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UCG2882x Self-Biased High Frequency QR Flyback Converter With Integrated GaN

1 Features

Integrated 750V GaN with 170mQ Rgs(on) Option
Dynamic QR/DCM/CCM modes of operation
High power density: up to 500kHz switching
frequency

Enable low BoM cost by integration

Remove auxiliary winding with self bias
Integrated input and output voltage sensing
Integrated current sense

Integrated HV start-up

Integrated X-cap discharge

High efficiency and low EMI performance

— Ultra-low standby power: <30mW
Frequency foldback and burst mode
Valley locking

Frequency dithering

— Switching slew rate control
Comprehensive protection features

— Overtemperature protection

— Overvoltage protection

— Short-circuit protection

— Cycle-by-cycle current limit

— Two-level over power protection with LPS
— Brownin and brownout protection

— Open feedback protection

Flexible configurability through external resistors
— X-cap discharge and CCM mode disable
— Selectable switching slew rate

— Multiple clamping frequency settings

— Fault latch or auto-restart

— Maximum and minimum peak current ratio
— Dithering amplitude

2 Applications

USB-PD adapter for portable electronics
USB wall outlets and docking stations
Industrial DIN rail power supplies
Server aux power supplies

3 Description

UCG2882x is a high frequency, quasi-resonant
flyback converter with a built-in 750V GaN high
electron mobility transistor (HEMT) with as low as
170mQ Rgson) for AC to DC power conversion.
The UCG2882x is designed for high power density
applications, such as cell phone fast chargers and
notebook adapters. The key feature of this device
is the self-bias and auxless sensing scheme which
eliminates the need of the auxiliary winding and
simplifies the system design with higher efficiency.

The UCG2882x also features intelligent mode
transition (CCM/QR/DCM) to enable high efficiency
across wide power range and <30mW standby power
consumption. In addition, UCG2882x includes a full
list of protections, such as brownin and brownout
protection, SCP, OVP, OPP, LPS, OFB and OTP. The
cycle-by-cycle current limit allows for fast response
to the fault conditions to safeguard the system and
improve the reliability. In a small 5 x 5mm package,
the UCG2882x has dedicated configuration pins to
offer more flexibility. Only resistors are needed to
tune certain parameters for each system, enabling a
platform design with a single device.

Package Information

PART NUMBER PACKAGE(") PACKAGE SIZE®@)
UCG28824
uUCG28826 REZ (QFN, 12) 5mm x 5Smm
uCcG28828

(1)  For all available packages, see Section 11 at the end of the
data sheet.

(2) The package size (length x width) is a nominal value and
includes pins, where applicable.
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Simplified Schematic of AC/DC Flyback Converter Using UCG2882x

An IMPORTANT NOTICE at the end of this data sheet addresses availability, warranty, changes, use in safety-critical applications,
intellectual property matters and other important disclaimers. PRODUCTION DATA.
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4 Device Comparison

Table 4-1. Related Products

DEVICE NAME DESCRIPTION
UCG28824 | Self-biased QR flyback converter with 750V, 270mQ GaN FET for 45W designs
UCG28826 |Self-biased QR flyback converter with 750V, 170mQ GaN FET for 65W designs
UCG28828 glih‘c-ti)ri]a;)sui()j QR flyback converter with 750V, 170mQ GaN FET for 120W designs (with
UCC28881 |4.5W, 700V AC/DC flyback converter with integrated FET
UCC28910 |6W and 7.5W, 700V primary side regulated flyback converter
Table 4-2. UCG2882x Device Options
UCG28826-1 UCG28826-3 | UCG28826-4 | UCG28826-5 | UCG28828-1 | UCG28828-2(") | UCG28824-1
Power Level 65W 65W 65W 65W 120W 120W 45W
Rdson 170mQ 170mQ 170mQ 170mQ 170mQ 170mQ 270mQ
OPPL 100W 100W 80w Disabled Disabled Disabled 69W
OPPH 140W 140W 140W 140W 190W 190W 97TW
LPS 7.5A 7.5A 7.5A Disabled Disabled Disabled 5.2A
Brownout/in | 80VAC/70VAC | 80VAC/70VAC | 80VAC/70VAC | 67VAC/57VAC | 80VAC/70VAC | 80VAC/70VAC | 80VAC/70VAC
Output OVP 25V 25V 16V 25V 25V 25V 25V
Input OVP No No No No No 315VAC No
High Line CCM No No No No No Yes No
Eg"r'eggzﬁz;‘g 6.25kHz 390Hz 6.25kHz 6.25kHz 6.25kHz 6.25kHz 6.25kHz

M
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5 Pin Configuration and Functions
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Figure 5-1. UCG2882x 5mm x 5mm Package, 12-Pin QFN (Top View)

Table 5-1. Pin Functions

PIN
TYPE(™ DESCRIPTION

NAME NO.

CDX 9 | Multifunction pin to enable and disable CCM mode, switching slew rate setting and X-cap
discharge enable and disable.

FB | Feedback signal. Connect this pin to the collector of an optocoupler.

FCL | Switching frequency clamp and fault behavior setting.

FLT 4 (6] Fault pin for external overtemperature protection. Connect an NTC from this pin to GND.

GND 3,10 G Signal ground. Internally connected to power ground.

GND 12 G Power ground. Connect to negative terminal of input bulk capacitor. Add a ground plane with
sufficient copper area below the thermal pad for efficient heat conduction to the PCB.

HV 1 P HV start-up, AC line input presence detection and X-cap discharge.

IPK 7 | Peak current and frequency dither setting pin. A resistor from this pin to GND sets the maximum
and minimum primary-side peak current and dithering depth.

SW 2 P Drain pin of integrated high-voltage GaN HEMT. This is also the sensing pin for valley switching
and protections.

TR 6 | Turns ratio setting. A resistor from this pin to GND sets the transformer turns ratio Np/Ns.

VCC IC bias supply. Connect an external capacitor (at least 10V rated) from this pin to GND. Verify that

11 P the capacitor value is from 15uF to 47uF. The capacitor value is determined by the hold up time for

missing input line cycles.

(1) = Input, O = Output, I/O = Input or Output, G = Ground, P = Power.
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6 Specifications
6.1 Absolute Maximum Ratings

over operating free-air temperature range (unless otherwise noted)("

\ MIN MAX| UNIT
Vhv(surge) GaN HEMT drain-source voltage, surge condition 800 \%
Vswitr)surge) | GaN power HEMT transient drain-source voltage, surge condition(®) ) 800| V
Vaw(t) GaN power HEMT drain-source transient voltage, each switching cycle(®) (4) 750 V
Vsw GaN power HEMT continuous drain-source voltage, FET off 700 \%
Ibs GaN power HEMT continuous current, FET on Internally limited A
FLT, TR, IPK, FCL, CDX, FB -0.3 5.5
Pin voltage \%
VCC -0.3 6.5
T, Junction temperature -40 150| °C
Tstg Storage temperature -65 150 °C

(1)

Operation outside the Absolute Maximum Ratings may cause permanent device damage. Absolute Maximum Ratings do not imply

functional operation of the device at these or any other conditions beyond those listed under Recommended Operating Conditions.

If used outside the Recommended Operating Conditions but within the Absolute Maximum Ratings, the device may not be fully

functional, and this may affect device reliability, functionality, performance, and shorten the device lifetime.

()
@)
(4)

One time event with duration limited to <100us
Damped to Vs (piateauy=600V in <900ns
See GaN HEMT Switching Capability for more information on the GaN power FET switching capability.

6.2 ESD Ratings

VALUE UNIT
V(Esp) Electrostatic discharge T;_rgg;l t?%dy model (HBM), per ANSI/ESDA/JEDEC +2000 \%
Vieso) Electrostatic discharge JCSh_aE)rgczet(jz-)device model (CDM), per ANSI/ESDA/JEDEC +750 Vv
(1) JEDEC document JEP155 states that 500-V HBM allows safe manufacturing with a standard ESD control process.
(2) JEDEC document JEP157 states that 250-V CDM allows safe manufacturing with a standard ESD control process.
6.3 Recommended Operating Conditions
over operating free-air temperature range (unless otherwise noted)

MIN NOM MAX| UNIT

Isw SW pin current, continuous Internally limited A
Vvee VCC supply, self-regulating 5.2 6 \%
Cvce Capacitance on VCC pin 15 47 uF
Cxo X2 capacitance 0.1 1 uF
Lyvac Primary magnetising inductance, UCG28824 190 550 uH
Lvac Primary magnetising inductance, UCG28826 130 400 uH
Lvac Primary magnetising inductance, UCG28828 130 400 uH
Lok Primary winding leakage inductance 3 %
Csw SW pin capacitance (GaN HEMT excluded) 300 pF
Chv HV pin parasitic capacitance 50 100 pF
Ta Ambient temperature —40 105 °C
T, Junction temperature —40 125 °C
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6.4 Thermal Information

UCG28826
THERMAL METRIC(") REZ (QFN) UNIT
12 PINS
Rgya Junction-to-ambient thermal resistance 28.5 °C/W
Reauc(top) Junction-to-case (top) thermal resistance 28 °C/W
Ry Junction-to-board thermal resistance 5.7 °C/W
Wr Junction-to-top characterization parameter 2 °C/W
Y Junction-to-board characterization parameter 5.6 °C/W
Reuc(bot) Junction-to-case (bottom) thermal resistance 1.6 °C/W

(1)  For more information about traditional and new thermal metrics, see the Semiconductor and IC Package Thermal Metrics application
report.
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6.5 Electrical Characteristics

over operating free-air temperature range (unless otherwise noted)

PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT
BIAS SUPPLY
VyeesHORT l’S:re(esnrlold for reduced VCC startup 0.65 09 12 v
IhvLo Reduced HV startup current Before VCC reaches VyccsHoRrT 0.55 1.6 mA
[y Full HV startup current After VCC exceeds VyccsHORT 2.2 4 5.65 mA
Vvccorr) | VCC under voltage lock out threshold | Tracking with variation in other thresholds 4.9 5.1 5.3 \%
VVGoREG) :g?eir:i?d“'am” voltage and start-up | 1) ing with variation in other thresholds 5.6 538 6| v
Vyeeche) | VCC charging trigger threshold ;rv:it%g\gr?gt?gnci:ag?}izg ttr?rt\alsyr%l(dRsEG), Tracking 54 5.6 58 V
lvee Operating supply current No switching 700 HA
lycesieep | Supply current in burst mode No switching 260 310 MA
NV CCFAULT ﬁilz]p;peli/e(cjurrent when a protection is 260 uA
GAN POWER TRANSISTOR
Rpson Drain-source on-resistance T,=25°C, UCG28824 270 350 mQ
Rpson Drain-source on-resistance T, =25°C, UCG28826, UCG28828 170 220 mQ
Coss Output capacitance Vsw = 400V, UCG28824 28 pF
Coss Output capacitance Vsw = 400V, UCG28826, UCG28828 40 pF
GAN GATE DRIVER
Turn-on dV/dt For SW node, Vps = 325V, Option 1 10 Vins
Turn-on dV/dt For SW node, Vps = 325V, Option 2 Vins
Turn-on dV/dt For SW node, Vps = 325V, Option 3 Vins
PEAK CURRENT CONTROL
Option 1 1.9 2.05
IpkmAx Maximum peak current, UCG28824 Option 2 21 2.25 A
Option 3 24 2.55
Option 1 2.65 2.8 3
IokuAx Itjﬂg)ér;;éggeak current, UCG28826, Option 2 295 31 33 A
Option 3 3.35 3.5 3.7
Ipkmax! Maximum to minimum peak current Option 1 4
lpkMIN ratio Option 2 3
Tss Soft start time 4 ms
FEEDBACK CONTROL
Rrs FB pull-up resistor 60 kQ
Vegopen | Open FB Pin voltage 3.3 3.45 \Y
VBst oFr | Burst-off threshold Turn-off switching 250 mV
VBst on | Burst-on threshold Resume burst switching 300 mV
VBsT EX Burst mode exit threshold Exit to frequency foldback 500 mV
. CLavp | Minimum frequency clamp During normal operation 23 25 Ktz
' During soft start 10
Tswmax Maximum time period 40 43 us
ToNMAX Maximum on time 17 19 us
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6.5 Electrical Characteristics (continued)

over operating free-air temperature range (unless otherwise noted)

PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT
Option 1 140
¢ F | Option 2 100 KH
requency clam z
MAX,CLAMP q y p Option 3 250
Option 4 500
N . From last seen DCM ring valley, UCG28826,
Tobcm DCM ring fixed timer UCG28828 3.75 us
EMI DITHERING
fe Carrier frequency UCG28826-3 only 390 Hz
fe Carrier frequency 6.25 kHz
. . % of instantaneous peak currents, Option 1 16.25
Ipithermax | Carrier amplitude - - %
' % of instantaneous peak currents, Option 2 +12.5
PROTECTIONS
UCG28826-1 ,UCG28826-3 , UCG28826-4 ,
V1H_BI Brown-in threshold UCG28828-1 , UCG28828-2 , UCG28824-1 106 112 118 Vv
DC level
. UCG28826-5
V1H_BI Brown-in threshold DC level 89 94 99 \Y
UCG28826-1 , UCG28226-3 , UCG28826-4 ,
VTH_BO Brown-out threshold UCG28828-1, UCG28828-2 , UCG28824-1 93 98 103 \Y
DC level
UCG28826-5
VTH BO Brown-out threshold DC level 76 80 84 \%
Toso Brown-out delay time 60 ms
It FLT pin source current 75 HA
V1H ot FLT threshold voltage Triggers external overtemperature fault 0.58 0.6 0.62 \%
TIFLTON IFLT on time 260 us
TIFLTperiod IFLT time period 10 ms
NELTTsD Number of external Ig 1 cycles Before fault is triggered 3
Rsw SW pin impedance 8.2 9.5 MQ
. UCG28826-4
Vovp OVP detection threshold Vour threshold 14.5 16 17.5 V
UCG28826-1 , UCG28826-3 , UCG28826-5 ,
Vovp OVP detection threshold UCG28828-1 , UCG28828-2 , UCG28824-1 23 25 27 \Y
Vour threshold
Internal overtemperature protection . . o
shut down threshold Temperature increasing 150 C
Internal c_)vertemperature protection Temperature reducing 10 oG
hysteresis
TReTRY Auto-retry time 1 s
PoppL Over power protection threshold, low UCG28824-1, triggers after 4.2s 61 69 78 w
Popp. | Over power protection threshold, low 2(23328826'1* UCG28826-3, triggers after 89 100 14l w
PoppL Over power protection threshold UCG28826-4, triggers after 4.2s 7 80 92 w
PoppL Over power protection threshold, low UCG28826-5 , UCG28828-1 , UCG28828-2 w
Disabled
PoppH Over power protection threshold, high |UCG28824-1, triggers after 120ms 87 97.5 111 W
UCG28826-1 , UCG28826-3 , UCG28826-4 ,
PoppH Over power protection threshold, high |UCG28826-5 125 140 160 W
Triggers after 120ms
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6.5 Electrical Characteristics (continued)

over operating free-air temperature range (unless otherwise noted)

PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT
. . UCG28828-1, UCG28828-2

PoppH Over power protection threshold, high Triggers after 120ms 169 190 216 w

ILps LPS fault output current threshold 22528824'1’ input referred, triggers after 4.4 5.2 6 A

ILps LPS fault output current threshold UCG28826-1, UCG28826-3 , UCG28826-4 6.3 75 8.65 A
Input referred, triggers after 4.2s

ILps LPS fault output current threshold UCG28826-5, UCG28828-1 , UCG28828-2 A
Disabled

Iscp Short Circuit Protection Primary current threshold, UCG28824 3.1 A

L . Primary current threshold, UCG28826 ,
Iscp Short Circuit Protection UCG28828 4.5 A
Short Circuit Protection Number of cycles 3
tscp Short-circuit response time 140 ns
. UCG28828-2, trigger protection and stop

ViNnovp Input OVP trigger threshold switching, AC input 315 Vv

X CAP DISCHARGE

IacDET Line removal detection current Current sink from HV pin 1.5 2 2.5 mA

Ixpis X-cap discharge Current 3.8 5 6.2 mA

Txpis X-cap discharge Time Cxcap = 14F 1 s
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6.6 Typical Characteristics

Normalized On Resistance (Q/Q)
R

0.8 —

0.6
40 -20 0 20 40 60 80 100 120
Junction Temperature (°C)

Figure 6-1. Normalized On-Resistance vs Junction Temperature
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Figure 6-2. VCC Threshold for Charging From HV Pin vs
Junction Temperature
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Figure 6-3. VCC Regulation Voltage vs Junction Temperature
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Figure 6-4. VCC Charging Trigger Voltage vs Junction

Figure 6-5. Operating Supply Current vs Junction Temperature
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Figure 6-6. SW Pin Leakage Current vs Junction Temperature
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6.6 Typical Characteristics (continued)
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7 Detailed Description
7.1 Overview

The UCG2882x is a high frequency, quasi-resonant (QR) AC/DC flyback converter with integrated 750V primary-
side GaN high electron mobility transistor (HEMT), referred to as GaN HEMT, designed for use in AC-to-DC
power supplies up to 120W. This device gives benefit of GaN integration to achieve high power density designs
with high switching frequency up to 500kHz.

The UCG2882x features the industry's first auxless flyback architecture with self-bias to give a compact and
low cost power supply design without the need for an auxiliary winding in the transformer. The self bias feature
reduces losses to improve efficiency in wide output voltage applications like USB-PD chargers by eliminating the
need for a low dropout regulator (LDO) and the associated losses to generate the device bias.

The UCG2882x supports continuous conduction mode (CCM) operation for up to 10msec for transient output
power conditions of minimum 130W (two times the 65W nominal output power) in low-line input conditions
without increase in transformer size, saving space and lowering cost. This device also includes frequency
foldback and burst modes for higher efficiency operation during light load and no-load conditions, respectively.
The X-cap discharge circuit discharges the X-capacitor in the input EMI filter to OV in less than 1s to prevent the
user from an electric shock at the time of unplugging the power supply from the wall socket, meeting different
safety standard requirements.

The UCG2882x overcomes the system design limitations of integrated converters by offering resistor
programmable options to the user for maximum flexibility to optimize performance at the desired operating point.
The device also includes many built-in protections such as output over-voltage protection (OVP), short-circuit
protection (SCP), two-level over power protection (OPPH and OPPL) and over-temperature protections (OTP)
with auto-restart and latch response for a robust power supply design preventing any damage during such fault

conditions.
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Figure 7-1. AC/DC Flyback Converter Schematic Using UCG2882x
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7.2 Functional Block Diagram
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7.3 Detailed Pin Descriptions

The UCG2882x is a QR flyback converter with integrated 750V GaN HEMT with self bias and auxless sensing.
UCG2882x includes HV, SW and GND pins for interface with the flyback power stage components. Additionally,
the device has a bias supply and a feedback pin for secondary side regulation. There are several programmable
setting pins for the user to configure the device for an optimized power supply design. These programming pins
require a resistor to ground and offer the flexibility to optimize various parameters during power stage design,
enabling a platform design with a single device. The resistor values on the programming pins are detected at the
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UVLO turn-on event and recorded inside the IC to improves the IC noise immunity. The resistor setting can not
undergo dynamic change during operation.

7.3.1 HV - High Voltage Input

Connect the high voltage (HV) pin to the two ends of the X-capacitor at the line input, through two diodes as
shown in Figure 7-1. HV pin charges the bias supply (VCC) capacitor at start-up. The HV pin also discharges the
X-capacitor when the input line voltage is removed. When X-cap discharge is not needed, this connection is still
required to minimize standby power consumption. When designing for DC input applications, the HV pin can be
directly connected to the input bulk capacitor with corresponding resistor setting on the CDX pin to disable the
X-cap discharge feature. The standby power consumption is slightly increased in DC input applications.

7.3.2 SW - Switch Node

The SW pin is connected to the switch node on the primary side of the flyback converter. SW pin is the drain
of the integrated 750V GaN HEMT. SW pin is also the sensing pin for valley switching and OVP, OPP and
LPS protections. To keep the switching losses low, minimize the maximum total switch node capacitance at this
pin. The capacitance at the SW pin includes the transformer parasitic capacitance, GaN HEMT drain-source
capacitance, reflected capacitance from secondary side and any additional capacitance which are added to slow
down the switch node turn-on and turn-off slew rates.

7.3.3 GND — Ground Return

The GND pin is the external return pin, and provides a reference point for the internal circuitry and the gate drive
of the device. This is the return pin for the power stage and must be connected to the negative terminal of the
input bulk capacitors. Connect the thermal pad to the GND and verify sufficient copper area to dissipate the heat.

Connect pin 10 GND to pin 3 and 12 in the shortest trace possible. VCC bypassing capacitor must return to pin
10.

7.3.4 FLT - External Overtemperature Fault

Connect a negative temperature coefficient (NTC) resistor from this pin to GND for monitoring the temperature
of a critical point on the power supply external to the device, and trigger overtemperature protection to avoid
damage to components. The device sources 75uA current into the NTC. As the NTC resistance reduces with
increase in sensed temperature, the external over-temperature fault is triggered when the voltage on the FLT pin
reduces to less than 0.6V. See Section 7.4.10.5 for details of overtemperature protection. Pull the FLT pin low
to trigger a fault implemented with external discrete circuits. Other than the FLT pin, the device also includes
internal over temperature protection to prevent the device from exceeding the maximum allowable junction
temperature.

7.3.5 FB — Feedback

Connect the feedback (FB) pin to the collector of the optocoupler for output regulation. This pin has an internal
60kQ pull up for optocoupler bias. The instantaneous voltage on this pin determines the switching frequency,
peak current and mode of operation (burst, foldback, valley switching or CCM) as per the control law in Figure
7-3 to deliver the required output power. Connect a 100pF or 220pF capacitor from this pin to ground for high
frequency noise filtering.
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7.3.6 TR - Turns Ratio

Set the transformer turns ratio information with a resistor from this pin to GND as per values in Table 7-1 or Table
7-2. The turns ratio information is used for output voltage sensing. The resistor must be 1% accurate.

Table 7-1. Turns Ratio Setting Resistor Values

TR Pin Resistor (kQ) Turns Ratio Vout OVP Threshold (V, Reflected to Primary)
0 7.875 196.9
5.23 6 150
6.34 6.125 153.1
7.68 6.25 156.2
9.31 6.375 159.4
11.3 6.5 162.5
13.7 6.625 165.6
16.9 6.75 168.7
20.5 6.875 171.9
255 7 175
316 7.125 178.1
39.2 7.25 181.2
51.1 7.375 184.4
66.5 75 187.5
84.5 7.625 190.6
113 7.75 193.7
174 7.875 196.9

Table 7-2. Turns Ratio Setting Resistor Values for UCG288826-4

TR Pin Resistor (kQ) Turns Ratio Vout OVP Threshold (V, Reflected to Primary)

0 7.875 126
5.23 6 96
6.34 6.125 98
7.68 6.25 100
9.31 6.375 102
11.3 6.5 104
13.7 6.625 106
16.9 6.75 108
20.5 6.875 110
255 7 112
31.6 7.125 114
39.2 7.25 116
51.1 7.375 118
66.5 7.5 120
84.5 7.625 122
113 7.75 124
174 7.875 126

The TR pin sets up the transformer turns ratio assuming the design is used for USB-PD application. When used
for other applications, the TR pin setting follows different principle.In reality, the TR pin is used to set the output
OVP level. The UCG2882x uses the auxless sensing technology and can't directly tell the output voltage level.
The TR pin sets the output OVP level based on the output voltage reflected to the primary side. Bascically, in
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those applications, choose the TR pin resistor value based on the Vot OVP Threshold (V, Reflected to Primary)
colum in Table 7-1 and Table 7-2. Refer to the application note for more details.

7.3.7 IPK - Peak Current and Dithering

This pin offers settings for peak current thresholds and dithering. Connect a resistor from this pin to GND as per
values in Table 7-3 to select the preferred option for the following specifications:

*  Maximum peak current

* Ratio of maximum to minimum peak current

« EMI dithering depth

Table 7-3. IPK Pin Programming Resistor Values

IPK Pin Resistor (kQ) Maximum Peak Current (A) Ipk,max/lpk,mIN EMI Dithering Depth (%)

0 3.1 4 6.25
5.23 2.8 4 12.5
6.34 3.1 4 12.5
7.68 35 4 12.5
9.31 2.8 3 12.5
1.5 3.1 3 125
14.3 35 3 125
17.8 2.8 4 6.25
22.6 3.1 4 6.25
28.7 35 4 6.25
36.5 2.8 3 6.25
51.1 3.1 3 6.25
75 35 3 6.25
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7.3.8 FCL - Frequency Clamp and Fault Response

Use the FCL pin to select the maximum switching frequency clamp value and fault response behavior. Table 7-4
lists the resistor values to be used for the given operating conditions. The resistor must be 1% accurate.

Table 7-4. FCL Pin Programming Resistor Values

FCL Pin Resistor (kQ) Frequency Clamp (kHz) Fault Response
0 140 EXTOTP and OVP Latched, rest Auto retry
5.23 140 All latched
6.34 100 All latched
7.68 250 All latched
9.31 500 All latched
11.5 140 All auto retry
14.3 100 All auto retry
17.8 250 All auto retry
22.6 500 All auto retry
28.7 140 EXTOTP fault and OVP latched, rest auto
retry
36.5 100 EXTOTP fault and OVP latched, rest auto
retry
51.1 250 EXTOTP fault and OVP latched, rest auto
retry
75 500 rEe>t(r-|;/OTP fault and OVP latched, rest auto

7.3.9 CDX - CCM, Drive Strength, and X-cap Discharge

Use the CDX pin to enable and disable CCM mode and X-cap discharge. Select the SW node slew rate when
turning on the GaN HEMT. Refer to Table 7-5 for values of resistors to connect from CDX pin to GND for the
given operating points. The resistor must be 1% accurate. The CDX pin is also used for fault reporting for easy
debugging during design. Refer to Section 7.4.10.7 for details. Do not connect this pin to GND.

Table 7-5. CDX Pin Programming Resistor Values

CDX Pin Resistor (kQ) CCM SW Node Turn-On Slew Rate X-cap Discharge
5.23 Disabled 10V/ns Enabled
6.34 Disabled 7Vins Enabled
7.68 Disabled 5Vins Enabled
9.31 Disabled 10V/ns Disabled
11.5 Disabled 7Vins Disabled
14.3 Disabled 5Vins Disabled
17.8 Enabled 10V/ns Enabled
22.6 Enabled 7VIns Enabled
28.7 Enabled 5Vins Enabled
36.5 Enabled 10V/ns Disabled
51.1 Enabled 7Vins Disabled

75 Enabled 5V/ins Disabled

7.3.10 VCC - Input Bias

The VCC pin provides the bias to the device, powering the internal references, gate driver, regulators, control
circuits and protection features. Use a minimum of 10uF capacitance from this pin to GND for maintaining VCC
voltage regulation with self-bias feature. Use of an additional 10nF ceramic capacitor in parallel is recommended

Copyright © 2025 Texas Instruments Incorporated Submit Document Feedback 17
Product Folder Links: UCG28824 UCG28826 UCG28828


https://www.ti.com
https://www.ti.com/product/UCG28824
https://www.ti.com/product/UCG28826
https://www.ti.com/product/UCG28828
https://www.ti.com/lit/pdf/SLUSFF2
https://www.ti.com/feedbackform/techdocfeedback?litnum=SLUSFF2C&partnum=UCG28824
https://www.ti.com/product/ucg28824?qgpn=ucg28824
https://www.ti.com/product/ucg28826?qgpn=ucg28826
https://www.ti.com/product/ucg28828?qgpn=ucg28828

13 TEXAS

UCG28824, UCG28826, UCG28828 INSTRUMENTS
SLUSFF2C — SEPTEMBER 2023 — REVISED DECEMBER 2025 www.ti.com

for low ESR and minimum overshoot and undershoot on this pin. Use 30uF capacitance at this pin for holdup
without reset in the event of two missing line cycles at the input.

7.4 Feature Description

7.4.1 Self Bias and Auxless Sensing

The UCG2882x includes self bias and auxless sensing to eliminate the transformer auxiliary winding. Removing
the auxiliary winding and associated components makes the system design simpler, smaller and cheaper.

The self bias feature is especially useful in applications like USB-PD chargers with wide output voltage range.
Typically in wide output voltage range designs, the aux winding generates device supply voltage (VCC) greater
than the UVLO threshold at the minimum Vgyt which is 3.3V. In such case, the voltage on aux winding
increases six times when Voyt = 20V which needs an internal and external power conversion stage to reduce
to VCC range, increasing external components and reducing efficiency. The UCG2882x self bias eliminates
the need for the additional power conversion stage at the VCC pin thus reducing the number of components
and recovering power losses. The self bias circuit is designed to keep VCC higher than the UVLO threshold
throughout the range of operation of the device, given the components around the device are used within the
range recommended in the data sheet. Auxless sensing circuits are connected to the SW pin. The device senses
the voltage on SW for valley sensing and various protections. The input bulk capacitor voltage and output
voltage are derived from the SW pin voltage.

7.4.2 Control Law

The UCG2882x is a peak current mode control QR flyback converter. The converter starts by turning on the
primary-side integrated GaN HEMT. The current in the transformer primary side winding Ipg, increases with a
slope dependent on V|5 and primary magnetizing inductance Ly, and equals V\/Ly. Once Ipg reaches the peak
value lpk pr;, the GaN HEMT turns off. By flyback action, the secondary winding voltage increases and turns on
the synchronous rectifier (SR) FET body diode to clamp to output voltage Voyt. During this time, the secondary
winding current reduces from secondary peak current Ipk secwith a slope Voyt/Ls, where Lgis the secondary
winding inductance. The switch node voltage is equal to the sum of V,y and primary to secondary turns ratio N
times Voyr, called the plateau voltage. Once the secondary current reduces to zero, Ly and total switch node
capacitance Cgyy begin to resonate to cause magnetizing ring. The UCG28826 turns on the primary GaN HEMT
at a valley in this magnetizing ring to reduce the turn-on switching losses.
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Figure 7-2. Flyback Converter Waveforms
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Hence, in UCG2882x, in every switching cycle, the primary GaN HEMT turns off after reaching the peak current
threshold and turns on next at a target valley in magnetizing ring during discontinuous mode (DCM) operation.
The instantaneous primary peak current and target valley is determined by the feedback (FB) pin voltage as per
the control law of Figure 7-3. Connect the FB pin to the optocoupler collector. The negative feedback loop sets
FB pin voltage to the required value to support a certain Voyt and Poyt on the output. The device can operate in
one of the four modes of operation: burst, frequency foldback, valley switching or continuous conduction mode,
as described later.

Ipk

F
sSw A

A

Ik, MAXT = 3.5A
Ipk Max2 = 3.1A
Ipk,MAX3 = 2.8A

25kHz .
Ipk,MIN2= %" Ik MAX

Ik MiNT= 74" 1P Max

VFB

A 4

Frequency:
foldback |

nd

Burst 5" valley 1 4™ valley 1 3 valley | 2™ valley | 1% valley cCcM

Figure 7-3. UCG2882x Control Law

In the control law shown in Figure 7-3, the UCG2882x offers flexibility to select a max peak current Ipk max to
optimize for the switching frequency at rated load and transformer size. For each Ipk max setting, a scaling ratio
of 1/3rd or 1/4th is available for the minimum peak current Ipk min- This lpk min Value determines the switching
frequency and losses in light load conditions when the flyback converter is operating in frequency foldback or
burst modes. For all values of Ipk max and lpk min, the slope of control law peak current vs feedback voltage
remains the same, as per Equation 1. Table 7-6 shows the threshold voltages for transition between different
modes and between valleys for different peak current settings of Table 7-3.
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Table 7-6. FB Pin Voltage Thresholds for Various Peak Current Settings

Ipk,MAX = Ipk,MAX = Ipk mAX =
PARAMETER TEST CONDITIONS 2 8A 31A 3 5A UNIT
VEBOPEN Open FB pin voltage 3.3 3.45 3.65
VTHCCMto! CCM to 1st valley threshold 2.18 24 2.65
V1H12 1st to 2nd valley threshold 1.09 1.19 1.31
VTH23 2nd to 3rd valley threshold 0.97 1.05 1.16
VFB decreasing
VTH34 3rd to 4th valley threshold 0.91 0.98 1.08
VTHas 4th to 5th valley threshold 0.85 0.92 1.0
VTHse 5th to 6th valley threshold 0.79 0.85 0.93
VTHes 6th to 5th valley threshold 1.16 1.25 1.38 \%
VTHs4 5th to 4th valley threshold 1.22 1.32 1.46
VTH43 4th to 3rd valley threshold 1.28 1.39 1.53
VFB increasing
V132 3rd to 2nd valley threshold 1.34 1.45 1.61
VTH21 2nd to 1st valley threshold 1.46 1.59 1.76
VTH1toCCM 1st valley to CCM threshold 2.18 2.4 2.65
[ =1/4 x| 0.73 0.78 0.85
VTHFE 6th valley to frequency foldback threshold PIMIN PRMAX
Ipk min = 173 % Ipk max 0.89 0.96 1.05

7.4.2.1 Valley Switching

The UCG2882x is designed to operate with soft switching and primary FET turn-on at a valley to reduce
switching losses. The converter operates in valley switching except during peak load transients during which
control can transition to CCM mode (if enabled using CDX pin). During valley switching mode, the target valley
and peak current threshold are governed by the control law of Figure 7-3 and Equation 1:

IPK= 1.45X(VFB—0.25) (1)

During valley switching, with increasing output power, the peak current threshold continues to increase linearly
as per above equation. The switching frequency also varies based on Ipk and valley targets corresponding to
the instantaneous FB pin voltage. When output power is increasing from light loads to rated power, the control
transitions from 6th valley till 1st valley with corresponding linear increase in Ipk threshold. As output power
continues to increase further to take FB voltage to the edge of 1st valley operation, the converter transitions
into CCM mode operation with lpk clamped to the maximum value lpk max and increase in switching frequency
Fsw with further increase in output load. This clamp on lpk yax limits the transformer size in a high density
power supply design. See Section 7.4.2.4 for details of CCM mode of operation. If output power reduces while
operating in the 6th valley, the control transitions to frequency foldback mode to operate at higher valleys and
lower frequency to reduce switching losses further.

The FB pin voltage thresholds for valley transitions include a hysteresis and vary depending on increasing or
decreasing Poyt to enable valley locking and prevent any audible noise due to hopping between valleys. Refer
to the Electrical Characteristics table for FB pin voltage thresholds which determine the mode of operation for
UCG2882x. For zero optocoupler collector current with large PoyT, the FB pin is pulled up to Vegopen through a
60kQ resistor.
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Figure 7-4. Valley Counter With Continuous Valley Occurrence

Typically, the control counts the valleys and turns on the primary GaN HEMT once the target valley is reached,
shown in Figure 7-4. For the case when SW node waveform is damped so the valleys disappear before reaching
the target valley, a DCM ring fixed timer of 3.75us starts to continue counting valleys and turn on the primary
GaN HEMT once the valley target is reached, shown in Figure 7-5. During start-up (soft start) when Vgyr is
small, if the valleys do not appear, the controller turns on the primary GaN HEMT after 100us from last turn
on, to switch at 10kHz (the minimum frequency clamp during soft start) for initial few cycles to avoid latch up
condition.

VDS /\ o~

Valley
detect

Gate

Figure 7-5. Valley Counter With Missing Valleys

The device operates in CCM mode for maximum 10ms to support any transient output load conditions, as
seen in notebook chargers and other applications. The converter returns to the 1st valley QR operation after
expiry of this 10ms CCM timer. CCM mode can be entered again only after the FB pin voltage reduces below
the Vth1tocem threshold. At all times during operation of UCG2882x, the maximum switching frequency can be

limited with a frequency clamp setting programmable with a resistor from FCL pin to GND, as detailed in Section
7.3.8.
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7.4.2.2 Frequency Foldback

If output power reduces while operating in 6th valley to reduce FB pin voltage below Vtygr, the converter
transitions to frequency foldback mode and abandons valley switching. The peak current threshold is clamped
to lpk min @nd converter operates at higher valleys after 6th valley, depending on FB pin voltage. This causes
the switching frequency to reduce further with increase in target valley number, until switching frequency reduces
to 25kHz and is clamped at 25kHz. Minimum switching frequency is clamped to 25kHz to prevent any audible
noise, with a total switching cycle time of 40us. Further reduction in output power takes the converter to burst
mode to reduce unnecessary switching losses from periodic switching and achieve very low standby power
consumption.

7.4.2.3 Burst Mode

If output power continues to reduce while in frequency foldback mode, the device enters burst mode when FB
pin voltages reaches 0.25V for the first time and the device stops switching. Depending on the output power,
once FB pin voltage recovers to 0.3V is when device resumes switching in burst mode.

The UCG2882x's burst mode offers three 1st valley QR switching cycles followed by a minimum 70us delay
before the start of next burst packet. Valley switching reduces switching losses while the delay limits power
delivery in burst mode and device transitions to other modes of operation at higher power to maintain high
efficiency in the range of output power. In burst mode, frequency clamp is fixed at 250kHz and the primary GaN
HEMT turns on at next valley after the expiration of the clamp timer. With burst mode operation, switching losses
are kept low with valley switching with limit on electromagnetic emissions with minimum peak current to pass
emission standards. Burst mode switching waveforms are shown in Figure 7-6.

Turn-on at
higher valley No Additional Enter
with freq clamp Delay Frequency

Delay when "
—> With VFB>0.3V ™~ ! Foldback
Switch Switch Switch
on on on

| I I |
! ! | VFB<03V rsoin Switch Switch - Switch [y
} | ! 'I on on on | Fixed 70ps Delay | on | i
I T | | T T T 1
: 1 N - N
| | | | i I |
! ¥ ! | i T |
Switch : ! 1 J y Stop switching 1 | |
drain | ! ! when VFB ! |
; ! ! reaches 0.25V ! | !
i i i

Fixed 70ps Delay

i
Switch gate |

l ! t
I}

FB Pin Voltage ! >

Figure 7-6. Burst Mode Entry and Exit Waveforms

7.4.2.4 Continuous Conduction Mode (CCM)

As shown in Figure 7-3, once the boundary of 1st valley QR operation is reached with increasing output power,
the control clamps Ipk to the maximum selected value Ipk max, and begins to reduce the secondary conduction
time Torg in CCM mode. This reduction in Togg is proportional to increase in FB pin voltage, until 50% of the QR
mode off-time to reach maximum 1.5% the QR mode output power delivery capability. Use a primary magnetizing
inductance Ly, large enough to not hit the frequency clamp during CCM mode and avoid any subharmonic
oscillations which can increase output voltage ripple, depending on application requirements. For long duration
output power transients, the converter returns to 1st valley QR mode after expiry of the 10ms CCM timer and
continues to deliver the largest possible output power at the transition point of QR and CCM modes, while
operating in QR mode. The device offers flexibility to enable or disable CCM mode operation with a resistor from
the CDX pin to GND, as per values in Table 7-5.

7.4.3 GaN HEMT Switching Capability

The UCG2882x primary-side integrated GaN HEMT switching capability is explained with the help of Figure 7-7.
Figure 7-7 shows the drain-source voltage (same as SW pin voltage) for the UCG2882x for two distinct switching
cycles in a flyback application. The first switching cycle is a normal switching cycle followed by a surge switching
cycle in DCM/valley switching condition.
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Figure 7-7. GaN HEMT Switching Capability

Each cycle starts before ty with the GaN HEMT in on state. At t5, the GaN HEMT turns off and the parasitic
elements cause the drain-source voltage to ring at a high frequency. The high frequency ringing is damped out
by t;. Between t; and t,, the HEMT drain-source is at a flat plateau voltage with reducing secondary winding
current in a flyback design. At t,, the GaN HEMT turns on at a valley. During normal operation, the device
safely operates up to 750V leakage transient voltage (Vswtr)) in every switching cycle. For rare surge events, the
transient ring voltage is limited to 800V and the plateau is limited to 750V.

7.4.4 Soft Start

When turned on, a flyback converter starts with OV output voltage. The low voltage can cause the feedback
voltage FB to clamp the maximum value and trigger overload protections. To prevent the clamping from
happening, the UCG2882x starts in soft start mode. As Figure 7-8 shows, during this time, an internal FB voltage
ramp increases in eight steps from QV to its maximum value in 4ms. The maximum value of internal FB ramp
at FB pin voltage is equivalent to 80% of the Ipk max Setting and changes for different resistor settings on the
IPK pin. During soft start, the smaller of internal ramp voltage and actual FB pin voltage is used to determine the
device operating point in the control law of Figure 7-3. Once the internal FB ramp voltage reaches the maximum
value at the end of 4ms is when control is transferred to FB pin voltage for output regulation. Soft start sequence
is executed every time at start up or when recovering from fault (auto-retry or latch) and brown-out conditions.
The minimum frequency clamp is changed to 10kHz only during soft start (which is otherwise at 25kHz during
normal operation). The 10kHz minimum frequency clamp helps at start-up when valleys are missing and the
control law forces turn-on of primary GaN HEMT every 100us from the last turn-on edge (if valleys are missing),

to charge the output capacitor.
vee —76’; ~ VCC(REG)

I
I

GaN Gate ‘! |
i
I

Internal Soft Start Voltage
Vgt ———————~—~—————————— N

T

Transformer primary side peak current
I

]
|
|
|
]
} |
| |
Output Voltage I }
|

Figure 7-8. Soft Start Sequence

7.4.5 Frequency Clamp

The UCG2882x includes frequency clamp to limit the maximum switching frequency. Frequency clamps are
useful during design optimizations to pass emissions standards and reduce switching losses by limiting the
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switching frequency to a certain value. The device offers four maximum frequency clamp settings at 100kHz,
140kHz, 250kHz, and 500kHz which are selected with a resistor from FCL pin to ground as per values in Table
7-4. There are no condition where the switching frequency exceeds the chosen value of clamp frequency, except
in burst mode when the clamp frequency is set to 250kHz. The minimum switching frequency is also clamped
to a fixed 25kHz to prevent switching in the audible frequency range and noise from the flyback converter. Low
switching frequency can occur during operation in higher valleys or frequency foldback mode.

Figure 7-9 illustrates example waveforms that demonstrate the operation of the frequency clamp. In this case,
the valley target based on the FB pin voltage at the 2nd valley. After the secondary winding current reduces to
zero, the VDS voltage on SW pin begins to resonate and valleys are counted by the valley detection block. The
primary-side GaN HEMT does not turn-on at the 2nd valley because the frequency clamp timer is still counting.
Only after the expiration of the frequency clamp timer that the primary GaN HEMT turns-on at the next valley,
which is the 3rd valley in this case. Based on this logic, the turn-on of the primary GaN HEMT happens only at
the next valley post expiration of the frequency clamp timer.

VDS

| | § Turn-on at next

| Target ! | valley after Fclamp
Valley 2" Valley i ! timer expires

Primary § § [E—
FET Gate

Frequency
Clamp
Timer

Figure 7-9. Primary GaN HEMT Turn-On Delay Due to Frequency Clamp

7.4.6 Frequency Dithering

The UCG2882x includes frequency dithering to spread the energy in the spectrum around the switching
frequency to reduce electromagnetic emissions, making qualifying for various emissions standards easier. Since
this device uses peak current mode control to turn-off the primary GAN HEMT and there is no fixed clock
signal to set the switching frequency, the dithering in frequency is achieved with small change to the value
of peak current threshold in every switching cycle, changing the peak current, and thus the on-time, off-time
and switching frequency, in every cycle. The per cent change to peak current threshold varies based on a
fixed 6.25kHz triangular carrier signal with 32 steps alternating in sign at every transition from minimum (0%)
to maximum value (called dithering depth, +6.25% or £12.5%) in every carrier cycle. The alternating sign of
dither perturbation at each step and the low frequency output pole of flyback converter topology averages the
cycle-to-cycle power delivery, causing small impact in output ripple due to dithering. The dither perturbation to
peak current is asynchronous with the switching frequency and the instantaneous change in peak current is
calculated based on the dithering signal during the primary GAN HEMT turn-on time.
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The dithering depth can be chosen with a resistor from IPK pin to GND as given in Table 7-3. Figure 7-10 shows
the dithering carrier and peak current perturbation waveforms to dither the switching frequency.

Vither —

>
1 /fcarrier

+|Dither,max

— —-[16 Levels

________ —IDither,max

32 steps per |
carrier cycle |

Figure 7-10. Frequency Dithering to Reduce Emissions

7.4.7 Slew Rate Control

The UCG2882x includes slew rate options for drain voltage reduction from switch node valley voltage to ground
at the time of primary GaN HEMT turn-on. This GaN HEMT turn-on during valley switching happens at nearly
zero current and incurs negligible additional losses with the slower turn-on due to slew rate control helping to
meet various electromagnetic emission standards. Three slew rate options are available at 5V/ns, 7V/ns, and
10V/ns, which vary marginally based on the valley voltage, as shown in Figure 7-11.

GaN HEMT
Gate Drive ERREE .

N

\\\\\

[N

VDS '\ .
GaN HEMT
Turn-on slew rate
options
Figure 7-11. GaN HEMT Turn-On Slew Rate Control
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Select the required slew rate value using a resistor from CDX pin to GND as per values in Table 7-5. At
the primary GaN HEMT turn-off instant, the increase in SW node voltage depends on lpk and total switch
node capacitance Cgy. A gate drive current controlled reduction in this turn-off slew rate can increase losses
significantly. If a reduction in GaN HEMT turn-off slew rate is needed, add an additional capacitor from GaN
HEMT drain (switch node) to GND to reduce the rate of increase in switch node voltage at this turn-off instant.

7.4.8 Transient Peak Power Capability

The UCG2882x supports minimum 2x transient peak output power capability for applications which require
bursts of high power for short durations of time. The peak power is achieved without the need for oversizing the
various components such as the transformer, power FETs, and so forth, and the same flyback design is usable
for minimum 2x the continuous output power rating for short durations. With the peak power handling capability,
a 65W flyback converter designed with UCG28826 can deliver a minimum 130W transient peak output power for
a maximum 120ms duration during high line and 10ms during low line operating conditions.

At high line input, the transient peak power delivery happens in DCM/QR modes of operation and is limited
to maximum 120ms duration as per OPPH protection, as described in Section 7.4.10.4. At low line input, due
to limitations in power delivery from DCM/QR modes, the continuous conduction mode (CCM) extends the
operation to minimum 2x the nominal power rating, and limited to maximum 10ms in duration. To limit the
converter from excessive output power delivery at high line input, the CCM mode is disabled for input bulk
capacitor voltage higher than 200V DC. Further, CCM mode of operation at low line input (<200V DC) is limited
to 10ms maximum and device returns to 1st valley QR mode of operation if the transient output load does not
reduce by the time of expiration of the 10ms timer. The CCM mode of operation is described in Section 7.4.2.4.
Peak power delivery in DCM/QR modes at higher than 140W for longer than 120ms triggers OPPH fault, as
detailed in Section 7.4.10.4. A minimum 2x transient output power is supported, while maximum instantaneous
transient output power in DCM/QR/CCM modes depends on the input bulk capacitor voltage and the power
stage component values and is limited in time by the respective CCM, OPPH, and OPPL timers.

7.4.9 X-Cap Discharge

Offline AC/DC power supplies use EMI filters with X-capacitors (X-cap) at the input. The UCG2882x includes an
internal X-cap discharge circuit to completely discharge the X-cap and protect the user from an electric shock at
the time of unplugging the power supply from mains input, as required by regulatory standards.

As shown in Figure 7-1, the X-cap is connected to the device HV pin through two diodes. No resistor is needed
in the x-cap discharge path. When the input line voltage is removed from the flyback converter, the X-cap is
discharged with a current sink at the HV pin. The device establishes discharge of X-cap within <1s for line
frequencies in the range from 45Hz to 66Hz for X-cap values up to 1pF.

7.4.10 Fault Protections

The UCG2882x offers different fault protections which can be programmed for auto-retry or latched response
using an appropriate resistor on the FCL pin, as per values in Table 7-4. In auto-retry response, once a
protection is triggered, switching stops for 1s duration and normal operation resumes thereafter, as shown in
Figure 7-12. When latched response is used, on triggering a protection, the device waits for the supply voltage,
V¢ to reduce below Vyccorr) followed by recovery to greater than Vyccreg) to resume switching and normal
operation, as shown in Figure 7-13.
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Figure 7-12. Auto-Retry Fault Response
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Figure 7-13. Latched Fault Response

7.4.10.1 Brownout Protection

The device stops switching and enters brownout protection if input bulk capacitor voltage Vgy g reduces and
stays below 98V (DC, or 70V (AC) input) for longer than 60ms duration. This 60ms counter is reset if Vgyk
exceeds 100V (DC) anytime before the counter expiration. Brownout protection avoids large primary side
currents and resultant conduction losses during irregular line input conditions. During low line input conditions,
VguLk can reduce below 98V (DC) in every line cycle with large Poyt. However, since Vgy k recovers to greater
than 100V (DC) in every line half cycle, the counter is reset, thereby avoiding brown-out fault from triggering and
normal switching and power transfer continue. Once brownout protection is triggered, the device auto-restarts
after a 1s delay if Vg k recovers to greater than 112V (DC, or 80V AC input) followed by soft start sequence to
normal operation.

7.4.10.2 Short-Circuit Protection

The UCG2882x includes an overcurrent protection circuit to detect and prevent damage during overload
conditions. The overcurrent condition can occur during short-circuit of transformer windings, SR FET drain-
source terminals or the flyback converter output. The device detects primary currents exceeding Iscp (4.5A is
typical) immediately after primary GaN HEMT turn-on and expiration of the leading edge blanking (LEB) time
for SW node capacitance discharge to GND. If short-circuit current threshold is triggered for three consecutive
cycles, a short-circuit fault is declared and switching stops. The short-circuit protection response, auto-retry, or
latch is selected according to the resistor on the FCL pin.

7.4.10.3 Output Overvoltage Protection

The device monitors output voltage from the SW pin. If Voyt exceeds 25V, an overvoltage protection (OVP)
is triggered and switching stops. This protection prevents from damage to the output capacitors in an output
overvoltage event, and hence this is a latched fault. Use the right TR pin resistor value to avoid mistriggering
this protection. For a fixed output voltage design, use a transformer with primary-to-secondary turns ratio to
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match the output reflected voltage with the case of 20V output and the TR pin setting, to verify that the output
overvoltage protection still triggers at 25% higher value from the nominal Vgyr.

7.4.10.4 Overpower Protection (OPP, LPS)

The limited power source (LPS) regulatory standards require the flyback converter output current to not exceed
8A and the output power to not 100W after 5s. The UCG28826 triggers over power protection (low, OPPL) for
input power greater than 100W or output current (input referred) larger than I pg (7.5A) for longer than 4.2s
duration, to prevent from excessive power delivery to the output in fault conditions. The device also supports
transient load requirements of minimum 2x the nominal output power rating (130W for 65W design) for up to
120ms beyond which over power protection (high, OPPH) is triggered. The device works in CCM mode for Vgy k
<200V for a maximum 10ms duration. In the UCG28828, the OPPL and LPS protections are disabled and OPPH
protection threshold is extended to 190W.

When designing for the output voltage other than 20V, same as the OVP protection, the LPS current level needs
to be caulated based on the reflected output voltage on the transformer primary side. The controller assumes the
output voltage is 20V, based on the TR pin setting. The LPS current level ILPS is calculated as Equation 2.

_ PRgF
ILps = Vrgrieer X NPSsETTING )

When the transformer real turns ratio is different than the TR pin setting, due to the output voltage is not 20V, the
real LPS current level is calculated using Equation 3.

_ _ PREF
ILPSREAL = VREFLECT ¥ VPSREAL ®)

Comibing Equation 2 and Equation 3, the real LPS curent can be calculated as Equation 4.

Npg
REAL )

ILPSgEAL = NPSSETTING

7.4.10.5 Overtemperature Protection

The UCG2882x offers overtemperature protection to prevent system operation at excessively high temperatures
and limit the components from exceeding maximum ambient temperature ratings. The device has separate
internal overtemperature protection to limit the die temperature and an external overtemperature protection to
monitor and limit the system temperature using a resistor with negative temperature coefficient (NTC). The
internal overtemperature fault triggers when die temperature exceeds 150°C and switching stops. The device
recovers to normal operation and switching resumes when the die temperature reduces below 140°C. The
internal overtemperature protection is an auto-retry fault.

For the external overtemperature fault, connect the NTC between the FLT and AGND pins. To check for the
external overtemperature fault, a 75uA current is sourced from the FLT pin through the external resistor to
ground. This current is sourced for a 250us on-time during every 10ms time period. An up-down counter
increments every time when Vg 1 is lower than 0.6V (typically) with the sourced current. This counter
decrements when Vg 1 is higher than 0.6V (typically) during the 250us duration. An external overtemperature
fault is declared at a count of three, and this is a latched fault.

7.4.10.6 Open FB Protection

The UCG2882x monitors for an open FB pin condition to prevent excessive power from being delivered to the
output when the FB pin voltage clamped to the maximum value. The open FB condition can occur with a faulty or
open-circuited optocoupler or even large power (greater than the flyback converter rated power) drawn for long
time durations. Protection is asserted when FB pin voltage exceeds the CCM entry threshold for >120ms.

7.4.10.7 Error Codes for Protections

When the device enters fault mode after triggering one or more protections, an error code is sent on the CDX
pin. The error code tells about the protection which is triggered, enables quick debugs during the power supply
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design process and faster time to market for the users. Figure 7-14 shows the error codes sent on the CDX
pin for each of the protections. When a protection is triggered, the corresponding error code is sent three times
on the CDX pin. Additionally, a pin configure error code is generated when UCG2882x detects a configure
pin is open, or a non-valid resistor is connected to the configure pin, or internal CRC error in memory occurs.
If multiple protections are triggered, the output code includes multiple 1s (logic high) corresponding to the
protections triggered.

Protection
trigger J :
OVP
SCP
OPPH
OPPL
OFB x 3 Cycles
LPS
BRO
TSD
EXTFLT
Configure
Error
Preamble Time (5ps/div)
Figure 7-14. Error Codes on CDX Pin for Various Protections
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8 Application and Implementation

Note

Information in the following applications sections is not part of the Tl component specification,
and Tl does not warrant its accuracy or completeness. TI's customers are responsible for
determining suitability of components for their purposes, as well as validating and testing their design
implementation to confirm system functionality.

8.1 Application Information

The UCG28826 is a 65W AC/DC flyback converter with integrated 750V GaN HEMT and secondary side output
voltage regulation using optocoupler. The device offers self-bias and auxless sensing to eliminate the need for
transformer auxiliary winding to give a simpler and lower cost design. The UCG2882x with the integrated GaN
HEMT is capable of switching up to 500kHz switching frequency to realize a small form factor and high power
density flyback design.

8.2 Typical Application

The UCG28826 supports 65W AC/DC flyback designs which is useful for cellphone and notebook chargers, USB
wall outlets, industrial power rails and server aux power supplies, amongst other applications. The integrated
GaN HEMT and auxless sensing simplify the flyback design to connect only key power stage components
and the programming resistors to configure the design for the target application. Table 8-1 lists the design
requirements for a typical 65W notebook charger.

ouTt

ST KK DT TR

_l_' O

SR Controller

OPTOCOUPLER

pore Ry
el
gblgl=zl —THUUELT Lo ————
& § Rg
0
<L me
Figure 8-1. Typical Application Schematic
8.2.1 Design Requirements
Table 8-1. Design Parameters
DESIGN PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT
Line input voltage 90 115/230 264| VAC
Input bulk capacitor voltage 80 \Y
Line frequency 45 50/60 66| Hz
Output voltage/current USB-PD output 5VI3A, 9V/3A, 15V/3A, 20V/3.25A
Output power 65 W
Output ripple 200 mV
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Table 8-1. Design Parameters (continued)

DESIGN PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT
Efficiency >93% at full load
No-load input power 30 mw
Tiny load input power Pout = 180mW 300 mw
Switching frequency 140| kHz

8.2.2 Detailed Design Procedure
This section describes the method for calculating the power stage component values.
8.2.2.1 Input Bulk Capacitor

The bulk capacitor includes one or more high voltage electrolytic capacitors in parallel at the output of the
bridge rectifier. Capacitors are required for storing energy for the duration when instantaneous line input voltage
reduces below the peak value while delivering rated output power. Input EMI filter design is outside the scope of
this data sheet and not discussed.

Maintain a certain minimum input bulk capacitor voltage (VguLkmin) t0 prevent from triggering brown-out and
providing sufficient power delivery capability. Vgykmin iS assumed as 75V for this design. The minimum required
input bulk capacitance (C,y) is estimated using Equation 5. The value depends on the rated input power,
VsuLkmin, Min. AC line input voltage and the time duration for which this capacitor must support the output load,
without reducing below Vgy| kmin-

1 1 . [VBULKmin
2PN X + arcsin
IN <4fAC 2mipC V2VACmin D

2 2
(V2VAcmin)” = (VBULKmin)

®)

Cin =

Using above equation, min Cjy value comes to 100uF for Poyt of 65W, 93% efficiency at Vacmin of 85VAC.
Multiple capacitors can be used in parallel to realize this value to reduce total ESR and size of these capacitors.

8.2.2.2 Transformer Primary Inductance and Turns Ratio

The transformer turns ratio is limited by the primary GaN HEMT maximum drain-source voltage (Vps) rating and
determines the secondary SR FET voltage rating and switching losses. The turns ratio is chosen as 6 for this
design to reduce the snubber losses and improve efficiency. The UCG2882x supports turns ratio in the range
from 6 to 7.875 for 20V output.

The transformer primary inductance determines the switching frequency through the range of flyback converter
operation using UCG2882x. For this design, the switching frequency is assumed at half of the maximum limit of
140kHz, which is 70kHz at low line input 90VAC. At this input voltage and full load 65W, the converter operates
in 1st valley QR mode and the demagnetization ringing duration is ignored to give duty cycle:

_ _ NVour
Pmax = Vig+Nvour ()

where turns ratio N is given by the following:

N
N=xE 7)

From Equation 6 and Equation 7, the primary inductance is given by the following:

2 2
_ VBULKmin X Dmax X Tsw X1 ®)

L
M 2PQUTmax

Based on turns ratio equal to 6, the secondary SR FET voltage is calculated using Equation 9 and current rating
is calculated using Equation 10. With a 25% margin, use an SR FET of at least 100V, and a 24A rating.
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V2Vac
VSRFET = — N + Vour 9)
Isec, Pk = N X IpRy, pK (10)

8.2.2.3 Output Capacitor

The output capacitor value is determined based on two specifications: output voltage ripple and output transient
voltage response (overshoot and undershoot). The minimum capacitor value for a load step from no-load to full
load is given by:

I Xt
step ¥ tresponse (11)

Cout = AVouT

where

* lstep is the largest output current step
tresponse IS the loop response time
* AVgyr is the allowable output voltage change

0.33
tresponse = o + Tsw (12)

where

» fc is the approximate loop crossover frequency, set to 5kHz here
* Tsw is the switching time period at the initial load condition before the load step

For crossover frequency of 3kHz, 250kHz switching frequency in burst mode, output current step of 3.25A and
voltage undershoot and overshoot of 0.5V, the minimum required output capacitor value is 740uF. With margin
for voltage and temperature derating, use an 820uF capacitor.

8.2.2.4 Selection Resistors

The UCG2882x offers programming options with resistors on IPK, TR, CDX and FCL pins for user to configure
the device for the required configuration. Refer to Table 7-1, Table 7-3, Table 7-4 and Table 7-5 for resistor
values to set a turns ratio of 6, 3.1A maximum peak current, 1.03A minimum peak current, CCM enabled, X-cap
discharge enabled, and 140kHz frequency clamp required for notebook charger applications.

8.2.3 Application Curves

The figures below are measured on the 65W, universal input evaluation module for UCG28826. The waveforms
show switching at different valleys for different output powers, frequency foldback and burst mode operation and
no-load to full load transients with 20V and 5V output.

Yellow: SW node, Green: Input bulk capacitor voltage, Pink: FB pin voltage

Figure 8-2. 1st and 2nd Valley Operation at 115VAC Figure 8-3. 3rd Valley Operation at 230VAC

32 Submit Document Feedback Copyright © 2025 Texas Instruments Incorporated
Product Folder Links: UCG28824 UCG28826 UCG28828


https://www.ti.com/product/UCG28824
https://www.ti.com/product/UCG28826
https://www.ti.com/product/UCG28828
https://www.ti.com/lit/pdf/SLUSFF2
https://www.ti.com
https://www.ti.com/feedbackform/techdocfeedback?litnum=SLUSFF2C&partnum=UCG28824
https://www.ti.com/product/ucg28824?qgpn=ucg28824
https://www.ti.com/product/ucg28826?qgpn=ucg28826
https://www.ti.com/product/ucg28828?qgpn=ucg28828

13 TEXAS
INSTRUMENTS UCG28824, UCG28826, UCG28828
www.ti.com SLUSFF2C - SEPTEMBER 2023 — REVISED DECEMBER 2025

Figure 8-4. 4th Valley Operation at 230VAC Figure 8-5. 5th Valley Operation at 230VAC

Figure 8-6. 6th Valley Operation at 230VAC

e

Figure 8-8. Burst Mode at 230VAC Green: Vour, Pink: output current

Figure 8-9. Load Transient at 230VAC and 20V
Output

Green: Voyrt, Pink: output current

Figure 8-10. Load Transient at 230VAC and 5V Output

8.3 Power Supply Recommendations

The UCG2882x is intended for use in AC/DC adapters with universal AC input in the range from 85VAC to
264VAC, 45Hz to 66Hz, using flyback topology for up to 65W output. While the UCG2882x is useful for USB-PD
charger applications, this converter is also used in industrial applications with fixed output voltages at 12V, 24V,
36V, and so on. Change the TR pin resistor to accommodate output voltages that are different from the default
20V maximum output voltage setting. On the secondary side feedback, achieve output regulation with a USB-PD
controller or TL431 for fixed output designs.

UCG2882x uses self-biasing technology, eliminates the need for Flyback auxiliary winding, reduces BoM cost,
improves the efficiency, and simplifies the EMI design. The VCC voltage is self-regulated up to Vyccreg)
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level. To provide proper function of the self-biasing mechanism place a high-frequency, low-ESL 0.1uF ceramic
capacitor within 1Tmm of the VCC and GND pins.

Additionally, the overall VCC capacitance is selected based on the line frequency and line drop out test
requirement. To minimize the converter standby power, the VCC capacitor must hold enough energy to provide
the UCG2882x supply current in burst mode (lyccsLgep) through out half a line cycle. If the power supply must
pass a line drop out test, VCC capacitor must hold enough energy to provide the supply current in burst mode
(lvcesLeep), and through out the line drop-out period. The VCC capacitance is determined by the larger holdup
time required for burst mode operation or line drop-out test. Follow Equation 13 to select the corresponding
capacitor value. Because the capacitance reduces with voltage applied, perform capacitance derating.

Cvee > (Tholdup X IvecsLerp) + 0.3V (13)

8.4 Layout
8.4.1 Layout Guidelines

To increase the reliability and feasibility of the design, recommendations are to adhere to the following guidelines
for PCB layout. The guidelines are general recommendations which can be followed for any power supply design
and are generally not topology-specific. The main theme in power supply layouts is to keep high current loops
as small as possible to avoid coupling and any additional losses or false switching due to inaccurate sensing
caused by board parasitics.

1. Minimize the high current loops to reduce parasitic capacitances and inductances. For UCG2882x, high
current loops are the primary side power loop, secondary side power loop and the leakage snubber loop.

2. Separate the device signal ground from the high current ground to isolate the switching noise away from
the low voltage signals. For UCG2882x, the components on pins 4-11 are referenced to GND pins 3 and 10
which then connect to the device thermal pad and GND power plane and follows this recommendation.

3. Place the bypass capacitor on VCC pin as close as possible to the VCC and GND pins of the device.

4. Route the trace from HV pin through the two diodes to X-capacitor orthogonal and away from the SW pin or
trace to minimize switching noise coupling to the flyback converter input and avoid bypassing the EMI filter
components.

Use the UCG28826 Evaluation Module User's Guide as a reference when designing the circuit board.
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8.4.2 Layout Example

Discrete components
close to device pins

® Primary Power Loop

Power
Loop

Secondary

Figure 8-11. Bottom Layer Layout of UCG28826EVM-093 Evaluation Board
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9 Device and Documentation Support

Tl offers an extensive line of development tools. Tools and software to evaluate the performance of the device,
generate code, and develop solutions are listed below.

9.1 Receiving Notification of Documentation Updates

To receive notification of documentation updates, navigate to the device product folder on ti.com. Click on
Notifications to register and receive a weekly digest of any product information that has changed. For change
details, review the revision history included in any revised document.

9.2 Support Resources

TI E2E™ support forums are an engineer's go-to source for fast, verified answers and design help — straight
from the experts. Search existing answers or ask your own question to get the quick design help you need.

Linked content is provided "AS IS" by the respective contributors. They do not constitute Tl specifications and do
not necessarily reflect Tl's views; see TlI's Terms of Use.

9.3 Trademarks

TI E2E™ is a trademark of Texas Instruments.

All trademarks are the property of their respective owners.
9.4 Electrostatic Discharge Caution

This integrated circuit can be damaged by ESD. Texas Instruments recommends that all integrated circuits be handled
‘ with appropriate precautions. Failure to observe proper handling and installation procedures can cause damage.

‘Q \ ESD damage can range from subtle performance degradation to complete device failure. Precision integrated circuits may
be more susceptible to damage because very small parametric changes could cause the device not to meet its published
specifications.

9.5 Glossary

Tl Glossary This glossary lists and explains terms, acronyms, and definitions.

10 Revision History

NOTE: Page numbers for previous revisions may differ from page numbers in the current version.

Changes from Revision B (July 2025) to Revision C (December 2025) Page
* Added UCG28826-3, UCG28826-4, UCG28828-1, and UCG28824-1 to UCG2882x Device Options table..... 3
* Added EMI Dithering Frequency to UCG2882x Device Options table.............ccccooiiiiiiiiiiiiieee e 3
Changes from Revision A (May 2025) to Revision B (July 2025) Page
» Updated the numbering format for tables, figures, and cross-references throughout the document................. 1
*  Added UCG2882x Device Options table..............eeeiiiiiiiiiie e e e e e e e e e e 3

11 Mechanical, Packaging, and Orderable Information

The following pages include mechanical, packaging, and orderable information. This information is the most
current data available for the designated devices. This data is subject to change without notice and revision of
this document. For browser-based versions of this data sheet, refer to the left-hand navigation.
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PACKAGING INFORMATION

Orderable part number Status  Material type Package | Pins Package qty | Carrier RoOHS Lead finish/ MSL rating/ Op temp (°C) Part marking
@ @ ® Ball material Peak reflow ©)
@ ©)
PUCG28826-1REZR Active  Preproduction VQFN (REZ) | 12 100 | LARGE T&R - Call TI Call Tl -40 to 105
PUCG28826-1REZR.A Active  Preproduction VQFN (REZ) | 12 100 | LARGE T&R - Call TI Call Tl -40 to 105
PUCG28826-1REZR.B Active  Preproduction VQFN (REZ) | 12 100 | LARGE T&R - Call Tl Call Tl -40 to 105
UCG28826-1REZR Active Production VQFN (REZ) | 12 2000 | LARGE T&R Yes FULL NIPDAU Level-3-260C-168 HR -40 to 105 uUCG2882
NNNNC
UCG28826-1REZR.A Active Production VQFN (REZ) | 12 2000 | LARGE T&R Yes FULL NIPDAU Level-3-260C-168 HR -40 to 105 UCG2882
NNNNC
UCG28826-1REZR.B Active Production VQFN (REZ) | 12 100 | LARGE T&R - Call Tl Call Tl -40 to 105
UCG28826-5REZR Active Production VQFN (REZ) | 12 2000 | LARGE T&R Yes FULL NIPDAU Level-3-260C-168 HR -40 to 105 U288265
NNNNC
UCG28828-2REZR Active Production VQFN (REZ) | 12 2000 | LARGE T&R Yes FULL NIPDAU Level-3-260C-168 HR -40 to 105 U288282
NNNNC

@ status: For more details on status, see our product life cycle.

@ material type: When designated, preproduction parts are prototypes/experimental devices, and are not yet approved or released for full production. Testing and final process, including without limitation quality assurance,
reliability performance testing, and/or process qualification, may not yet be complete, and this item is subject to further changes or possible discontinuation. If available for ordering, purchases will be subject to an additional
waiver at checkout, and are intended for early internal evaluation purposes only. These items are sold without warranties of any kind.

® RoHS values: Yes, No, RoHS Exempt. See the TI RoHS Statement for additional information and value definition.

@ | ead finish/Ball material: Parts may have multiple material finish options. Finish options are separated by a vertical ruled line. Lead finish/Ball material values may wrap to two lines if the finish value exceeds the maximum
column width.

® msL rating/Peak reflow: The moisture sensitivity level ratings and peak solder (reflow) temperatures. In the event that a part has multiple moisture sensitivity ratings, only the lowest level per JEDEC standards is shown.
Refer to the shipping label for the actual reflow temperature that will be used to mount the part to the printed circuit board.

© part marking: There may be an additional marking, which relates to the logo, the lot trace code information, or the environmental category of the part.

Multiple part markings will be inside parentheses. Only one part marking contained in parentheses and separated by a "~" will appear on a part. If a line is indented then it is a continuation of the previous line and the two
combined represent the entire part marking for that device.
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Important Information and Disclaimer:The information provided on this page represents TI's knowledge and belief as of the date that it is provided. Tl bases its knowledge and belief on information provided by third parties, and
makes no representation or warranty as to the accuracy of such information. Efforts are underway to better integrate information from third parties. Tl has taken and continues to take reasonable steps to provide representative
and accurate information but may not have conducted destructive testing or chemical analysis on incoming materials and chemicals. Tl and Tl suppliers consider certain information to be proprietary, and thus CAS numbers

and other limited information may not be available for release.

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by Tl to Customer on an annual basis.
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
4 |+ KO [¢—P1—
L Regic oy Rogic e o T
o| |e o Bo W
el |
. Diameter ' '
Cavity —>| AO |<—
A0 | Dimension designed to accommodate the component width
B0 | Dimension designed to accommodate the component length
KO | Dimension designed to accommodate the component thickness
A W | Overal width of the carrier tape
i P1 | Pitch between successive cavity centers
[ [ ]
_f Reel Width (W1)
QUADRANT ASSIGNMENTSFOR PIN 1 ORIENTATION IN TAPE
O 0O O 0O 0O 0O 0 O0 Sprocket Holes
| |
T T
St N Il )
H4-—q--4 t--1--1
Q3 1 Q4 Q3 | User Direction of Feed
[ & A |
T T
N
Pocket Quadrants
*All dimensions are nominal
Device Package |Package|Pins| SPQ Reel Reel A0 BO KO P1 w Pinl
Type |Drawing Diameter| Width | (mm) | (mm) | (mm) [ (mm) [ (mm) |Quadrant
(mm) |W1(mm)
UCG28826-1REZR VQFN REZ 12 2000 330.0 12.4 5.3 5.3 11 8.0 12.0 Q2
UCG28826-5REZR VQFN REZ 12 2000 330.0 12.4 5.3 5.3 11 8.0 12.0 Q2
UCG28828-2REZR VQFN REZ 12 2000 330.0 12.4 5.3 5.3 11 8.0 12.0 Q2
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TAPE AND REEL BOX DIMENSIONS
*All dimensions are nominal
Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
UCG28826-1REZR VQFN REZ 12 2000 346.0 346.0 33.0
UCG28826-5REZR VQFN REZ 12 2000 346.0 346.0 33.0
UCG28828-2REZR VQFN REZ 12 2000 346.0 346.0 33.0
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NOTES:

1. All linear dimensions are in millimeters. Any dimensions in parenthesis are for reference only. Dimensioning and tolerancing

per ASME Y14.5M.

2. This drawing is subject to change without notice.
3. The package thermal pad must be soldered to the printed circuit board for thermal and mechanical performance.
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NOTES: (continued)

4. This package is designed to be soldered to a thermal pad on the board. For more information, see Texas Instruments literature

number SLUA271 (www.ti.com/lit/slua271).

5. Vias are optional depending on application, refer to device data sheet. If any vias are implemented, refer to their locations shown
on this view. It is recommended that vias under paste be filled, plugged or tented.
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NOTES: (continued)

6. Laser cutting apertures with trapezoidal walls and rounded corners may offer better paste release. IPC-7525 may have alternate
design recommendations.
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IMPORTANT NOTICE AND DISCLAIMER

TI PROVIDES TECHNICAL AND RELIABILITY DATA (INCLUDING DATASHEETS), DESIGN RESOURCES (INCLUDING REFERENCE
DESIGNS), APPLICATION OR OTHER DESIGN ADVICE, WEB TOOLS, SAFETY INFORMATION, AND OTHER RESOURCES “AS IS”
AND WITH ALL FAULTS, AND DISCLAIMS ALL WARRANTIES, EXPRESS AND IMPLIED, INCLUDING WITHOUT LIMITATION ANY
IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE OR NON-INFRINGEMENT OF THIRD
PARTY INTELLECTUAL PROPERTY RIGHTS.

These resources are intended for skilled developers designing with Tl products. You are solely responsible for (1) selecting the appropriate
TI products for your application, (2) designing, validating and testing your application, and (3) ensuring your application meets applicable
standards, and any other safety, security, regulatory or other requirements.

These resources are subject to change without notice. Tl grants you permission to use these resources only for development of an
application that uses the Tl products described in the resource. Other reproduction and display of these resources is prohibited. No license
is granted to any other Tl intellectual property right or to any third party intellectual property right. Tl disclaims responsibility for, and you fully
indemnify Tl and its representatives against any claims, damages, costs, losses, and liabilities arising out of your use of these resources.

TI's products are provided subject to TI's Terms of Sale, TI's General Quality Guidelines, or other applicable terms available either on
ti.com or provided in conjunction with such Tl products. TI's provision of these resources does not expand or otherwise alter TI's applicable
warranties or warranty disclaimers for Tl products. Unless Tl explicitly designates a product as custom or customer-specified, TI products
are standard, catalog, general purpose devices.

Tl objects to and rejects any additional or different terms you may propose.

Copyright © 2025, Texas Instruments Incorporated
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