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DRV8307 Brushless DC Motor Controller
1 Features 3 Description

Three-Phase Brushless DC Motor Controller
— Single PWM Input Controls Speed
Operating Supply Voltage 8.5 to 32 V

30-mA Gate-Drive Current to 6 N-Channel
MOSFETs

Integrated Current Sense Amplifier
5-V Regulator for Hall Sensors
Low-Power Standby Mode

Locked Rotor Detection and Restart

Integrated Overcurrent and Overtemperature
Protection

6- x 6-mm VQFN Package, 0.5-mm Pitch

Applications

Industrial Pumps and Fans
White Goods
Robotic Appliances

The DRV8307 is a three half-bridge pre-driver that
drives six N-type MOSFETs 30 mA with a single
power supply. Aimed at sensored three-phase
brushless DC motors, the DRV8307 is driven by a
single PWM input and supports integrated
commutation logic with three Hall sensor inputs. A
separate 5-V regulator is also included to be used to
power Hall-effect sensors and other external
components.

The DRV8307 includes a current sense input for
current limiting and protection. The current limit can
be set by adjusting the value of the Riggnse Sense
resistor.

Motor operation (start and stop) is controlled through
the ENABLEnN terminal. If the ENABLEN terminal is
set high and motor rotation has stopped, the device
enters into a low-power standby state, thereby
conserving overall system power during periods of
inactivity.

Protection features are also included in the DRV8307
device such as locked rotor detection, as well as

Simplified Schematic
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overcurrent and overtemperature protection and
undervoltage lockout to bolster overall system
robustness and reliability.
Device Information
ORDER NUMBER PACKAGE BODY SIZE
DRV8307RHA VQFN (40) 6 mm x 6 mm
8.5Vto 32V
T
Predrive FETs
¢ ISEN L
Hall sensors
<

Protection

An IMPORTANT NOTICE at the end of this data sheet addresses availability, warranty, changes, use in safety-critical applications,
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4 Revision History

Changes from Original (April 2014) to Revision A

e Changed Features From: PWM Input for Speed Control To: Single PWM Input Controls Speed

e Changed the SIMPlIfied SCREMELIC .......coiuuiiiiiie ettt e et b e e e be e e e sbb e e e sbb e e e abbe e e nnneeenenee s
¢ Changed the DESCRIPTION of pin LOCKnN in the Pin FUNCHONS table ...........ooiiiiiiiiii e 4
* Changed the "Power supply voltage MAX value From: 35 To: 42 in the Absolute Maximum Ratings ..........ccccoecvvevineeinnen. 5
* Moved the "Storage temperature range" to the Absolute Maximum RaAtiNGS .......ccccvrieeiiiiiiiie e siiee e e e sivere e 5
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low-side gate drive ULSG IS AFVEN 10 W oUrie-" «orreertrieiiieeitite ettt ste ettt ettt e st sb e s bt e st e st e s bt e st et e nnneesneees 15
« Added text to the Clock PWM Mode section following Figure 10: "When the DRV8307 is driving a motor,..." ................... 19
¢ Added the NOTE to the Application and Implementation SECHON ............coi i 20
¢ Deleted text from the ENABLEN Considerations section: "If ENABLEN is immediately returned to the active state,

the motor slows and stops for 1 S, then StartS again." .........ococeiiiiioii e e e sre e e s 21
e Added section: Faster Starting and STOPPING .....ooveeiireeiritieeeee ettt e et s e e st e e st bt e sbe e e s br e e abb e e sb e e e s b e e st e nanes 21
LI O =Yg To T=To I T 0T = PSP PR PP PP TOPPPRPN 22
e Changed the Layout EXAQmPIE IMAOE ......coiiiiiiiiiiae ittt e e ettt e e e ettt e e e e s aasteeeaeeaaseeeaeeaasnseeaeeaannseeeesannsseeaeeansseeans 24
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5 Pin Configurations and Functions

RHA Package
40-Pin (VQFN)

Top View
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Pin Functions
PIN 1
NAE NUEEE /o DESCRIPTION EXTERNAL COMPONENTS OR CONNECTIONS
POWER AND GROUND
CP1 30 1/0 X . .
cp2 2 /o Charge pump flying capacitor Connect a 0.1-yF 35-V capacitor between CP1 and CP2
GND 26, PPAD | Ground referen(;e. Terminal 26 and the Connect to board GND
Power Pad are internally connected.
VCP 28 /O | Charge pump storage capacitor Connect a 1-yF 35-V ceramic capacitor to VM
VINT 25 /10 IIOnytS;gil 1.8-V core voltage regulator Bypass to GND with a 1-pF 6.3-V ceramic capacitor
Connect to motor supply voltage.
Bypass to GND with a 0.1-uF ceramic capacitor, plus a
M 21 : Motor supply voltage large electrolytic capacitor (47 uF or larger is
recommended), with a voltage rating of 1.5x% to 2.5x VM.
VREG 2 o 5-V regulator output. Active when Bypass to GND with a 0.1-yF 10-V ceramic capacitor.
ENABLER is active. Can provide 5-V power to Hall sensors.
Switched VM power output. When . .
; ; . . . Can be used for powering Hall elements, along with
VSW 7 (0] tlil:lrﬁll?]le_illin is active, VM is applied to this added series resistance.
CONTROL
Causes motor to brake. Polarity is
BRAKE 20 ! programmable. Internal pulldown resistor.
The clock input, used in clock frequency
PWM 19 | mode and clock PWM mode. Internal
pulldown resistor.
DIR 21 | Sets motor rotation direction. Internal
pulldown resistor.
(1) 1=input, O = output, OD = open-drain output, I/O = input/output

Copyright © 2014-2016, Texas Instruments Incorporated
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Pin Functions (continued)

PIN
1/o® DESCRIPTION EXTERNAL COMPONENTS OR CONNECTIONS
NAME NUMBER
Enables and disables the motor — active
ENABLEN 22 : low. Internal pulldown resistor.
Fault indicator — active low when
FAULTNn 17 OD | overcurrent, overtemperature, or rotor stall
detected. Open-drain output.
HALLOUT 16 oD Outputs a TACH signal g_enerated from the
Hall U sensor. Open-drain output.
This open-drain output drives low when a
LOCKn 18 OD | spinning motor reaches a consistent speed,
based on the period of Hall U.
RSVD 11
RSVD 12
RSVD 13 .
Reserved Can be floating or connected to ground.
RSVD 14
RSVD 15
RSVD 23
POWER STAGE INTERFACE
ISEN 31 | Low-side current sense resistor Connect to low-side current sense resistor
U 33 |
v 36 | Measures motor phase voltages for Connect to motor windings
VeeTocp
w 39 |
UHSG 32 0]
VHSG 35 O | High-side FET gate outputs Connect to high-side Y2 H-bridge N-channel FET gate
WHSG 38 0]
ULSG 34 0]
VLSG 37 O | Low-side FET gate outputs Connect to low-side Y2 H-bridge N-channel FET gate
WLSG 40 0]
RSVD
RSVD 9 Reserved Do not connect. Leave floating.
RSVD 10
HU+ 1 | Hall sensor U positive input
HU- 2 | Hall sensor U negative input
HvV+ 3 || Hall sensor V positive input Connect to Hall sensors. Noise filter capacitors may be
HV— 4 | Hall sensor V negative input desirable, connected between the + and — Hall inputs.
HW+ 5 | Hall sensor W positive input
HW- 6 | Hall sensor W negative input
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6 Specifications
6.1 Absolute Maximum Ratings
over operating free-air temperature (unless otherwise noted) W®®
MIN MAX UNIT
Power supply voltage (VM) -0.3 42 \%
Charge pump and high-side gate drivers (VCP, UHSG, VHSG, WHSG) -0.3 50 \%
Output terminal, low side gate drivers, charge pump flying cap and switched VM power supply 06 40 v
voltage (U, V, W, ULSG, VLSG, WLSG, CP1, CP2 VSW)
Internal core voltage regulator (VINT) -0.3 2.0 \%
Linear voltage regulator output (VREG) -0.3 55 \%
Sense current terminal (ISEN) -0.3 2.0 \%
Digital terminal voltage (FAULTn, LOCKn, PWM, BRAKE, DIR, ENABLEn, HALLOUT) -0.5 5.75 \%
Hall sensor input terminal voltage (HU+, HU—, HV+, HV—, HW+, HW-) 0 VREG \%
Continuous total power dissipation Slerff cTrrrf;{inoar:
Operating junction temperature range, T, -40 150 °C
Storage temperature range, Ty -60 150 °C

(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.

(2) All voltage values are with respect to network ground terminal.
(3) Power dissipation and thermal limits must be observed

6.2 ESD Ratings

VALUE UNIT
Human-body model (HBM), per ANSI/ESDA/JEDEC JS-001®) +4000
Vesp)  Electrostatic discharge Charged-device model (CDM), per JEDEC specification JESD22- \
> +1500
c101®@

(1) JEDEC document JEP155 states that 500-V HBM allows safe manufacturing with a standard ESD control process.
(2) JEDEC document JEP157 states that 250-V CDM allows safe manufacturing with a standard ESD control process.
6.3 Recommended Operating Conditions
over operating free-air temperature range (unless otherwise noted)

MIN NOM MAX UNIT
AV Motor power supply voltage range, ENABLEnN = 0, motor operating @ 8.5 32 v
Vvbis Motor power supply voltage range, ENABLEnN = 1, motor not operating 4.5 35
lvree | VREG output current® 0 30 N

m

lvsw VSW output current® 0 30
fuaL | Hall sensor input frequency©) 0 30| kHz
fowm Frequency on PWM 16 50 @]  KkHz
(1) Note that at VM < 12 V, gate drive output voltage tracks VM voltage
(2) Power dissipation and thermal limits must be observed
(3) fyaLL of 50 Hz to 6.7 kHz is best
(4) Operational with frequencies above 50 kHz, but resolution is degraded
Copyright © 2014-2016, Texas Instruments Incorporated Submit Documentation Feedback 5
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6.4 Thermal Information
1 DRV8307
THERMAL METRIC® UNIT
RHA (40 PINS)
Resa Junction-to-ambient thermal resistance ) 33.2 °CIW
Roicop) Junction-to-case (top) thermal resistance ) 23.0 °CIW
Ress Junction-to-board thermal resistance® 8.8 °CIW
Wit Junction-to-top characterization parameter(s) 0.3 °C/W
Wis Junction-to-board characterization parameter(s) 8.8 °C/W
Roicoy Junction-to-case (bottom) thermal resistance 2.3 °CIW
(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, 7, estimates the junction temperature of a device in a real system and is extracted
from the simulation data for obtaining 634, using a procedure described in JESD51-2a (sections 6 and 7).
(6) The junction-to-board characterization parameter, yg, estimates the junction temperature of a device in a real system and is extracted
from the simulation data for obtaining 634 , using a procedure described in JESD51-2a (sections 6 and 7).
(7) The junction-to-case (bottom) thermal resistance is obtained by simulating a cold plate test on the exposed (power) pad. No specific
JEDEC standard test exists, but a close description can be found in the ANSI SEMI standard G30-88.
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6.5 Electrical Characteristics
over operating free-air temperature range (unless otherwise noted)
PARAMETER | TEST CONDITIONS MIN TYP MAX UNIT
VM SUPPLY
lym VM active current \E/g\l;“vBcl)_Eenn: 0. VREG and 12 18 mA
IstBY VM standby current ENABLEn =1 120 HA
. VM falling 4.6
VRESET VM logic reset voltage VM rising 50 Y
VREG SUPPLY
VVREG Output voltage loutr = 1to 30 mA 4.75 5 5.25 \%
IlVREG Output current 30 mA
VSW SUPPLY
Rps(on) VSW switch on-resistance lour = 1to 30 mA 9 20 Q
lvsw Output current 30 mA
INTERNAL CLOCK OSCILLATOR
felkso Internal CLK50 clock frequency 50 MHz
LOGIC-LEVEL INPUTS AND OUTPUTS
Vi Low-level input voltage 0.8 \%
Viy High-level input voltage 15 5.5 \%
I Low-level input current -50 50 HA
i High-level input current \P/I\;\‘VM >3 IR BRAE 20 100 HA
V|y = 3.3V, ENABLEN 6 9
Vhys Input hysteresis voltage 0.1 0.3 0.5 Y
. DIR, BRAKE, PWM 50 100 150
Rep Input pulldown resistance kQ
ENABLEN 350 550
OPEN DRAIN OUTPUTS
VoL Low-level output voltage lout = 2.0 MA 0.5 Y
loH Output leakage current Vour=33V 1 pA
HALL SENSOR INPUTS
Vhys Hall amplifier hysteresis voltage 15 20 25 mV
AVhys Hall amplifier hysteresis difference Between U, V, W -5 5 mV
Vip Hall amplifier input differential 50 mV
Ve Ir-|aartllggmpllf|er input common mode voltage 15 35 v
] Input leakage current Hx+ = Hx— -10 10 HA
MOSFET DRIVERS
VouTH High-side gate drive output voltage lo = 100 pA, VM 2 12V VM + 10 \%
VouTL Low-side gate drive output voltage lo =100 pA 10 \%
lout Peak gate drive current 30 mA
CYCLE-BY-CYCLE CURRENT LIMITER
ViTeR ﬁi?e limit across R|sensg for the current 0.225 0.95 0.275 v
PROTECTION CIRCUITS
VeensEoce :J/r()()I::gC;tei(JI';mlt across Risgnsg for overcurrent 17 18 19 v
Veeroce zj/roalitﬁge limit across each external FET’s 850 1000 1200 mv
VM rising
Vuvio VM undervoltage lockout - \%
VM falling 7.8
Copyright © 2014-2016, Texas Instruments Incorporated Submit Documentation Feedback 7
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Electrical Characteristics (continued)
over operating free-air temperature range (unless otherwise noted)
PARAMETER TEST CONDITIONS MIN TYP MAX | UNIT
VoviLo VM overvoltage lockout VM rising 32 34 36 \%
Trsp Thermal shutdown die temperature 150 160 °C
tLock Locked rotor detect time 3 S
VepralL VCP failure threshold VM + 3.0
6.6 Timing Requirements
\ MIN NOM MAX|  UNIT
HALL SENSOR INPUTS
tHoEG ‘ Hall deglitch time 20 ‘ us
CYCLE-BY-CYCLE CURRENT LIMITER
tBLANK ‘ Time that V| uiter is ignored, from the start of the PWM cycle ‘ ‘ 6 ‘ ‘ us
PROTECTION CIRCUITS
tRETRY Fault retry time after RLOCK or OTS 5 S
tSENSEOCP Deglltch time for VSENSEOCP to trigger 5 us
treTOCP Deglitch time for Vegtocp to trigger 5 us
6.7 Typical Characteristics
6
5 \ 800
—~ 4 @ /
z \ £ 600
3]
g 3 g | —
g \ =
o 2 § 400
a E
@ \ =
> 1 =
[ 200
0
-1 0
0 50 100 150 0 50 100 150 200 250 300
Current (mA) Series Resistance (Q)
With the CSD88537ND FETS, a series resistor was added to the
high-side gate drive, and the Vg rise time was measured.
Figure 1. VREG Load Capability Figure 2. FET Turn-On Time vs Series Resistance
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7 Detailed Description

7.1 Overview

The DRV8307 device controls 3-phase brushless DC motors using a speed and direction input interface and Hall
signals from the motor. The device drives N-channel MOSFETs with 10-V Vg5 and a gate drive current of 30 mA.

The speed of the motor is controlled by varying the duty cycle of the input clock (pulse-width modulation). Motor
speed is indicated on the HALLOUT terminal, which follows the HALL U transitions.

When the DRV8307 device begins spinning a motor, it initially uses all three Hall sensor phases to commutate.
After a constant speed is reached, the LOCKn terminal is pulled low and only one Hall sensor becomes used;
this feature reduces jitter by eliminating the error caused by non-ideal Hall device placement and matching.

Numerous protection circuits prevent system components from being damaged during adverse conditions.
Monitored aspects include motor voltage and current, gate drive voltage and current, device temperature, and
rotor lockup. When a fault occurs, the DRV8307 device stops driving and pulls FAULTn low, in order to prevent
FET damage and motor overheating.

The DRV8307 device is packaged in a compact 6 x 6-mm, 40-terminal VQFN with a 0.5-mm terminal pitch, and
operates through an industrial ambient temperature range of —40°C to 85°C.

Copyright © 2014-2016, Texas Instruments Incorporated Submit Documentation Feedback 9
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7.2 Functional Block Diagram
VM
VM
| -
Power VSW or VREG
VCP
Charge Phase U
01 uF ::[: Pump pre-driver
CP2 Tov
VM E
::[: veP
|—vee T
1uF ::[: §
VINT 1.8-V Linear vep
e Regulator &
1pF
l Phase V
VREG 5V Linear pre-driver
Regulator 10V
0.1 uF%
141 I Hall
ENABLE# Power
VCP
T 10,y Linear Phase W Hall | [ Hair | [ Hatl
R t
R L courator pre-driver U \ W
10V
PWM _VLIM\TER
E ] ISEN
DIR
Control
BRAKE Inputs — Vsenseoce %R'SENSE
ENABLEN
Hall L
Differential HU + Optional
Comparators =
Outputs
HALLOUT
_L‘|_ Voltage HV+
_E Monitoring 1T .
= | d | Optional
LOCKn . . HV-— T
| Thermal
_=E Sensor 4—
FAULTR m HW-+
[ - Optional
_=E Oscillator < HW= T P
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7.3 Feature Description

7.3.1 Hall Comparators

Three comparators are provided to process the raw signals from Hall effect transducers to commutate the motor.
The Hall amplifiers sense zero crossings of the differential inputs and pass the information to digital logic.

The Hall amplifiers have hysteresis, and their detect threshold is centered at 0. Note, hysteresis is defined as
shown in Figure 3:

Hall
Differential
Voltage

ov

Hall Amplifier

Output | | I |

(Internal)

Figure 3. Hall Amplifier Hysteresis

In addition to hysteresis, the Hall inputs are deglitched with a circuit that ignores any extra Hall transitions for a
period of 20 us after sensing a valid transition. This prevents PWM noise from being coupled into the Hall inputs,
which can result in erroneous commutation.

If excessive noise is still coupled into the Hall comparator inputs, it may be necessary to add capacitors between
the + and — inputs of the Hall comparators, and (or) between the input or inputs and ground.

The ESD protection circuitry on the Hall inputs implements a diode to VREG. Because of this diode, the voltage
on the Hall inputs should not exceed the VREG voltage.

Since VREG is disabled in standby mode (ENABLEn inactive), the Hall inputs should not be driven by external
voltages in standby mode. The DRV8307 device specifies if the Hall sensors are powered from VREG or VSW,
however, if the Hall sensors are powered externally, they should be disabled when the DRV8307 is put into
standby mode. In addition, the Hall sensors should be powered-up before enabling the motor, or an invalid Hall
state may cause a delay in motor operation.

7.3.2 HALLOUT Output

The HALLOUT terminal indicates the speed of the motor. It follows the transitions observed from the HALL U hall
sensor. Figure 4 shows the HALLOUT signal.

HALL_U | |

HALL_V |
HALL_W |

HALLOUT

Figure 4. HALLOUT Relationship to Hall Transitions
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Feature Description (continued)
7.3.3 Enable, Reset, and Clock Generation
The ENABLERN terminal is used to start and stop motor operation. The ENABLEN terminal is active low.

When ENABLEN is active, operation of the motor is enabled. When ENABLEnN is made inactive, the motor
coasts. After motor rotation has stopped (when no transitions occur on the HALLOUT terminal for a period of 1
s), the DRV8307 device enters a low-power standby state.

When in the standby state:

e The motor driver circuitry is disabled (all gate drive outputs are driven low, so the FET outputs are high-
impedance).

» The gate drive regulator and charge pump are disabled.

» The VREG regulator and VSW power switch are disabled.

« All analog circuitry is placed into a low power state.

» The digital circuitry in the device still operates.

All internal logic is reset in two different ways:
» Upon device power-up
*  When VM drops below Vgygser

An internal clock generator provides all timing for the DRV8307 device. The master oscillator runs at 100 MHz.
This clock is divided to a nominal 50-MHz frequency that clocks the remainder of the digital logic.

7.3.4 Commutation

For 3-phase brushless DC motors, rotor position feedback is provided from Hall effect transducers mounted on
the motor. These transducers provide three overlapping signals, each 60° apart. The windings are energized in
accordance with the signals from the Hall sensors to cause the motor to move.

In addition to the Hall sensor inputs, commutation is affected by a direction control, which alters the direction of
motion by reversing the commutation sequence. Control of commutation direction is by the DIR input terminal.

If the commanded direction changes while the motor is moving, the device allows the motor to coast until the
motor stops. The stopped condition is determined by measuring the period of the HALL_U signal; when the
period exceeds 160 ms, typical operation resumes and the motor starts spinning in the commanded direction.
This prevents excessive current flow in the output stage if the motor is reversed while running at speed.

In standard 120° commutation, mis-positioning the Hall sensors can cause motor noise, vibration, and torque
ripple. 120° commutation using a single Hall sensor (single-Hall commutation) can improve motor torque ripple
and vibration because it relies on only one Hall edge for timing.

7.3.4.1 120° 3-Hall Commutation

In standard 120° commutation, the motor phases are energized using simple combination logic based on all
three Hall sensor inputs.

Standard 120° commutation is in accordance with Table 1, Figure 5, and Figure 6:
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Feature Description (continued)

Table 1. Standard 120° Commutation®

HALL INPUTS PRE-DRIVE OUTPUTS
STATE DIR=1 DIR=0 Phase U Phase V Phase W
UH|VH|WH|UH|VH|WH|UHSGATE | U LSGATE |V_HSGATE |V_LSGATE | W_HSGATE | W_LSGATE
1 L L H H H L L L PWM L/ IPWM®@ L H
2 L H H H L L PWM L/ PWM®@ L L L H
3 L H L H L H PWM L/ IPWM®@ L H L L
4 H H L L L H L L L H PWM L/ 1PWM®@
5 H L L L H H L H L L PWM L/ 1PWM®@
6 H L H L H L L H PWM L/ IPWM®@ L L
1X H H H L L L L L L L L L
2X L L L H H H L L L L L L

(1) Hall sensor is H if the positive input terminal voltage is higher than the negative input terminal voltage. States 1X and 2X are illegal input

combinations.

(2) During states where the phase is driven with a PWM signal, using asynchronous rectification, the LS gate is held off (L); using
synchronous rectification, the LS gate is driven with the inverse of the HS gate.

State 1 2 3 4 5 6 1 2 4 5 6 1
I I I I I I I I I I I I I I
Hallu | I I I I I I I I I
i i i I I i i I I —
Hallv | ! ! | | ! ! | | |
| — I I | | I I | | |
Hall W | | ' ' | |
I I I I I I I I I I
I I I I I I I I I I I I I I
Phase U HS | | ! ! ! | ! ! ! !
I ' | ' | I
Phase ULS | (1) | (1) |

I I I I I I I I I I I I I I

I I I I I I I I

Phase V HS | | | | | | |
| | | |
Phase VLS | (1) | 1) | 1)

I I I I I I I I I I I
I | I | I I | I I I I
Phase W HS | ||||||||||||||||| | | ”I””Ml””” | |

I I I I I I I I I I

(1)

| |
| |
i i
| |
Phase W LS | i (1)
i i
| |
| |

(1) 'PWM for Sync Rectification

Figure 5. Standard 120° Commutation (DIR = 1)
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State 1 2 3 4 5 6 1 2 3 4 5 6 1

I I I I I I I I I I I I I I
Hallu | I I I I I I I I I
i i i I I i i I I —

Hall L B o
I I | | I I | | I I
Hallw | | | I I | | I I I
— I I | | I I | | |
I I I I I I I I I I I I I I
Phase U HS I I I | I I I “”””I”””Il | |
! | ' | ' |
Phase U LS | | (2) | Q) |
I I I I I I I I I I I I I I

I I I I I I I I
Phase V HS | | | | | | |
| | | |
Phase V LS Q) | 1) | @)

I I I I I I I I I I I I
I | I | I I | I | I I I
Phase WHS | ||||||||||||||||| | | |||”||||||||||“ | | |
I I I I I I I I I I I
Phase W LS |

Figure 6. Standard 120° Commutation (DIR = 0)

I
I
I
I
1) I @)
I
I
I

7.3.4.2 120° Single-Hall Commutation

To generate commutation timing for single-Hall commutation, a digital timer is used to create a clock that runs at
960x the Hall sensor frequency. Only one Hall sensor input, HALL_U, is used for commutation; this eliminates
any torque ripple caused by mechanical or electrical offsets of individual Hall sensors.

Single-Hall commutation is only enabled when the motor is operating at a nearly constant speed or speed-locked
condition. To control this function, logic is used to determine when the speed is constant. This logic generates
the LOCK signal. The LOCK signal is also output on the LOCKn terminal.

Until LOCK goes active (for example, at start-up, stop, or application of a sudden load that causes motor speed
to drop very quickly), standard 120° commutation is used requiring all three Hall sensors.

Timing of 120° single-Hall commutation is essentially the same as standard 120° commutation shown previously.
However, there are small time differences in when the transitions occur.

7.3.5 Braking
Motor braking can be initiated by the BRAKE terminal.

Table 2. Brake Behavior

BRAKE Terminal Resulting Function
0 Not brake
1 Brake
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When the motor is braking, all low-side drivers are held in an on state, causing all low-side FETSs to turn on.

7.3.6 Output Pre-Drivers

The output drivers for each phase consist of N-channel and P-channel MOSFET devices arranged as a CMOS
buffer. They are designed to directly drive the gate of external N-channel power MOSFETSs. The outputs provide
synchronous rectification operation. In synchronous rectification, the low-side FET is turned on when the high
side is turned off.

The high-side gate drive output UHSG is driven to VCP whenever the duty cycle output U_PD from the PWM
generator is high, the enable signal U_HS from the commutation logic is active, and the current limit (V_yiter) iS
not active. If the high-side FET is on and a current limit event occurs, the high-side FET is immediately turned off
until the next PWM cycle.

The low-side gate drive ULSG is driven to Vour. Whenever the internal signal U_LS is high, or whenever
synchronous rectification is active and UHSG is low.

Phases V and W operate in an identical fashion.

VCP

—
S

UHGS

Dead
Time
Generator U
Drive
To Other Loaic VM

ILIMIT by [0 Ol g Y

> ? 11V |-

- [

U_LS > ULSG
BRAKE > . -
|
—
Figure 7. Pre-Driver Block Diagram
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High Z ' ' High Z

HS drive |
Low |
15 pus

xHS / \

—> -
! |
High Z Low Z High Z High Z

LS drive I
Low

Figure 8. Gate Control Behavior

Low Z High Z

The peak drive current of the pre-drivers is fixed at 30 mA.

When changing the state of the output, the peak current is applied for a short period of time (15 us) to charge the
gate capacitance. After this time, a weak current source is used to keep the gate at the desired state.

During high-side turn-on, the low-side gate is held low with a low impedance. This prevents the gate-source
capacitance of the low-side FET from inducing turn-on. Similarly, during low-side turn-on, the high-side gate is
held off with a low impedance.

The pre-driver circuits include enforcement of a dead time in analog circuitry, which prevents the high-side and
low-side FETs from conducting at the same time.
7.3.7 Current Limit

The current limit circuit activates if the voltage detected across the low-side sense resistor exceeds V| uiter-
Note that the current limit circuit is ignored immediately after the PWM signal goes active for a short blanking
time, to prevent false trips of the current limit circuit.

If current limit activates, the high-side FET is disabled until the beginning of the next PWM cycle. If synchronous
rectification is enabled when the current limit activates, the low-side FET is activated while the high-side FET is
disabled.

7.3.8 Charge Pump

Since the output stages use N-channel FETS, a gate drive voltage higher than the VM power supply is needed to
fully enhance the high-side FETs. The DRV8307 device integrates a charge pump circuit that generates a
voltage approximately 10 V more than the VM supply for this purpose.

The charge pump requires two external capacitors for operation. For details on these capacitors (value,
connection, and so forth), refer to Figure 9.

The charge pump is shut down when in standby mode (ENABLERN inactive).
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VM
VM [ ]
0.1 pF L
i 3BV
CP1[ ]
0.1 puF Y
35V
—|_ CP2[ ] Charge
[ Pump
|1 VCP |_
| L
1uF
10uV To Pre-Drivers

Figure 9. Charge Pump Block Diagram

7.3.9 5-V Linear Regulator

A 5-V linear regulator (VREG) is provided to power internal logic and external circuitry, such as the Hall effect
sensors.

A capacitor must be connected from the VREG output to ground, even if the output is not used for external
circuitry. The recommended capacitor value is a 0.1-yF, 10-V ceramic capacitor.

The VREG output is designed to provide up to 30-mA output current, but power dissipation and thermal
conditions must be considered. As an example, with 24 V in and 20 mA out, power dissipated in the linear
regulator is 19 V x 20 mA = 380 mW.

The VREG regulator is shutdown in standby mode (when ENABLER is inactive).

7.3.10 Power Switch

A low-current switch is provided in the DRV8307 device that can be used to power the Hall sensors or other
external circuitry through the VSW terminal. When ENABLERN is active the switch is turned on, connecting the
VSW terminal to VM. When ENABLER is inactive the switch is turned off (standby mode).

7.3.11 Protection Circuits

A number of protection circuits are included in the DRV8307 device. Faults are reported by asserting the
FAULTN terminal (an active-low, open-drain output signal).

7.3.11.1 VM Undervoltage Lockout (UVLO)

If the VM power supply drops, there may not be enough voltage to fully turn on the output FETs. Operation in this
condition causes excessive heating in the output FETs. To protect against this, the DRV8307 device contains an
UVLO circuit.

In the event that the VM supply voltage drops below the UVLO threshold (Vv o), the FAULTn terminal is driven
active and the motor driver is disabled. After VM returns to a voltage above the UVLO threshold, the FAULTn
terminal is high impedance and operation of the motor driver automatically resumes.

7.3.11.2 VM Overvoltage (VMOV)

In some cases, energy from the mechanical system can be forced back into the VM power supply. This can
result in the VM power supply being boosted by the energy in the mechanical system, causing breakdown of the
output FETs, or damaging the DRV8307 device. To protect against this, the DRV8307 device has overvoltage
protection.

Copyright © 2014-2016, Texas Instruments Incorporated Submit Documentation Feedback 17
Product Folder Links: DRV8307


http://www.ti.com/product/drv8307?qgpn=drv8307
http://www.ti.com
http://www.ti.com/product/drv8307?qgpn=drv8307
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLVSCK2A&partnum=DRV8307

13 TEXAS
INSTRUMENTS
DRV8307

SLVSCK2A —APRIL 2014—REVISED FEBRUARY 2016 www.ti.com

An overvoltage event is recognized if the VM voltage exceeds the overvoltage threshold (VMgy, o). Note that for
the output FETs to be protected, they must be rated for a voltage greater than the selected overvoltage
threshold.

In the event of an overvoltage, the FAULTn terminal is pulled low. The output stage is forced into asynchronous
rectification. After VM returns to a voltage below the overvoltage threshold, the FAULTn terminal is high
impedance. After a fixed 60-us delay, synchronous rectification is re-enabled.

7.3.11.3 Motor Overcurrent Protection (OCP)

OCP is provided on each FET in addition to the current limit circuit. The OCP circuit is designed to protect the
output FETs from atypical conditions such as a short circuit between the motor outputs and each other, power, or
ground.

The OCP circuit is independent from the current limit circuitry. OCP works by monitoring the voltage drop across
the external FETs when they are enabled. If the voltage across a driven FET exceeds Vggrocp for more than
tretocp @n OCP event is recognized.

In addition to monitoring the voltage across the FETs, an OCP event is triggered if the voltage applied to the
ISEN terminal exceeds the Vgenseocp threshold voltage.

In the event of an OCP event, FAULTn is pulled low and the motor driver is disabled.
After a fixed delay of 5 ms, the FAULTn terminal is driven inactive and the motor driver is re-enabled.

7.3.11.4 Charge Pump Failure (CPFAIL)

If the voltage generated by the high-side charge pump is too low, the high-side output FETs are not fully turned
on and excessive heating results. To protect against this, the DRV8307 device has a circuit that monitors the
charge pump voltage.

If the charge pump voltage drops below Vcppa, the FAULTN terminal is pulled low and the motor driver is
disabled. After the charge pump voltage returns to a voltage above the Vpga threshold, the FAULTN terminal is
high impedance and operation of the motor driver automatically resumes.

7.3.11.5 Charge Pump Short (CPSC)

To protect against excessive power dissipation inside the DRV8307 device, a circuit monitors the charge pump
and disables it in the event of a short circuit on the PCB.

If a short circuit is detected on the charge pump, the FAULTn terminal is pulled low and the motor driver is
disabled. After a fixed period of 5 s, the FAULTnN terminal is high impedance and operation of the motor driver
automatically resumes. If the short circuit condition is still present, the cycle repeats.

7.3.11.6 Rotor Lockup (RLOCK)

Circuitry in the DRV8307 device detects a locked or stalled rotor. This RLOCK can occur in the event of a
mechanical jam or excessive torque load that causes the motor to stop rotating while enabled. The rotor lock
condition is set if there are no transitions detected on the HALLOUT signal for 3 s. RLOCK can also occur if the
three Hall signals are an invalid state (all High or all Low), which can be caused by a bad wire connection. If the
BRAKE terminal goes high for longer than 3 s while the PWM clock is on DRV8307 will detect RLOCK.

If a locked rotor condition is recognized, the FAULTn terminal is pulled low and the motor driver is disabled. The
part re-enables itself after a fixed delay of 5 s.
7.3.11.7 Overtemperature (OTS)

To protect against any number of faults that could result in excessive power dissipation inside the device, the
DRV8307 device includes overtemperature protection.

Overtemperature protection activates if the temperature of the die exceeds the OTS threshold temperature
(Trsp). If this occurs, the FAULTn terminal is pulled low and the device is disabled. The part re-enables itself
after a fixed delay of 5 s.
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7.4 Device Functional Modes

7.4.1 Clock PWM Mode

In PWM input mode, the PWM input signal is timed using a 50-MHz clock to generate a 12-bit humber that
corresponds to the duty cycle of the incoming PWM signal. The input PWM frequency should be between 16 and
50 kHz; higher PWM frequencies work, but resolution is degraded. Note that the gate driver's output PWM
frequency is independent of the speed control PWM input frequency; the output PWM frequency is 25 kHz.

The outputs of the PWM generators are the signals U_PD, V_PD, and W_PD. These contain the duty cycle
information for each phase.

Figure 10 shows modulation and PWM generation.

PWM Generators

100 MHz—

12-bit >»U PD
PWM -

P

__ | PWM Input .
PWM ) 12-bit | 3\ PD
Timer PWM —

>
12-bit > W PD
PWM -

>

Figure 10. Modulation and PWM Generation

When the DRV8307 is driving a motor, the motor should not be stopped by setting the PWM input to 0% duty
cycle. Instead, ENABLEN should be brought high.
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8 Application and Implementation

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

8.1 Application Information

8.1.1 Hall Sensor Configurations and Connections

The Hall sensor inputs on the DRV8307 device are capable of interfacing with a variety of Hall sensors.
Typically, a Hall element is used, which outputs a differential signal on the order of 100 mV. To use this type of
sensor, the VREG regulator can be used to power the Hall sensor. Figure 11 shows the connections.

G

VRE
A
L

INP|

OUTN Hall OUTP Hx+ +

Sensor ) i Hall
l Optional Amp
INN ? Hx—

Figure 11. Differential Hall Sensor Connections

Since the amplitude of the Hall sensor output signal is very low, often capacitors are placed across the Hall
inputs to help reject noise coupled from the motor PWM. Typically capacitors from 1 to 10 nF are used.

Some motors use digital Hall sensors with open-drain outputs. These sensors can also be used with the
DRV8307 device, with the addition of a few resistors (see Figure 12).

All Resistors 1 to 4.7 kQ
VREG

VCC 1

Hall ouT Hx+ +
Sensor \’:[: Hall
GNIZi Hx— Amp
To Other
Hx— Inputs

Figure 12. Single-Ended Hall Sensor Connections

The negative (Hx-) inputs are biased to 2.5 V by a pair of resistors between VREG and ground. For open-
collector Hall sensors, an additional pullup resistor to VREG is needed on the positive (Hx+) input.
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Application Information (continued)

8.1.2 ENABLEN Considerations

Because the ENABLERN function doubles as a sleep (low-power shutdown) function, there are some important
considerations when asserting and deasserting ENABLERN.

While the motor driver is enabled, the deassertion of ENABLER initiates a stop-and-power-down sequence. This
sequence starts by disabling the motor (coasting) and waiting for rotation to stop. After rotation is stopped for 1 s
(as determined by the absence of transitions on HALLOUT), the internal circuitry is powered-down, the V5
regulator and power switch are disabled, and internal clocks are stopped.

After this stop-and-power-down sequence has been initiated (by deasserting the ENABLEN terminal for at least
1.2 ps), the sequence continues to completion, regardless of the state of ENABLEN.

8.1.3 Faster Starting and Stopping

When the DRV8307 is spinning a motor and ENABLERN is brought high while BRAKE is left low, the external
MOSFETSs is disabled and the motor coasts to a stop. The motor cannot be re-driven until it first completely
stops.

For more dynamic performance, the ENABLEn and BRAKE inputs can be tied together. Then when the motor is
disabled (by bringing ENABLEN high), BRAKE is also high, causing the low-side of each half-H bridge to be on.
This causes the motor to stop faster, and allows it to be re-driven sooner.
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8.2 Typical Application

Figure 13. Schematic
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Typical Application (continued)

8.2.1 Design Requirements

Design Parameter Value
Supply voltage 85t032V
PWM frequency 16 to 50 kHz
PWM duty cycle 0% to 100%
Current limiter Vumiter / Risense
External FETs N-channel MOSFETs

Bulk supply capacitance 2 to 4 pF per watt

8.2.2 Detailed Design Procedure

When designing a system with the DRV8307, determine an operating motor voltage between 8.5 to 32 V. Higher
voltages directly scale motor speed, with the same PWM input.

The frequency of the input clock (PWM) must be between 16 and 50 kHz. Note that this frequency does not
affect the pre-driver output frequency, which is fixed at 25 kHz (typical).

The PWM duty cycle controls motor speed and can be set either to a fixed value or varied while the motor is
spinning. If it is changed while spinning, use gradual steps (for example, 1% increments), because a large
change in the commanded duty cycle can cause a large step in commutation, which can lock up the motor. This
behavior is typical with other industry devices.

The DRV8307 device constantly monitors motor current and reduces FET drive when necessary, to keep current
within Vi mter / Risense. This feature reduces the requirements of power supply current capacity and bulk
capacitance to maintain a stable voltage, especially during motor startup. The designer should target a peak
current limit and size Risense appropriately. Vwirer is fixed at 0.25 V (typical).

Risense = 0.25 V / lpgax 1)

For example, if 4-A peak is desired, then a 0.06-Q resistor should be chosen as in Equation 2.
0.06 Q=0.25V/4A 2)

When selecting the power FETs, use six N-channel MOSFETs. They must support Vgg > 10 V (since the
DRV8307 device drives 10 V Vgg). They must also support Vpg > VM, and Tl recommends to have 1.5x to 2x
margin, to prevent FET damage during transient voltage spikes that can occur when motors change speeds.

It is important to use large bulk capacitance on VM, and the required size depends on the power of the motor. Of
course, power = voltage x current. A general recommendation is to use 2 to 4 uF per watt. If a motor system
uses 24 V and 3 A, a reasonable choice is 144 to 288 uF.

8.2.3 Application Performance Plot

Y
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Figure 14. Typical Spinup Profile
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9 Power Supply Recommendations
The DRV8307 device is designed to operate from an input voltage supply range between 8.5 and 32 V. This

supply should be well regulated. TI recommends using a minimum bulk capacitance of 47 yF to minimize
transients on the supply.

10 Layout

10.1 Layout Guidelines

For VM, place 0.1-yF bypass capacitor close to the device. Take care to minimize the loop formed by the bypass
capacitor connection from VM to GND.

10.2 Layout Example

Power FETs

@)
@)
O
O
O
i X
T T
i X
T T 1
1 Y
T T L
T
3
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11 Device and Documentation Support

11.1 Trademarks
All trademarks are the property of their respective owners.

11.2 Electrostatic Discharge Caution

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

m 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.

11.3 Glossary

SLYZ022 — Tl Glossary.
This glossary lists and explains terms, acronyms, and definitions.

12 Mechanical, Packaging, and Orderable Information

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

Orderable part number Status  Material type Package | Pins Package qty | Carrier RoOHS Lead finish/ MSL rating/ Op temp (°C) Part marking
@ @ ® Ball material Peak reflow ©)
@ ©)
DRV8307RHAR Active Production VQFN (RHA) | 40 2500 | LARGE T&R Yes NIPDAU Level-3-260C-168 HR -40to 85 DRV8307
DRV8307RHAR.A Active Production VQFN (RHA) | 40 2500 | LARGE T&R Yes NIPDAU Level-3-260C-168 HR -40to 85 DRV8307
DRV8307RHAT Active Production VQFN (RHA) | 40 250 | SMALL T&R Yes NIPDAU Level-3-260C-168 HR -40 to 85 DRV8307
DRV8307RHAT.A Active Production VQFN (RHA) | 40 250 | SMALL T&R Yes NIPDAU Level-3-260C-168 HR -40to 85 DRV8307

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

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

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

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

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

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

Multiple part markings will be inside parentheses. Only one part marking contained in parentheses and separated by a "~" will appear on a part. If a line is indented then it is a continuation of the previous line and the two
combined represent the entire part marking for that device.

Important Information and Disclaimer:The information provided on this page represents TlI's knowledge and belief as of the date that it is provided. Tl bases its knowledge and belief on information provided by third parties, and
makes no representation or warranty as to the accuracy of such information. Efforts are underway to better integrate information from third parties. Tl has taken and continues to take reasonable steps to provide representative
and accurate information but may not have conducted destructive testing or chemical analysis on incoming materials and chemicals. Tl and TI suppliers consider certain information to be proprietary, and thus CAS numbers
and other limited information may not be available for release.

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by Tl to Customer on an annual basis.
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
4 |+ KO
i |
& go W
Reel | | l
Diameter
Cavity +‘ A0 M
A0 | Dimension designed to accommodate the component width
B0 | Dimension designed to accommodate the component length
KO | Dimension designed to accommodate the component thickness
\ 4 W | Overall width of the carrier tape
i P1 | Pitch between successive cavity centers
[ [ 1
T Reel Width (W1)
QUADRANT ASSIGNMENTS FOR PIN 1 ORIENTATION IN TAPE
O O O O OO O O O QfSprocket Holes
|
T
Q1 : Q2
H4-—-—
Q3 1 Q4 User Direction of Feed
[ 4
T
=
Pocket Quadrants
*All dimensions are nominal
Device Package|Package|Pins| SPQ Reel Reel AO BO KO P1 w Pin1
Type |Drawing Diameter| Width | (mm) [ (mm) | (mm) | (mm) | (mm) |Quadrant
(mm) |W1(mm)
DRV8307RHAR VQFN RHA 40 2500 330.0 16.4 6.3 6.3 1.1 12.0 | 16.0 Q2
DRV8307RHAT VQFN RHA 40 250 180.0 16.4 6.3 6.3 1.1 12.0 | 16.0 Q2
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TAPE AND REEL BOX DIMENSIONS
At
4
-
// S
/\g\ /)i\
. 7
\\ /
. P -
e e
*All dimensions are nominal
Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
DRV8307RHAR VQFN RHA 40 2500 367.0 367.0 38.0
DRV8307RHAT VQFN RHA 40 250 210.0 185.0 35.0
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GENERIC PACKAGE VIEW
RHA 40 VQFN - 1 mm max height

6 x 6, 0.5 mm pitch PLASTIC QUAD FLATPACK - NO LEAD

This image is a representation of the package family, actual package may vary.
Refer to the product data sheet for package details.
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INSTRUMENTS
www.ti.com



RHAOO40E

PACKAGE OUTLINE
VQFN - 1 mm max height

PLASTIC QUAD FLATPACK - NO LEAD
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NOTES:

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

per ASME Y14.5M.

2. This drawing is subject to change without notice.

3. The package thermal pad must be soldered to the printed circuit board for thermal and mechanical performance.

i
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EXAMPLE BOARD LAYOUT
RHAOO40E VQFN - 1 mm max height

PLASTIC QUAD FLATPACK - NO LEAD
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NON SOLDER MASK
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(PREFERRED)
SOLDER MASK DETAILS
4219054/A 04/2020

NOTES: (continued)

4. This package is designed to be soldered to a thermal pad on the board. For more information, see Texas Instruments literature
number SLUA271 (www.ti.com/lit/slua271).

5. Vias are optional depending on application, refer to device data sheet. If any vias are implemented, refer to their locations shown
on this view. It is recommended that vias under paste be filled, plugged or tented.
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EXAMPLE STENCIL DESIGN
RHAOO40E VQFN - 1 mm max height

PLASTIC QUAD FLATPACK - NO LEAD
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SOLDER PASTE EXAMPLE
BASED ON 0.125 MM THICK STENCIL
SCALE: 15X

EXPOSED PAD 41
75% PRINTED SOLDER COVERAGE BY AREA UNDER PACKAGE

4219054/A 04/2020

NOTES: (continued)

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

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

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

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

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

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

Copyright © 2025, Texas Instruments Incorporated
Last updated 10/2025
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