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LLC Half-Bridge Controller For Multi-String LED Lighting
Check for Samples: UCC25710

1FEATURES APPLICATIONS
• Closed Loop LED String Current Control • LED Backlight for LCD TV and Monitors
• PWM Dimming Input • LED General Lighting
• Adjustable FMIN (3% accuracy), and FMAX (7.5%

DESCRIPTIONaccuracy)
The UCC25710 is an LLC half-bridge controller for• LLC and Series LED Switch Control for
accurate control of multi-string LED backlightDimming
applications. It is optimized for multi-transformer,

• Programmable Dimming LLC ON/OFF Ramp multi-string LED architectures. Superior LED current
for Elimination of Audible Noise matching in multiple strings can be achieved with this

controller and architecture. Compared to existing LED• Closed Loop Current Control at Low Dimming
backlight solutions, the multi-transformer architectureDuty Cycles
provides the highest overall efficiency from AC input• Programmable Soft Start to LED load.

• Accurate VREF for Tight Output Regulation
The LLC controller function includes a Voltage• Over-Voltage, Under-Voltage and Input Controlled Oscillator (VCO) with programmable FMINOver-Current Protection with Auto-Restart and FMAX, half-bridge gate drivers with a fixed dead

Response time of 500 ns and a GM current amplifier. The LLC
power delivery is modulated by the controller’s VCO• Second Over-Current Threshold with Latch-Off
frequency. The VCO has an accurate andResponse
programmable frequency range. At very low power• 400-mA/-800-mA Gate Drive Current
levels the VCO frequency goes from FMAX to zero to

• Low Start-Up and Operating Currents maximize efficiency at low LED currents.
• Lead (Pb)-Free, 20-pin, SOIC package

Simplified Application Diagram

1

Please be aware that an important notice concerning availability, standard warranty, and use in critical applications of Texas
Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.

PRODUCTION DATA information is current as of publication date. Copyright © 2011, Texas Instruments Incorporated
Products conform to specifications per the terms of the Texas
Instruments standard warranty. Production processing does not
necessarily include testing of all parameters.

http://focus.ti.com/docs/prod/folders/print/ucc25710 .html
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DESCRIPTION (CONT.)
The LED current loop reference is set by a divider off the VREF 5-V output. The reference can be varied over a
0.5 V to 2.6 V range, allowing analog dimming to be combined with PWM dimming.

PWM dimming is used to control an external LED series switch and also to gate on and off the LLC power stage.
The LEDSW output along with a simple drive circuit is used to switch on and off the LED string current. This
output responds directly to the input signal at the dimming input, DIM. The LLC is also ramped on and off with
the dimming PWM input. The on and off LLC dimming edges are ramped at programmable slew rates to control
audible noise. The dimming function includes duty-cycle compensation to allow optimization of overall efficiency
and dimming linearity over a maximum range.

The control voltage to the VCO is set by ICOMP (current amplifier output) during LED on-times. During start-up
the soft-start pin, SS, will control the VCO response until it exceeds ICOMP. During dimming the rise and fall
rates of the VCO input are controlled by the voltage at the dimming slew rate, DSR, pin while the pedestal of
VCO control level will continue to be controlled by ICOMP. The current amplifier output is connected to ICOMP
only during the commanded dimming LED on-time. The LLC on-time is extended beyond the LED current
on-time at low dimming duty-cycles to maintain closed loop control of the LED current.

Protection thresholds for LED string over-voltage and under-voltage conditions are set with external resistive
dividers and accurate internal thresholds. Input current to the converter is monitored with both a re-start and
latch-off response depending on the over-current level. The controller also includes thermal shutdown protection.

The auto re-start response to any fault includes a 10-ms reset period followed by a soft-start. In the case of a
severe input over-current, restart will be disabled until the input supply is cycled through its UVLO threshold.

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.

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.

ORDERING INFORMATION
PART NUMBER PACKAGED DEVICES (1) OPERATING TEMPERATURE RANGE, TA

UCC25710DW SOIC 20-Pin (DW) −40°C to 125°C

(1) DW (SOIC-20) package is available taped and reeled. Add R suffix to device type (e.g. UCC25710R) to order quantities of 2,500
devices per reel.

ABSOLUTE MAXIMUM RATINGS (1)

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

MIN MAX UNIT

Supply voltage VCC 20 V

LEDSW Output Current ILEDSW +/- 2

VREF Output Current IVREF -20 mA

Gate drive RMS current continuous GD1, GD2 IGD1, IDG2 25

Gate drive voltage, GD1 GD2 VGD1, VGD2 -0.5 VCC + 0.5
VVoltage range CS, CL, OV, UV, BLON, −0.5 7DIM, CREF

Operating junction temperature range, TJ −55 150

Storage temperature, TSTG −65 150 °C
Lead temperature 1,6 mm (1/16 inch) from case for 10 seconds 260

ESD - Human Body Model HBM 2000
V

ESD - Charged Device Model CDM 500

(1) Stresses beyond those listed under “absolute maximum ratings” may cause permanent damage to the device. These are stress ratings
only and functional operation of the device at these or any other conditions beyond those indicated under “recommended operating
conditions” is not implied. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability. All voltages
are with respect to GND. Currents are positive into, negative out of the specified terminal. These ratings apply over the operating
ambient temperature ranges unless otherwise noted.
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THERMAL INFORMATION
UCC25710

THERMAL METRIC (1) SOIC (DW) UNITS

20 PINS

θJA Junction-to-ambient thermal resistance (2) 79

θJCtop Junction-to-case (top) thermal resistance (3) 43

θJB Junction-to-board thermal resistance (4) 44 °C/W

ψJT Junction-to-top characterization parameter (5) 16

ψJB Junction-to-board characterization parameter (6) 44

(1) For more information about traditional and new thermal metrics, see the IC Package Thermal Metrics application report, SPRA953.
(2) The junction-to-ambient thermal resistance under natural convection is obtained in a simulation on a JEDEC-standard, high-K board, as

specified in JESD51-7, in an environment described in JESD51-2a.
(3) The junction-to-case (top) thermal resistance is obtained by simulating a cold plate test on the package top. No specific

JEDEC-standard test exists, but a close description can be found in the ANSI SEMI standard G30-88.
(4) The junction-to-board thermal resistance is obtained by simulating in an environment with a ring cold plate fixture to control the PCB

temperature, as described in JESD51-8.
(5) The junction-to-top characterization parameter, ψJT, estimates the junction temperature of a device in a real system and is extracted

from the simulation data for obtaining θJA, using a procedure described in JESD51-2a (sections 6 and 7).
(6) The junction-to-board characterization parameter, ψJB, estimates the junction temperature of a device in a real system and is extracted

from the simulation data for obtaining θJA , using a procedure described in JESD51-2a (sections 6 and 7).

RECOMMENDED OPERATING CONDITIONS
all voltages are with respect to GND; currents are positive into and negative out of the specified terminal. -40°C < TJ = TA <
125°C (unless otherwise noted)

MIN TYP MAX UNIT

VCC Operating input voltage 11 18 V

CVCC VCC bypass capacitor 0.47 - µF

Operating junction temperature -40 125 °C
Switching frequency at gate drive outputs 25 350 kHz

VCREF Input voltage range (linear range) 0.6 1.65 2.7
V

VCREF Input voltage range (using internal clamps) 0 VVREF

CVREF VREF bypass capacitor 0.22 1.0 2.2 µF

CSS SS capacitor 10 250
nF

CICOMP ICOMP capacitor 0.5 47

CDTY DTY capacitor 0.22 6.8 µF

CDSR DSR capacitor 0 2500 pF
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ELECTRICAL CHARACTERISTICS
TA = -40°C to 125°C, TA = TJ, VVCC = 12 V, VBLON = 3 V, VUV = 3 V, VOV = 2 , VCL = 0 V, RMIN = 100 kΩ, RMAX = 4.99 kΩ,
(unless otherwise noted)

PARAMETER TEST CONDITIONS MIN TYP MAX UNITS

Supply Input

VVCCMAX VCC operating voltage 18 V

IOFF Supply current, off VVCC = 8 V 160 250 µA

ION Supply current, on Switching frequency = FMIN (30 KHz) 1.4 2.1 mA

IDISABLE Supply current, disabled VVCC = 12 V, VBLON = 0 V 240 350
µA

ILATCHOFF Supply current, latched off Fault latch set 600 900

Under-Voltage Lockout

VVCCON VCC turn-on threshold VVCC low-to-high 8.6 9.3 10.1

VVCCOFF VCC turn-off threshold VVCC high-to-low 8.3 9.0 9.6 V

VVCCHYS Hysteresis 0.20 0.35 0.50

5-V Reference Output

VVREF 5-V Reference IVREF = 0 to 10 mA, TJ = 25°C 4.95 5.00 5.05
V

VVREF 5-V Reference IVREF = 0 to 10 mA, TJ = -40°C to 125°C 4.85 5.00 5.15

Current Amplifier

VICOMPIOS Input offset voltage VCREF = 1.65 V, ICOMP tied to CS -15 15 mV

ICS Input bias current at CS input VCREF = 1.65 V, VCS = 1.65 V -0.25 0.25
µAInput bias current at CREFICR VCREF = 1.65 V, VCS = 1.65 V -0.25 0.25input

VICOMPHI ICOMP high VCS = 0 V, VCREF = 1.65 V, IICOMP = 50 µA 4.6 4.85
V

VICOMPLO ICOMP low VCS = 3 V, VCREF = 1.65 V, IICOMP = -50 µA 0.35 0.65

GMICOMP ICOMP transconductance ICOMP tied to CS, IICOMP = -100 µA to 100 µA 440 510 600 µS

IICOMPSRC Source current ICOMP VCS = 0.65 V, VCREF = 1.65 V, VICOMP = 2.5 V 120 150 180

IICOMPSNK Sink current ICOMP VCS = 2.65 V, VCREF = 1.65 V, VICOMP = 2.5 V 195 245 295 µA
LED off leakage current atIICOMPLGK VDIM = 0 V, VICOMP = 2.5 V, TJ = -40°C to 85°C -0.1 0.1ICOMP

VCREF = 0 V, ICOMP tied to CS, regulating voltageVCREFCLO CREF low Clamp 0.475 0.500 0.535at ICOMP
V

VCREF = 3 V, ICOMP tied to CS, regulating voltageVCREFCHI CREF high Clamp 2.65 2.80 2.95at ICOMP

Soft Start

ISS Soft-start charging current VSS = 2.25 V 2.0 2.5 3.0 µA

Soft-start dischargeRSSDC VSS = 1 V 3.4 5.0 KΩresistance

VSSTH Soft-start threshold SS clamp released 3.95 4.15 4.40 V

TRSTDLY Reset delay From UVLO turn on to start of soft start 7 10 13 ms

Voltage Controlled Oscillator

FMIN FMIN GD1, GD2 RMIN = 100 kΩ, VICOMP = 5 V 29.5 30.5 31.5
kHz

FMAX FMAX GD1, GD2 RMIN = 100 kΩ, RMAX = 4.99 kΩ, VICOMP = 0.95 V 275 300 320

TDT Dead time GD1, GD2 RMIN = 100 kΩ, VICOMP = 3 V 400 500 600
ns

TMATCH On-time mismatching RMIN = 100 kΩ, VICOMP = 3 V -50 50

VVCOTHLO VICOMP VCO Threshold Low Disable GD1, GD2, VICOMP high to low 0.80 0.90 0.95
V

VVCOMAX VICOMP for FMIN Frequency reaches FMIN 3.8 4.0 4.2
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ELECTRICAL CHARACTERISTICS (continued)
TA = -40°C to 125°C, TA = TJ, VVCC = 12 V, VBLON = 3 V, VUV = 3 V, VOV = 2 , VCL = 0 V, RMIN = 100 kΩ, RMAX = 4.99 kΩ,
(unless otherwise noted)

PARAMETER TEST CONDITIONS MIN TYP MAX UNITS

Gate Drivers

VGDHI GD1, GD2 VOUT high IGD1, IGD2 = -20 mA, below VCC 1.8 3.0 V

RGDHSRES GD1, GD2 on-resistance high IGD1, IGD2 = -20 mA 14 30 Ω
VGDLO GD1, GD2 VOUT low IGD1, IGD2 = 20 mA 0.08 0.20 V

RGDLSRES GD1, GD2 on-resistance low IGD1, IGD2 = 20 mA 4 10 Ω
TGDRISE GD1, GD2 output rise time CGD = 1 nF, 1 V to 9 V 25 35

ns
TGDFALL GD1, GD2 output fall time CGD = 1 nF, 9 V to 1 V 20 30

Under-Voltage Protection

VUVTH Under-voltage threshold High-to-low on UV input 2.27 2.40 2.53 V

Under-voltage thresholdVUVHY 190 240 300 mVhysteresis

IUV UV input bias current VUV = 2.7 V -0.25 0.25 µA

Over-Voltage Protection

VOVTH Over-voltage threshold Low-to-high on OV input 2.46 2.60 2.74 V

Over-voltage thresholdVOVHY 190 240 300 mVhysteresis

IOV OV input bias current VOV = 2.3 V -0.25 0.25 µA

Current Limit Protection

VCLTH Current limit threshold Low-to-high on CL input 0.90 0.95 1.00 V

Current limit thresholdVCLHY 375 475 525 mVhysteresis

Current limit latchingVCLLTH Low-to-high on CL input 1.75 1.90 2.05 Vthreshold

ICL CL input bias current VCL = 2.2 V -0.25 0.25 µA

Thermal Shutdown

Junction temperature attTSD Temperature rising 135 160 185thermal shutdown °C
tHYS Thermal hysteresis 25 45

Backlight On Input

RBLON RBLON pull-down resistance Pull down to GND 100 200 350 kΩ
VBLON Enable threshold 0.8 1.2 1.6 V
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ELECTRICAL CHARACTERISTICS (continued)
TA = -40°C to 125°C, TA = TJ, VVCC = 12 V, VBLON = 3 V, VUV = 3 V, VOV = 2 , VCL = 0 V, RMIN = 100 kΩ, RMAX = 4.99 kΩ,
(unless otherwise noted)

PARAMETER TEST CONDITIONS MIN TYP MAX UNITS

PWM Dimming

VDIM Dimming input threshold 1.2 1.5 1.8 V

RDIM DIM pull-up resistance Pull-up resistance to VREF, VDIM = 0 V - 4.5 V 140 180 240 kΩ
VLEDSWHI High level at LEDSW output ILEDSW = -100 µA, below VCC, VDIM = 3 V 0.4 1.0

V
VLEDSWLO Low level at LEDSW output ILEDSW = 100 µA, VDIM = 0 V 0.2 0.5

RLEDSWHI High level output resistance ILEDSW = -500 µA - 0 µA, VDIM = 3 V 4.0 6.0

RLEDSWLO Low level output resistance ILEDSW = 500 µA - 0 µA, VDIM = 0 V 2.0 3.0 kΩ
RDTY DTY output resistance VDTY = 0 V - 2.5 V , VDIM = 0 V 30 40 50

VDTYH DTY max level VDIM = 0 V 2.45 2.60 2.70
V

VDTYL DTY min level VDIM = 3 V 0.05 0.10 0.15

IDADJCH DADJ charging current VDADJ = 2.5 V, VDIM = 0 V 16 20 25 µA

RDADJDC DADJ discharge resistance VDADJ = 0.5 V, VDIM = 3 V 1.0 1.5 kΩ
CADJ = 2.2 nF, VDTY = 2.6 V, delay from DIMTDADJ DADJ delay 225 275 330 µshigh-to-low to DSR discharge

IDSRCH DSR slew rate charge current VDSR = 2.5 V, VICOMP = 4 V, VDIM = 3 V 38 44 50
µADSR slew rate dischargeIDSRDC VDSR = 2.5 V, VICOMP = 4 V, VDIM = 0 V 38 44 50current

VDSRCL DSR clamp above ICOMP VICOMP = 2 V, level above VICOMP 0.45 0.70 0.95 V
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DEVICE INFORMATION

Functional Block Diagram
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SOIC 20-Pin (DW)
Top View

Terminal Functions
TERMINAL

I/O DESCRIPTION
NAME NO.

BackLight ON is an enable signal for the control device. The signal is active high with a
BLON 10 I threshold of approx 1.2 V. The 5-V reference (VREF) is enabled with BLON which is the bias

supply for many of the internal blocks of the device.

Current Limit input connects to a signal that represents the power converter’s input current.CL 13 I Dual thresholds provide a shutdown retry or latch-off response.

Current REFerence is used to set the regulating voltage for the LED current feedback signal
at the CS input. This voltage input is set using a resistor divider from VREF. A nominal level
of around 0.7 V is recommended although a range of 0.6 V to 2.7 V is accommodated.

CREF 15 I Internal reference levels of 0.5 V and 2.8 V replace the CREF input voltage at the current
amplifier when the CREF pin voltage is respectively below or above these levels. The 0.5-V
internal reference can be achieved by shorting CREF to ground, the internal 2.8-V reference
can be achieved by shorting CREF to VREF.

Current Sense input monitors the LED current. This signal is compared to VCREF by theCS 16 I current amplifier to regulate the total LED current.

A capacitor to ground at the Duty-cycle ADJust input sets the positive slope of a saw tooth
waveform that is compared to a voltage proportional to 1-D where D is the dimming PWMDADJ 8 I/O duty-cycle of the DIM input. At the falling edge of the DIM input this comparison is used to
extend the LLC on time beyond the on time of the LED series switch.

A PWM input signal at the DIMming pin controls the average load current by cycling on and
off both an external series LED switch and the gate drives to the LLC converter. A high onDIM 9 I this pin corresponds to an ON condition. The controller will ignore a low condition at this
input during start up or fault recovery until after the completion of a soft-start sequence.

The Dimming Slew Rate pin is used to limit the rate of the VCO frequency change at the
LLC on or off edges of a dimming PWM cycle. A capacitor to ground at this pin programs theDSR 14 I/O maximum positive and negative slew rates that appear at the control input to the VCO.
Pulling this pin below about 0.8 V will disable the GD outputs.

The DuTY-cycle pin is averaged with a capacitor to ground to form a 1-D proportional
DTY 7 I/O voltage that is compared to the DADJ saw tooth voltage. The average voltage at this pin will

be 2.5 V(1-D)+0.1 V, where D is the dimming PWM duty-cycle the DIM input.

The MAXimum Frequency of the LLC converter is set by a resistor to ground at this pin. It
FMAX 19 I/O is actually the difference between the maximum and minimum frequency that is set by this

resistor.

FMIN 20 I/O The MINimum Frequency of the LLC converter is set by a resistor to ground at this pin.

Gate Drive outputs operate 180° out of phase with a fixed 500 ns of dead time. They
GD1&2 2, 3 O typically will drive either primary end of a gate drive transformer. At start up or during a fault

recovery, initiating the LLC converter begins with GD2 turning on first.
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Terminal Functions (continued)

TERMINAL
I/O DESCRIPTION

NAME NO.

The GrouND pin is both the reference pin for the controller and the low-side return for the
GND 4 P gate drive signals. Special care should be taken to return all AC decoupling as close as

possible to this pin and avoid any common trace length with analog signal return paths.

This output pin is used to COMPensate the current regulating loop. A capacitor, or capacitor
resistor series combination is typically used. During current regulation the voltage into the
VCO is slaved to this pin. Pulling this pin below about 0.8 V will disable the GD outputs.ICOMP 17 O During PWM dimming off-time this pin is tri-stated and the compensation network is meant to
hold the proper LLC control voltage until the LLC converter is turned back on. To optimize
this operation any DC loading on this pin should be avoided.

The LED SWitch output is a control signal to a series LED switch. This output is low during
a low level at the DIM input and whenever the LLC converter is disabled. PWM dimming isLEDSW 6 O disabled during soft start, the LEDSW output will be high independent of the DIM input. A
simple gate drive circuit is generally required at this output to drive the external FET.

This pin is used to monitor for an Over-Voltage condition on an LED string. A level above
VOVTH on this pin causes the converter to disable the gate drive outputs as well as theOV 12 I LEDSW output. If the OV input falls below its trip threshold the converter responds with a
TRSTDLY (10 ms) reset delay and soft start.

The Soft-Start pin is used to control the rate of change of the VCO frequency during start
up. At start up a low value pull-up current source, ISS, is applied to this pin. A soft-startSS 18 I/O sequence is initiated at start up and during any fault recovery. The SS pin must charge to 4.2
V before the controller allows PWM dimming to take place.

This pin is used to monitor for an Under-Voltage condition on the load. A level below VUVTH
on this pin causes the converter to disable the gate drive outputs as well as the LEDSW

UV 11 I output. Immediately, a TRSTDLY (10 ms) reset delay and soft-start sequence is initiated. The
reset delay and soft-start sequence is repeated as long at the UV pin is low at the end of the
sequence.

Connect a DC power voltage to VCC. Bypass VCC to GND with a 0.47-μF or larger ceramic
capacitor using short PC board traces. VCC directly supplies power to the gate drivers andVCC 1 P VREF which biases all circuit blocks in the UCC25710. Under-voltage lockout (UVLO)
comparator prevents operation until VCC rises above VVCCON.

The internal 5-V supply and REFerence rail is brought out to this pin. A small decoupling
VREF 5 O capacitor to ground of 1 µF is required. VREF can support up to 10 mA current external to

the device. VREF is enabled when VCC is above VVCCON and BLON is above VBLON.
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TYPICAL CHARACTERISTICS
SUPPLY CURRENT VVCCON AND VVCOFF THRESHOLD

vs vs
DIMMING DUTY CYCLE TEMPERATURE

Figure 1. Figure 2.

SUPPLY CURRENT IDISABLE AND IOFF SUPPLY CURRENT
vs vs

TEMPERATURE TEMPERATURE

Figure 3. Figure 4.
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TYPICAL CHARACTERISTICS (continued)
REFERENCE VOLTAGE OUTPUT CURRENT (ICOMP)

vs vs
TEMPERATURE INPUT VOLTAGE (CS)

Figure 5. Figure 6.

GMICOMP MINIMUM SWITCHING FREQUENCY
vs vs

TEMPERATURE TEMPERATURE

Figure 7. Figure 8.
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TYPICAL CHARACTERISTICS (continued)
MAXIMUM SWITCHING FREQUENCY GATE DRIVE DEAD TIME

vs vs
TEMPERATURE TEMPERATURE

Figure 9. Figure 10.

GATE DRIVER OUTPUTS (rising edge) GATE DRIVER OUTPUTS (falling edge)
vs vs

TIME TIME

Figure 11. Figure 12.
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TYPICAL CHARACTERISTICS (continued)
DSR CURRENTS LLC ON-TIME EXTENSION

vs vs
TEMPERATURE DIMMING DUTY CYCLE

Figure 13. Figure 14.

LLC ON-TIME EXTENSION LEDSW RISE AND FALL
vs vs

TEMPERATURE TIME

Figure 15. Figure 16.
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APPLICATION INFORMATION

FUNCTIONAL DESCRIPTION

Signal names and pin functions are depicted in the UCC25710 block diagram in this datasheet.

Multi-transformer Architecture

The multi-transformer LED driver architecture is a very attractive solution for driving multiple LED strings at the
same current utilizing a single power train and control device. Excellent LED string current matching from string
to string (<1%) excellent LED current linearity from 1% to 100% dimming (<2%), and high efficiency can be
achieved (>94%). Since this architecture is intended to utilize the 400-V output of the PFC stage, there is a
significant cost advantage over typical LED backlight implementations since a power stage can be eliminated.

The architecture and UCC25710 control device are based on the LLC resonant half-bridge topology. The
controller feedback loop is configured to regulate the total LED current typically with a current sense resistor. The
arrangement of the transformers with the primaries in series provides excellent LED string current matching.
Since the primaries are in series, the current in each transformer primary is the same. The secondary current is
the primary current times the turns ratio. The net primary magnetizing current is circulated in the primary side of
the half bridge and does not affect the current transferred to the outputs. In each transformer, differences in
magnetizing current caused by different magnetizing inductance or winding voltage will cause a difference in
current transferred to the LED outputs, although the difference in transferred current is minimal with typical
transformer tolerances and following the guidance in the Determining Transformer and Resonant Circuit
Parameters below.

The UCC25710 includes all of the functions necessary to implement a total LED backlight driver including GM
current amplifier, VCO, reference regulator, soft start, dimming duty cycle compensation and protection for OV,
UV, current limit, and thermal shut down. There are additional features to minimize audible noise during dimming
and provide fast LED current rise and fall times.
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Start-Up and Non-Dimming Operation

The UCC27510 is enabled when VCC exceeds the VVCCON threshold and BLON is high. At this time the soft-start
cycle is initiated following a 10-ms reset delay. A 2.5-µA current source charges the capacitor connected to the
SS pin to generate the soft-start ramp. During the soft-start cycle the current amplifier output (ICOMP) is clamped
to be equal to or less than SS voltage. The voltage on ICOMP controls the VCO. VICOMP will achieve the steady
state operating point to regulate the total LED current during the soft-start rise time. The DIM input and the UV
input are disabled during soft start to allow the output capacitors to charge to the steady state operating voltage.
When the SS pin reaches the VSSTH threshold the SS-END signal transitions high indicating the end of the soft
start cycle. At this time the UV comparator and DIM input are enabled. Refer to Figure 17 for the timing
relationship during soft start.

Figure 17. Start-Up Timing Diagram
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Dimming Operation

Once the soft-start cycle is complete, the LEDSW output and control of the VCO depend on the DIM input. The
dimming input signal controls the LEDSW output maintaining an accurate on-time relationship between the DIM
pulse width and LED current pulse width; the internal control signal is LED-ON. The LED-ON signal also controls
a switch between the GM current amplifier output and the ICOMP pin. On the DIM rising edge the switch from
the amplifier to the ICOMP pin is turned on after a 2.4-µs delay. The small delay time allows time to turn on the
LED switch MOSFET. On the DIM falling edge the switch between the GM amplifier is turned off. During the DIM
off-time the compensation capacitor at the ICOMP pin holds the correct steady-state operating voltage for the
current loop. It is important that any DC loading of this pin is kept to an absolute minimum or current errors will
result as the dimming duty-cycle is reduced.

The LLC power stage is gated on and off during dimming with the dimming input signal. The UCC25710 allows
control of the slew rate of the LLC power delivery at the rising and falling edges of a dim cycle allowing
potentially audible electro-mechanically induced noise to be minimized. In addition, the falling, or turn-off, edge of
a dimming cycle can be delayed, allowing the current loop to maintain control at low dimming duty-cycles even
when the ramp rates have been slowed. This is pictured in Figure 18.

Figure 18. Dimming Timing Diagram
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The power through the LLC converter is inversely proportional to the frequency of the VCO. The VCO frequency,
in turn, is inversely proportional to the VCO control signal. See Figure 19 for details of this relationship. The
dimming input generates an LLC-OFF signal that is used to select either a charging or discharging state for a
capacitor applied to the DSR pin. The +/-44 µA of current and associated capacitor set a ramp rate for the rise
and fall of the DSR voltage. The control voltage to the VCO is dominated by the DSR voltage when the DSR
voltage is less than the ICOMP pin – allowing the falling ramp on the DSR pin to softly turn-off the LLC power
stage and softly return it to the same operating state as it rises.

Figure 19. VCO Characteristics

The LLC-OFF signal is an inverted version of the dimming input signal. The falling edge of LLC-OFF is
synchronized with the rising edge of the DIM signal. At a negative DIM edge the DADJ and DTY signals are
combined to delay the rising edge of LLC-OFF providing a duty-cycle compensation time that is a function of the
dimming duty cycle.

Averaged by a capacitor at the DTY pin, the voltage on DTY is inversely proportional to the dimming duty cycle;
the voltage is

0.1 V + 2.5 V x (1-D),

where:
• D is the dimming PWM duty-cycle
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The DTY voltage range is 100 mV at 100% DIM duty-cycle, or LED current continuously on, to 2.6 V at 0% DIM
duty cycle, or LED current continuously off. The DADJ pin 20-µA current source is allowed to charge the pin
capacitor after a DIM falling edge. The LLC-OFF signal transitions high when the capacitor on DADJ charges to
the voltage on DTY. Refer to Figure 18 for the timing relationship during dimming. The scope plots in Figure 20
and Figure 21 below show an example LED driver at 10% and 50% DIM duty cycle.

Figure 20. DIM 10% at 300 Hz Figure 21. DIM 50% at 300 Hz
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Fault Condition Operation

The UCC25710 has a similar response to over-voltage, thermal shut down and current limit faults. This fault
response is shown in Figure 22. The OV input has a 2.6-V threshold and 240 mV of hysteresis. When OV is
above 2.6 V the internal FAULT signal is active which results in the RESET signal going high. With RESET high
the gate drivers are disabled, the SS pin is discharged to ground, and the LEDSW output is turned off. When OV
is below 2.36 V the FAULT signal is inactive which starts the 10-ms SS clamp timer.

Figure 22. OV, CL(1 V) and TSD Fault Timing Diagram

RESET is extended 10 ms beyond FAULT going low. After the 10-ms soft-start timer the normal soft-start
sequence begins. Thermal shut down generates the same internal FAULT signal when the internal temperature
reaches 160°C and a restart sequence begins after the junction temperature drops by the 25°C of threshold
hysteresis.

The current limit comparator has two thresholds. The lower threshold of 0.95 V results in a shut down and restart
as described for OVP, the OC pin has 0.475 V of hysteresis. The second current limit threshold of 1.9 V results
in a latch off fault. VCC must be recycled below the VCCOFF threshold to reset the latched OC fault.

The under-voltage fault has a different response in order to allow the converter to charge the output capacitors in
a normal start-up condition. Since UV is disabled during soft start, a sustained UV fault results in a 10-ms
soft-start clamp time plus the time required for the SS pin to charge to VSSTH which is 4.15 V. Refer to Figure 23
for UV fault condition timing diagrams.

Figure 23. UV Fault Timing Diagram
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Determining Transformer and Resonant Circuit Parameters

The muti-transformer architecture is similar to conventional LLC converter design with a few exceptions that are
described in this section. Typical LLC voltage output converters are designed to operate nominally close to
resonance and have the minimum switching frequency below resonance and maximum frequency above
resonance. It is recommended to operate above resonance at the nominal input voltage range of the converter in
order to achieve good transient response during dimming and improved LED current matching. The transformer
turns ratio equation shown is to target operation above resonance.

The equation below is used to calculate the turns ratio of the transformers in the multi-transformer architecture.

(1)

Where:
• N is the primary to secondary turns ratio
• NP is the primary turns
• NS is the secondary turns
• VIN is the input voltage to the LLC converter, typically the output of the PFC boost converter
• NT is the number of transformers
• VLED is the LED string voltage

Another important consideration for the multi-transformer LED driver is to set the total magnetizing inductance of
the transformers as high as possible to minimize the primary magnetizing current and it’s effect on LED current
matching. We recommend targeting the total magnetizing inductance of the transformers to a value just low
enough to achieve ZVS operation during nominal frequency operation. Below are the equations to determine the
magnetizing inductance target. Reduce the calculated LM to accommodate LM and COSS tolerances.

(2)

(3)

Where:
• IMPk is the peak magnetizing current
• COSS is the MOSFET equivalent time related drain to source capacitance
• VIN is the nominal input voltage to the half bridge, normally the PFC output voltage
• FSW is the switching frequency at the regulation operating point
• LM is the magnetizing inductance of each transformer
• NT is the number of transformers with the primaries in series
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In order to use standard LLC converter design process and available tools such as SLUC253 design calculator
available on the TI website, the multiple transformers and reflected loads can be combined into one equivalent
transformer and load as shown in Figure 24 below. Once Lr and Lm are determined based on a single
transformer circuit; simply divide by the number of transformers for each transformer specification target.

Figure 24. Multiple Transformers Combined With Reflected Loads
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PIN COMPONENT SELECTION

CS (Output Current Sense)

The CS pin is connected to the output current sense resistor and is the feedback signal for the current amplifier.
The regulation range is limited by the 0.5 V to 2.8 V internal current amplifier reference clamp. The LED current
sense resistor value is determined by the equation below.

(4)

Where:
• VCREF is voltage on CREF pin determined by divider from VREF ILEDTotal.
• ILEDTOTAL is the total LED string current during the DIM on time.

ICOMP (Current Amplifier Compensation)

Connect a capacitor or series resistor capacitor combination to ground to compensate the 510-µS GM current
amplifier control loop. The current amplifier is designed to maintain the steady state operating voltage point of the
current amplifier during dimming operation. This is accomplished by switching on and off the GM current amplifier
to the ICOMP pin with the same control signal that controls the LEDSW output. The GM amplifier is disconnected
from the ICOMP pin during the DIM off-time, and connected during the DIM on-time. This feature will be
compromised if there is a leakage path on the ICOMP pin, such as resistance to ground. The re-connection of
the ICOMP pin to the current amplifier output is delayed by about 2.4 µs to allow time for the external LED switch
to be turned on prior to allowing the ICOMP pin voltage to be driven.

The optimum ICOMP capacitor value is determined based on desired LED current and primary current response
during dimming. Since the LLC converter has a highly nonlinear transfer function, a gain phase analyzer is
recommended to optimize the component values on ICOMP. The recommended bandwidth target is from 800 Hz
to 5 kHz. The tradeoff of too low bandwidth is increased line frequency ripple on the LED string current. The
tradeoff of high bandwidth is voltage variation on ICOMP during the DSR rise time which can result in primary
current peaking during the start of the DIM period, this may result in audible noise if excessive. Either an
integrator (capacitor to ground) or type II compensation (capacitor in parallel with resistor and series capacitor) is
recommended.

SS (Soft Start)

Connect a capacitor to ground to program the desired soft start time. When VCC exceeds the VCCON threshold
and BLON is high, a 2.5-µA current source charges the soft start capacitor after a 10-ms delay. The voltage on
SS dominates the VCO control voltage when lower than VICOMP or VDSR. The device is in a soft-start condition
until VSS reaches the 4.2-V soft-start over threshold. During the soft-start cycle DIM is disabled and the UV
protection is disabled. The soft-start cycle is initiated by UVLO, BLON, OV fault clear, or UV fault clear after the
soft start cycle.

(5)

Where:
• TSS is the target SS time.
• VICOMP_REG is the ICOMP voltage at the regulation point, which can be derived based on LLC switching

frequency.
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FMAX (Maximum VCO Frequency)

Terminate FMAX to ground with a resistor to program the frequency delta from desired maximum to minimum
operating frequency range. The recommended resistor value range is 4.22 kΩ to 53.6 kΩ. VICOMP which is the
VCO control signal determines the voltage on FMAX; the programming resistor determines the voltage to current
conversion ratio that programs the oscillator frequency at a given VICOMP voltage level. The device is designed to
accommodate a maximum frequency of 350 kHz and a minimum frequency delta of 25 kHz. To provide
controlled rise and fall time of the primary current during dimming, a maximum frequency of 2 to 3 times the
nominal switching frequency is recommended as an initial value. The resistor value can be determined by the
following equation.

(6)

Where:
• FSW(Delta) = FSW(max)-FSW(min)

FMIN (Minimum VCO Frequency)

Terminate FMIN to ground with a resistor to program the desired minimum operating frequency. The
recommended resistor range is 9.53 kΩ to 102 kΩ. The device is designed to accommodate a minimum
frequency of 30 KHz. The resistor value can be determined by the following equation.

(7)

The following equation is used to determine FSW for given VICOMP, RFMAX, and RFMIN values.

(8)

Where:
• From Equation 6 to Equation 8, FSW is in Hz, R is in Ω, VICOMP is in V.
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GD1 and GD2 (Gate Drive 1 and 2)

Connect the primary of the gate drive transformer to GD1 and GD2 through a small series resistance. The
high-side driver resistance is 12 Ω and low-side driver resistance is 4 Ω typical. The drivers are limited to 25-mA
RMS maximum current, so there is a magnetizing current limitation of the gate-drive transformer shown in the
Equation 9. If the magnetizing current exceeds 25 mA with the specified gate-drive transformer and nominal
operating frequency, a simple NPN-PNP buffer on GD1 and GD2 may be required. The minimum gate drive
transformer inductance can be determined from Equation 9.

(9)

Where:
• LGD is the gate drive transformer LPRI

• FSW is the nominal switching frequency
• VCC is the VCC supply voltage

LEDSW (LED Switch Drive)

The LEDSW is the output to control the LED switch MOSFET in series with the LED string returns. The LEDSW
is controlled by the DIM input during normal operation to provide LED string current pulse widths that
corresponds to the DIM signal. During soft start, the LEDSW signal is high regardless of the DIM signal to allow
the output capacitors to charge. The LEDSW is low during an OV, UV or CL fault to provide additional protection
to the LED’s. This output is 0 V to VCC but has limited drive current ability, a simple NPN/PNP buffer is required
to drive the LED switch MOSFET. The LEDSW high resistance is 4 kΩ and low side is 2 kΩ so avoid any DC
load on this pin.

The turn-on and turn-off delay of the LED switch MOSFET relative to DIM rising and falling edge must be well
matched to achieve excellent LED current linearity especially at low DIM duty-cycles. As an example, consider a
1% dimming duty-cycle at dimming PWM frequency of 300 Hz where a delay mismatch of 667 ns represents a
2% linearity error. A gate drive resistor and parallel resistor diode combination to drive the LED switch MOSFET
can be used to match edge delays. Refer to Figure 25 for a recommended LED switch MOSFET drive circuit.

Figure 25. Recommended LED Switch MOSFET Drive Circuit
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DSR (Dimming Slew Rate)

The DSR pin is used to control the rise and fall time of the VCO control voltage. The DSR capacitor value can be
determined by the equation below. The effective rise time of the LLC primary current is when VDSR is between
the 0.9V gate drive enable voltage and the VICOMP operating point.

(10)

Where:
• TSLEW is the desired LLC current rise and fall time
• VICOMP_REG is the ICOMP voltage regulation point

Since the DSR voltage starts at 0 V and the LLC gate-drive enable is typically 0.9 V, there is a delay from the
DIM rising edge and LEDSW rising edge until the LLC gate drivers are enabled. An easy solution to eliminate a
majority of the delay is to use a resistor in series with CDSR. Since DSR is clamped at a Vbe above VICOMP, the
recommended resistance is 15 kΩ to 17 kΩ to provide a 640-mV to 720-mV initial voltage delta.

DTY (Dimming Duty-Cycle Average)

The DTY pin generates a voltage inversely proportional to the DIM duty-cycle with a 100-mV offset. The voltage
range is 100 mV to 2.6 V corresponding to 100% dimming and 0% dimming. This voltage is compared to the
DADJ rising ramp to determine the dimming duty-cycle compensation delay time.

The capacitor value is selected to provide low ripple voltage at the DIM frequency. A good guideline is to target
100 V or less peak-to-peak ripple voltage. There is a tradeoff of DTY capacitor value and response to DIM
duty-cycle transients. For faster response time to significant changes in DIM duty-cycle select a lower value
capacitance. The equation below can be used to select a DTY capacitor based on maximum ripple voltage and
DIM frequency.

(11)

Where:
• FDIM is the dimming frequency
• VDTY(pp) is the maximum peak to peak ripple voltage.

The equation below can be used to determine the average of VDTY at any given DIM duty-cycle.

(12)

Where:
• DDIM is the DIM duty-cycle.
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DADJ (Dimming Duty-Cycle Adjust)

The DADJ pin is a 20-µA current source enabled at the DIM falling edge. The capacitor connected to this pin
determines the slope of VDADJ. LLC-OFF is the internal signal that controls the turn-on and turn-off of the LLC
power stage. The rising edge of LLC-OFF corresponds to a falling edge at the DIM input. The falling edge of the
LLC-OFF signal is delayed until the rising edge of the DADJ voltage crosses the voltage on DTY. Refer to
Dimming Operation discussion for more details.

An initial value DADJ capacitor can be determined by the equation below. The dimming performance at lowest
DIM on time should be evaluated as described in the following paragraph.

(13)

Where:
• DIMDMIN is the minimum dimming duty cycle
• FDIM is the dimming frequency
• TRISE is the effective DSR rise time

In order to ensure consistent LED current regulation during DIM duty-cycle transients it is important to confirm
that ICOMP achieves the steady state operating voltage at the lowest DIM duty-cycle. Since DSR is clamped a
VBE (~0.7 V) above ICOMP this signal can be inspected to confirm a steady state operating point is achieved
after the programmed DSR rise time. Confirm that the DSR signal achieves a relatively flat voltage during the
lowest DIM duty-cycle condition. Figure 26 and Figure 27 below are scope plots of 1% DIM duty-cycle where
DSR reaches the steady state operating point, and 0.5% DIM where DSR is still rising and ICOMP is open loop.
If DSR is still rising during the lowest DIM duty cycle, increase the DADJ capacitor value until DSR achieves a
relatively flat response as shown in Figure 26, the 1% DIM duty-cycle scope plot below.

Figure 26. 1% DIM duty-cycle Figure 27. 0.5% DIM duty-cycle
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OV (Output Over Voltage)

The OV pin is connected to an output-voltage sense resistor divider with oring diodes to all of the LED outputs.
The OV threshold is 2.6 V with 240-mV hysteresis. During an OV fault the GD1 and GD2 gate drivers are
disabled and the LEDSW goes low (off). When the OV fault clears, the soft-start cycle is initiated.

A configuration is shown in Figure 28 below that allows for summing of multiple LED string outputs into common
UV and OV dividers. The total resistance of the divider networks needs to be considered since the divider bias
current will be provided by the highest voltage LED string. The following procedure can be used to determine
total divider resistance and each component values.

(14)

Where:
• VOUT is LED string voltage
• IOUT is LED DC output current
• DMIN is minimum dimming duty-cycle
• IMATCH is LED current matching target
• OV and UV dividers are approximately equal resistance

(15)

Where:
• VOVLO is the OVP threshold
• VD is the summing diode voltage drop

Figure 28.
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UV (Output Under Voltage)

UV is connected to an output-voltage sample of the converter. The UV threshold is 2.4 V with 240-mV hysteresis.
UV below 2.4 V is considered an under-voltage fault which disables the GD1 and GD2 gate drivers, LEDSW
output goes low, the 10-ms soft-start clamp and soft-start cycle are initiated. The UV comparator is disabled until
SS voltage is 4.2 V to allow the output capacitors to charge to the normal operating voltage during start up of the
converter.

Refer to the OV and UV divider diagram above for a typical configuration that allows for summing of multiple LED
string outputs into common UV and OV dividers. The value of RPU needs to be considered to avoid a current
path from the highest voltage LED string to the lowest voltage LED string. The following equations will assume a
2x VOUT delta as the maximum UVLO voltage.

(16)

Where:
• LED voltage total tolerance is ±5%
• OV and UV dividers are approximately equal resistance

(17)

(18)

Where:
• VUVLO is the UVP threshold
• VD is the summing diode voltage drop

CL (Current Limit)

The CL pin is typically connected to the rectified and filtered output of a primary current sense transformer. There
are two levels of current limit protection, restart and latching. When CL exceeds 0.95 V the gate drivers are
disabled and LEDSW goes low, when the CL voltage reduces to 475 mV the soft-start cycle is initiated. If CL
exceeds a 1.9-V threshold, the gate drivers are disabled and LEDSW goes low, this condition is latched until
VCC is recycled below the UVLO threshold.
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