 387C31323032323700
11:08:47.09 SAA: BlockRead {Address 88d, Cmd OxE7): ACK 0x56455253494F 4E317C4C4C4330303100

11:08:47.09 SAA: BlockRead (Address 88d, Cmd DxE4): ACK 0x0000000000000000000000000000000000000000000000000000000000000000
11:08:47.09 S5AA: BlockRead {Address 88d, Cmd OxE5): ACK 0x00000000000000000000000000000000000000FE000000000000004030000004
11:08:47.10 SAA: BlockRead {Address 88d, Cmd 0xFD): ACK 0x55434433313031323856317C30 2E30 263335 26303036 387C31323032323700

Copy Log Clearlog Display all SMBus/12C activity in log

Fusion Digital Power Designer v2.0.30 [2015-03-09] \ &P Texas InsTruMEnTs | fusion digital power
Figure 8

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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R

|| Fite | -
Al [ Watch List |

Register Variable Name: E| Substring Mabchl Filter | show: () Al () Registers (3)RAM () DFlash () PFlash

f:..; Toggle

Selection: Al T) =

\_‘ 7 . T ﬂ Browse For Folder — ﬁ 1 Refr... | write |... |
— 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 |- 4] CCse -
files that are used are: |

4 | Bidirection_DC-DC

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

o *.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.

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

hava haan rin thrannh tha © nra-nraraccnr Thara will ha

— Select Files & Options

Settings are saved for each unique DEVICE_ID. So for example, if you switch between
UCD9244 and UCD9222, the debugger will automatically use the apprpriate files.
Current SettiiFolder:

. Z:\dp_firmware\CCS6\Bidirection_DC-DC\UCD3138

|’ - 2R RIRLrrt B sl =
| \ Select Folder Containing Map/PP Files |‘Se\ect ZIP File Containing Map/PP Files] —

1 \‘Show Registers Only - Auto Select Map] |‘ow Registers Only - Manually Select M] I UCD2138128 Copyloa Clear Lo

[] 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

| Header Files L
representations of a struct bitfield complicate debugging. Checking this box simplifies
tha variahla nnda traa hw anlv shawinn bit field structs when other members of a union Linker Files
[[] Code Composer small enums mode wi

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 (varable lenath instead of fixed 4 byte llenqth).

Cancel W

Fusion Digital Power Designer v2.0.30 [2015-03-09] | DC-DC LLC Firmware v0.0.35.68 @ Adg)| | - {EC; 400 kHz]

Figure 9

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

e
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o 0 ory Debugg DC-D 0.0 68 @ Add d =]
File
Al 7 Watch List —_
Register Variable Name: [¢] 5ubstring Match [+ Filter | | Show: (O) Al OREg\stErsl (%) RAM |CJ DFiash (J) PFlash i":gTﬂgg\Ei
Check all Uncheck All
Selection: Al {3 > 1.cMD T
[Name ~ | Descrip... | Type |Va|ue |AS... | Hex |Address ‘ Size ‘ Cate... | + ‘ = | Refr... |Wrrte | =]
[ adc_struct Struct ADC_... O0x0006A... 32 by... RAM O
[Ea) block_to_receive Union BLOC... Ox0006A... 17 by... RAM O
& boost_state Enum POW... 0x0006A... 4 bytes RAM O
buck_state Enum POW... Ox0006A... 4 bytes RAM 1
.7 converter_state Enum CONV... Ox0006A... 4 bytes RAM l:‘
D_T1 UInt32 Ox0006A... 4 bytes RAM [}
G D_T1_array Array unsig... Ox0006A... 132 b... RAM |
D_T2 UInt32 Ox0006A... 4 bytes RAM
[ D_T2_array Array unsig... 0x0006A... 132 b... RAM |
data UInt8 Ox0006A... 1byte RAM O
[ dflash_variables Union DFLA... O0x0006A... 1040 ... RAM (|
do_internal_loop UInt32 Ox0006A... 4 bytes RAM 5
eadc_DAC_RAM UInt32 Ox0006A... 4 bytes RAM
[ eeprom_dev Union eeprom 0x0006A... 64 by... RAM ]
I' <7 error_state Enum ERRO... Ox0006A... 4 bytes RAM ]
error_value UInt32 0x0006A... 4 bytes RAM 1
1 UInt32 Ox0006A... 4 bytes RAM ]
-7 1. CMD Int32 Ox0006A... 4 bytes RAM :
I_OUT_ZERO UInt32 0x0006A... 4 bytes RAM
IDE_ V12 interrup... UInt32 Ox0006A... 4 bytes RAM O
IDE_V48 interrup... UInt32 0x0006A... 4 bytes RAM (|
MIN_TON UInt32 Ox0006A... 4 bytes RAM
phase Unt32 OX0006A... 4 bytes RAM B
prev_sync UInt3z OX0006A... 4 bytes RAM O
primary_packet Array SPLP... Ox0006A... 88 by... RAM O
(£} program_area small R... Array unsig... 0x0006A... 128 b... RAM |
PWMO_duty Float32 0x0006A... 4 bytes RAM
PWM1_duty Float32 OX0D06A... 4 bytes RAM |
Ratio UInt32 Ox0006A... 4 bytes RAM (|
receive_delay UInt32 0x0006A... 4 bytes RAM [l
I recelvg_fa\\_ﬂalg L_JLntS . UXDUUGA %_blyte ?AM E
[ Import ... J [Exportsalectad ] [ Bxport 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 Adapter v1.0.10 [PEC: 400 kHzl
Figure 10

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.

TIDUBMS - April 2016 BidirectionDCDC converter 15
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File

[ || v watchuse |

RegisterVariable Name:

[ startPoling  Poling Interval:

Selection| Watch List T2 | > I_cMD T)

1,700 & ms

[] substring Match [] [ Filter | Show: () Al C)REgistErsl @RAMl

Global Poll Change: Chedk All Uncheck All

(C)DFfash () PFlash

‘ Description |Type Value Hex |Address ‘ Size
Int32 0 |0x00000000 0x0006A... 4 bytes
converter_state Enum CONVERTER_STATE 2 - STAND_BY [0x00000002 0x0006A... 4 bytes
=L¢ error_state Enum ERROR__STATE 0 - UNDER_INPUT_VOLTAGE |0x00000000 0x0006A... 4 bytes
[ Expand All 1 [ Collapse all ] [ Refresh Filtered ] [ Import ... ] [E‘xportSe\ected...] [B(portWatchhst...} [ C\earWatchLlst]

| Timesta... | Message

Copvlog Clearlog | ‘El

12:06:11.00 0x0006A478: read 4 byte(s) 0x00000000

v

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

Figure 11

variables is described in the table below:

Variable

Description

Read / write

|_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 Vto 12 V.
This direction is considered positive. For 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 Vto 48 V.

Write

TIDUBMS - April 2016
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For these values the board is operating in

BOOST mode.

converter_state | This variable simply indicates which state the Read only
board is .

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 1. 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.

Selection] Watch List §3

Click on the “Watch List” to read the values of the variables.

TIDUBMG6 - April 2016 BidirectionDCDC converter 17
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7.1 Compiling the firmware

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...”

»'s CCS Edit - BiDirection_DC-DC_UCD3138128/variables.h - Code Composer Studic
File Edit View MNavigate |Project| Scripts Run Window Help

S (6, v 3% vi|E New CCS Project.
@ New Energia Sketch...
9 Project Explorer & i Examples

o Build All Ctrl+B
Build Configurations ¥
Build Working Set *
Clean..

T BiDirection_DC-DC_UC
iDirecti ud

Build Automatically
Show Build Settings...

Add Files...

I= Import CCS Projects... 1
L1 Import Legacy CCSv3.3 Projects...
@, Import Energia Sketch...
Import Energia Libraries...

C/C++ Index k
Properties

Figure 12 Project import for CCS

Select the folder and click on “OK”.

TIDUBMG6 - April 2016 BidirectionDCDC converter 18
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v+ Impart CCS Echpse Projects — - o el ST | Browss For Folder S
> I
Select CCS Projects to Import r il Salect root directory of the projects 1o impart
/
Select a directory to search for existing CCS Eclipse projects. ‘_/J
1 # | BidirectionDCDCFimmware-1.0 =
@ Select sgarch-directony: Browse_ I 4 i BidirectionDCDC |
| ucn3138
Select archive file: £
UCD3138A64
Discovered projects: UCD3138064
Sehect All UCD3138128
Deselect Al = 4 |, BiDirectionDCDC
- L. settings |
o [Date create 1
Refoesh I Debug_Hardswi gy
i | Debug_ Open_loop
I Debug_Soltswilching
L. Release
I Header Files
). Linker Files
Automatically import referenced projects found in same search-directory ). rolibackBackupDirectery
Lopy projects into workspace
Open the Resource Explorer and browse available example peojects
i) Cancel
|
| Folder;  BDwectionDCDC
Mnka New Folder 0K Cancel

Figure 13 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.

TIDUBMG6 - April 2016
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v+ CCS Edit - Code Composer Studio
File Edit View MNavigate Project Scripts Run Window Help

ir~ LR R R R

[ Project Explorer BEE Y= 0

& BiDirection_DC-DC_UCD3138
1 BiDirection_DC-DC_UCD3138064
£ BiDirection DC-DC UCD3138128 [Active - Release]

New 2

Add Files...
= Copy Ctri+C
Paste Ctrl+V
¥ Delete Delete
Refactor r
Source *
Move...
Rename... F2

Import r
5 Export..
Show Build Settings...
Build Project
Clean Project
Rebuild Project
Refresh F5
Close Project

£

Build Configurations r | Manage... 1

Make Targets d Set Active » I 1 Debug_Hardswitching
Index »| Build All ‘ 2 Debug_Open_loop
Debug As 5 Clean All | 3 Debug_Softswitching
Team »|  Build Selected.. ;_I"f iiclease

Compare With r

Restore from Local History...

Properties Alt+Enter

Figure 14 Build configuration setting

Now build the project as shown in the figure below:

e
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<% CCS Edit - Code Composer Studio ™
File Edit View MNavigate Project Scripts Run Window Help

v Rvi i L viEiE Y O

[25 Project Explorer 2 & Y= 8

LT BiDirection_DC-DC_UCD3138
L1 BiDirection_DC-DC_UCD3138064

- 5 BiDirection_DC-DC_UCD3138128 [[Active - Debug_Hardswitching]
New 4 |

Add Files...
=5 Copy Ctrl+C
Paste Ctrl+V
# Delete Delete
Refactor 4
Source 4

Move...

Rename... F2

» Import 4
Export...

C.

Show Build Settings...

Build Project

Clean Project

Rebuild Project

Refresh F5
Close Project

L69

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

Restore from Local History...

Properties Alt+Enter

Figure 15 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 @ Cansole & = Call Hierarchy v EEfR iy = B
COT Build Consale [BiDirection_DC-DC_UCD3138128]
<Linking> -

“Finished building target: BiDirection DC-DC UCD}].JBIZBLout'

"Tektronix Extended format’®
("C:/tib/cesvb/tools /compiler/arm_5.1.5/bin/armhex. exe™ -x "BiDirection_DC-DC_UCD3138128.o0ut” -0
"Bilirection_DC-DC_UCD3138128 HardSwitching. x@"| -memwidth 8 )

"BiDirection DC-DC_UCD3138128. out™ > .vectors

"BiDirection DC-DC_UCD3138128.0ut™  ==> .text

"BiDirection_DC-DC_UCD3138128 out™  ==> .const
==> .cinit

"BiDirection_DC-DC_UCD3138128. out™

==x® Build Finished **=* =

Figure 16 Compilation result and output
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8 Test Setup

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 power supply/load configuration to simulate a battery. The image
shown below illustrates how the connections have to be made:

Bidirection
Power Supply | DCDC Power Supply
at12Vv

at4s Vv converter
Electronic load in Electronic load in
constant voltage constant voltage
mode set at 48 V mode setat 12V

Figure 17

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

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

1) Turn on the 48 V supply.
2) Turn onthe 12 V supply.
3) Press the reset button on the converter to clear any operation to be pending.

4) Download the provided firmware.

TIDUBMG6 - April 2016 BidirectionDCDC converter 22
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9 Test Data
9.1 Efficiency 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% | B G SRV
=t
L=
94.00% - ‘>t(
!
[
Z 92.00% ;
c ]
2 ]
] 1
E 90.00% - ," ====HS Buck w/o safety parts
‘f
X
88.00% -
86.00% -
84.00% -
0 20 40 60 80 100 120
12 V battery current in Amps
Figure 18 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.

]
BidirectionDCDC converter 23
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98.00% . .
Effeciency plot for Buck operation
9600% 1 ” -----' --L-—- -
x4
.- s -
94.00% - 7
’
/
!

£ 92.00% '
= ]
2 ]
g /
E 90.00% - 'l = =i==7VS Buck w/o safety parts

!

/

88.00% t

]

]

]

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

Figure 19 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.

]
BidirectionDCDC converter 24
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96.00% - -
Effeciency plot for Boost operation
94.00%
92.00%
z
=
2 90.00%
U
E ——Hard Switching Boost
88.00%
86.00%
84.00% . . T T
0 20 40 60 80 100 120
12 V battery current in Amps

Figure 20 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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96.00%

94.00% -

Effeciency plot for Boost operation

92.00%

iency

90.00%

Effec

88.00%

== ZVS Boost

86.00% -

84.00%

20 40 60 80 100
12 V battery current in Amps

120

Figure 21 Efficiency plot for ZVS Boost operation

9.2 Loss analysis

25
20 A
15 -
10 s
M Hard Switching Buck
5 | M ZVS Buck
. I -.-- '
o 5 o o o o < o £ o o
& & & \o'" & & & & =8 & &
& & <& & & & & & ¥ P )
S & ¢ ¢ & & ¢ & ¢

& o N\ & @ N

Figure 22 Different losses for Hardswitching and ZVS topologies.
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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

9.3 Thermal data

SFLIR

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

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

Figure 23 Thermal image of the BidirectionDCDC board on a heat sink performing Hard switching
Buck operation at 110 A.
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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 FETSs.

Top FETIC | Bottom FET/C Winding / C

72.0/73* 61.5/64 56.5//599 62.3//64

Figure 24 Thermal image of the BidirectionDCDC board on a heat sink performing ZVS Buck operation
at 110 A.

e
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9.4 Operating the board in Buck and Boost mode.

Switching node

' : Buck operation | - Boost operation
© 12 V Battery current P ; P

Inductor Current .

(@ 10.0 A o

o so.ofv ](1.00;5 ]fl.OOMSf’s; i I s.zoA.]

Figure 25 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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Curs1 Pos

Curs2 Pos

Wl G204
P -2 .04
by -B4.04

JFreqic1p
p: 182 48176
;1825

152 .5Hz

Ml 132 .5

o 0.0 n: 1.0

S0.0%

12 Y Battery Current

~MlariC 1)

qp: 49.995999
rm: 50.0

@ 0.0

M 500
n: 1.0

Ch1 10.0Y By
Ch3 50.04 it

Chz

S0 By

Ml 4.0z 625k
A Chi o 4.0

160p=At

Figure 26 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.

e —
BidirectionDCDC converter
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10 Design Files

10.1 Schematics

To download the Schematics for each board, see the design files at http://www.ti.com/tool/DESIGNNUMBER

Q4
30V/AFAOYm
C50O{7570058

Tiz?
LI 11
XALLS80-102MER i IPBO17NIONS 36
f L2 ¥ . Fl TP3 Hv ™4 3
| — 48V con peasssanad Qs Li 0.002
P = MAnE S EEd e R swi @ R o R27
i 2 SERZIEGHATZKL 7aldl12% 0.002
XAL580-102MEB 1587 L 86
=} ==} ==L¥ 3 08 !
2NFEBONV| 22uFB0V 1000pF ==C40 4] CEDI TSN (31
ZUFISIV] 22uFIS0V) UPSHISUETR 0V/S3A0.60mf_ IMSZ46H.Y
P r] 1
1000pF R0 =106 H34
W = 10.0k ™ $10.0k :
=l ahos A QuFM00v i (23567 IPBO1TNIONS o ::
22uF/s0V] 22uEr50V 1000pF ==(52 C53 1
: 2Z20F/50V| 22uFIS0V i) a7 i 012
==Cs7 i 3 i Hite ECH81p2-TL-H [Saty ST INTRIRE-T1-E3
1000pF R0 100V/ 1244 /4.9m
10.0k 107+
Y ? 1000pF]
D
L Feng | Qls 1OV BA/SOT
PGND Phasel Fi 3 EXMPIDAIIFTA
B
Figure 27
The schematic shown above represents the master phase, phase 1. Similar configuration is used for the rest of the three phases.
e
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10.2 Bill of Materials

To download the Bill of Materials for each board, see the design files at http://www.ti.com/tool/DESIGNNUMBER

Table 1: To insert a table caption, right click picture > Insert Caption

Designator | Quantity Value Description PackageReference PartNumber Manufacturer
IPCB 1 Printed Circuit Board XX #HiHH# Any
C1 1 3300pF CAP, CERM, 3300pF, 100V, +/- | 0603 06031C332JAT2A AVX
5%, X7R, 0603
C2, Cs, 3 10uF CAP, CERM, 10uF, 16V, +/- 0805 0805YD106MAT2A AVX
C11 20%, X5R, 0805
C3 1 0.1uF CAP, CERM, 0.1uF, 50V, +/- 0603 06035C104KAT2A AVX
10%, X7R, 0603
C4, C28, 6 0.1uF CAP, CERM, 0.1uF, 25V, +/- 0603 06033C104JAT2A AVX
C91, C93, 5%, X7R, 0603
C95, C97
C5, C114 2 100pF CAP, CERM, 100pF, 50V, +/- 0603 C0603C101J5GAC Kemet
5%, COG/NPO, 0603
C6 1 2.2uF CAP, CERM, 2.2uF, 100V, +/- 1206_190 GRM31CR72A225KA73L MuRata
10%, X7R, 1206_190
C7 1 0.47uF CAP, CERM, 0.47uF, 100V, +/- | 1206 C3216X7R2A474K TDK
10%, X7R, 1206
C9, C61, 9 2.2uF CAP, CERM, 2.2uF, 16V, +/- 0805 0805YD225KAT2A AVX
C70, C79, 10%, X5R, 0805
C88, C99,
C100,
C101,
C102
C10 1 100pF CAP, CERM, 100pF, 50V, +/- 0603 06035A101JAT2A AVX

5%, COG/NPO, 0603
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Ci12 10uF CAP, CERM, 10uF, 25V, +/- 0805 C2012X5R1E106K125AB TDK
10%, X5R, 0805
C13 10uF CAP, CERM, 10uF, 6.3V, +/- 0603 C0603C106M9PACTU Kemet
20%, X5R, 0603
C14, C15 33pF CAP, CERM, 33pF, 100V, +/- 0603 06031A330JAT2A AVX
5%, COG/NPO, 0603
C16, C25, 0.01uF CAP, CERM, 0.01uF, 100V, +/- | 0603 06031C103JAT2A AVX
C27, C63, 5%, X7R, 0603
C72, C81,
C115
C17, C20, 1uF CAP, CERM, 1uF, 16V, +/- 0603 C0603C105K4PACTU Kemet
Cc23 10%, X5R, 0603
C18, C19, 0.1uF CAP, CERM, 0.1uF, 16V, +/- 0603 0603YC104JAT2A AVX
C21, C24, 5%, X7R, 0603
C90
C22, C71, 2.2uF CAP, CERM, 2.2uF, 10V, +/- 0603 C0603C225K8PACTU Kemet
C80, C89, 10%, X5R, 0603
C94
C26, C103 0.022uF CAP, CERM, 0.022uF, 25V, +/- | 0603 C0603C223K3RACTU Kemet
10%, X7R, 0603
C29, C30, 2.2uF CAP, CERM, 2.2uF, 6.3V, +/- 0603 C0603C225K9PACTU Kemet
C31 10%, X5R, 0603
C33 100pF CAP, CERM, 100pF, 25V, +/- 0603 06033C101KAT2A AVX
10%, X7R, 0603
C37, C38, 22uF CAP, CERM, 22uF, 50V, +/- 6x5x5mm CKG57NX5R1H226M500JH | TDK
C40, C41, 20%, X5R, 6x5x5mm
C49, C50,
C52, C53
C39 0.1uF CAP, CERM, 0.1uF, 25V, +/- 0603 GRM188R71E104KA01D MuRata
10%, X7R, 0603
C39, C45, 1000pF CAP, CERM, 1000pF, 100V, +/- | 0603 06031C102JAT2A AVX
Ch1, C57 5%, X7R, 0603
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C42, C54, 8 10uF CAP, CERM, 10uF, 100V, +/- 2220 C5750X7S2A106M TDK
C64, C66, 20%, X7S, 2220
C73, C75,
C82, C84
C43, C46, 4 1uF CAP, CERM, 1uF, 16V, +/- 0805 B37941K9105K62 EPCOS Inc
C55, C58 10%, X7R, 0805
C44, C56, 16 47uF CAP, CERM, 47uF, 16V, +/- 1210 GRM32ER61C476ME15L MuRata
C65, C67, 20%, X5R, 1210
C74, C76,
C83, C85,
C116,
C117,
C118,
C119,
C120,
C121,
C122,
C123
C4a7 1 330uF CAP, AL, 330uF, 100V, +/-20%, | MNO EMVE101GTR331MMNOS Nippon Chemi-Con
ohm, SMD
C48 1 470uF CAP, AL, 470uF, 25V, +/-20%, | JAO EMVA250ADA471IMIAO0G Nippon Chemi-Con
ohm, SMD
C59, C68, 4 330pF CAP, CERM, 330pF, 50V, +/- 0603 06035A331JAT2A AVX
C77, C86 5%, COG/NPO, 0603
C60, C69, 4 0.1uF CAP, CERM, 0.1uF, 25V, +/- 0603 06033C104KAT2A AVX
C78, C87 10%, X7R, 0603
C62 1 4.7uF CAP, CERM, 4.7uF, 25V, +/- 0805 C2012X5R1E475K125AB TDK
10%, X5R, 0805
C104 1 22pF CAP, CERM, 22pF, 50V, +/- 0603 06035A220JAT2A AVX
5%, COG/NPO, 0603
C106, 4 1uF CAP, CERM, 1 pyF, 25V, +/- 0603_095 C0603C105K3RACTU Kemet
C108, 10%, X7R, 0603_095
C109,
Cl12
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C107,

1000pF CAP, CERM, 1000 pF, 50 V, +/- | 0603 C0603X102K5RACTU Kemet
C110, 10%, X7R, 0603
C111,
C113
D1, D3, D4 200V Diode, Switching, 200V, 0.2A, SOT-23 BAS21-7-F Diodes Inc.
SOT-23
D2, D7, Red LED, Red, SMD LED_0805 LTST-C170KRKT Lite-On
D16
D5, D6, 40V Diode, Schottky, 40 V, 0.5 A, SOD-123 MBRO0540T1G ON Semiconductor
D17 SOD-123
D8, D9, 12v Diode, Zener, 12V, 500mW, SOD-123 MMSZ4699-V Vishay-Semiconductor
D10, D11, SOD-123
D12, D14,
D15, D18
D13, D19, 15v Diode, Schottky, 15V, 1 A, DO- | DO-216-AA UPS115UE3/TR7 Microsemi
D20, D21, 216-AA
D22, D23,
D24, D25
FID1, FID2, Fiducial mark. There is nothing | Fiducial N/A N/A
FID3 to buy or mount.
H1, H2, H3, Machine Screw, Round, #4-40 Screw NY PMS 440 0025 PH B&F Fastener Supply
H4, H5, H6, x 1/4, Nylon, Philips panhead
H7
Jl Header (shrouded), 100mil, 5x2 Shrouded header 5103308-1 TE Connectivity
5x2, Gold, TH
J2, 33, J4, Connector Lug, wire range #6 - | Connector Lug, 90562 Morris Products
J5, J6, J7 4/0, 600V 1.075x0.45x0.45 inch
Jg, J9, J11 Header,2x1, 100mil, TH Header, 2x1, 100mil, TH 22-27-2021 Molex
J10 Header, 2x1, 100mil, SMT Header, 2x1, 100mil, TH 800-10-002-10-001000 Mill-Max
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J12 Header, TH, 100mil, 4x1, Gold 4x1 Header TSW-104-07-G-S Samtec
plated, 230 mil above insulator
L1, L2 1uH Inductor, Shielded, Composite, | 15.2x8x16.2mm XAL1580-102MEB Coilcraft
1uH, 57.5A, 0.000929 ohm,
SMD
L3, L4, L5, 4. 7uH Inductor, Shielded E Core, 29.7x15.36x27.94mm SER2915H-472KL Coilcraft
L6 Ferrite, 4.7 pH, 30 A, 0.00186
ohm, SMD
LBL1 Thermal Transfer Printable PCB Label 0.650"H x THT-14-423-10 Brady
Labels, 0.650" W x 0.200" H - 0.200"W
10,000 per roll
Q1 -20V MOSFET, P-CH, -20V, -2.4A, SOT-23 FDN302P Fairchild Semiconductor
SOT-23
Q4, Q7, 30V MOSFET, N-CH, 30V, 51A, SON 5x6mm CSD17570Q5B Texas Instruments
Q8, Q9, SON 5x6mm
Q20, Q26,
Q30, Q39
Q5, Q6, 100V MOSFET, N-CH, 100V, DDPAK-7 IPBO17N10N5 Infineon Technologies
Q18, Q22, 1.7mOhm, DDPAK-7
Q28, Q32,
Q38, Q42
Q11, Q14 60V MOSFET, N-CH, 60V, 0.24A, SOT-23 2N7002E-T1-E3 Vishay-Siliconix
SOT-23
Q15, Q25, -100Vv MOSFET, P-CH, -100V, -0.6A, | SOT-23 ZXMP10A13FTA Diodes Inc.
Q35, Q45 SOT-23
Q16, Q17, 30V Transistor, PNP, 30 V, 12 A, SMD-8 ECH8102-TL-H ON Semiconductor
Q24, Q27, SMD-8
Q36, Q37,
Q46, Q47
R1, R16 330 RES, 330 ohm, 1%, 0.1W, 0603 | 0603 RC0603FR-07330RL Yageo America
R2 39.0k RES, 39.0k ohm, 1%, 0.1W, 0603 RCO0603FR-0739KL Yageo America
0603
R3 150k/1% RES, 150k ohm, 1%, 0.1W, 0603 CRCWO0603150KFKEA Vishay-Dale
0603
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R4 120k RES, 120k ohm, 1%, 0.1W, 0603 RCO0603FR-07120KL Yageo America
0603
R5, R122 49.9 RES, 49.9 ohm, 1%, 0.1W, 0603 CRCWO060349R9FKEA Vishay-Dale
0603
R6 27.0k RES, 27.0k ohm, 1%, 0.1W, 0603 RCO0603FR-0727KL Yageo America
0603
R7, R118 10.0k RES, 10.0k ohm, 1%, 0.1W, 0603 CRCWO060310K0OFKEA Vishay-Dale
0603
R8 1k 1% RES, 1.0k ohm, 5%, 0.1W, 0603 CRCWO06031K00JNEA Vishay-Dale
0603
R9 330 RES, 330, 5%, 0.1 W, 0603 0603 CRCWO0603330RINEA Vishay-Dale
R10 560 RES, 560 ohm, 1%, 0.1W, 0603 | 0603 RCO0603FR-07560RL Yageo America
R11 3.0k RES, 3.0k ohm, 5%, 0.1W, 0603 CRCWO06033K00JNEA Vishay-Dale
0603
R12, R112, 100k RES, 100 k, 5%, 0.1 W, 0603 0603 CRCWO0603100KJIJNEA Vishay-Dale
R116
R13, R14 1.50k RES, 1.50k ohm, 0.1%, 0.1W, 0603 RG1608P-152-B-T5 Susumu Co Ltd
0603
R15, R20, 0 RES, 0 ohm, 5%, 0.1W, 0603 0603 MCRO3EZPJO000 Rohm
R21, R22,
R23
R17, R111, 1.00k RES, 1.00k ohm, 1%, 0.1W, 0603 CRCWO06031K00FKEA Vishay-Dale
R115, 0603
R117,
R119
R19, R38, 1.0k RES, 1.0k ohm, 5%, 0.1W, 0603 CRCWO06031K00JNEA Vishay-Dale
R124, 0603
R125,
R126,
R127
R24, R26 100 RES, 100 ohm, 1%, 0.1W, 0603 | 0603 CRCWO0603100RFKEA Vishay-Dale
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R27, R36,
R52, R57,
R71, R76,
R90, R95

0.002

RES, 0.002, 1%, 1 W, 2512

2512

ERJ-M1IWTF2MOU

Panasonic

R28

33.0k

RES, 33.0 k, 1%, 0.1 W, 0603

0603

CRCWO060333KOFKEA

Vishay-Dale

R29

A=Y

8.06k

RES, 8.06 k, 1%, 0.1 W, 0603

0603

CRCWO06038K06FKEA

Vishay-Dale

R30, R39,
R53, R59,
R72, R78,
R91, R97

10.0k

RES, 10.0k ohm, 0.1%, 0.1W,
0603

0603

RG1608P-103-B-T5

Susumu Co Ltd

R33

1.10k

RES, 1.10 k, 1%, 0.1 W, 0603

0603

RCO0603FR-071K1L

Yageo America

R34, R41,
R56, R63,
R75, R82,
R94, R101

10.0k

RES, 10.0 k, 1%, 0.1 W, 0603

0603

CRCWO060310KOFKEA

Vishay-Dale

R35

1.00k

RES, 1.00 k, 1%, 0.1 W, 0603

0603

CRCWO06031K00FKEA

Vishay-Dale

R40, R43,
R45, R46,
R61, R64,
R65, R80,
R83, R84,
R99, R102,
R103

13

1.0k_1%

RES, 1.0k ohm, 5%, 0.1W,
0603

0603

CRCWO06031K00JNEA

Vishay-Dale

R42, R60,
R79, R98

120

RES, 120, 5%, 0.1 W, 0603

0603

CRCWO0603120RJINEA

Vishay-Dale

R43, R135

RES, 0 ohm, 5%, 0.125W, 0805

0805

CRCWO08050000Z0EA

Vishay-Dale

R44, R47,
R49, R62,
R66, R68,
R81, R85,
R87, R100,
R104,
R106

12

26.1k

RES, 26.1k ohm, 1%, 0.1W,
0603

0603

CRCWO060326K1FKEA

Vishay-Dale
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R48, R67, 4 40.2k RES, 40.2k ohm, 1%, 0.1W, 0603 CRCWO060340K2FKEA Vishay-Dale
R86, R105 0603
R51, R70, 4 1.64k 1% RES, 1.65k ohm, 1%, 0.1W, 0603 CRCWO06031K65FKEA Vishay-Dale
R89, R108 0603
R109, 4 2.00k RES, 2.00k ohm, 1%, 0.1W, 0603 CRCWO06032K00FKEA Vishay-Dale
R110, 0603
R113,
R114
R120 1 0 RES, 0 ohm, 5%, 0.1W, 0603 0603 ERJ-3GEYOROOV Panasonic
R121 1 31.6k_1% RES, 31.6k ohm, 1%, 0.1W, 0603 CRCWO060331K6FKEA Vishay-Dale
0603
R128 1 75.0 RES, 75.0, 1%, 0.1 W, 0603 0603 CRCWO060375R0FKEA Vishay-Dale
R130 1 10.0 RES, 10.0 ohm, 1%, 0.1W, 0603 CRCWO060310ROFKEA Vishay-Dale
0603
S1 1 Switch, Push Button, SMD 2.9x2x3.9mm SMD SKRKAEEO010 Alps
T1 1 60 uH xfmr, 20% 12x12.5 mm 750342460 WURTH ELEKTRONIK
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TP1, TP2, 55 White Test Point, Miniature, White, TH | White Miniature Testpoint 5002 Keystone
TP4, TP5,
TP6, TP7,
TP8, TP9,
TP10,
TP11,
TP13,
TP14,
TP15,
TP16,
TP17,
TP18,
TP19,
TP20,
TP21,
TP22,
TP23,
TP24,
TP25,
TP26,
TP27,
TP28,
TP29,
TP31,
TP32,
TP33,
TP35,
TP36,
TP37,
TP38,
TP39,
TP40,
TP41,
TP42,
TP43,
TP44,
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TPA45,
TPA46,
TPA47,
TP48,
TPA49,
TP50,
TP51,
TP52,
TPS53,
TPS55,
TP56,
TP57,
TP58,
TP59,
TP60
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TP3

SMT

Test Point, Compact, SMT

Testpoint_Keystone_Compact

5016

Keystone

Ul

LM34927MR

IC, Integrated Secondary Side
Bias Regulator

PSOP

LM34927MR

Tl

u2

FIXED LOW-DROPOUT
VOLTAGE REGULATOR,
DCY0003A

DCYO0003A

TLV1117-33IDCY

Texas Instruments

u3

UCD3138128PFC, PFC0080

PFCO080A

UCD3138128PFC

Texas Instruments

U4, U6, U8,
u10

UCC2721xDRM

IC, 120V Boot, 4A Peak, High
Frequency High-Side Low-Side
Driver

QFN-8

UCC2721xDRM

Tl

U5

1.1 nV/rtHz Noise, Low Power,
Precision Operational Amplifier,
4.510 36 V, -40 to 125 degC, 8-
pin SOP (DDAO008C), Green
(RoHS & no Sb/Br)

DDAO0008C

OPA2211AIDDA

Texas Instruments

U7, U9,
U1l

1.1 nV/rtHz Noise, Low Power,
Precision Operational Amplifier,
4.5t0 36 V, -40 to 125 degC, 8-
pin SOIC (DO008A), Green
(RoHS & no Sb/Br)

DO0O08A

OPAZ211AID

Texas Instruments

Uiz

40-ns, microPOWER, Push-Pull
Output Comparators, DOOOSA

DO0O08A

TLV3202AID

Texas Instruments

u13

Single 2-Input Positive-AND
Gate, DBVO00O5A

DBVOO005A

SN74AHC1G08DBV

Texas Instruments

ui4

DUAL BUFFER GATE,
DRLOOOGA

DRLOOO6A

SN74LVC2G34DRL

Texas Instruments

U15, U16,
u1l7, U18

1 uA Shunt Voltage Reference,
1.25V, 10 ppm/ degC, 5 mA, -
40 to 85 degC, 3-pin SOT-23
(DBZ), Green (RoHS & no
Sh/Br)

DBZ0003A

REF1112AIDBZT

Texas Instruments

(UXRe]

3.3V CAN Transceiver with
Standby Mode, Loop-back, 6
mA, -40 to 125 degC, 8-pin

DOO08SA

SN65HVD233D

Texas Instruments
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SOIC (D), Green (RoHS & no
Sb/Br)
XF1, XF3, FuseHolder 780x320x345mil 3587 Keystone
XF5, XF7
C32, C34, 22pF CAP, CERM, 22pF, 50V, +/- 0603 06035A220JAT2A AVX
C35, C36 5%, COG/NPO, 0603
C105 330pF CAP, CERM, 330pF, 100V, +/- | 0603 06031C331JAT2A AVX
5%, X7R, 0603
Q2, Q3, 60V MOSFET, N-CH, 60V, 0.24A, SOT-23 2N7002E-T1-E3 Vishay-Siliconix
Q12, Q23, SOT-23
Q34, Q43

TIDUBMG - April 2016

BidirectionDCDC converter

Copyright © 2016, Texas Instruments Incorporated

43




13 TEXAS
INSTRUMENTS

www.ti.com

10.2.1 Layout files

To download the Layout Prints for each board, see the design files at
http://www.ti.com/tool/DESIGNNUMBER
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10.3 Altium Project

To download the Altium project files for each board, see the design files at
http://www.ti.com/tool/DESIGNNUMBER

7500, 00

000, O

Figure 36: Altium Project
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10.4 Assembly Drawings

To download the Assembly Drawings for each board, see the design files at
http://www.ti.com/tool/DESIGNNUMBER
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11 Software Files

To download the software files for this reference design, please see the link at
http://www.ti.com/tool/DESIGNNUMBER

12 References

1) Highly Integrated Digital Controller for Isolated Power (Rev. F)

http://www.ti.com/lit/gpn/ucd3138

2) UCD3138 Monitoring and Communications Programmer’s Manual (Rev. A)

http://www.ti.com/lit/pdf/sluu996

3) UCD3138 Digital Power Peripherals Programmer’s Manual (Rev. A)

http://www.ti.com/lit/pdf/sluu995

4) UCD3138 ARM and Digital System Programmer’s Manual (Rev. A)

http://www.ti.com/lit/pdf/sluu994
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IMPORTANT NOTICE FOR TI REFERENCE DESIGNS

Texas Instruments Incorporated ("TI") reference designs are solely intended to assist designers (“Buyers”) who are developing systems that
incorporate Tl semiconductor products (also referred to herein as “components”). Buyer understands and agrees that Buyer remains
responsible for using its independent analysis, evaluation and judgment in designing Buyer’s systems and products.

Tl reference designs have been created using standard laboratory conditions and engineering practices. Tl has not conducted any
testing other than that specifically described in the published documentation for a particular reference design. Tl may make
corrections, enhancements, improvements and other changes to its reference designs.

Buyers are authorized to use Tl reference designs with the Tl component(s) identified in each particular reference design and to modify the
reference design in the development of their end products. HOWEVER, NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL
OR OTHERWISE TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY THIRD PARTY TECHNOLOGY
OR INTELLECTUAL PROPERTY RIGHT, IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right,
or other intellectual property right relating to any combination, machine, or process in which TI components or services are used.
Information published by TI regarding third-party products or services does not constitute a license to use such products or services, or a
warranty or endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual
property of the third party, or a license from Tl under the patents or other intellectual property of TI.

TI REFERENCE DESIGNS ARE PROVIDED "AS IS". TI MAKES NO WARRANTIES OR REPRESENTATIONS WITH REGARD TO THE
REFERENCE DESIGNS OR USE OF THE REFERENCE DESIGNS, EXPRESS, IMPLIED OR STATUTORY, INCLUDING ACCURACY OR
COMPLETENESS. TI DISCLAIMS ANY WARRANTY OF TITLE AND ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS
FOR A PARTICULAR PURPOSE, QUIET ENJOYMENT, QUIET POSSESSION, AND NON-INFRINGEMENT OF ANY THIRD PARTY
INTELLECTUAL PROPERTY RIGHTS WITH REGARD TO TI REFERENCE DESIGNS OR USE THEREOF. TI SHALL NOT BE LIABLE
FOR AND SHALL NOT DEFEND OR INDEMNIFY BUYERS AGAINST ANY THIRD PARTY INFRINGEMENT CLAIM THAT RELATES TO
OR IS BASED ON A COMBINATION OF COMPONENTS PROVIDED IN A TI REFERENCE DESIGN. IN NO EVENT SHALL TI BE
LIABLE FOR ANY ACTUAL, SPECIAL, INCIDENTAL, CONSEQUENTIAL OR INDIRECT DAMAGES, HOWEVER CAUSED, ON ANY
THEORY OF LIABILITY AND WHETHER OR NOT TI HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES, ARISING IN
ANY WAY OUT OF TI REFERENCE DESIGNS OR BUYER’S USE OF TI REFERENCE DESIGNS.

Tl reserves the right to make corrections, enhancements, improvements and other changes to its semiconductor products and services per
JESDA46, latest issue, and to discontinue any product or service per JESD48, latest issue. Buyers should obtain the latest relevant
information before placing orders and should verify that such information is current and complete. All semiconductor products are sold
subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques for TI components are used to the extent Tl
deems necessary to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not
necessarily performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

Reproduction of significant portions of Tl information in Tl data books, data sheets or reference designs is permissible only if reproduction is
without alteration and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for
such altered documentation. Information of third parties may be subject to additional restrictions.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards that
anticipate dangerous failures, monitor failures and their consequences, lessen the likelihood of dangerous failures and take appropriate
remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use of any TI components in
Buyer's safety-critical applications.

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.

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.
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