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Full-Bridge Controller for

Piezoelectric Transformers

General Description

Liquid-crystal display (LCD) enclosures and cold-cathode
fluorescent lamps (CCFL) used in notebook computer
and portable electronic displays are becoming increa-
singly narrow, generating the need for a low-profile
CCFL power supply. Recent advances in piezoelectric
transformers (PZTs) have made it possible to develop
smaller, more efficient, and safer backlight inverters for
portable displays. Piezoelectric transformers have
shown better performance than magnetic transformers
with respect to efficiency, EMI requirements, human
safety, and form factor. The MAX8785A is a full-bridge
CCFL controller for piezoelectric transformer-based
backlight power supplies. The full-bridge topology pro-
vides a high-spectral purity sinusoidal drive that helps
the PZT convert electrical energy to mechanical and
back to electrical energy efficiently.

The MAX8785A employs a feed-forward control architec-
ture that provides excellent line-and-load regulation while
maintaining relatively constant switching frequency.
The MAX8785A provides protection against open-lamp,
secondary short-circuit, lamp arcing, and secondary
overvoltage with adjustable timeout periods.

The MAX8785A guarantees lamp striking by sweeping
the switching frequency from high to low until the lamp
is struck. The MAX8785A achieves 10:1 dimming range
using a digital pulse-width modulation (DPWM) method.
CCFL brightness can be set with an analog voltage on
the CNTL pin or through an external signal at LSYNC.
The maximum switching frequency and DPWM frequen-
cy can be adjusted with external resistors.

The MAX8785A gate drivers can drive large power
MOSFETSs typically used in high-power CCFL applica-
tions. An internal 5.35V linear regulator powers the
MOSFET drivers and most of the internal circuitry. The
MAX8785A is available in a low-profile, 28-pin thin QFN
package and operates over the -40°C to +85°C tempe-
rature range.

Applications

Notebook LCDs
LCD TVs and Monitors

Simplified Operating Circuit appears at end of data sheet.

MAXIM

Features

Resonant, All n-Channel, Full-Bridge Topology
Wide Input-Voltage Range (4.5V to 28V)
Frequency Sweeping Guarantees CCFL Striking

Feed-Forward Control Provides Excellent Line-
Transient Response

Programmable Maximum Switching Frequency
Analog or Digital DPWM

Lamp-Out Detection with Adjustable Timeout
Fault Protection with Adjustable Timeout
Primary Current Limit with RDs(ON) Sensing

Strong Gate Drivers Support Large
External MOSFETs

4 28-Pin Thin QFN Package

> & o o

* & & 6 O o

Ordering Information

PART TEMP RANGE PIN-PACKAGE

MAX8785AETI+ -40°C to +85°C 28 Thin QFN*

+Denotes lead-free package.
*EP = Exposed pad.

Pin Configuration
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Maxim Integrated Products 1

For pricing, delivery, and ordering information, please contact Maxim Direct at 1-888-629-4642,

or visit Maxim’s website at www.maxim-ic.com.

VS8.L8XVIN



MAX8785A

Full-Bridge Controller for
Piezoelectric Transformers

ABSOLUTE MAXIMUM RATINGS

BATT, RATE, LX1, LX2t0o GND ........ccooeeveeee. -0.3V to +30V
BST1, BST2t0 GND ....ooooiiiiiiiiiicceece -0.3V to +36V
BST1to Vpp1, BST21t0 VDD2. v -0.3V to +30V

BSTT 1o LXT o, ...-0.3Vto +6V
BST2 10 LX2 ..o -0.3V to +6V
Vce, Vbb1, Vbpz, CNTL, LSYNC, SHDN,

FLT 1O GND ..o -0.3V to +6V
GH1to LX...... .-0.3V to (VBST1 + 0.3V)
GH2 to LX2 .-0.3V to (VBST2 + 0.3V)

GLTtO GND ..ot -0.3V to (Vpp1 + 0.3V)
GL21t0 GND ..ot -0.3V to (Vpp2 + 0.3V)

COMP, HF, LF, PCOMP, SEL,

TFLTto GND....ooiii -0.3Vto (Vcc + 0.3V)
IFB, VFB, OLF t0 GND........ooooiiiiiiiiiiiee -6V to +6V
PGND t0 GND ..o -0.3V to +0.3V

Continuous Power Dissipation (Ta = +70°C)

28-Pin Thin QFN (derate 21.3mW/°C above +70°C)...1702.1mW
Operating Temperature Range ............ccccceeeenn. -40°C to +85°C
Junction Temperature................
Storage Temperature Range................
Lead Temperature (soldering, 10S) ........cooovvviiieiiiinien, +300°C

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 in the operational sections of the specifications is not implied. Exposure to
absolute maximum rating conditions for extended periods may affect device reliability.

ELECTRICAL CHARACTERISTICS

(VBaTT = 12V, VDD1 = VDD2 = VSHDN = 5.35V, RRATE = 190kQ, Ta = 0°C to +85°C, unless otherwise noted. See Figure 1. Typical values

are at Ta = +25°C.)

PARAMETER CONDITIONS MIN TYP MAX | UNITS
BATT Input Voltage Range Ve = Vop1 = Vopz = open 53 28.0 %
Vce = Vpb1 = Vpp2 = BATT 4.5 55
BATT Quiescent Current VBATT = 28V 15 6 mA
BATT Quiescent Current, Shutdown VSHDN = 0, VBATT = 28V 10 25 pA
Vce Output Voltage, Normal Operation 6V < VBATT < 28V, 0 < ILoaD < 20mA 5.20 5.35 5.50 Vv
Vcc Output Voltage, Shutdown VSHDN = 0, no load 3.5 4.6 55 Vv
V¢ rising (leaving lockout) 4.5
Ve Undervoltage-Lockout Threshold - - Vv
Vcc falling (entering lockout) 4.0
Vcc Undervoltage-Lockout Hysteresis 150 mV
On Fesistancs, Low Stae resr = 10ma R
On Fesistancs,High Stae resr = 10ma ¢ 8| oo
BST1, BST2 Leakage Current \=/B1$9T\1/:/§2¥{ ZL;%V: 19V; VBsT2 = 24V, Vixe 5 LA
X1, LX2 Leakage Current VBATT = 28V 5 bA
Minimum On-Time 240 370 500 ns
VBATT = 8V, RRATE = 190kQ, RHF = 100kQ 22 25 28
VBATT = 16V, RRATE = 190kQ, RHF = 100kQ 10.8 12.50 14.2
Duty Cycle VBATT = 24V, RRATE = 190kQ, RHF = 100kQ 7.5 8.5 9.5 %
VBATT = 12V, RRATE = 150kQ, RHF = 100kQ 14
VBATT = 12V, RRATE = 300kQ, RHF = 100kQ 25
Maximum Duty Cycle 45 %
Current-Limit Threshold LX1 - PGND, LX2 - PGND 370 400 430 mV
Current-Limit Leading-Edge Blanking 240 370 500 ns
IFB Regulation Point 760 800 840 mV
) 0 < V|FB < +3V -2 +2
IFB Input Bias Current pA
-83V<VFB <0 -225

MAXIM




Full-Bridge Controller for
Piezoelectric Transformers

ELECTRICAL CHARACTERISTICS (continued)

(VBATT = 12V, VpD1 = VDD2 = VSHDN = 5.35V, RRATE = 190k, Ta = 0°C to +85°C, unless otherwise noted. See Figure 1. Typical values

are at Ta = +25°C.)

PARAMETER CONDITIONS MIN TYP MAX | UNITS

IFB Lamp-Out Threshold Reject 1pus glitches 720 800 880 mV
IFB-to-COMP Transconductance 1V < Vcowmp < 3V 50 100 150 us
COMP Output Impedance 10 MQ
COMP Maximum Voltage Threshold 3.15 3.25 3.35 \
COMP Discharge Current During Overvoltage | VIFB = 800mV, VyrB = 2.5V, Vcomp = 2V 0.5 1.0 2.0 mA
Initial Startup COMP Charging Current 7 9 11 HA
PCOMP Impedance MQ
VFB Input Bias Current -4V < VyFB < +4V -2 +2 pA
VFB Overvoltage Threshold VFR rising 2.05 2.25 2.45 Vv
VFB Short-Circuit Threshold VEB rising 200 230 260 mV
OLF Input Bias Current -4V < VOLF < +4V -2 +2 pA
OLF Trip Threshold OLF rising 1.1 1.2 1.3 \

RHF = 100kQ, Vcomp = 0.0V 58.0 60.0 62.0

RHF = 100kQ, Vcomp = 3.0V 50
Main Oscillator Frequency RHF = 150k, Voomp = 0.0V 40.0 kHz

RHF = 150kQ, Vcomp = 3.0V 33.3

RHF = 75kQ, Vcomp = 0.0V 80.0

RHF = 75kQ, Vcomp = 3.0V 66.6

RLF = 150kQ 202 208 214
DPWM Chopping Frequency RLF = 103kQ 300 Hz

RLF = 315kQ 100
DPWM Dimming Resolution Guaranteed monotonic 8 Bits
CNTL Minimum Duty-Cycle Threshold 0.20 0.23 0.26 \
CNTL Maximum Duty-Cycle Threshold 1.9 2.0 2.1 \
CNTL Input Current 0 < VCNTL < 2.0V -0.1 +0.1 pA
LSYNC Input Low Voltage 0.8 \
LSYNC Input High Voltage 2.1 \
LSYNC Input Hysteresis 200 mV
LSYNC Input Bias Current 0 < VLSYNC < 5.5V -1 +1 pA
LSYNC Input Frequency Range RLF = 150kQ 120 280 Hz
LSYNC Minimum Duty Cycle 10 %
SEL Input Low Voltage 0.8 \
SEL Input High Voltage 2.1 \
SEL Input Hysteresis 200 mV
SEL Input Bias Current 0 < VseL < 5.5V -1 +1 HA
SHDN Input Low Voltage 0.8 %
SHDN Input High Voltage 2.1 Vv
SHDN Input Hysteresis 100 mv
MAXIV 3
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MAX8785A

Full-Bridge Controller for
Piezoelectric Transformers

ELECTRICAL CHARACTERISTICS (continued)

(VBATT = 12V, VpD1 = VDD2 = VSHDN = 5.35V, RRATE = 190k, Ta = 0°C to +85°C, unless otherwise noted. See Figure 1. Typical values

are at Ta = +25°C.)

PARAMETER CONDITIONS MIN TYP MAX UNITS

SHDN Input Bias Current 0 < VSHDN < 5.5V -1 +1 PA
VVEB > 2.4V or VIFB < 720mV,;
VOLF < 1.1V: VIFLT = 2.0V 0.60 0.75 0.90 )

H
) VVFB < 2.05V and V|F > 880mV; . ) )

TFLT Charging Current VOLF < 1.1V: VIELT = 2.0V 1 0.75 0.5
VVEB < 200mV or VoLF > 1.3V; 204 o8 336 mA
VTFLT = 2.0V

TFLT Trip Threshold TFLT rising 2.90 3.0 3.10 Y

TFLT Sink Current VTELT = 2.0V 80 135 160 mA

FLT Sink Current VTELT = 3.1V, VFLT = 0.4V 1 mA

FLT Leakage Current VTFLT = 0, VFLT = 5.5V 1 pA

ELECTRICAL CHARACTERISTICS
(VBATT = 12V, Vpp1 = VpD2 = VSHDN, TA = -40°C to +85°C, unless otherwise noted.) (Note 1)
PARAMETER CONDITIONS MIN TYP MAX | UNITS

Vee =V =V = open 55 28.0

BATT Input Voltage Range ce Db! bb2 & \
Vce = VpDp1 = Vpp2 = BATT 4.5 5.5

BATT Quiescent Current VSHDN = 5.5V, VBATT = 28V 6 mA

BATT Quiescent Current, Shutdown VSHDN = 0 25 pA

. VSHDN = 5.5V, 6V < VBATT < 28V,

Vce Output Voltage, Normal Operation 0 < ILOAD < 20mA 5.20 5.50 \

Vce Output Voltage, Shutdown VSHDN = 0, no load 3.5 55 Vv
V¢ rising (leaving lockout) 4.5

Vce Undervoltage-Lockout Threshold - - Vv
Vcc falling (entering lockout) 3.95

GH1, GH2, GL1, and GL2 On-Resistance, B

Low State ITesT = 10mA 8 Q

GH1, GH2, GL1, and GL2 On-Resistance, B

High State ITEST = 10mA 8 Q
VBsT1 = 24V, Vix1 = 19V,

BST1, BST2 Leakage Current VBSTo = 24V Vixo = 19V: VEATT = 28V 5 uA

X1, LX2 Leakage Current VBATT = 28V 5 uA

Minimum On-Time 210 420 ns
VBATT = 8V, RRATE = 190kQ, RHF = 100kQ 22 28

Duty Cycle VBATT = 16V, RRATE = 190kQ, RHF = 100kQ 10.8 14.2 %
VBATT = 24V, RRATE = 190kQ, RHF = 100kQ 7.50 9.50

Maximum Duty Cycle 45 %

Current-Limit Threshold LX1 - PGND, LX2 - PGND 370 430 mV

MAXIMN




Full-Bridge Controller for
Piezoelectric Transformers

ELECTRICAL CHARACTERISTICS (continued)

(VBaTT = 12V, VDD1 = VDD2 = VSHDN, TA = -40°C to +85°C, unless otherwise noted.) (Note 1)

PARAMETER CONDITIONS MIN TYP MAX | UNITS
Current-Limit Leading-Edge Blanking 240 500 ns
IFB Regulation Point 760 840 mV
. 0 < VIFB < +3V -2 +2

IFB Input Bias Current HA

V< VB <O -225
IFB Lamp-Out Threshold Reject 1us glitches 720 880 mV
IFB-to-COMP Transconductance 1V < Vcowmp < 3V 50 150 us
COMP Discharge Current During Overvoltage | ViFB = 800mV, VyFB = 2.5V, Vcomp = 2V 0.5 2.0 mA
Initial Startup COMP Charging Current 7 11 pA
COMP Maximum Voltage Threshold 3.15 3.35 \
VFB Input Bias Current -4V < WFB < +4V -2 +2 PA
VFB Overvoltage Threshold VFB rising 2.05 2.45 V
VFB Short-Circuit Threshold VFB rising 200 260 mV
OLF Input Voltage Range -4 +4 \
OLF Input Bias Current -4V < VOLF < +4V -2 +2 pA
OLF Trip Threshold OLF rising 1.1 1.3 \
Main Oscillator Frequency RHF = 100kQ, Vcomp = OV 57 63 kHz
DPWM Chopping Frequency RLF = 150kQ 198 218 Hz
CNTL Minimum Duty-Cycle Threshold 0.20 0.26 \
CNTL Maximum Duty-Cycle Threshold 1.9 2.1 \
LSYNC Input Low Voltage 0.8 V
LSYNC Input High Voltage 2.2 \
LSYNC Input Frequency Range 120 280 Hz
LSYNC Minimum Duty Cycle 10 %
SEL Input Low Voltage 0.8 \
SEL Input High Voltage 2.2 \
SHDN Input Low Voltage 0.8 %
SHDN Input High Voltage 2.2 Vv

VVFB > 2.4V or ViFg < 720mV;

VéFUB: <1.1V; VTF||'_:$: 2.0V 0.60 0.90
TFLT Charging Current x(v)FLE; z ??3\;/\7;%\”:%;580mv; 1.0 05 | pA

VvFB < 200mV or V > 1.3V,

V\T’ELBT oy OLF 2.24 3.36
TFLT Sink Current VTELT = 2.0V 80 190 mA
TFLT Trip Threshold TFLT rising 2.90 3.10 \
FLT Sink Current VTELT = 3.1V; VFLT = 0.4V 1 mA

Note 1: -40°C specifications are guaranteed by design, not production tested.

MAXI 5
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Full-Bridge Controller for
Piezoelectric Transformers

MAX8785A

(Vin =12V)

(Circuit of Figure 1. VN = 12V, Ta = +25°C, unless otherwise noted.)
LOW INPUT-VOLTAGE OPERATION

MAX8785A toc)
)

LX

Vig

CH1:10v/div
CH2: 2v/div
CH3: 1V/div

o

IMAX8785A tocl:
T T ; T v

Typical Operating Characteristics

HIGH INPUT-VOLTAGE OPERATION

LINE-TRANSIENT RESPONSE

MAX8785A toc03

'I{"ﬁ

Vrg

10us/div

VeNTL = 2.0V 1o VenL=20V
- SEL = GND : . SEL=GND :
10us/div 40us/div
CH1: 20V/div CH2: 2V/div
CH2: 2V/div CH4: 10V/div
CH3: 1V/div
MINIMUM BRIGHTNESS OPERATION
AND STARTUP WAVEFORM LSYNC OPERATION
IVIAX8785A toc0: MAX8785A toc05
gt e — y— e —
v I Do R i Trer
' :—: d SHDN

4ms/div
CH1: 2v/div
CH2: 5V/div

CH3: 5V/div
CH4: 2v/div

LAMP-OUT VOLTAGE LIMITING
AND TIMEOUT

IMAX8785A toc06
———

200ms/div
CH1: 2V/div
CH2: 2V/div

VrB

TRLT

1ms/div
CH1: 2V/div
CH3: 5V/div
CH4: 10V/div

SECONDARY SHORT-CIRCUIT

VrB
_;_ .......... TFLT
...... “],": Cof :
L D 00y
200us/div
CH1: 2V/div
CH2: 1V/div
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Full-Bridge Controller for
Piezoelectric Transformers

Typical Operating Characteristics (continued)
(Circuit of Figure 1. VN = 12V, Ta = +25°C, unless otherwise noted.)

MAXIMUM SWITCHING FREQUENCY

vs. Ryr DPWM FREQUENCY vs. RLF
100 = 400 .
z 2 350 |\ g
s B B
2 % - = 300 -
S N =
= 2 250 \
o =
= 3
= 60 = 200 \
= = L
z \ : " T
2 4w NG = 100 .
=
= 50
20 0
60 80 100 120 140 160 50 100 150 200 250 300 350
RiF (k<) R (k)
Vee LINE REGULATION Ve LOAD REGULATION
5.362 o 0.20 -
5361 z 0.15 z
5.360 2 0o N z
5359 = \
Z 005 N
< 535 ——— E \\
85357 = ~
5.356 = 005 \‘\
5.355 =
-0.10
5.354
5.353 0.15
5.352 -0.20
10 12 14 16 18 20 2 24 0 4 8 12 16 20
Vin (V) ILoAD (MA)
Vee vs. TEMP SWITCHING FREQUENCY vs. Viy
5.370 . 57.0 o
5.365 z B
P 56.8 =
5.360 - |
5.355 ~ /
= L~ = 56.6
= / £ 4
S 5.350 v <
= D
e 56.4
5.345 7
/
5.340
/ 562
5.335
5.330 56.0
40 15 10 3% 60 85 2 14 16 18 20 2 24
TEMPERATURE (°C) Vin (V)
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MAX8785A

Full-Bridge Controller for
Piezoelectric Transformers

Pin Description

PIN NAME FUNCTION
’ RATE Duty Ratio Ramp Adjustment Input. Connect a feed-forward network between BATT and RATE to adjust the
slope of the internal ramp that adjusts the H-bridge duty cycle with input voltage.
2 SHDN | Shutdown Control Input. The IC shuts down when SHDN is pulled to GND.
Brightness Control Input. The usable brightness control range is from 0 to 2V. VonTL = O represents the
3 CNTL | minimum brightness (10% DPWM duty cycle), VeNTL = 2V represents the full brightness (100% DPWM duty
cycle). For details, see the Dimming Control section.
DPWM Sync Input. DPWM frequency can be synchronized with an external signal on LSYNC. When SEL is
4 LSYNC | connected to Vg, the duty cycle of the LSYNC signal determines the brightness. For details, see the
Dimming Control section.
Fault Status Output. FLT is an open-drain output and requires a pullup resistor between Ve and FLT. Under
5 FLT normal conditions, the FLT output is high impedance. FLT pulls low when a fault condition occurs; FLT is
reset on either power or SHDN cycle.
Fault Time-Out Setting. Connect a capacitor from TFLT to GND to set the time out period. For details, see
6 TFLT ; ) )
the Setting the Fault Delay Time section.
7 HE Maximum Switching Frequency Adjustment Input. Connect a resistor from HF to GND to set the maximum
sweeping frequency of the main oscillator.
8 LF DPWM Frequency Adjustment Input. Connect a resistor from LF to GND to set the DPWM oscillator
Phase-Lock Loop (PLL) Compensation Pin. Connect a capacitor between PCOMP and GND to compensate
9 PCOMP
the PLL.
10 COMP Transconductance Error-Amplifier Output. The COMP voltage controls the voltage-controlled oscillator to
adjust the switching frequency. Connect a capacitor from COMP to GND.
11 IFB Lamp Current-Feedback Input. IFB regulates the average lamp-current feedback to 800mV (typ) by
controlling the switching frequency. For details, see the Lamp-Current Regulation section.
Secondary Voltage-Feedback Input. A resistive voltage-divider between the high-voltage terminal of the
10 VFB transformer and GND sets the maximum peak lamp voltage during striking and lamp-out fault. Add 1nF
capacitor from VFB to GND for noise rejection. For details, see the Lamp-Out Detection and Overvoltage
Protection section.
13 LX2 GH2 Gate-Driver Return. LX2 is the input to the primary current-limit comparator. The controller senses the
voltage across the low-side MOSFET (LX2 - PGND) for primary overcurrent condition.
14 GH2 | High-Side MOSFET Gate-Driver Output
15 BST2 | GH2 Gate-Driver Supply Input. Connect a 0.1uF capacitor from LX2 to BST2.
16 Vpp2 | GL2 Low-Side Gate-Driver Supply Input. Connect Vppg to Vcc. Bypass Vppg with a 1uF capacitor to PGND.
17 GL2 Low-Side MOSFET Gate-Driver Output
18 PGND | Power Ground. PGND is the return of GL1 and GL2 gate drivers.
19 GL1 Low-Side MOSFET Gate-Driver Output
20 Vppt | GL1 Low-Side Gate-Driver Supply Input. Connect Vpp1 to Voc. Bypass Vpp1 with a 1uF capacitor to PGND.
21 BST1 | GH1 Gate-Driver Supply Input. Connect a 0.1uF capacitor from LX1 to BST1.
22 GHA1 High-Side MOSFET Gate-Driver Output
o3 LX1 GH1 Gate-Driver Return. LX1 is the input to the primary current-limit comparator. The controller senses the

voltage across the low-side MOSFET (LX1 - PGND) for primary overcurrent condition.

MAXIMN




Full-Bridge Controller for
Piezoelectric Transformers

Pin Description (continued)

PIN NAME FUNCTION
Arc Fault-Detection Input. When the peak voltage on OLF rises above the internal threshold of 1.2V (typ), an

24 OLF internal current source starts charging the TFLT capacitor. The MAX8785A sets the fault latch and disables the
gate drivers after the TFLT voltage reaches 3V. For details, see Setting the Arc Protection Threshold section.
Brightness Control Select Input. Brightness can be adjusted with an analog voltage on CNTL or with an

25 SEL | external signal at LSYNC. Connect SEL to GND to enable analog control. Connect SEL to Vcc to enable
external synchronization control.

o6 V. 5.35V/20mA Linear-Regulator Output. Supply voltage for the device. Bypass Vcc with a 1uF ceramic

cc capacitor to GND.

27 GND | System Ground

o8 BATT Supply Input. Input to the internal 5.35V linear regulator that powers the device. Bypass BATT to ground
with a 0.22uF ceramic capacitor.

29 PAD Backside Exposed Pad. PAD is internally connected to GND. Connect the exposed pad to a ground plane

through a thermally enhanced via.

MAXIM
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Full-Bridge Controller for
Piezoelectric Transformers

Typical Operating Circuit

MAX8785A

VIN 2A
- e
T tour sy
GND L
(oo BATT Vo1 -
co 1
0.22uF
\ E GND Vo2
VCC e
< _T_ Vee
e3 Ri0 FLT
1.0uF I 280kQ SEL L1, 27uH
= GH1 N }_
36V — T
RATE BT T |—
LX1
onjorF (0 o)——————— SHON " i -
MAXIM T o T RY
DIMMING (O O)—————— ONTL  JIAX87854  BST2 |——T OuF 200k
]
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= o 6L2
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e L | = =
0220F T~ IFB
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Figure 1. Typical Operating Circuit
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Full-Bridge Controller for
Piezoelectric Transformers

Block Diagram

Vee I~ 1 SHDN
442V J L 16V g
LINEAR : p/ N ‘
BATT ® UVLO LSYNC
REGULATOR COMPARATOR DE\W\ ﬁ?c
- PCOMP
— BIAS
— SUPPLY Voc SEL
PWM
COMPARATOR
RATE RAMP DIMMING
" CONTROL CNTL
1o 3 LOGIC
IFB FW. - VDDW
RECT —— BST1
GH1
800mV £ HROR /‘/—
AMPLIFIER 1-SHOT L
— Vo2
= Y VY ¥ - BST2
coMP TS *—|- .
DRIVER ' GHe
> PWM CONTROL LOGIC > CONTROL —— X2
1mA VDD1
3.25V + STATE
] A MACHINE
: GL1
A
— @—— 11— PGND
225V = OVERVOLTAGE
COMPARATOR GL2
VFB -
\DD2
FAULT —LX1
230mv *SHORT-CIRCUIT DELAY MUX
800mY COMPARATOR BLOCK —LX2
A
A A
B_o—
OPEN-LAMP 400mv
1oV COMPARATOR PRIMARY
T CURRENT-LIMIT
COMPARATOR
o . MAXIN
OLF MAX8785A
COMPARATOR
TRLT  FLT

Figure 2. MAX8785A Block Diagram

MAXIM

Detailed Description

The MAX8785A is a full-bridge CCFL controller for piezo-
electric transformer-based CCFL inverters. The full-
bridge topology provides a high-spectral purity
sinusoidal drive to help efficiently operate the piezoelec-
tric transformer. The MAX8785A uses feed-forward

control to adjust the duty cycle that effectively regulates
lamp current during line transients and maintains rela-
tively constant switching frequency. The rate of the feed-
forward ramp signal can be adjusted with an external
resistor to accommodate different input voltage ranges
and different types of piezoelectric transformers.

11
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MAX8785A

Full-Bridge Controller for

Piezoelectric Transformers

PRIMARY SECONDARY
v Vout
" @ ~<—> FORCE
CCFL 8

]

Figure 3. Typical Multilayer PZT in Longitudinal Mode

The MAX8785A can achieve 10:1 dimming range with
the DPWM method. CCFL brightness can be adjusted
using analog or digital dimming control. Analog voltage
on CNTL controls duty ratio of DPWM and an external
resistor on LF (RLF) controls the frequency of DPWM.
The digital signal on LSYNC controls the duty ratio and
frequency of DPWM.

The MAX8785A guarantees lamp striking by sweeping
the switching frequency from high to low until the lamp
strikes. The maximum switching frequency can be
adjusted with an external resistor. The MAX8785A volt-
age-controlled oscillator changes the switching fre-
quency to regulate the lamp current.

The MAX8785A provides protection against lamp arc,
open lamp, secondary short circuit, and primary over-
current. The MAX8785A includes an adjustable fault delay
timer and an open-drain fault indicator. The MAX8785A
has primary current limiting by using lossless current
sensing to prevent overstressing the power MOSFETSs.

Piezoelectric Transformer
(PZT) Background
Piezoelectric transformers transfer energy from primary
to secondary through use of mechanical force. Figure 3
shows that when electric potential is applied to the pri-
mary of the piezoelectric material, the electrical energy is
converted into mechanical vibrations (reverse piezoelec-
tric effect). These mechanical vibrations are coupled into
the secondary piezoelectric material, and then the piezo-
electric material converts the mechanical vibrations to
electrical energy (direct piezoelectric effect).

A piezoelectric transformer has a voltage gain from pri-
mary to secondary. The voltage gain of the transformer
changes with the excitation frequency of the primary. A
simplified electrical model that predicts the gain of a

12

§ RLoAD

Figure 4. Electrical Model of Piezoelectric Transformer
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Figure 5. Voltage Ratio vs. Frequency for Resonant Tank

piezoelectric transformer is shown in Figure 4. Terminals
1 and 2 are the primary and terminals 3 and 4 are the
secondary of the transformer. Many PZT manufacturers
provide component values for the model based on mea-
surements taken at various frequencies and output loads.

Figure 5 shows the variation of voltage gain with fre-
quency. During startup, the lamp is not ionized, and
therefore, has a no-load condition, so the piezoelectric
transformer operates on a high-gain, high-impedance
load line. Since the exact strike voltage and operating
frequency are not known, the MAX8785A applies a rel-
atively low voltage to the lamp by operating at the maxi-
mum-programmed operational frequency. This is
shown as Point A. As the operating frequency is
decreased, the piezoelectric transformer gain moves
up the no-load curve until the CCFL strike voltage is
reached. This is shown as operating Point B. At Point B,
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the CCFL strike voltage is reached and the lamp impe-
dance begins to decrease. The operating frequency
continues to decrease as the lamp impedance drops
until the correct operating point is reached, somewhere
between Points C and D. Figure 5 shows the Q of reso-
nant tank is very high. If the operating frequency is
close to resonant frequency, then the high Q gives a
very high efficiency for the converter. However, due to
the high Q, the frequency of operation has to be very
close to the resonant frequency, and this reduces the
range of the switching frequency for the inverter. To
ensure optimal performance, careful selection of exter-
nal components is required.

Variable Frequency Operation
The MAX8785A includes a voltage-controlled oscillator
(VCO) that sets the switching frequency of the
H-bridge. The VCO is controlled by the output of a
transconductance error amplifier that integrates the dif-
ference between the full-wave, rectified lamp-current
feedback signal (IFB) and an internal reference voltage
(800mV typ). As the lamp current-feedback signal
changes with respect to the reference, the error amplifier
sources and sinks current, which appropriately adjusts
COMP, and equivalently, the VCO frequency.

To strike the CCFL, a frequency sweep is initiated by
linearly ramping the COMP capacitor. As the COMP
voltage rises, the VCO sweeps the switching frequency
from the maximum value (set by the RHF resistor) to the
point where the gain of resonant tank is enough to
strike the lamp. The frequency sweep range is 15% of
the maximum switching frequency.

Feed-Forward Control
The MAX8785A has feed-forward control, which main-
tains tight control of the lamp current over the entire
input voltage range. The feed-forward control adjusts
the on-time (toN) by varying the slope of internal ramp.
The current into RATE determines the slope of the inter-
nal ramp. Connect a passive network between V|N and
RATE to change the duty ratio with input voltage. The
RATE pin allows the user to adjust the maximum duty
ratio (DmAX) to achieve the optimum performance of
the PZT used in the application.

MAXIM

Connect a resistor between BATT and RATE to set DmAX:
RRATE =Dmax (%) X RHF (KQ) x ViiN(V)

where RHF is the resistor that sets the maximum switching
frequency and VMIN is the minimum input voltage of
operation. The feed-forward network required is depen-
dent upon the PZT used in the application. Further
improvements in the performance at higher input volt-
ages can be achieved by adding a zener diode in
series with the RATE resistor. The MAX8785A has built-
in protection to limit the maximum duty cycle to 45%.

Dimming Control
The MAX8785A has both analog and digital inputs to
control brightness.

Analog Dimming Control
Connect SEL to GND to enable analog control mode.
The voltage at CNTL controls DPWM duty cycle. The
DPWM frequency is externally set by the resistor at LF
(RLF). In analog control mode, the adjustment range is
10% to 100%. CNTL has a voltage range of 0 to 2V with
256 brightness levels. Figure 6 shows the response of
DPWM duty cycle to the CNTL voltage. When VCNTL is
between 0V and 0.23V, the DPWM duty cycle is fixed at
10%. When VeNTL is 0.23V to 2V, the DPWM duty cycle
changes linearly with CNTL. When the CNTL voltage is
above 2V, the DPWM duty cycle is fixed at 100%.

BRIGHTNESS vs. VgNTL
100

80
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BRIGHTNESS (%)

20 7/

]

0 0.4 0.8 12 16 2.0
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0

Figure 6. Brightness vs. VCNTL

13

VS8.L8XVIN



MAX8785A

Full-Bridge Controller for
Piezoelectric Transformers

The frequency of the internal DPWM oscillator is
adjustable through a resistor connected between LF
and GND. The DPWM frequency is given by:

foPwM =208Hz x150kQ /RLF

The adjustable range of the DPWM frequency is 100Hz
< fpPwM < 300Hz, with a corresponding programming
resistance of 103kQ < RLF < 315kQ.

External Digital (DPWM) Control
Connect SEL to Vcc and an external digital signal at
LSYNC to enable digital control mode. DPWM duty ratio
and frequency are the same as LSYNC duty ratio and
frequency. The frequency range of the digital signal is
120Hz to 280Hz. The range of duty ratio for LSYNC is
10% to 100%, and for correct lamp operation, the duty
cycle should always be above 10%. When the duty
ratio of LSYNC is 100%, the CCFL is at full brightness.

A phase-lock loop (PLL) is used to synchronize the
internal DPWM signal with the externally applied digital
signal at LSYNC. PLL is a feedback system that oper-
ates on the excess phase of a periodic signal. Connect
a capacitor from PCOMP to GND to stabilize the PLL.
To ensure fast response of the PLL, connect a 10nF
capacitor from PCOMP to GND.

Lamp-Current Regulation
The MAX8785A uses a lamp-current control loop to reg-
ulate the CCFL current. The control loop is a transcon-
ductance amplifier as shown in Figure 2. The AC lamp
current is sensed with a sense resistor connected in
series with the low-voltage terminal of the lamp. The IFB
input is internally full-wave rectified. The transconduc-
tance error amplifier compares the average value of the
rectified IFB voltage with 800mV (typ) internal reference.
The output of the transconductance error amplifier
Vcomp controls a VCO, which sets the switching fre-
quency of the inverter.

Lamp Startup
A CCFL is a gas-discharged lamp that is normally dri-
ven in the avalanche mode. To start ionization in a non-
ionized lamp, the applied voltage (striking voltage) must
be increased to the level required to start the flow of
current. For example, the normal running voltage of a
typical CCFL is approximately 650VRMS, but the striking
voltage can be as high as 1800VRMS.

The MAX8785A’s control architecture ensures striking of
the lamp. As the COMP voltage rises, the VCO sweeps
the switching frequency from the switching frequency
(set by the RHF resistor) to the point where the gain of
resonant tank is sufficient to strike the lamp. At startup,
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the MAX8785A overrides the external DPWM setting
and forces 100% brightness setting until the lamp
strikes and the lamp current reaches regulation. After
the current reaches regulation, the MAX8785A switches
to normal DPWM operation using the brightness control
mode defined by the SEL pin.

Secondary Short-Circuit Protection
The MAX8785A provides protection against short cir-
cuit at the high-voltage terminal of the PZT or excessive
leakage from a high-voltage terminal to ground. The
MAX8785A senses secondary voltage through the VFB
pin (see Figure 1). If the sensed voltage stays below
the 230mV threshold for more than the fault time set by
the TFLT cap, the MAX8785A disables the gate drivers
to avoid excessive output current. The fault time is
determined by charging the TFLT capacitor with a
2.8mA current to 3V. When the TFLT fault latch is set,
the MAX8785A stops switching and FLT is pulled low.

UvLO
The MAX8785A includes a Vcc undervoltage-lockout
(UVLO) feature. If Vcc is below 4.12V (typ), the high-
side and low-side switch gate drivers are disabled and
the fault latch is set.

Low-Power Shutdown
When VSHDN < 0.8V, all functions of the IC are turned off
except the Vcc. In shutdown, the linear-regulator output
voltage is 4.6V (typ) and the supply current is 10pA
(typ). While in shutdown, the arc protection, lamp-out
detection, and short-circuit detection latches are reset.

Lamp-Out Detection and

Overvoltage Protection

The IFB pin monitors the lamp current to detect faulty or

open CCFL lamps. If the peak IFB voltage is less than

800mV, a fault is detected and the MAX8785A charges

the TFLT capacitor with a 0.75pA current source. If the
voltage on TFLT exceeds 3V, the fault latch is set.

During the lamp-out detection period, the MAX8785A
decreases the switching frequency in an effort to strike
the lamp. This can result in very high secondary voltage.
To address this problem, the MAX8785A includes an
overvoltage-protection circuit. The lamp voltage is
sensed at the VFB pin, and once the secondary voltage
exceeds the overvoltage threshold of 2.25V (typ), an
internal 1.0mA current source discharges the COMP
node. When COMP discharges, the inverter’s switching
frequency increases, thereby reducing the gain of the
resonant tank and limiting the secondary voltage.

MAXIMN




Full-Bridge Controller for

Piezoelectric Transformers

Open PZT Protection
The MAX8785A has protection against faulty connections
of PZT to the PC board. The OLF pin is used to detect
high-voltage conditions on the secondary side of the
transformer. When the OLF voltage exceeds 1.2V (typ), a
2.8mA current source starts charging the TFLT capacitor.
When VTFLT exceeds the threshold of 3V, the fault latch is
set and the MAX8785A stops switching. For details, see
the Setting the Arc Protection Threshold section.

Primary Side Current Limit
The MAX8785A senses the voltage across both low-
side MOSFETs at LX1 and LX2. If the voltage exceeds
the internal 400mV (typ) current-limit threshold, the
MAX8785A turns off the respective MOSFET to prevent
the transformer primary current from increasing further.

Applications Information

MOSFETs
The MAX8785A requires four external n-channel power
MOSFETSs to form a full-bridge inverter circuit to drive the
transformer primary. When selecting the MOSFET, focus
on the voltage rating, current rating, on-resistance
(RDs(ON)), total gate charge, and power dissipation.

Select a MOSFET with a voltage rating at least 25% high-
er than the maximum input voltage of the inverter. For
example, if the maximum input voltage is 24V, the voltage
rating of the MOSFET should be 30V or higher. The cur-
rent rating of the MOSFET should be higher than the
peak primary current at the minimum input voltage and
full brightness. Use the following equation to estimate
the primary peak current IPEAK_PRI:

V2 x PouT_MAX

IPEAK _PRI = Vi i X

where POUT_MAX is the maximum output power,
VIN_MIN is the minimum input voltage, and n the esti-
mated efficiency at the minimum input voltage, assum-
ing the full bridge drives one CCFL and maximum
output power of 4.5W. If the minimum input voltage is
8V and the estimated efficiency is 75% at that input, the
peak primary current is approximately 1.1A. Therefore,
power MOSFETs with a DC current rating of 1.4A or
greater are sufficient.

Since the regulator senses the on-state, drain-to-source
voltage of both MOSFETs to detect the transformer
primary current, the lower the MOSFET Rps(on), the
higher the current limit would be. Therefore, the user
should select n-channel MOSFETs with low Rps(oON) to

MAXIM

minimize conduction loss, and keep the primary current
limit at a reasonable level. Use the following equation to
estimate the maximum and minimum values of the pri-
mary current limit:

370mV
ILIM_MIN = =————
RDS(ON)_MAX

430mV
ILIM_MAX = =—————
RDS(ON)_MIN

Both MOSFETs must be able to dissipate the conduction
losses, as well as the switching losses at both VIN_MIN
and VIN_max. Calculate both terms. Ideally, the losses at
VIN(MIN) should be roughly equal to the losses at
VIN(MAX), with lower losses in between. If the losses at
VIN(MIN) are significantly higher than the losses at
VIN(MAX), consider increasing the size of the MOSFETSs.
Conversely, if the losses at VIN(MAX) are significantly
higher than the losses at VIN(MIN), consider choosing
MOSFETs with lower parasitic capacitance. If V|N does
not vary over a wide range, the minimum power dissipa-
tion occurs where the conduction losses equal the
switching losses.

Calculate the total conduction power dissipation of the
two MOSFETs using the following equation:

2
PDconpucT =Ipri~ XRps(on)

where IpR| is the primary current calculated using the fol-
lowing equation and RDS(ON) is MOSFET on-resistance:

Pout_wax
nxVn

where POUT_MAX is the output power of the lamp.

Both MOSFETs turn on with the ZVS condition, as the
switching frequency is the same as the resonance fre-
quency of the tank, so there is no switching power dis-
sipation associated with high-side MOSFET. However,
the current is at peak when the MOSFET is turned off.
Calculate the total turn-off switching power dissipation
of the two MOSFETSs using the following equation:

lPRI =

V2 xCrss X Mn* Xfsw X pRi
lGATE

PDswricH =

where CRss is the reverse transfer capacitance of the
MOSFETs, and IGATE is the peak gate-drive sink cur-
rent when the MOSFET is being turned off.
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Setting the Lamp Current
The MAX8785A senses the lamp current flowing through
resistor R1 (Figure 1) connected between the low-voltage
terminal of the lamp and ground. The voltage across R1
is fed to IFB and is internally full-wave rectified. The
MAX8785A controls the desired lamp current by regulat-
ing the average of the rectified IFB voltage. To set the
RMS lamp current, select R1 as follows:

X 800mV

R1=
242 x ILAMP(RMS)

where ILAMP(RMS) is the desired RMS lamp current,
and 800mV is the typical value of the IFB regulation
point. To set the RMS lamp current to 6mA, the value of
R1 should be 148Q. The closest standard 1% resistors
are 147Q and 150Q. The precise shape of the lamp-
current waveform depends on lamp parasitics. The
resulting waveform is an imperfect sinusoid waveform,
which has an RMS value that is not easy to predict. A
high-frequency true RMS current meter (such as
Yokogawa 2016) should be used to measure the RMS
current and make final adjustments to R1. Insert this
meter between the sense resistor and the lamp’s low-
voltage terminal to measure the actual RMS current.

Setting the Secondary Voltage Limit
The MAX8785A limits the transformer secondary volt-
age during lamp-out conditions. The secondary voltage
is sensed through a resistive voltage-divider, as shown
in Figure 1. The voltage at VFB is proportional to the
CCFL voltage. The total resistance from the HV side to
ground should be greater than 1MQ so that the resis-
tive voltage-divider does not affect normal lamp opera-
tion. Resistors R2 and R3 through R9 set the maximum
secondary voltage limit. The resistance of R2 can be
calculated as follows :

_ VFB_ov xRvFB
VLAMP_MAX

R2

where RyFB = R3 + R4 + R5 + R6 + R7 + R8 + R9 =
1.4MQ and VFB_OV is the overvoltage threshold. To set
the maximum lamp voltage to 2000V with RyFB =
1.4AMQ, R2 must be equal to 1.54kQ. The voltage across
each resistor during normal operation should not
exceed its voltage rating; hence, the number of resistors
in RyFB can be calculated from the following equation:

e LampOperatingVoltagex1.4
VSEC_MAX
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Assuming the normal lamp operating voltage is 800V
and the resistor voltage rating is 200V, then n = 5.6.
Choose six resistors for the VFB string.

Setting the Arc Protection Threshold
If during normal operation, the PZT loses contact with
the PC board, the MAX8785A stops switching. This fea-
ture is referred to as arc protection. During normal
operation when the PZT-to-PC board connection is bro-
ken, a very high voltage develops between the termi-
nals, resulting in arcing. The arcing is detected using a
capacitive voltage-divider from the PZT high-voltage
side to the OLF pin. Figure 7 shows an equivalent high-
voltage capacitor between the bottom layer of the PZT
and the metal layer of the PC board. The lower layer of
the PZT and metal layer of the PC board creates a high-
voltage capacitor. Terminals 1 and 2 are the primary
side of the PZT, terminal 3 is the secondary side, and
terminal 4 is the metal layer of the PC board, which is
the low-voltage side of the capacitor (CpzT).

1 1

1 1
— — -
—|_ T PC BOARD TRACE —|_ T
2 4 2 4

Figure 7. Arc Protection

CpzT and C1 in Figure 1 form a capacitive voltage-
divider to OLF pin. These capacitors set the maximum
secondary voltage for an ARC fault. C1 can be calculat-
ed from the following equation:

\/5 X VLAMP(RMS) _MAX
1.2v

Ci= xCpzT

CpzT should be measured on the board. Refer to the
MAX8785A EV Kit data sheet for suggested layout.

COMP Capacitor Selection
COMP is the output of the transconductance error
amplifier for the lamp-current control loop. Connect a
capacitor between COMP and GND to stabilize the cur-
rent-control loop. The value of COMP capacitance
determines the response time of the lamp-current con-
trol loop. The COMP capacitance also determines the
power-on startup timing. The recommended COMP
capacitance is 47nF.
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Setting the Fault Delay Time
The TFLT capacitor determines the delay time for both
open-lamp fault and arc fault. The MAX8785A charges
the TFLT capacitor with a 0.75pA current source during
open-lamp fault and charges the TFLT capacitor with a
2.8mA current source during an arc fault and sec-
ondary short circuit. The MAX8785A sets the fault latch
when the TFLT voltage reaches 3V. Use the following
equations to calculate the open-lamp fault delay
(toPEN_LAMP), arc fault (tARc), and secondary short-cir-
cuit delay (tSHORT_CIRCUIT):

CTrLT X3V
t ==~
OPEN_LAMP 0.750A
CTFLT X3V
t Al RS
ARC =5 8mA
C x 3V
tSHORT_CIRCUIT = T;;#

Bootstrap Capacitors
The high-side gate drivers are powered using two boot-
strap circuits. The MAX8785A integrates the bootstrap
diodes so only two 0.1pF bootstrap capacitors are
needed. Connect the capacitors between LX1 and
BST1 and between LX2 and BST2 to complete the
bootstrap circuits.

Layout Guidelines
Careful PC board layout is important to achieve stable
operation. The high-voltage sections and the switching
section of the circuit require particular attention. The
high-voltage sections of the layout need to be well sep-
arated from the control circuit. Follow these guidelines
for good PC board layout:

MAXIM
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1)

Keep the high-current paths short and wide, espe-
cially at the ground terminals. This is essential for
stable, jitter-free operation and high efficiency.

Use a star ground configuration for power and ana-
log grounds. The power and analog grounds should
be completely isolated, meeting only at the center of
the star. The center should be placed at the analog
ground pin (GND).

Route high-speed switching nodes away from sen-
sitive analog areas (Vcc, RATE, HF, LF, COMP,
and TFLT).

Mount the decoupling capacitor from Vcc to GND as
close as possible to the IC with dedicated traces that
are not shared with other signal paths.

The current-sense paths for LX to GND must be
made using Kelvin-sense connections to guarantee
the current-limit accuracy. With 8-pin SO MOSFETSs,
this is best done by routing power to the MOSFETs
from outside using the top copper layer, while con-
necting GND and LX inside (underneath) the 8-pin
SO package.

Ensure the feedback connections are short and
direct. To the extent possible, IFB, VFB, and OLF
connections should be far away from the high-voltage
traces and the transformer.

To the extent possible, high-voltage trace clearance
on the transformer’s secondary should be widely
separated. The high-voltage traces should also be
separated from adjacent ground planes to prevent
lossy capacitive coupling.
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Simplified Operating Circuit
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