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Introduction:

Digital TV’s and Monitors are much thinner than the old bulky Cathode Ray Tubes (CRT) that
were used for these electronic peripherals in past years. These thin digital TVs have been very
attractive to consumers because they take up less space. To help meet customer demand and
make this digital equipment thinner some manufactures have turned to half bridge LLC resonant
converters to drive the LED backlighting of these devices. This is because the zero voltage
switching (ZVS) that can be achieved with this topology leads to more efficient higher power
density designs, requiring less heat sinking than hard switching topologies. To help meet this
need TI has developed the new UCC25710 LLC Resonant Half Bridge Controller, for Multi-
String LED driver applications, with PWM dimming. The purpose of this application note is to
review the design of 98W LLC Resonant 4 String LED driver using the UCC25710 controller,
with PWM dimming.

Design Parameters:

Design Parameters

Minimum Input Voltage (Viy min) 370V
Nominal Input Voltage (Vin now) 390V
Maximum Input Voltage (Viy max) 410V
Number of LED Strings/Outputs (Ngt) 4
Desired LED Current (I gp,) 250mA
Forward LED Voltage at 250mA (Vg gp) 3.06V
Number of LEDs (N, gp) 32
Resonant Frequency Target (fo) 100 kHz
Dimming Frequency (fom) 300Hz
Minimum PWM Dimming Duty Cycle (Dyn) 1%
Output Over Voltage Turnoff (OV) 136V
Output Under Voltage Turnoff (UV) 43V
Efficiency at Maximum Load 92%

Table 1, Design Specifications
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Functional Schematic Power Stage:

The UCC25710 LLC controller was designed to be used to drive multiple LED strings using a
multiple transformer approach with PWM Dimming. Please refer to Figure 1. This approach
allows the currents in multiple LED strings (LED1 to LEDN) to share current and be controlled
by one current sense signal developed across a single current sense resistor (Rs). This works by
using LLC transformer with the same turns ratio (al) and connecting the primaries of the
transformers (T1 through TN) in series and running the outputs in parallel per Figure 1. The
premise is that if the primary currents are equal the secondary currents should be equal due to the
transformers turns ratio. This allows for controlling the current with only one current sense
signal for multiple LED strings.
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Figure 1, Functional Schematic of LLC Multi-String LED Driver Power Stage
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Controller Schematic

Test Point C is Tied to the |, pin and
Will be Used For Loop Compensation

Vs = 12V R, UCC25710
O—A—— FMIN [20
c l FMAX [19
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DSR RFMAX §
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Figure 2, UCC25710 Controller Setup

Calculate the Output Voltage for a Single String (ViLep1)

In this design example Cree XRE LED’s were used for the backlight which had a forward
voltage (VrLep) of 3.06V at 250mA of load current (I gp;). This would result in a single string
output voltage (Viep1) of roughly 98V.

Vieo = Ny xVe ep =32x3.06 =97.92V

Calculate Total Output Power (Pour)

Based on the total number of LED strings (Ngst) and the single string output voltage and the
current of the LED strings (Irgp;), the total output power (Pour) required by this design would be
roughly 98W.

Pour = Nor XV o, X lour = 4x97.92V x 250mA = 97.92W

Selecting B1 and B2 Bridge Rectifiers
To meet the efficiency goals of the design B1 and B2 bridge rectifiers were constructed with 1A
Schottky rectifiers from STMicrolectronics, part number STPS1150A.
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Forward voltage drop of B1 and B2 rectifier diodes (VF):

V. =0.82V

Calculated B1 and B2 rectifier diode power dissipation (Ppiopg):

Porooe = —— 0T~ 205mW

Vieor X Ngr
Select FETs QA and QB
Estimate transformer turns ratio (al)

V,,\U\,IIN x0.9

al= 2 =0.42
Nor (Vieo +2x V)

Calculate FET QA and QB RMS Current (Iga rwms, loB rms)

P 1
IQAfRMS = IQAfRMS = 5 i Xa ~0.36A
2x77><(j>< [\ xVLEDI\/E
V4

Based on the efficiency requirements 550V, CoolMoss FETs, part number IPPSOR350CP were
chosen for the design with following device parameters.

Ros(ony = 0.350hm, FET on Resistance (Rps(on))

Coss =46 pF , FET Drain to Source Capacitance (Coss)

Vs spec = 100V, Specified Voltage Where COSS was Measured (Vps_spec)

Q, =19nC, Gate Charge

Calculate Average Coss (Coss ave)

V
COSSfAVG =Coss PP 2227 pF

IN_MAX

Estimate FET QA and QB losses at resonance (Pga and Pgp)

Veare =12V | Voltage driving the FETs QA and QB (Vgate)

| 2
Poa = Pos :[ QA;MS ] X Ros on) + Qs X Veare x fo = 61mW
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Transformer T1 through TN, TN =T4:

The design of an LLC half bridge LED driver is an iterative process based mostly on the LLC
transformer design/selection. The following equations can be used to design/select the initial
transformer used in this design. It is not uncommon to go through a couple of transformer
designs/selections to get the optimal desired performance. The following equations were used to
select the initial transformer for the design.

The magnetizing current on the primary (Iyp) must be sized to achieve ZVS switching based on

FET QA and QBs average Coss

Tor =400nS | Minimum UCC25710 fixed delay to achieve ZVS

| = (2 X Coss ave )XVINfMAX
e Tor

2

=~ 93mA

Estimate the maximum transformer magnetizing inductance (Lwvp max) that will allow for zero
voltage switching at resonance. This equation allows for the switching frequency to achieve 2X
the resonant frequency (2Xfp) and also accounts for the magnetizing current which is
symmetrical around zero amps.

VIN_MAX

2 1
L < ~Tyr |=578uH
MM (2% 1 e )X Ngp ([mo)xz] DTJ

To save money transformer primary leakage inductance (Lp k) was used as the resonant inductor
(Ly). Figure 3 shows a functional schematic of an LLC half bridge converter using the
transformer leakage inductance for the resonant inductor.
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Ly« = Transformer Primary Leakage Inductance

L,y = Transformer Primary Magnetizing Inductance

L = Transformer Secondary Magnetizing Inductance
Viv O—— L, « = Transformer Secondary Leakage Inductance

QAJE

|
|
| |
Eiligase l
| |
! |

QBJE R e

Figure 3, Schematic of an LLC Using Lp;x for Lg

Note that the resonant inductance (L;) for the multi string LLC half bridge presented in Figure 1
is based on the multiple of transformers used (Ngr) in the design and can be calculated as
follows.

L, = Ng x Ly , Total Primary leakage Inductance is Used for Resonant Inductance for the LLC
In most LLC designs that use the primary leakage inductance for the resonant inductor set the

ratio of magnetizing inductance and leakage inductance (L,) between 3 and 10 for the initial
design. For this design we selected L, to be 4.

I_PLK

For this design a Vitec transformer part number 75PR8112 with the following characteristics was
chosen for the LLC transformers T1 through T4.

L, =245uH , Primary Inductance
Lo« =49uH , Primary Leakage Inductance

The primary magnetizing inductance (Lyp) of the transformer used in this design was less than
calculated LPMﬁMAX-

Loy =Lp — Lo =196uH
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LMP

L, = =4, Transformer 75PR8112 had an Ln of 4

LF’LK

Ly =1050uH , Secondary Inductance

Ly« =210uH , Secondary Leakage Inductance

Lyy =Ls — Lg« =840uH , Secondary Magnetizing Inductance
DCR, =0.1180hm, Primary Transformer DC Resistance
DCRg =0.470hm, Secondary Transformer DC Resistance

Check Transformer Turns Ratio (al’). Note in a resonant converter the secondary leakage
inductance has an effect on the transformer turns ratio. This is because the voltage across the

resonant capacitor cancels out the voltage developed across the transformers’ primary leakage
inductances at resonance.

LSM tPM

al'=—1 =M ~ (.39, Effective Transformer Turns Ratio
LSM + I_SLK

Ll =2.59, Effective Gain Across the Transformer

a 1

Calculate resonant capacitor (C,)

C, = ! ~13nF

(271' x o )2(NST X LPLK)

Select standard capacitor for Cr and recalculate resonant frequency

C, =12nF

fo = ! ~103.8kHz

(27 x ]‘O)\/NST x Lpy xC,
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During the evaluation process we had noticed that the design’s LED stings shared current the
best when the converter was run above resonance and the LED outputs were within +/- 2V of
each other.

Program the UCC25710 minimum frequency (fmn) to the resonant frequency by properly
selecting resistor Rpmin.

9.83KQ < Ry < 102kQ

Reyy = 0.15 ~ 29.38kQ)

2x24.6 pF x f,

Select a standard resistor value for the design.

Reyy = 30.1kQ

Double check the minimum frequency (fmn) based on the Rpy selection.

0.15

fun = ~101.3kHz
2x24.6 pF x Reyn

Program the UCC25710 maximum frequency (fmax) to twice the resonant frequency by properly
selecting resistor Rppmax.

422KQ < Ryyyy < 53.6kQ

Reyny = 0.0664 ~12.7kO

2x24.6pF[2x fo — fun ]

Select a standard resistor value for Rgpax.
Revax =12.7kQ
Double check maximum frequency limit (fuax) based on the Rpyax resistor selection

0.0664

= ~ 207.6kHz
2% 24.6 pF x Ry uy

MAX
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Calculate transformer primary RMS current (Iprms) and secondary RMS current (Isgwms).

2 2
a14(VLED1j (lj
| f
logs = —— Pour i) L) _(859A
44/2  alx; xVLEDIx N Loy
|
| o = ZLEDI =0.278A
=2
T

Estimate Transformer Loss (P1) to be 2 times the conduction losses. Note this is only an
estimate and may vary based on the magnetic manufacture. It is always a good idea to consult a
magnetic expert in regards to determining the exact magnetic losses.

Py = 21 pays® X DCRy + I gayys” x DCRg | 247mW

Check LLC gain over input range to make sure transformers can be used for the design. Start by
calculating the minimum (Myn) and maximum (Myax) gain needed and then compare to the
LLC gain (M(f)) vs frequency.

M, = 2XNST(VLED1+2XVF) —-1.94

VINiMAX — lpgis X 0.9 % RDS(on)

2xNg; (VLEDI + ZXVF)

VINiMIN — | pus X 0.9 % RDS(on)

M pax = =2.15

Next will require calculating the total equivalent resistance reflected across the transformer
(Req).

(VLEDI )2 Ngr X al’®
3
i

~ 722

Req =

I:)OUT

Next will require calculating the total quality factor (Q) of the LLC.
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Ngr x Loy
V C
Q="—"—"""-%1.77

Reo

Then plot the amplitude of the approximate multi string LLC gain versus frequency (M(f))
starting from the resonant frequency (fp) to two times the resonant frequency (2xfp). Remember
the normalized equation for M(f) is just an approximation and the design will have to be fine
tuned based on actual performance. However, this approximation will help design or select your
initial LLC transformers. The magnitude of M(f) needs to be able to support the gain required by
Mun and Myax of the design. The M(f) gain should go above Myax and below My from the
resonant frequency (fo) to two times the resonant frequency (2X fp). If less gain is desired to
meet design requirements it can be obtained by increasing Q. This can be accomplished by
increasing the resonant frequency by decreasing C; and/or adjusting the transformers primary
leakage inductance (Lp k). Please refer to Figure 4 for a plot of M(f) with the current Q of 1.77
and of M(f) with a Q of 10. Note a Q of 1.77 worked for this design.

In the approximation for M(f) the normalized switch frequency (f;) is defined by the frequency
(f) divided by the resonant frequency (fo).

VN ‘ (Lnxfnxllj ‘
M(f) = our X Nt _ a
Vin [(L +1)xf 2—1}+j[[f 2—1}<f xQx L }
> n n n n n

3
25 ‘\\\\ // Myax
2 “l \\\
™~ N
\ \ ~ My
M,
15 \ \\
— M(f) with Q =1.77
— —
1 \ B S
\ T
M(f) if Q is increased to 10
0.5 \-...._\\ ~
'l-.____ (
o
f,=104kHz 2f,=208kHz

10
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Figure 4, Plot of M(f) vs Frequency

Selecting Input Capacitor Bank (Cyn)
In the normal application the LED driver would be preceded by a PFC pre-regulator and the
input capacitor would be sized for holdup during one line cycle of dropout.

9 Pour
Co> nx60Hz
N =

Vin now - (VIN_NOM x0.7

~ 46uUF
f

Calculate low frequency RMS if converter follows a PFC pre-regulator (Iciv rms rr). Note this
frequency is 2X the line frequency powering the PFC pre-regulator.

P 1
low rws 1F = %X— ~ 320mA

N

Vin win X—%7
- T

Calculate High Frequency RMS Current (Icin rms HF)

2
_ 2 2 Pour N
ICINfRMSfHF - \/I PRMS ICINfRMSfLF - [V—j = 743mA

IN_MIN XT7

To meet the voltage and RMS requirements five 10uF, 450V aluminum electrolytic capacitors,
Panasonic part number EEUEB2W100, were used in parallel for Ci.

CIN = 50uF

Selecting Output Capacitors (Cour)

: ? ~121mA, Output Capacitor RMS Current

ICOUT_RMS =+ lsrus” — lieni

Calculated minimum Coyr based on capacitance ripple voltage being 0.5% of the output.

Cour 2 !eo, ~ 4. 9uF
V ko x0.005 % fg

Calculate maximum output capacitance equivalent series resistance (ESRcout max) based on
ripple voltage across the output capacitance ESR to be 0.5% of the output voltage.

11
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V x 0.005
ESRegur i < 20002 (1 9500
- lsrms V2

To meet Coyr RMS current, output voltage and ripple voltage requirements two 10 uF, 160V
aluminum electrolytic capacitors from Panasonic, ECA2CM100, were used in parallel for Couyr.

Cour = 20UF

Selecting FET QE for PWM Dimming
To meet the power and efficiency requirements a 250V 51A, FET, FDP51N25 from Fairchild
was chosen for the design with the following device parameters.

Rosony = 0.060hm, FET on Resistance (Rps(on))

Vbs spec = 25V, Specified Voltage Where COSS was Measured (Vps spec)

Q, =55nC, Gate Charge

Coss =530pF , FET Drain to Source Capacitance (Coss)

Calculate Average Coss (Coss ave):

Vv
Coss_ave = Coss % ~22.7pF
IN_MAX

t, ~465ns, Typical Estimated Vps rise time from FET data sheet
t, =130ns, Typical Estimated Vpg fall time from FET data sheet

Estimated Dimming FET Losses (Pgg)

P, =60mW , Calculated FET Conduction Losses

2
QE _RDS(on) — (I teot X Ngr ) RDS(on)

= %(tr +1t; )fD,M xV g, =8.74mW , Calculated FET Switching Losses

I:)QE_SWITCH

Pogg = 2% Qq X Fouy XVeure = 0.4mW , Calculated FET Gate loss

2xC xV . *f
PQE_COSS = OSS_AVGZ DL PV~ 0.38mW , Calculated Average FET Copgs loss

12
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PQE — PQE_RDS(on) + PQE_SWITCH + PQEg + PQE_COSS ~ 69.5mW

Programming the UCC25710 for PWM Dimming

DSR Slew Rate Programming:

This control IC has an input for PWM dimming (DIM, Pin 9) was design to receive a low
frequency (fppv, 300 Hz) 0 to 5V diming signal and controls the brightness of the LEDs by
adjusting the duty cycle of fppm.

To ensure smooth current transitions during PWM dimming the UCC25710 has a feature called
dimming slew rate (DSR Pin 14) that can be programmed by properly selecting the Cpsg and
Rpsr passive components.

Set DSR slew rate (ts ew) to 0.5 of dimming period and calculate slew rate capacitor (Cpgg).
This feature was added to reduce overshoot and potential audible noise. It may have to be
adjusted pending on individual design performance.

oy =2 ~ 16,708
fDIM
44uAxt
Coeo = SLEW _ 782 pF
DSR 2.6V P
0.7V
R. =—" —17.5kQ
PSR 40uA

Select standard component values for Cpsg and Rpgsg.

Cosr =270pF

Rogq =17.8kQ

Programming PWM Dimming Duty Cycle Adjust:
To ensure that a the peak current can be controlled down to 1% duty cycle the UCC25710 has a
PWM dimming duty cycle adjust feature, which extends the LEDSW duty cycle to ensure the

13
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peak current can be reached. This feature can be correctly setup by properly selecting the Cpry
and Cpapj capacitors. Note for a more detailed explanation of the PWM Duty Cycle Adjust
feature can be found in the UCC25710 data sheet [5].

15.65uA x :
Cory = OIM. = 522nF
o 0.1V
20 1AX Dy ¥0.05 _ Dy
Fom fom

C =
oY (1= Dy )X 2.5V ]+ 0.1V

Standard components were selected for Cpry and Cpapy

Cory, =470nF | Cp,py =330pF

Selecting Average Peak Input Current Sensing Resistor (Rspkr)

The UCC25710 has an average input over current shutoff. Resistor Rgpky is used to monitor the
input current through current sense transformer (CT). Resistor Rg; and Cg; form a low pass filter
that is setup to have a low frequency pole at 159Hz allowing only the average current sense
signal developed across Rgpkr, to be passed to the current limit (CL) pin of the UCC25710.

Sizing Rgpky, requires knowing the CT turns ratio (a2), which for this design was 0.001. The
following equation describes the transformer turns ratio in terms of secondary current (Is) and
primary current (Ip) of the current sense transformer.

1 |
a2=—n=->=
100 1,
Average input over current (Iiv avg oc) was set to 150% of average reflected output current
across the LLC transformer.

ISRMsxﬁx%xl.S

a =1.05A
alxn

I IN_AVG_OC —

The UCC2510 control IC has a peak current limit threshold of 0.95V, which would require an
RSPKL of 94.8 ohms.

14
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Reewt. = 09V L9070

IN_AvG oc X &

A standard resistor is selected for Rgpki.

RSPKL = IOOQ

Selecting Average Current Sense Control Resistor (Rs)

Tying the CREF pin of the UCC25710 to ground sets the current amplifier control voltage to a
well regulated 0.5V, which the lowest current sense signal that can be accurately used with this
device. Please refer to figure 2.

Rs = _OV 0.50hms

Ner X I pep,

To increase noise immunity a low a pass filter formed by Ry, and Cg, with a pole at roughly 723
kHz. Depending on the amount of noise in the system this may have to be adjusted. The output
of this low pass filter is then fed into the CS pin of UCC25710 (Pin 16).

Program Output Over Voltage Turnoff (OV)
The UCC25710 has programmable OV feature that turns off the FETs during an over voltage
condition. This can be setup by properly selecting Roy; and Roy» resistor divider.

Calculate minimum Rov; v resistor value so LEDs strings share current within 1%

VLEDl

Lept X Dy X 0.01

=3.92MQ

ROV]_MIN > I

Select Standard Value for Rov; greater than Royi min:

Roy; = 5.36MQ

Calculate Rov; based on Roy; and estimated D1 forward voltage drop (Vp:):

VD1 =0.6V

15
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Rovi x 2.6V

Rovs = =104.9kQ
V2OV 2.6V -V,

Select standard resistor value for Rovs
Rovz =105kQ
Double check over voltage threshold (OV)

OV — 2'6\/(ROV1 + ROVZ)

+Vp, =136V

ROVZ
Calculate OV hysteresis (OVyysr) based on Rpy; and Roy; selection to ensure it meets your
design requirements.

2.4V (R R
OV, =0V — ( ovi T ovz)

+Vp, =11V

ov2
Setup Output Under Voltage Turnoff (UV)
The UCC25710 also comes with a programmable output under voltage FET driver turnoff that
can be setup by properly selecting the under voltage lockout pull up resistor (Rpy) and the

resistor divider formed by Ryy; and Ryvs.

Rey =%~1.07MQ

Ruvi = Royi — Ry * 4.26MQ
Select standard resistor values for Rpy and Ry
Rpy =1IMQ

Ry, =4.22MQ

Calculate Ryy, based on Rpy, Ryy; and the forward voltage drop of D2 (Vo).
Vb2 = 0.6V

Ruvs + Rpy )x 2.4V
pr = Bovi £ R X2V )
UV - 2.4V —Vd2

16
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Select a standard resistor value for Ryv;.

Ryy; =316kQ)

Double check under voltage threshold (UV)

— 2'4V(RUV1 + RUV2 + RPU)

uv +V,p, =43V

I:QUV 2

Calculate UV hysteresis (UVyyst) based on Ryy; and Ryy; selection and ensure it is enough to
meet your design requirements.

2-6\/(Ruv1 +Ryy, + RUP)+

I:QUV 2

UVHYST =

V,, —UV ~ 3.6V

Setting up Soft Start (SS)

The UCC25710 control IC has soft start control during power up that can be set by selecting a
soft start time (tss) and properly selecting a soft start capacitor (Css).

Note during power up PWM dimming is disabled please refer to the UCC25710 data sheet
for details.

te =50ms
2.5uAxt
s = ————3 ~48nF
2.6V

Select a standard capacitor for Csg

Cs =47nF

Initial Power up Recommendations

During the design phase before the current loop is setup and optimized.

It is recommended that the output current and input voltage be brought up slowly. First
connect an eternal bias supply initially set to 5.5V connected to test point D per Figure 1.
This will put 545mV at the CS pin of the UCC25710. This will fake out the controller so
the output does not demand any current. Apply the input voltage and bias supplies per
figure 1 and 2. With UCC25710 biased and the input voltage set within the desired input

17
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voltage range (370 to 410V) the bias supply connected to test point D then can be adjusted
slowly to zero volts allowing the output current to come up proportionally to the decrease
in the bias voltage at test point D.

Evaluate Transformer and ZVS During Initial Power Up.

While bringing up the power supply initially and slowly bringing up the output current it is a
good idea to evaluate the transformers to ensure there is enough magnetizing current to achieve
ZVS. Please refer to figure 5 for an example of what the LLC transformer (T1 through TN)
primary current should look like (CH4) during normal operation. CH2 shows the switch node
voltage at the drain of FET QB and CHI1 is the gate voltage of FET QB. FETs QA and QB in
this design example are driven with a 1:1:1 gate drive transformer. The gate voltage of QA is the
inverse of QBs gate voltage. From the wave form below it can be observed that the switch node
(CH2) is fully transitioned by the magnetizing current during the UCC25710s fixed dead time,
while the gates of QA and QB are at zero volts, obtaining zero voltage switching. During the
design process if it is discovered that the switch node does not fully transition before FETs QA
and QB gates are activated there may not be enough magnetizing current to achieve ZVS. This
may require redesigning the transformer for more magnetizing current to achieve ZVS. It is not
uncommon to go through several transformer designs/selections in a resonant half bridge before
settling on the final transformer to be used in the design.

Gate Drive Transition After Switch Node Achieving ZVS
CH4 = Primary Transformer Current

Tek25.0|'\-'|S/rs 55 Acqgs
T
[ !

CH3 = Current Sense = V¢

=

i

Chi— 20,0V & Ch2 100V & M 2.000s Chi 7\ 400mMV 22 pec 2010
ch3 s500mv & @ 10.0mVes 15:54:53

CH2 = Switch Node = QB CH1 = QB,

18
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Figure 5, Evaluate Transformer and ZVS During initial power up.

Compensating the Current Loop (GcL(f))

The easiest way to compensate an LLC half bridge is with a network analyzer. Start by setting
capacitor feedback capacitor Cpto 1nF, while not populating feedback components Cz and Ry
This will roll the gain of the current amplifier off fairly early and should control the power LED
driver well enough to measure the control to output transfer with a network analyzer.

C, =1InF

The isolated signal from the network analyzer can be injected across the 51.1 ohm that is
connected between test points A and B (Figure 1). The control to output transfer (Gco(f))
function can then be measured across test points A and C. Test point C can be found in the
controller schematic of Figure 2.

Geo(h) = (A/C)

Control to Output (Gco(f))

60 240
40 {— 160
——Mag [A/C] \’L\
——Phase [A/C] \
20 \ 80
o)
S 8
= 0 0 )
@ —— L 8
(O] ~ ~
\ e
\\\ o
-20 N -80
-40 Y J -160
\,/
-60 ; -240
10 100 1000 10000 100000

Frequency
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Figure 6, Measure Control to Output Transfer Function

Set crossover frequency (fc) to a 20™ the resonant frequency (fo).

f
fo =—2%~5.2kHz
20

From the control to output transfer function record the magnitude of the measured gain at the
crossover frequency (Geo(fc)), this is typically in dB and for this design was -25dB.

|GCO( fe )| =-25dB, Record magnitude of control to output transfer function

GM = 510uS, Current Amplifier Transconductance Gain

Calculate feed back resistor (Rg) to adjust loop gain at crossover

—|Geo (o))

10 20

R ~ 34.9kQ

A standard resistor value closest to the calculated value should then be chosen for the design.
R =33.2kQ

Calculate feedback capacitor (Cz) to put a zero at one tenth the crossover frequency.

1

C, = ~9.2nF

2rx—&

10
Select a standard capacitor value for the design and unpopulate capacitor Cp,
C, =10nF
Cp = Not Populated
After the feedback components have been selected it is recommended to measure the current
loop (Gcr(f)) with a network analyzer and check the circuit for stability. In the design example
the current loop crossed over at roughly 5 kHz with a phase margin of greater than 45 degrees.

Note if the phase margin is less than 45 degrees different compensation components should be
selected for the design.
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Gew(f) = (A/B)

Loop Gain G (f)
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Figure 7, Measured Current Loop Transfer Function (G¢i(f))

98W Reference Design Evaluation

Based on the design equations presented in this application note a 98W LED driver using this
topology was constructed and tested. Please refer to Figure 8 and 9 for schematics.

21



Application Report
SLUAG601- August 2011

%1606

22

{; TexAs
INSTRUMENTS

62
6'6v %00t ¥ eldl

Py Py fs0)

ZidL ¢l ¢q 6

pejojndod 30U 810 enjoA ou yyM s}iod sjoN W

L idezz
610

A

o VLO6ZNd
reet %m o s
VoS 1SdlS V@G L LSdLS
L v v
xo'el zia 010 | 24183dSL
. by
nee'L oLy . N o o
ocy B anoL 4npL
50 M%mwz,mue < =
1o L0 oL MBYI¥NL MBYLYNL
vesL1sdls 5 1z 4 v
o ¥ 4 ¥Q za
—van s VeS11SdLs ot ant
o tldl 3 ) 4 I ° 10
aboyon LY o @ > can Ldr 60 v < o
B Z ﬂ % $EICHdLS
obu MBYIPNL L MBPLENL
< X o183 \ 4 ) 4 oa'!
+$031 oldl D £a La
@9} )
1
ea VeS1LSdlS VoSl isdls
oLs3 4 A 4
vza 8L0 2L ,mman»
) ] o CE 295ud9S
s zeq  dneL inol
NG Jis3 g0 |* vio |
VOS5 11SdLS v s 5
(25
£ea Vo5t ,m&mum sl e
> L1a 109
-ga3 {8 €y
gr 6dl —NIA
L o
o Z . w 9118ZHZSZSAN L
oBuy
N X V05 11SdLs v VoSl isdls v T z
+£037 841
oS3 44| 9La ZL183dSL CUNS 4 tdl
2 L § MBYLINL winyay 9600 4B J96uDQ
4neL 4net b Yool
£ L 9 a A
0 |* g0 |*
V@S 1 LSdLS uﬂ ) JuzL XN
- 1za VeSL 1SdLS -4
m«aﬁﬂ \ 4 z 8 mr% d00SEYRSdd! Sy inol el
5ia go== £o==
aboion D sdr €dr z0 9118Z¥ZSZSWN + *
eI 4 Mv Mv 4—¢1-VrZsy
sebusg T 5¢a
+2037 9d1L 9a ¥
Vo5 1SdLs v Vo5t isdls v ool MsyiNL X
] sa
oz via 2t 18845, el ot anol
S|¢& Le'e Lo~k yo~k I
JnoL net N 4-€1-vrzsy 5 7 g
L N2 doeseyesddi
910 [ 210 [F v +50 v
VoSt isdls v = 5 10
61
“ion ¢ vestisaisy €4 o g
ep SdL 2 h 4 gzar G o0 aidr i
= [ P i £e ﬂ 14 L
o . T !-
+1031 ¥dl Zdl VE'0/A06E o
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Figure 9, Daughter Board Schematic

Current Matching with PWM Dimming

The following graphs were taken with a 300 Hz PWM dimming frequency. Note each LED
output was loaded with 32 Cree XLamp XR-E diodes. At full load the current was controlled to
a target current of 250mA through each LED output string.

Output Current Matching vs PWM Dimming

VIN = 390V
106.0%
\ ——ILED1
S 104.0% N\ — ILED2 | |
2 —ILED3
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8 102.0% -
= \/\
< \
g
g 100.0%
5
=
3 98.0%
x
2
= 96.0%
1% 3% 5% 10% 50% 75%  100%

Dimming Duty Cycle

Figure 10, V=390V, Current Matching
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Figure 11, Vin= 370V, Current Matching
Output Current Matching vs PWM Dimming
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Figure 12, Vin=410V, Current Matching
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Efficiency
Note to measure efficiency with PWM dimming requires the use of power analyzers on the LED
output/s. The following efficiency table was taken with LED voltage strings set to roughly 98V.

98W UCC25710 Efficiency with PWM Dimming

95.00%
94.00%
93.00%

92.00% ///

91.00% / /

4 /
90.00% /
89.00%

Efficiency

88.00%
— Efficiency 390V
87.00% . —
—— Efficiency 370V
86.00% —— Efficiency 410V —
85.00%
10% 25% 40% 55% 70% 85% 100%

Dimming

Figure 13, Efficiency 10% to 100% PWM Dimming

LED Current Startup Behavior (Vin=390V)
Total LED Current = 1A, Individual LED Current = 0.25A

Tek Run: 1.00kS/s Sample [AFE Tek HGTE 1.00ks/s 1 Acqs
HE ]
- 1
CH1 = V@R13" : : CH1= V@R&A
_ _ _ . : Ny : .
PR, S = e Dz s urent il ../CH4.=(LED4+)Cu”em -
' R T e R
4t W\v‘"aww i i 4 WAWAV%JWMWWWW :
A : CH3=(LED1 +)_Current . I /CH3=(LED3 +) Current
Thi— oo v W50 0ms ChT 7 d00mMV 4 Nov 2010 o0V W50.0ms Ch1 7 400V 4 Nov 2010
chl 5.00mva: Ch4 5.00mve 1iea1s B Gonve cha s.oomvo Trread

Figure 14, Current LED1 (CH3) and LED2 (CH4) Figure 15, Current LED3 (CH3) and LED4 (CH4)
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LED Current during 300 Hz PWM Dimming (Vin=390V) 90% PWM Dimming

Tek BT 25.0kS/S 809 Acgs ,  Holdoff: 250ns Tek I 25.0kS/s 809 Acgs ., Holdott: 250ns
- = 1
[ 1

H = 3
‘CH1 = V@R CH1=V@R13

o e v S A B O

/ CH4 = (LED4 +) Current

WWWMW WMWMW

/ CH3 (LED1 +) Current — CH3 LED3+ Current

M2.00ms Chl.J/  310mv;

4+

EE] 500my - M2.00ms Chil.s  310mv. EF 500my
Ch3 5.00mvQ  Chd 5.00mvQ X . Ch3 5.00mvG  Chd4 5.00mvQ

Figure 16, Current LED1 (CH3) and LED2 (CH4) Figure 17, Current LED3 (CH3) and LED4 (CH4)

1% PWM Dimming, Peak LED Current = 0.25A

Tbkmsuakszg[ 43 Acqs ] Tﬂkmﬁﬂﬂks»’ﬁ[ . 60 Arqs .
S | 3'c'H1'i/@R1'3-""3 """ SO oHt=verts [
IBI"“"‘"I.] ! : S “ - T . - oo rnie m“ - g N ]
S o I o /cm : L'Em;)cune'm' ' L Cra= (LeD4 # Curren
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3fbed Wbt et angnlilehdimnghind 2oyl L‘WW&W\#WM»WAWWAWmW

"@H“sﬁb“mv M T00s CHT 7~ TTomV" Ssdgmy T Toois CRT 7R TOMY 4 Now 2010
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Figure 18, Current LED1 (CH3) and LED2 (CH4) Figure 19, Current LED3 (CH3) and LED4 (CH4)
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