Design Guide: TIDA-010056
54-V, 1.5 kW, >99% Efficient, 70x69 mm? Power Stage
Reference Design for 3-phase BLDC Drives

i3 TeXAS INSTRUMENTS

Description Features

This design guide demonstrates a 1.5-kW power stage * Operates at voltage ranging from 9-V to 63-V (15s
for driving a three-phase brushless DC motor in li-ion battery) delivering 25-Agys continuous current,
cordless tools operating from a 15-cell Li-ion battery 400-A peak

with a voltage up to 63-V. The design is a 70mm Xx «  54-V/1.5-kW, 25-Ag,,s support without heat sink in a
69mm compact drive, bringing 25-A RMS continuous small 70mm x 69mm PCB form factor

current at 20-kHz switching frequency without heat « Designed to support both sensored and sensorless
sink and with natural convection, implementing sensor-

\ . : trapezoidal control
based trapezoidal control. The design achieves o
optimized MOSFET switching loss and EMI by usinga * More than 99% efficiency at 54-V/1.5-kW for 20-

smart gate driver with optimized MOSFET and PCB. kHz unipolar trapezoidal control

The design shows MOSFET operation within the safe » MOSFET over current protection by VDS sensing
operating area using enhanced protections including with response time less than 1-ps with additional 4-
MOSFET over current and shoot-through protection by us deglitch time to eliminate false trips

VDS monitoring, gate protection, switching voltage
spike optimization with slew rate control and over
temperature protection.

< Enhanced protection at MOSFET gate including
VGS under-voltage, over-voltage, gate to source
short circuit and open circuit protections

Resources e Operating ambient: -20°C to 55°C
TIDA-010056 Design Folder Applications
DRV8350R Product Folder e Cordless power tool
CSD19536KTT Product Folder  Cordless handheld garden tool
INA180 Product Folder « Electric bike
MSP430FR2355 Product Folder
TMP235 Product Folder * Lawn mower
TPS709 Product Folder
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An IMPORTANT NOTICE at the end of this Tl reference design addresses authorized use, intellectual property matters and other
important disclaimers and information.

System Description

Power tools are used in various industrial and household applications such as drilling, grinding, cutting,
polishing, driving fasteners, and so on. The most common types of power tools use electric motors while
some use internal combustion engines, steam engines, or compressed air. Power tools can be either
corded or cordless (battery powered). Corded power tools use the mains power (the grid power) to power
up the AC or DC motors.

Cordless tools use battery power to drive DC motors. Most cordless tools use lithium-ion batteries, the
most advanced in the industry offering high-energy density, low weight, and greater life. Power tools are
available in different power levels and battery voltage levels. High power tools like chain saws, circular
saws, high torque drills, garden tools, and lawn mowers often use up to 15-cell Li-ion pack battery to
enable high power capability.

Cordless tools use brushed or brushless DC (BLDC) motors. The BLDC motors are more efficient and
have less maintenance, low noise, and longer life. Power tools have requirements on form factor,
efficiency, peak current, reliability, and thermal performance. Therefore, high-efficient power stages with a
compact size are required to drive the power tool motor. The small form factor of the power stage enables
flexible mounting, better PCB layout performance, and low-cost design. High efficiency provides maximum
battery duration and reduces cooling efforts. The high-efficiency requirement in turn asks for switching
devices with a low drain-to-source resistance (RDS_ON). The power stage must also take care of
protections like motor stall or any other chances of high current.

This design guide uses the CSD19536KTT NexFET™ featuring a very low Rpg oy Of 2 mQ in D2PAK
package with an optimized gate charge and switching performance. The three-phase gate driver
DRV8350R is used to drive the three-phase MOSFET bridge, which can operate from 9 to 100 V and
support programmable gate current with maximum setting of 2-A sink / 1-A source. The DRV8350R uses
smart gate drive (SGD) architecture to decrease the number of external components that are typically
necessary for MOSFET slew rate control and protection circuits. The DRV8350R devices integrate a 350-
mA buck regulator.

The INA180A3 integrated current sense amplifier is used to sense the low side DC bus current, at a gain
of 100V/V with very low gain error. The TMP235 temperature sensor is used to sense the FET
temperature. The MSP430FR2355 microcontroller is used to implement the control algorithm. The design
has motor back emf sensing circuits and DC bus voltage sensing circuit for sensorless control using the
smart analog combo of MSP430FR2355.

The test report evaluates the RMS current capability, peak current capability, efficiency and thermal
performance of the board, FET switching waveforms, and over current protection
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System Description

1.1 Key System Specifications

Table 1. Key System Specifications

PARAMETER

SPECIFICATIONS

Input voltage

54-V typ ( 9-V min to 63-V max)

Rated output power

1.5-kW

RMS winding current

27-A (20-kHz switching)

Peak winding current

400-A

Inverter switching frequency

20-kHz (Tunable for 5-100kHz)

Operating ambient

—20 °C to 55°C

Efficiency

>99% at 54-V, 1.5-kW, 20-kHz unipolar trapezoidal PWM

Board specification

70mm x 69mm, 4-layer, 2-Oz copper

Feedback signals

DC bus voltage, Motor phase voltages, Motor position Hall

sensors, Low side DC bus current

Protections Cycle-by-cycle over current, input under-voltage, over
temperature, MOSFET gate-source open circuit and short circuit
Cooling Natural cooling only, no heat sink

Control method

Sensor-based & sensorless trapezoidal
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2 System Overview
2.1 Block Diagram
Figure 1. TIDA-010056 Block Diagram
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2.2 Design Considerations
This reference design implements a 54-V, 1.5-kW three-phase inverter with smart gate driver for cordless
tools, lawn mowers and e-bikes. The design is done and tested up to 1.5kW with 54-V DC input by driving
a BLDC motor at 20 kHz PWM cycle.
The reference design has the following sub-blocks.
» Three-phase power stage including gate drivers and FETs
» Motor Position sensor (three hall latches) interface for sensored trapezoidal control
» DC bus voltage sensing and all the three phase node voltage sensing circuit to implement sensorless
trapezoidal control
e DC bus low side current sensing for torque control and software current limit by MCU
e Board power supply generation including 15 V and 3.3 V from the 54 V line
« MOSFET temperature sensing using on board temperature sensor
» Host controller to implement the necessary motor control algorithms, sensing and protections
For detailed design considerations and calculations refer Section 2.4
2.3 Highlighted Products
23.1 DRV8350R
The key requirements in selecting the gate driver are:
* Three-phase gate driver with a high level of integration to reduce the PCB form factor and hence PCB
parasitics and cost
» Sufficient gate source and sink current to reduce the switching losses
+ Sufficiently high gate drive voltage to enable the MOSFET conducts at the minimum Rpg oy
« High level of overcurrent and other protections to enable a reliable system operation under worst case
conditions like motor stall, short circuit, and so on
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2.3.2

2.3.3

234

The 9- to 100-V three phase half bridge gate driver DRV8350R three-phase gate driver can be used to
meet these requirements. The device provides three half-bridge drivers, each capable of driving one high-
side and one low-side N-channel MOSFET. The DRV8350R generates the proper gate voltage drive for
both the high-side and low-side FETs using a charge pump. The DRV8350R supports up to a 1-A source
and 2-A sink peak gate drive current capability. The DRV835x uses smart gate drive (SGD) architecture to
decrease the number of external components that are typically necessary for MOSFET slew rate control
and protection circuits. The SGD architecture also optimizes dead time to prevent shoot-through
conditions, provides flexibility in decreasing electromagnetic interference (EMI) by MOSFET slew rate
control, and protects against gate short circuit conditions through VGS monitors. A strong gate pulldown
circuit helps prevent unwanted dV/dt parasitic gate turn on events. The DRV8350 protects against external
MOSFET over current and short circuit by sensing the drain to source voltage (VDS) of all the MOSFETSs.
The gate driver supports 100% duty cycle. The DRV8350R devices integrate a 350-mA buck regulator that
can be used to power an external controller or other logic circuits. The buck regulator is implemented as a
separate internal die that can use either the same or a different power supply from the gate driver.

CSD19536KTT

The key requirements in selecting the MOSFET include:

» High efficiency (MOSFET with low losses under operating conditions)

* Small size to reduce the solution form factor

» Better heat dissipation

« High peak current capability

. Bettéer switching performance to ensure reliable operation under short circuit or worst case switching
conditions

The design guide uses six CSD19536KTT MOSFETS to implement the three phase inverter meeting the
said requirements. The MOSFET is rated up to 100-V, having a very low Rps oy 0f 2-mQ in a D2PAK (TO-
263).

INA180

The design requirements in selecting the current sense amplifier are:

» The current sense amplifier (CSA) should be designed for high gain to reduce the shunt resistor value
and hence the shunt resistor losses

» The CSA should have enough bandwidth and slew rate to enable fast output voltage settling for the
designed gain. The design targets for less than 5-ps full swing settling time for DC bus current sensing
in BLDC trapezoidal control with 20kHz PWM frequency

e The CSA should have very low gain error, offset error and offset drift to ensure that the output error is
low enough to get a torque control (current control) error less than 1%.

* The CSA circuit should take only small PCB area to help in PCB size reduction

This reference design uses the integrated current sense amplifier INA180A3 with a gain of 100 V/V with a
bandwidth of 150 kHz. The device has a very low gain error less than 1%, offset voltage of <+150 uV at
VCM =0 V and less than 1-uV/°C offset drift.

The INA180, INA2180, and INA4180 (INAx180) current sense amplifiers are designed for cost-optimized
applications. These devices are part of a family of current-sense amplifiers (also called current-shunt
monitors) that sense voltage drops across current-sense resistors at common-mode voltages from -0.2 V
to +26 V, independent of the supply voltage. The INAx180 integrate a matched resistor gain network in
four, fixed-gain device options: 20 V/V, 50 V/V, 100 V/V, or 200 V/V. This matched gain resistor network
minimizes gain error and reduces the temperature drift. All these devices operate from a single 2.7-V to
5.5-V power supply. The INA180 is available in a 5-pin, SOT-23 package with two different pin
configurations. All device options are specified over the extended operating temperature range of —40°C to
+125°C.

TPS709
The key requirements in selecting the linear regulator are:
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2.3.6

2.4

24.1

e Support wide input voltage to support 15V to 3.3V conversion.
» Average current support of more than 50mA, thermal pad package for better heat dissipation.
» Ultra low Ig (1uA) to enable the use in battery powered applications

The design uses the 3.3V output linear regulator TPS70933, with a rated input voltage up to 30V. The
TPS709xx series of linear regulators are ultra-low, quiescent current devices designed for power-sensitive
applications. A precision band-gap and error amplifier provides 2% accuracy over temperature. Quiescent
current of only 1 pA makes these devices ideal solutions for battery-powered, always-on systems that
require very little idle-state power dissipation. These devices have thermal-shutdown, current-limit, and
reverse-current protections for added safety. These regulators can be put into shutdown mode by pulling
the EN pin low. The shutdown current in this mode goes down to 150 nA, typical. The TPS709xx series is
available in WSON-6 and SOT-23-5 packages.

TMP235

The reference design uses TMP235A4 analog output low cost temperature sensor supporting wide
temperature measurement range: — 40°C to +150°C with a typical accuracy of £1°C. The TMP23x devices
are a family of precision CMOS integrated-circuit linear analog temperature sensors with an output voltage
proportional to temperature. These temperature sensors are more accurate than similar pin-compatible
devices on the market, featuring typical accuracy from 0°C to +70°C of +0.5°C and £1°C. The TMP235
device provides a positive slope output of 10 mV/°C over the full -40°C to +150°C temperature range and
a supply range from 2.3 V to 5.5 V. The higher gain TMP236 sensor provides a positive slope output of
19.5 mV/°C from —10°C to +125°C and a supply range from 3.1 V to 5.5 V. The 9-uA typical quiescent
current and 800-pus typical power-on time enable effective power-cycling architectures to minimize power
consumption for battery-powered devices. A class-AB output driver provides a strong 500-uA maximum
output to drive capacitive loads up to 1000 pF and is designed to directly interface to analog-to-digital
converter sample and hold inputs. With excellent accuracy and a strong linear output driver, the TMP23x
analog output temperature sensors are cost-effective alternatives to passive thermistors.

MSP430FR2355

MSP430FR215x and MSP430FR235x microcontrollers (MCUs) are part of the MSP430™ MCU value line
portfolio of ultra-low-power low-cost devices for sensing and measurement applications. MSP430FR235x
MCUs integrate four configurable signal-chain modules called smart analog combos, each of which can be
used as a 12-bit DAC or a configurable programmable-gain Op-Amp to meet the specific needs of a
system while reducing the BOM and PCB size. The device also includes a 12-bit SAR ADC and two
comparators. The MSP430FR215x and MSP430FR235x MCUs all support an extended temperature
range from —40° up to 105°C, so higher temperature industrial applications can benefit from the devices’
FRAM data-logging capabilities. The extended temperature range allows developers to meet requirements
of applications such as smoke detectors, sensor transmitters, and circuit breakers. The MSP430FR215x
and MSP430FR235x MCUs feature a powerful 16-bit RISC CPU, 16-bit registers, and a constant
generator that contribute to maximum code efficiency. The digitally controlled oscillator (DCO) allows the
device to wake up from low-power modes to active mode typically in less than 10 ps. The MSP430 ultra-
low-power (ULP) FRAM microcontroller platform combines uniquely embedded FRAM and a holistic ultra-
low-power system architecture, allowing system designers to increase performance while lowering energy
consumption. FRAM technology combines the low-energy fast writes, flexibility, and endurance of RAM
with the nonvolatile behavior of flash.

System Design Theory

Power Stage Design: Three-Phase Inverter

The three-phase inverter is realized using six D2PAK MOSFETs CSD19536KTT as shown in Figure 2.
The MOSFET is rated for a maximum drain to source voltage of 100V and a peak current of 400A. The
design has provision to use RC snubber across all the FETs. The design is tested with synchronous
unipolar trapezoidal PWM as shown in Figure 25. The voltage ringing is expected to be maximum across
the FETs due to diode reverse recovery. With unipolar trapezoidal control we may not need shubber
across all the FETs and the need depends on the current direction, PWM strategy and diode reverse
recovery. For more details refer Section 3.2.2.6.
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Figure 2. Schematic of Three-Phase MOSFET Inverter
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The snubber capacitor is selected as approximately two times the output capacitance of the FET. The
snubber resistor value is tuned during board testing to sufficiently damp the VDS switching over shoot
ringing during switching. C10, C11 and C12 are decoupling capacitors between the VDC input and the
source terminal of bottom FET of each leg. This decoupling capacitor reduces the ringing in the supply
lines caused due to the parasitic inductance added by the sense resistor and the power track. The design
also have optional external capacitance between the gate to source of each FET, to reduce the gate pick
up or gate ringing during switching. However this capacitors are not mounted during testing with the help
from the smart gate drive architecture of DRV8350R.

NOTE: Connect the RC snubber components very close to each FET in the same PCB layer as the
FET, to ensure best snubbing action. Similarly place the decoupling capacitors very near to
the corresponding MOSFET legs for better decoupling, ideally in the same layer. An
improper layout or position of the snubber and decoupling capacitors can cause undesired

VDS switching voltage spikes.

24.2 Current Sense Amplifier

The design uses the low side DC bus leg current sensing using the current sense amplifier INA180A3.
Figure 3 shows the current sense amplifier circuit.

Figure 3. Current Sense Amplifier Circuit
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R24 and R25 in parallel forms the sense resistors. The power dissipation, amplifier gain bandwidth
product (required settling time) and the input offset error voltage of the op amps are important in selecting
the sense resistance values. The sense resistors are designed to carry a total nominal RMS current of 30
A with a peak current of 60 A for 2 seconds. A lower gain of the amplifier asks for high sense resistance
value causing increased power loss in the resistors.

INA180 offers a very low offset voltage of £150 pV (max) at VCM = 0 V. The gain error is £1% gain error
(max) with 1-pV/°C offset drift (max). The low offset voltage, low gain error and low drift allow to design
the current sense amplifier at very high gain (ex: 100V/V) with very minimum amplifier output steady state
error. INA180A3 offers a bandwidth of 150kHz at a gain of 100V/V, along with a slew rate of 2V/us ensure
that for a full swing step change in current through the sense resistor (during FET switching), the transient
settling time of the current sense amplifier is less than 5us.

The high gain of 100V/V with minimum output error helps to use a very low value sense resistor with low
power loss. The design guide uses 0.5-mQ sense resistor (two 1-mQ in parallel) to enable unipolar current
sense range of 0 - 66A peak for a full swing voltage of 3.3V using Equation 1.

With gain = 100V/V, Regnse = 0.5 M, Veeare = 3.3V, lscae = 66A.
Vout =Isense X Rsense X Acan (1)
The power loss in the sense resistor can be calculated using Equation 2.

Ploss = lSENSE,RMSZ x R sense 2
At 30ARMS current, P g5 = 0.45 W

NOTE: If faster settling time is required, INA180A2 can be used (with a bandwidth of 210kHz, and
slew rate of 2V/us) having a gain of 50V/V. With INA180A2, increase the sense resistor
value to utilize the available full swing voltage capability of INA180A2 and the ADC.

The input filter resistors R22 and R27 can create a small gain error in the amplifier circuit as
these resistors add to the input resistance of amplifier. The gain error has to be taken in to
account while selecting the filter resistor values.

Power Stage Design: DRV8350R Gate Driver

Figure 4 shows the schematic of the DRV8350R gate driver circuit. C5 and C6 are the ceramic capacitors
at the gate driver power supply input, as recommended by the data sheet. The DRV835x gate drivers can
operate in either a single or dual supply architecture. In the single supply architecture, VM can be tied to
VDRAIN and is regulated to the correct supply voltages internally. In the dual supply architecture, VM can
be connected to a lower voltage supply from a more efficient switching regulator to improve the device
efficiency. VDRAIN stays connected to the external MOSFETSs to set the correct charge pump and
overcurrent monitor reference. This design guide uses the dual supply architecture, where the VM supply
of DRV8350R is powered from 15V generated by the integrated DC/DC converter (LM5008A) of
DRV8350R. Any one of the jumpers J1 or J2 can be closed externally to select the gate driver power
supply. The maximum allowed gate power supply voltage is 80V. The design is tested with15V as the gate
driver power supply, which will ensure that the quiescent current consumption is minimum compared to
powering up the VM pin with DC input (specified for a maximum of 63V).

The capacitors C7, C8, C9 and C31 are the recommended capacitors at the charge pump pins, DVDD
and VGLS pins.

8
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Figure 4. Schematic of DRV8350R Gate Driver Circuit

n UL
|~
M VDRAIN

vap | ® ® 5 & vbC
8
—T— —T— GHA P—— GHA>
2 cs c6 7 ||wE 7 GHA
e vep
BN 10uF | 0.1uF sHA |o2 SHA
15V 4 1 cpH
= = _Ecs Gla 12
GND  GND TTo0a7uF
CPL
DVDD = GHB
GND '”'L'M DVDD SHB
6l 12 Gle
ENABLE
34 o INHA GHe L& GHC
INLA 35 o1 INta
GND = SHC |o2——GHe ]
= iV INH_B ;6 & INHB »
ZES IV Glc GLC
R4 SR7 38 o INHC ”
0 100k B0 e sic [ E—Tsic >
[_sbo R0 o ¢ 29~ MODE/SDO
[ soi -RI3 W00 30 .1 IpRIve/sDI Ne 22
RS \\75k
bvbb o 18k [ sak_H-RLIZ amal00 31 f vps/scik s 14 S8
GND'|| R8 ,\nL8K
DVDD 2 [
GND,” R10 ,, 75k
Ne 13
SCs
28 FAUT sia fait
R66
33v—w—e 26 _fine
10.0k 23 12
[Faur >— =—{ne NC —=
[FauLT > 0y DFLS1200-7
2 ne 45 |I'GND
BST
25 | c24 u
0.01uF
sw |42 .I
D3 — 330uH
VGD'—N‘ ° ° ~NY Y e ° VIN 3 |un gé\s/
33uH B fa48
DFLS1200-7 ?_3000pF
_,_72 VGLS [ o —
c27 28 €29 C30 €31 vce R1jsp kedl P32 VIN R33
47 R VN
330F | o1 330F  |oaur |1k { 4|y 240K 133k
TCSZ PGND L
° 0.47uF
41
DGND =
—L— GND GND
GND AND |2
PAD 49

DRV8350RHRGZR

GND

2.4.3.1 Average gate current calculation

The average current from the high side pump charge pump (VCP) and the low side gate drive regulator
power supply (VGLS) can be calculated using Equation 3, applicable for 120 degree conduction
trapezoidal control.

lvepivers = Qe x fpwm (3)
Where, Qg = 118 nC (Total gate charge of the MOSFET used (CSD19536KTT) )
fowm = 20kHz (switching frequency), |ycp/Vgis > 118 NnC x 20 kHz = 2.36mA

The charge pump and VGLS regulator power supply average current is well below the data sheet
specified value of 25mA at a V,,, of 15V. If using 100 kHz PWM, the average current is 11.8 mA.

2.4.3.2  Gate driver peak source and sink current calculation

IDRIVE needs to be tuned in the application based on the required VDS slew rate. The MOSFET
CSD19536KTT has a gate to drain gate charge (Qgp) of 17 nC. The peak gate source current (IDRIVEP)
to get a rise time trr, can be calculated as IDRIVEP > Qgp/trr. To get a rise time of 50ns to 200ns, the
IDRIVEP has to selected to be between 340mA and 85 mA. The gate drive sink current IDRIVEN for the
required MSOFET switching fall time can be calculated in a similar way.
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2.4.3.3  Selecting the current limit threshold using VDS protection

The VDS monitors are configured based on the worst-case motor current and the Ryg o Of the external
MOSFETSs as shown in Equation 4.

Vbs_ocp > Imax* Rps_on(max) (4)

As per the CSD19535KTT data sheet, the Rys oy Value is approximately 1.6 times higher at 120°C
compared to that at 25°C, and the maximum Ry o Value at a VGS of 10 V is 2.4 mQ at T, = 25°C. From
these values, the approximate worst-case value of Rpg oy is 1.6 x 2.4 mQ = 3.84 mQ. In order to get an
over current threshold of 100A, the required VDS monitor trip point can be calculated using Equation 4.
Vbs ocp > 100 A x 3.84 mQ =0.384 V.

The design guide provides provision for selecting different VDS monitor trip values.

2434 DRV8350 Power Loss Calculation

The internal power dissipation of DRV8350 has four primary components:

» VCP Charge pump power dissipation (Pycp)

* VGLS low-side regulator power dissipation (Pyg,s)
e VM device nominal power dissipation (P)

* VIN buck regulator power dissipation (Pgyck)

The value of P, and P, 5 can be approximated calculated by first calculating the I, and |, 5 required
for the external MOSFET and then using Equation 5 and Equation 6.

Pvep =lvep % (VVM + VVDRAIN) (5)
PveLs =lveLs * Vvm (6)
The value of P, can be calculated by referring to the data sheet parameter for |, current and Equation 7.
Pum =lvm X Vum (7

The value of Pgyc« can be calculated with the buck output voltage (Vcc), buck output current (l,cc), and by
referring to the typical characteristic curve for efficiency () in the LM5008A data sheet using Equation 8.

Peuck = (Po /n) - Po ®)
The total power dissipation is then calculated by summing the four components as shown in Equation 9.
Piot =Pvep + PveLs + Pym + Peuck 9)

Use Equation 5, Equation 6, Equation 7, Equation 8, and Equation 9 to calculate the value of P, for V,,, =
15V, Vypramw = 54V, lyy = 9.5 MA, lycp = 2.36 MA, lygs = 2.36 MA, Vyec =15V, lyec = 100 mA, and n =
86 %.

Py = 162.84 MW, Pyg s = 35.4mW, Py, = 142.5 mW, Pgycx = 210mW
P = 550.74 mW

The device junction temperature can be estimated by referring to the Thermal Information and
Equation 10.

Timax = Tamax + (R 0JA X Ptot) (10)

T amax 1S the maximum ambient temperature, Ry, is the junction to ambient thermal resistance of the
DRV8350R package. Use Equation 10 to calculate the value of T;,., for Tama = 55°C, Ry;a = 26.6°C/W for
the RGZ package, and P, = 0.551 W

Timax = 55 + (26.6 x 0.551) = 69.65°C

10
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2435  Step-Down Buck Regulator of DRV8350

The DRV8350R have an integrated buck regulator (LM5008A) to supply power for an external controller or
system voltage rail. This design uses the integrated buck regulator to generate 15 V from battery input
supply. The diode D3 ensures that the battery voltage dips during load transients will not affect the
performance of the integrated DC/DC converter of DRV8350R. The LM5008A regulator is an easy-to-use
buck (step-down) DC-DC regulator that operates from 6-V to 95-V supply voltage. With integrated buck
power MOSFET, the LM5008A delivers up to 350-mA DC load current with exceptional efficiency and low
input quiescent current in a very small solution size. The DC/DC incorporates other features for
comprehensive system requirements, including VCC undervoltage lockout (UVLO), gate drive
undervoltage lockout, maximum duty cycle limiter, intelligent current limit off-timer, a pre-charge switch,
and thermal shutdown with automatic recovery.

Table 2 shows the design specification of the DC/DC for this design guide.

Table 2. Specification of Buck Converter

CONDUCTION MODE FIXED FREQUENCY PWM CONTROL
Output Voltage 15V

Input Voltage 6-72V

Transient Response 50 to 150mA load step AVOUT = 4%

Maximum Output Current 150 mA

Output Voltage Ripple 0.5% of VOUT

Switching Frequency 500kHz

The LM5008A operates in discontinuous conduction mode at light load currents, and continuous
conduction mode at heavy load current. At light loads, the conversion efficiency is kept because the
switching losses decrease with the reduction in load and frequency. The discontinuous operating
frequency can be calculated with Equation 11.

Vout? x L x1.04x102°

" Ry x(Ry)2

(11)
where, RL = the load resistance

In continuous conduction mode, current flows continuously through the inductor and never ramps down to
zero. The approximate continuous mode operating frequency can be calculated with Equation 12.

= Vour
1.385x10 xR 12)

The output voltage (Vqy7) is programmed by two external resistors ( R29 and R34 shown in Figure 4). The
regulation point can be calculated with Equation 13.

Vour =2.5x (Regy +Res2) / R (13)

The on-time for the LM5008A is determined by the RT resistor and is inversely proportional to the input
voltage (V,y), resulting in an almost constant frequency as V, is varied over its range. The on-time for the
LM5008A is calculated with Equation 14.

Ton =1.385x10 7% xR / V) (14)

RT must be selected for a minimum on-time (at maximum V) greater than 400 ns, for correct current limit
operation. This requirement limits the maximum frequency for each application, depending on V,, and
Vour- The LM5008A has an intelligent current limit OFF timer. If the current in the Buck switch exceeds
0.51 A the present cycle is immediately terminated and a non-resetable OFF timer is initiated. The length
of off-time is controlled by an external resistor (RCL) and the FB voltage. When FB = 0 V, a maximum off-
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3.3V

time is required, and the time is preset to 35 us. This condition occurs when the output is shorted and
during the initial part of start-up. This amount of time makes sure that safe short-circuit operation occurs
up to the maximum input voltage of 95 V. In cases of overload where the FB voltage is above zero volts
(not a short circuit), the current limit off-time is less than 35 ps. Reducing the off-time during less severe
overloads decreases the amount of foldback, recovery time, and the start-up time.

Power Stage Design — Microcontroller MSP430

Figure 5 shows the schematic for configuring the MSP430FR2355 MCU. The resistor R50 is used to limit
the dV/dt at the supply pin of the MSP430FR2355. The design guide uses 10-uF decoupling capacitors. A
0.1-uF capacitor has been added to obtain the best performance at a high frequency. The Timer B of the

MCU is used for PWM generation.

Figure 5 shows all of the feedback signal voltages including the DC bus voltage, current sense amplifier
output, potentiometer voltage for speed control, and temperature sensor output interfaced to the 10-bit
successive approximation (SAR) ADC channels of the MCU. The phase node voltages of A, B and C
phases are measured to implement the sensorless control algorithm.

Figure 5. MSP430FR2355 Schematic

U2

T R oo 6 | bvee TEST/SBWTCK  fo2
a2 | L
s o 5 RST/NMI/SBWTDIO ~ [<x2 RST
21| P1.0/UCBOSTE/SMCLK/COMPO.0/AQ/VEREF+/DACOREF
0-1uF —Z1] P1.1/UCBOCLK/ACLK/OAOD/COMPO.1/A1L P4.0/UCALSTE/ISOTXD/ISORXD 26 FAULT ]
o= Tglb P1.2/UCBOSIMO/UCBOSDA/TBOTRG/OAO-/A2/VEREF- P4.1/UCALCLK 4«%0 ENABLE_GD
oo 224> P13/UCBOSOMI/UCBOSCL/OAO+/A3 P4.2/UCA1RXD/UCA1SOMI/UCATRXD 2 UART RX |
BEMF_C P1.4/UCAOSTE/TCK/A4/DACIREF P4.3/UCALTXD/UCA1SIMO/UCATTXD  fc2s—  UART_TX
BEMF_B 33 ] P1.5/UCAOCLK/TMS/OALO/AS P4.4/UCBISTE  |rl®—] SCS
BEMF_A 321 p1.6/UCAORXD/UCAOSOMI/TBO.1/TDI/TCLK/OAL-/A6 P4.5/UCBICLK |t — SCLK
DC_FB 31y P1.7/UCAOTXD/UCAOSIMO/TBO.2/TDO/OAL+/A7/VREF+ P4.6/UCBISIMO/UCBISDA  [aieis— SDO
pa.7/ucBISOMI/UCBISCL  |a2—  spi |
301 £2.0/TB1.1/COMP0.0
2911 p2.1/TB1.2/COMP1.0 P5.0/TB2.1/MFM.RX/AS  [<ic2
28 p2.2/TBICLK/HOUT P5.1/TB2.2/MFM.TX/A9 |32
27 p2.3/TBITRG P5.2/TB2CLK/AL0  |aedl
Ly p2.4/comPLL P5.3/TB2TRG/ALL |l
2941 p2.5/cOMPLO P5.4
LED 21> P2.6/MCLK/XOUT
841 p2.7/TBOCLK/XIN P6.0/TB3.1
P6.1/TB3.2
4711 P3.0/MCLK/DAC2REF P6.2/TB3.3
48] p3.1/0A20 P6.3/TB3.4
421 p3.2/0n2- P6.4/TB3.5
2441 p3.3/082+ P6.5/TB3.6
381 P3.4/SMCLK/DACIREF P6.6/TB3CLK
37y p3.5/0A30
361 p3.6/03-
354 p3.7/0A3+ DVSS

MSP430FR2355IPT

2.4.5 Power Stage Design — Hall Sensor Interface
Figure 6 shows the Hall sensor interface from the motor to the board. The 3.3 V is used as the power
supply for the Hall sensor. Usually, the Hall sensors have an open drain or open collector configuration.
R54, R55, and R56 are used as the pull-up resistors. R57, R58, and R61, along with C41, C42, and C43,
form noise filters at the Hall sensor signal.
Figure 6. Schematic of Hall Sensor Interface
3.3V
:—i—l_ |—|||'GND § % %
® 3 R57 , 100 HC
P 2 R58 100 HB
B 1 R61 ,,, 100 Py HA
ca1 1 == lc“
1000pF 1000pF | 1000pF
GﬁD
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NOTE: The Hall sensor connection should match with the motor winding connection for proper
operation of the BLDC motor for sensor based trapezoidal control.

2.4.6 Temperature Sensing

Figure 7 shows the schematic of temperature sensor circuit. The temperature sensor is placed close to the
MOSFET. The thermal gradient across the board need to be considered while calibrating the temperature
measurement for all the MOSFETSs. The design uses the analog output temperature sensor TMP235A4,
supporting wide temperature measurement range: — —40°C to +150°C with a typical accuracy of +1°C.

Figure 7. Schematic of Temperature Sensor
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2.4.7 LDO Circuit to Generate 3.3V Supply

Figure 8 shows the regulator circuit to generate the 3.3V from the 15V input. The reference design uses
the ultra-low quiescent current, linear regulator TPS709 to generate the 3.3-V power supply from the input
voltage of 15 V. The selection of regulator depends on the wide input voltage support (in this design up to
15V), the load current, and power dissipation. Power dissipation (Pdiss) is equal to the product of the
output current and the voltage drop across the output pass element. Assuming a nominal load current of
30 mA, the power dissipation at VIN = 15 V can be calculated as: Pdiss = (15 — 3.3) x 0.03 = 0.351 W.
The design uses the thermal pad of the TPS709 package to dissipate heat to the PCB. The POWER_ON
signal is an external signal to keep the regulator in sleep mode when the drive is not in use.

Figure 8. Voltage Regulator Circuit to Generate the 3.3V Supply
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2.4.8 Back EMF and VDC Input Voltage Sensing Circuit

The input supply voltage VDC is scaled using the resistive divider network, which consists of R35, R39,
R47, and C33, and fed to the MCU as shown in Figure 9. The resistance values are selected high enough
to reduce the current consumption. Considering the maximum voltage for the MCU ADC input as 3.3 V,
the maximum DC input voltage measurable by the MCU is calculated as in Equation 15.
191kQ + 4000 kQ 191kQ + 4000 kQ
Vg‘é‘x :V/Tgé DCX( ):3.3><( ):72.4V

- 191 kQ 191 kQ (15)
Considering a 10% headroom for this value, the maximum recommended voltage input to the system is
72.4 x 0.9 = 65.16. For a power stage with maximum operating voltage of 63 V, this voltage feedback
resistor divider is ideal. Also, this choice gives optimal ADC resolution for a system operating from 15 to
63 V.

The phase node voltages SHA, SHB and SHC are scaled using similar resistive divider network as the
VDC sensing. The scaling circuit is shown in Figure 9. The scaling factor is the same as the VDC sensing
divider circuit to use the full ADC voltage range. The divider circuit uses lower resistance to make sure
that the total RC delay due to the ADC sampling capacitor through the resistive divider is less than 10-ps.
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Figure 9. Back EMF Sensing Voltage Divider Circuit
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3 Hardware, Software, Testing Requirements, and Test Results

3.1 Required Hardware and Software

3.1.1 Hardware

3.1.1.1  Connector Configuration of TIDA-010056
Figure 10 shows the connector configuration of the reference design board, which features the following:

» Two-terminal input for power supply: This pin is used to connect the input DC supply from the battery.
The positive and negative terminals can be identified as shown in Figure 10.

» Three-terminal output for motor winding connection: The phase output connections for connecting to
the three-phase BLDC motor winding, marked as PHA, PHB, PHC.

e 4-pin connector J8: This connector can be used to interface an external potentiometer for speed
reference. The two fixed terminals of the potentiometer should be connected to 3V3 pin and GND pin.
The mid-point of the potentiometer must be connected to the POT pin of the connector. The pin
marked POWER_ON (ON) is an external two state signal of OV (low) or 3.3 V (high) to control the
on/off of the complete power stage. If the POWER_ON signal is low, then the complete power stage
goes to sleep mode with sleep current less than 40 ps.

e 2-pin connector J6: This connector is used for the motor direction change. Externally shorting or
opening this connector changes the direction of rotation of the motor.

» 4-pin connector J4: This is the programming connector for the MSP430FR2355 MCU.
» 5-pin connector J5: This is the interface for connecting the Hall position sensors from the motor.

» 2-pin connector J5: This connector is used for external UART communication interface. The RX and
TX pins are available enabling the communication with external Bluetooth® low energy or Wi-Fi®
module or for communication to the battery pack.

e Two pin jumpers J1 and J2: Close the jumper J1 or J2 to select between single supply mode or dual
supply mode for DRV8350R. Close the jumper J2 to connect 15V to the DRV8350R VM supply to
enable dual supply mode. Close the jumper J1 to connect VDC input supply to the DRV8350R VM
supply to enable single supply mode. This design is tested and validated using dual supply mode.

e J9 and J10: The multi-pin connectors with all the six PWM signals, gate driver ENABLE, gate driver
FAULT, DC bus and phase voltage sensing signals, to enable control from an external MCU if

required.
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Figure 10. TIDA-010056 Board Connectors
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3.1.1.2  Programming the MSP430
The two-wire Spy-Bi-Wire protocol is used to program the MSP430FR2355 MCU. Figure 11 shows the

four pin programming connector provided in the design board.
Figure 11. Schematic of MSP430FR2355 Programming Connector
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See the MSP430FR2355 development tools for programming options with an external JTAG interface.
Use the following steps to program the MSP430FR2355 MCU when the programming supply voltage is

provided by the board itself:
Remove the motor connections from the board, and power on the input DC supply. Make sure that a

minimum of 15-V DC input is applied and 3.3 V is generated in the board.

» Connect the programmer to the board.
Open the CCS software, and then build and debug the code to program the MCU.

3.1.1.3  Procedure for Board Bring-up and Testing

Follow this procedure for board bring-up and testing:
Remove the motor connections from the board, and power on the input DC supply. Make sure that a
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minimum of a 15-V DC input is applied and the 3.3 V is generated in the board.

» Program the MCU as detailed in Section 3.1.1.2.

* Remove the programmer, and switch off the DC input supply.

» Connect the inverter output to the motor winding terminals. Connect the position Hall sensor inputs,
and make sure that the winding connection and Hall sensor connections match.

» Connect the POT at the interface J8 and set the speed reference.

» Use a DC power supply with current limit protection and apply 15-V DC to the board. If the Hall
sensors and winding are connected properly in the matching sequence, then the motor starts running

at a speed set by the POT.

» If the motor is not rotating and takes high current, or rotates and draws a distorted peak winding
current waveform, then check the winding and Hall sensor connection matching and, if wrong, correct

the connection sequence to match.
» Adjust the POT voltage for change in speed.

» To change direction, switch off the DC input, close the jumper J6, and switch on the DC input.

Software

The firmware of this design guide offers the following features and user controllable parameters:

» Trapezoidal control of BLDC motor using digital position Hall sensor feedback

» Option for sensorless trapezoidal control by back EMF sensing.

» Option to use DRV8350RS, the SPI version of three phase gate driver.

e Overcurrent cycle-by-cycle protection and latch protection using the VDS sensing feature of the

DRV8350R

The firmware system components of this design are listed in Table 3.

Table 3. TIDA-010056 Firmware System Components

SYSTEM COMPONENT DESCRIPTION
Development and emulation Code Composer Studio v8.3.0
Target controller MSP430FR2355

PWM frequency

20-KHz PWM (default), programmable for higher and lower
frequencies

PWM mode

Asymmetrical

Interrupts

Port 3 Interrupt for hall sensor change.
CPU Timer D — Implements 20-KHz ISR execution rate.
ADC interrupt

PWM Generation: Timer Configuration

TIMER: TB3.1 -TB.6, Clock = 25 MHz, PWM frequency set for
20 kHz

Position Feedback -Hall sensor Signals

P3.0 - HA
P3.1 - HB
P3.2 - HC

ADC channel assignment

A0 — Speed reference from the external potentiometer/trigger
A6— Phase A back EMF sensing for sensorless

A5 — Phase B back EMF sensing for sensorless

A4 — Phase C back EMF sensing for sensorless

A7 — DC bus voltage sensing

A8 —Low-side DC bus current sensing

A9 — PCB or FET temperature feedback

Comparator configuration for back EMF zero crossing detection

COMPO0.0O (P2.0) — Phase A back EMF zero cross comparator
COMP1.0(P2.1) — Phase C back EMF zero cross comparator
OA1O (P1.5) - Phase C back EMF zero cross comparator. The
opamp of smart compo module is configured as a comparator

DRV8350RS - SPI programming pins connection

P4.4 — SCS
P4.5 — SCLK
P4.6 — SDO
P4.7 — SDI
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Table 3. TIDA-010056 Firmware System Components (continued)

SYSTEM COMPONENT DESCRIPTION
UART communication P4.2 — UART RX pin
P4.3 — UART TX pin
MCU Digital Inputs/Output P5.4 — Direction of motor rotation

P4.1 — ENABLE connection for DRV8350R
P4.0 — FAULT pin connection from DRV8350R
P2.6 — LED output
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3.2 Testing and Results

3.21 Test Setup

Figure 12 shows the load setup used to test the motor. The load is an electrodynamometer-type load by
which the load torque applied to the motor can be controlled.
Figure 12. Board and Motor Test Setup
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3.2.2 Test Results

3.2.2.1 DRV8350R DC/DC Regulator Performance

The internal DC/DC regulator of the DRV8350R is configured to generate 15 V output. The 15 V powers
the VM pin of DRV8350R and the input of the 3.3 V regulator. The 15V DC/DC regulator output is
specified to deliver 50mA average nominal current with less than 1% voltage ripple. Figure 13 shows the
peak to peak ripple of the 15 V output, when the 15 V powers the VM line of DRV8350R and the 3.3 V
regulator input (an average load of 50mA on the 15 V line). The peak to peak ripple is less than 20 mV.

Figure 13. Voltage Ripple on the 15 V Output of DRV8350R at an average 50mA load current
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Figure 14 shows the voltage at the switching node of the DC/DC buck converter (SW pin of DRV8350R)

Figure 14. Switching Node Voltage of the DC/DC Converter of DRV8350R
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The DC/DC regulator operates in discontinuous conduction mode (DCM) at light load currents, and
continuous conduction mode (CCM) at heavy load current. Figure 14 shows that the DC/DC operate
between DCM and CCM, due to the load variation at DRV8350R VM pin. The maximum switching
frequency observed during the CCM is approximately 600 kHz and the minimum switching frequency
observed during DCM is approximately 200 kHz.

3.2.2.2

TPS70933 Linear Regulator Performance

The TPS70933 takes 15 V input voltage and generates 3.3 V and is designed to deliver an average
current of 30mA. The EN pin of TPS70933 can be controlled from an external signal to reduce the power
consumption. Figure 15 shows the voltage ripple on the 3.3 V line at a load current of 20mA. The ripple is
less than 10mV, and is assumed to be enough for the MCU ADC pin voltage reference for back EMF

sensing and current sensing.
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Figure 15. Voltage Ripple on the 3.3 V Output of TPS70933 at an Average 20mA Load Current
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Figure 16 and Figure 17 shows the start up and shut off of the 3.3 V output, when the TPS70933 regulator
EN pin is controlled through external signal "POWER_ON."

Figure 16. 3.3 V Output Start Up When EN Pin Goes Low to
High

Figure 17. 3.3V Output Start Up When EN Pin Goes Low to
High
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Figure 18 shows the power up sequence of the system. The DRV8350R starts generating the 15V
regulator output when VIN goes above approximately 6V. As the 15V output reaches approximately 6V,
the 3.3 rail starts developing. Figure 19 shows the power down sequence. The DRV8350R DC/DC starts
powering down at around 6V VIN supply, followed by 3.3 V power down.
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Figure 18. Power Up Sequence of the Board Figure 19. Power Down Sequence of the Board
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3.2.24 Functional Evaluation of DRV8350R Gate Driver

The high-side gate drive supply voltage is generated using a double charge-pump architecture that
regulates the VCP output to VVDRAIN + 10.5-V. The low side gate drive supply voltage is generated
using a linear regulator from the VM power supply that regulates the VGLS output to 14.5-V. The VGLS
supply is further regulated to 11-V on the GLx low-side gate driver outputs. DRV8350 provides a linear
regulator output of 5V at DVDD pin with a source capability of 10 mA to external loads. Figure 20 shows
the internal power supply voltages generated by DRV8350R. The average voltage values are tabulated in

Table 4.
Table 4. Internal Regulator Voltages of DRV8350R
INTERNAL REGULATOR NAME AVERAGE VOLTAGE (V)
VGLS (Internal low side gate driver regulator output) 14.81
VCP (Charge pump output) 10.31
DVDD (5-V internal regulator output) 4.9
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Figure 20. Internal Regulator Voltages of DRV8350R
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The functional evaluation of the gate driver is done with gate driver DRV8350R power supply VM is
powered from the 15V DC/DC regulator output. Figure 21 and Figure 22 shows the low side and high side
gate drive output voltage at 54V DC input and 15V DC input at 20 kHz switching frequency. The gate drive
voltage is approximately 10 V at 54V DC input, which means effective gate driving of standard MOSFETSs.
The gate drive voltage of the DRV8350R at a DC bus voltage of 15 V (Assuming 1 V/cell in a 15s Li-ion
battery configuration during load transients), at a VM pin voltage of 12.76 V (Output of the DC/DC
regulator) is approximately 10 V.

Figure 21. Low- and High-Side Gate Drive Voltage at 54-V DC Figure 22. Low- and High-Side Gate Drive Voltage at 15-V DC
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3.2.25

Dead Time Insertion by DRV8350R

Figure 23 and Figure 24 shows the high-side and low-side gate source voltage from the DRV8350RH,
which shows the dead time inserted by the DRV8350RH at the both the edges of the PWM. The dead
time is 100ns, fixed value in hardware version of DRV8350. The DRV8350 inserts the dead time after the
VGS handshake, ensuring that no shoot through happens and also benefits in inserting minimum dead
time to achieve very minimum diode loss during dead time.

Figure 23. Dead Time at Rising Edge of Low-Side VGS Figure 24. Dead Time at Trailing Edge of Low-Side VGS
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3.2.26 MOSFET Switching Waveforms

Figure 25 shows the PWM scheme used in the reference design testing for trapezoidal control of the
BLDC motor. The controls is a six-step block commutation where PWM is applied to top switch and
bottom switch is operated in active freewheeling during the positive phase winding current for 120°
electrical period. The bottom MOSFET switch is kept continuously ON during the negative phase winding
current for 120° electrical period. The MOSFET switching waveforms are evaluated by using the PWM

scheme shown in Figure 25.

Figure 25. Low- and High-Side FET PWM Generated by MCU for Unipolar Trapezoidal Control
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Figure 26, Figure 27, Figure 28, and Figure 29 show the VDS and VGS waveforms of the low-side and
high-side MOSFETs with the gate current of DRV8350RH (IDRIVE) set at a 100-mA source and a 200-mA
sink current. The switching slew rate control of the gate driver with adjustable gate current and strong pull
down to eliminate dv/dt pick up at the gate of a MOSFET during the complimentary MOSFET turn on,
helps to optimize the switching waveforms. The reference design uses RC snubbers ©,,, = 3.9 nF, Ry, =
1.5 Q) across low side FETs to optimizes voltage ringing caused due to FET diode reverse recovery. Loss
in one snubber resistor at 63VDC, 20kHz PWM trapezoidal control = (1/3) x CV? x fsw = 0.1W. The
reference design uses a snubber resistor rated for 0.25 W. It is recommended to use a pulse-power rated
resistor for snubber. Switching waveforms are clean without much over-voltage ringing.

Figure 26. Turnon: Low-Side VGS and VDS at 25-ARMSWinding Figure 27. Turnoff: Low-Side VGS and VDS at 30-ARMS
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Figure 28. Turnon: High-Side VGS and VDS at 25-ARMS Figure 29. Turnoff: High-Side VGS and VDS at 30-ARMS
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3.2.2.7 Load Test

The design board is tested with an external BLDC motor and load using the test setup in Figure 12. The
testing is done without heat sink and without forced airflow at different duty cycles. The key results are
summarized in Table 5.

Figure 30 shows the motor winding current and winding voltage waveforms at a 54-V DC input and a 22.9-
ARMS winding current. The testing is done at 100% duty cycle.
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Table 5. Load Test Results at Different Duty Cycle Without Heat Sink and Without Forced Airflow

INPUT DC INPUT DC WINDING INPUT POWER (W) | INVERTER DUTY | MAXIMUM FET

VOLTAGE (V) CURRENT (A) CURRENT (RMS) CYCLE (%) TEMPERATURE
(A) (°C)

54 25.95 22.9 1401 95 95

54 30.05 26.6 1623 100 91

Figure 30. Load Test Results at 54-V DC Input 23-ARMS Wlndlng Current, 95% Duty Cycle
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Figure 31 shows the steady state thermal image of the board when delivering 26-ARMS at 54V DC input
and 100% duty cycle, captured after 10 minutes of continuous running. The maximum FET temperature
observed is 89.7°C. Figure 31 shows the steady state thermal image of the board when delivering 22.8-
ARMS at 54V DC input and 95% duty cycle , captured after 10 minutes of continuous running. The

maximum FET temperature observed is 93.7°C.
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Figure 31. Thermal Image at 54-V DC Input, 26-ARMS Winding
Current, 100% Duty Cyc
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Figure 32. Thermal Image at 54-V DC Input, 22.8-ARMS
Winding Current, 95% Duty Cycle
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Figure 33 shows the maximum steady state temperature observed on the MOSFET at different winding
current and duty cycle when tested without any heat sink and without forced airflow.

Figure 33. Maximum Steady State Temperature on MOSFET Across Winding Current

Z), 110 /‘

= /
100

g // //

3 /

S % 4

S V.t

g 80 » 7 » 7

=} /|

g 70 A

g B ) B /

e ~

e 50 P

£

?‘é 40 —— 100% Duty Cycle

= —— 95% Duty cycle (Fsw = 20kHz)
30

5 75 10 125 15 175 20 225 25 275 30

Phase Winding RMS Current (A)

figu

Figure 34 shows the safe operating area of the board TIDA-010056 with no heat sink and with natural

convection.

Figure 34. TIDA-010056 Safe Operating Area With Natural Convection
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Power Stage Efficiency Test

The inverter efficiency is experimentally tested with a load setup as shown in Figure 12. The efficiency test
is done without a heat sink and without forced airflow. The efficiency test results at 100% duty cycle are
listed in Table 6 and the test results at 95% duty cycle are listed in Table 7. The efficiency across RMS
output current of the inverter is plotted in Figure 35. The power loss of the power stage across RMS
winding current is shown in Figure 36.

The design could achieve the high efficiency due to the following key factors:
* Low Rps oy Of the MOSFET reducing the conduction losses
» The smart gate driver DRV8350 enable clean FET switching reducing the switching losses and diode

losses

* The VGS handshake feature of the gate driver allows minimum dead time, reducing the diode loss
e Optimum PCB design helping in much reduced PCB parasitic and hence low PCB losses

« High gain current sense amplifier using INA180A3 with very low gain error and offset voltage error
helps to reduce the shunt resistor value

Table 6. Inverter Efficiency Test Results at 100% Duty Cycle Without Heat Sink and Without Airflow

INPUT DC INPUT DC RMS WINDING | DC INPUT INVERTER INVERTER INVERTER
VOLTAGE (V) |CURRENT (A) |CURRENT (A) |POWER (W) OUTPUT EFFICIENCY  |LOSS (W)
POWER (W) (%)
54.05 8.64 7.34 467.06 464.50 99.45 2.566
53.93 13.38 11.37 721.33 717.91 99.53 3.423
53.98 18.27 15.48 986.06 981.15 99.50 4.912
53.95 24.02 20.47 1295.68 1288.87 99.47 6.806
54.14 29.85 25.51 1616.03 1606.61 99.42 9.421
53.63 32.37 27.72 1736.35 1725.62 99.38 10.725

Table 7. Inverter Efficiency Test Results at 95% Duty Cycle Without Heat Sink and Without Airflow

INPUT DC INPUT DC RMS WINDING | DC INPUT INVERTER INVERTER INVERTER
VOLTAGE (V) CURRENT (A) CURRENT (A) POWER (W) OUTPUT EFFICIENCY LOSS (W)
POWER (W) (%)
53.85 9.21 8.13 495.98 492.38 99.27 3.604
54.13 13.09 11.56 708.60 704.13 99.37 4.475
53.95 17.92 15.87 966.55 959.20 99.24 7.348
54.05 24.24 21.43 1310.41 1299.54 99.17 10.872
54.04 29.08 25.72 1571.58 1557.11 99.08 14.475
53.99 31.08 27.57 1677.93 1661.19 99.00 16.740
Figure 35. Inverter Efficiency versus Output Power Figure 36. Board Losses Vs Output RMS Current at 54 V Input
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3.2.2.9 Overcurrent and Short-Circuit Protection Test

Over current and short circuit protection of the power stage is implemented using the VDS monitor feature
of the gate driver DRV8350RH. The gate drivers implement adjustable VDS voltage monitors to detect
overcurrent or short-circuit conditions on the external power MOSFETs. When the monitored voltage is
greater than the VDS trip point (V\ps ocp) fOr longer than the deglitch time (tocp), @an overcurrent condition
is detected and action is taken according to the device VDS fault mode.

The test conditions as per Table 8 are used for all the test results in this section and Section 3.2.6.3.

Table 8. Test Conditions for Short-Circuit Protection by VDS Monitoring

PARAMETER VALUE
Test temperature (ambient) 25°C
MOSFET Rps oy at 25°C junction temperature 2mQ
Deglitch time 4 yus
Supply Voltage 54 VDC

Figure 37 shows the test setup to simulate a short circuit at the inverter output.

Figure 37. Test Setup to Simulate Inverter Short Circuit

+54V DC
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Using a VDS threshold of 0.06 V, current limit threshold = VDS threshold / Rps oy = 30 A

This means once the MOSFETcurrent reaches 30A, the VDS comparator in the gate driver trips and wait
for a delay deglitch period of 4 us, before turning off the MOSFET, to ensure that the overcurrent trip is
caused by actual overcurrent event and not by any noise signal. But the circuit current increases from 30-
A to a higher value within the deglitch time. The increase in current is determined by deglitch time, short
circuit resistance, inductance, and applied DC bus voltage.

For example, assuming:

» Short circuit inductance, Lgc = 3 pH

« Driving voltage during short circuit = 54 V (DC)

e Short circuit resistance, Rgc = 0 Q (for simplicity of analysis)

The increase in current in OCP_DEG can be calculated as in Equation 16.

Y
Al=—2C % At

Lsc (16)
Substituting the values, Al = 36 A
The inverter is shorted with a copper wire at the output of the three-phase inverter of this design. The
expected peak current setting = 30+ 36 = 66 A
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Figure 38 shows the overcurrent protection acted at around 65 A. Once the current hits 65 A, the PWM
shuts off immediately and the response time is less than 1 us. Figure 39 shows the automatic retry time of
8 ms with a persistent short circuit at the inverter output, tested with a 100% duty cycle.

Figure 38. Overcurrent Protection With Inverter Output Shorted
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Figure 39. Automatic Retry on Every 8 ms on Persistent Short
Circuit
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Figure 40 shows the test setup to simulate a stall current when the motor is rotating. A fault is created by
closing the switch SW, that induce a short circuit between the inverter phase A and B output. Before SW
is closed, the motor was rotating at a steady speed. Figure 41 shows the waveforms obtained when the
switch SW is closed. When SW is closed, SW carries the short-circuit current. During this condition the
motor stops, which causes the Hall state to continue at the current commutation state or jerk to the next
commutation state; therefore, the controller continues to generate the PWM corresponding to the
commutation state. The overcurrent protection acted at around 70 A and the PWM shuts off immediately
with response time less than 1 ps. Figure 41 shows the test results with motor stall condition.

Running

+54V DC

L
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5

Figure 40. Test Setup to Simulate Stall Current When Motor is
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3.2.2.10 MOSFET Gate Fault Protection

The Gate driver DRV8350 monitors the GHx and GLx pins such that if the voltage on the external
MOSFET gate does not increase or decrease after the tyg e time, a gate driver fault is detected. This fault
may be encountered if the GHx or GLx pins are shorted to the PGND, SHx, or VM pins. Additionally, a
gate driver fault may be encountered if the selected I e Setting is not sufficient to turn on the external

MOSFET within the tyg.e period. After a gate drive fault is detected, all external MOSFETSs are disabled
and the nFAULT pin driven low.

Gate driver faults can indicate that the selected Ipgye OF toryve Settings are too low to slew the external
MOSFET in the desired time. Increasing either the lpgve OF torive S€ttiNg can resolve gate driver faults in

these cases. Alternatively, if a gate-to-source short occurs on the external MOSFET, a gate driver fault is
reported because of the MOSFET gate not turning on.

Figure 42 shows test results when an open circuit is created between the GHx pin of DRV8350RH and the
gate pin of the external high side MOSFET. The DRV8350RH (hardware version of DRV8350) has a fixed
torive period of 4 ps. Figure 42 shows that high side PWM (HS_PWM) is set at around 50% duty cycle.
However the gate driver detects the gate open condition and issue a fault after t g, time and turns off all
the MOSFETSs. The testing is done with an IDRIVE setting 300 mA source current and 600 mA sink

current
Figure 42. Gate Fault Protection - Open Circuit Between Gate Driver and MOSFET Gate
m y y I 4 |
L. o o
| Low Side FET VGS
C \ “ — - - 4 - - - - -
st o =4
VGS_HS l ‘l High Side Gate Driver Output Voltage
B‘V | '}
" aalhides [y & e " . e
! " Ll f . T Y L
— 3 t High Side PWM from MCU
O i el |
l FAULT *
" FAULT [
- L L L | " - " " " L "
B 3.0vidiv MO 8y:20.0M o P Ee®\ 1y [2.0psidiv 5.068is 200psipt
@» 10.0V/div 1MQ By:20.0M ey &® [30.0ns None Normal Preview Single Seq 1
T 10.0V/div 1MQ By:20.0M T 2ov «® wops 0 acgs RL:100k
TTD 3.0Vidiv 1MQ By 350M D [s00kv/s & 250kHz Auto  April 23, 2019 20:44:10

Figure 43 shows test results when a short circuit is created between the gate and source of external low
side MOSFET. Figure 43 shows that low side PWM (LS_PWM) is set at around 50% duty cycle. However
the gate driver detects the gate to source short circuit condition as the gate voltage did not reach the
commanded gate drive voltage after tyg e time and issue a fault after tyge time and turns off all the
MOSFETSs. The testing is done with an IDRIVE setting 300 mA source current and 600 mA sink current
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Figure 43. Gate Fault Protection - External MOSFET Gate to Source Short Circuit
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3.2.2.11 Current Sense Amplifier Testing

The step response of the current sense amplifier is evaluated under the test conditions:

*  Two 1-mQ resistors are connected in parallel to get an effective shunt resistance of 0.5 mQ

« Amplifier gain of 100V/V by INA180A3 with a bandwidth of 150 kHz

» Winding current of approximately 25A RMS. The winding current rises from 24A to 34A in the PWM on

period

Figure 44 shows the step response of the amplifier circuit. The settling time at the rated winding current is
less than 4 ps. The testing is done with input filter component values of R22 = R27 = 10 Q and C21 =
3300 pF, to suppress the voltage oscillations across the shunt resistor during switching and to attenuate
high frequency noise pick up due to MOSFET switching. Current sense amplifier output filter values used
are R23 =100 Q, and C23 = 1000 pF.

Figure 44. Transient Response of Current Sense Amplifier
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3.2.2.12 Power stage Sleep Current Consumption

Table 9 list the sleep current consumption of the power stage at different test conditions. All testing done
at an input voltage of 54V.

Table 9. Power Stage Sleep Current Consumption
TEST CONDITION (INVERTER OPEN CIRCUITED)

DRV8350R: Fsw =20kHz, VDC = 54V, VM = 15V, DC/DC input | 29.45 mA
=54V, VDRAIN =54V

POWER STAGE CURRENT CONSUMPTION

DRV8350R: VDC = 54V, VM pin open, DC/DC input = 54 V, <20 mA
VDRAIN = 54V

DRV8350R: VDC = 54V, VM pin open, DC/DC input = 0V, <60 pA
VDRAIN = 54V
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4 Design Files
4.1 Schematics

To download the schematics, see the design files at TIDA-010056.
4.2 Bill of Materials

To download the bill of materials (BOM), see the design files at TIDA-010056.
4.3 PCB Layout Recommendations

Use the following layout recommendations when designing the PCB

» Connect all the decoupling capacitor and charge pump capacitors of DRV8350R close to DRV8350R
pins to minimize loop impedance for the bypass capacitor.

* Minimize the loop length for the high-side and low-side gate drivers. The high-side loop is from the
DRV8350R GH_X to the power MOSFET and returns through SH_X. The low-side loop is from the
DRV8350R GL_X to the power MOSFET and returns through GND.

* In this design guide, the PCB is a four-layer layout with a 2-0z (70-micron) copper thickness in every
layer. The power tracks are made wide to carry a high current. The tracks are repeated in different
layers and are connected by arrays of stitching vias.

* A GND star point is defined in the PCB from where the GND path for the DRV8350R and other signal
circuits in the board is tapped.

» For better thermal dissipation from the MOSFET to the PCB, increase the copper area around the
MOSFET pad as much as possible. Use arrays of vias under the drain pad of the MOSFET, which will
spread heat better to the bottom surface copper area.

4.3.1 Layout Prints

To download the layer plots, see the design files at TIDA-010056.
4.4  Altium Project

To download the Altium Designer® project files, see the design files at TIDA-010056.
4.5 Gerber Files

To download the Gerber files, see the design files at TIDA-010056.
4.6 Assembly Drawings

To download the assembly drawings, see the design files at TIDA-010056.
5 Software Files

To download the software files, see the design files at TIDA-010056.
6 Related Documentation

1. Understanding Smart Gate Drivers, Application Report

2. 36-V/1-kW, 99% Efficient, 18-cm? Power Stage Reference Design for Three- Phase BLDC Motors
Design Guide

3. 25.2-V, 30-A High-speed sensorless (> 100 krpm) brushless DC motor drive reference design Design
Guide
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6.1 Trademarks

E2E is a trademark of Texas Instruments.
Altium Designer is a registered trademark of Altium LLC or its affiliated companies.
All other trademarks are the property of their respective owners.

6.2 Third-Party Products Disclaimer

TI'S PUBLICATION OF INFORMATION REGARDING THIRD-PARTY PRODUCTS OR SERVICES DOES
NOT CONSTITUTE AN ENDORSEMENT REGARDING THE SUITABILITY OF SUCH PRODUCTS OR
SERVICES OR A WARRANTY, REPRESENTATION OR ENDORSEMENT OF SUCH PRODUCTS OR
SERVICES, EITHER ALONE OR IN COMBINATION WITH ANY Tl PRODUCT OR SERVICE.

7 Terminology
PWM Pulse width modulation
BLDC Brushless Direct Current
MCU Microcontroller unit
FETs, MOSFETs Metal-oxide-semiconductor field-effect transistor
RPM Rotation per minute
RMS Root mean square
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