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1 System Description

Power tools are used in various industrial and household applications such as drilling, grinding, cutting,
polishing, driving fasteners, various garden applications, and so on. 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. The cordless tools use battery power to drive DC motors. Cordless tools use brushed or
brushless DC (BLDC) motors. The BLDC motors are more efficient and have less maintenance, low noise,
and longer life.

These tools are getting smarter with the use of wireless connectivity. The wireless connectivity option
gives many smart features such as:

» Tool authentication

e Tool tracking

* Intelligent inventory management

» Immediate fault reporting from the tool

« Understanding the status of the tool like the battery conditions and total operating duration

This option also enables online configuration of parameters like torque limit, type of material drilling, and
S0 on.

The most common solution for wireless connectivity used in power tools, garden tools, and vacuum
cleaners is Bluetooth low energy (BLE). The Bluetooth low energy option is provided as a separate
module or as integrated part of the tool. This reference design uses TI's latest chip CC2640R2F, offering
Bluetooth low energy 5.0. This version comes with long range, low power consumption, best RF
performance and good industrial immunity.

This reference design uses the single microcontroller (MCU), CC2640R2F, to do both BLDC trapezoidal
motor control and Bluetooth connectivity. This reference design uses TI's latest smart three-phase gate
driver DRV8323, which comes with advanced features like single PWM control, eliminating a lot overhead
from the MCU. The design uses the CSD88584Q5DC NexFET™ power block featuring a very low Rps oy
of 0.68 mQ in a SON5x6 SMD package. The power block with high-side and low-side FETs in a single
package helps to achieve a very small form factor and better switching performance. The three-phase
gate driver DRV8323 is used to drive the three-phase MOSFET bridge, which can operate from 6 V to 60
V and support a programmable gate current with a maximum setting of 2-A sink and 1-A source. The SPI
provides detailed fault reporting and flexible parameter settings such as gain options for the current shunt
amplifier, slew rate control of the gate drivers, and various protection features. The TPS709 LDO,
featuring a low quiescent current (< 1 gA), generates the low-noise, stable, 3.3-V power supply for the
MCU.

The test report evaluates the RMS current capability, peak current capability and thermal performance of
the board, FET switching waveforms, and overcurrent protection features such as cycle-by-cycle control
and latch control of the DRV8323. The test results also shows the robust RF performance with low power
consumption. A low noise coupling or interference from the motor drive side enables the designers to
integrate Bluetooth low energy along with the motor control with much lower noise interference, lowering
the overall cost.
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System Description

1.1 Key System Specifications

#* 1. Key System Specifications

PARAMETER

SPECIFICATION

Input voltage

18-V DC (6-V min to 21-V max), five-cell Li-lon battery

Rated output power

600 W

RMS winding current

27T A

Control method

Sensor-based trapezoidal

Inverter switching frequency

20 kHz (adjustable from 5 kHz to 100 kHz)

Feedback signals

DC bus voltage, Hall sensor, low-side DC bus current

Protections

Cycle-by-cycle overcurrent, input undervoltage, over-
temperature

Cooling

Natural cooling only, no heat sink

Operating ambient

—20°C to +55°C

Board specification

70 mm x 45 mm, four-layer, 1-0z copper

Efficiency > 98.5%
Bluetooth Bluetooth low energy 5.0
Maximum TX power 5 dBm

RX sensitivity

—96 dBm, 1 Mbps, BER < 0.1%
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2 System Overview
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1. TIDA-01516 Block Diagram
2.2 Highlighted Products
221 CSD88584Q5DC
The key requirements in selecting the MOSFET are:
« High efficiency (MOSFET with low losses under operating condition)
* Small size to reduce the solution form factor
» Better heat dissipation
« High peak current capability
» Better switching performance to ensure reliable operation under short circuit or worst case switching
conditions
The CSD88584Q5DC 40-V power block is the best option to meet these requirements for high-current
motor control applications such as hand held, cordless garden, and power tools. This device uses Tl's
patented stacked die technology to minimize parasitic inductances while offering a complete half bridge in
a space-saving, thermally enhanced, DualCool™ 5-mm x 6-mm package. With an exposed metal top, this
power block device allows a simple heat sink application to draw heat out through the top of the package
and away from the PCB for a superior thermal performance at the higher currents demanded by many
motor control applications.
Integration of low-side and high-side MOSFETSs in the same package allow the automatic thermal
equalization between the top and bottom MOSFETS, even if the MOSFETs have different power losses.
This device integrates low-side and high-side MOSFETSs in the same package to equalize their
temperature automatically, even if the MOSFETs have different power losses.
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222 DRV8323

The key requirements in selecting the gate driver are:

e Three-phase gate driver with high level of integration to reduce the form factor

» Sufficient source and sink current to reduce the switching losses

+ Sufficiently high gate drive voltage to enable the MOSFET conducts at the minimum Rps 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

The DRV8323 three-phase gate driver can be used to meet the above requirements. The device provides
three half-bridge drivers, each capable of driving one high-side and one low-side N-channel MOSFET. The
DRV832x generates the proper gate voltage drive for both the high-side and low-side FETs using a
charge pump. The DRV832x supports up to 1 A source and 2 A sink peak gate drive current capability.
The DRV832x can operate from a single power supply and supports a wide input supply range from 6 to
60 V. The DRV8323 includes three current shunt amplifiers for accurate current measurements, supports
100% duty cycle and have multiple levels of protection.

2.2.3 CC2640R2F

The CC2640R2F device is a wireless MCU targeting Bluetooth 4.2 and Bluetooth 5.0 low-energy
applications. The device is a member of the SimpleLink ultra-low-power CC26xx family of cost-effective,
2.4-GHz RF devices. Very low active RF and MCU current and low-power mode current consumption
provide excellent battery lifetime.

The SimpleLink Bluetooth low energy CC2640R2F device contains a 32-bit Arm® Cortex®-M3 core that
runs at 48 MHz as the main processor and a rich peripheral feature set that includes a unique ultra-low-
power sensor controller. This sensor controller is ideal for interfacing external sensors and for collecting
analog and digital data autonomously while the rest of the system is in sleep mode. Thus, the CC2640R2F
device is great for a wide range of applications where long battery lifetime, small form factor, and ease of
use is important.

Bluetooth low energy controller and host libraries are embedded in ROM and run partly on an Arm Cortex-
MO processor. This architecture improves overall system performance and power consumption and frees
up significant amounts of flash memory for the application. & 2 shows the functional block diagram of the
CC2640R2F.
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SimpleLink ™ CC26xx wireless MCU '

RF core

Main CPU

ARM®

Cortex ®-M3 Digital PLL

DSP modem

ARM®
Cortex ®-M0

General peripherals / modules Sensor controller

IC 4x 32-bit Timers Sensor controller
engine

UART 2 SSI (SPI, uW, TI)
12-bit ADC, 200 ks/s

128 Watchdog timer
2x comparator

10/15/31 GPIOs TRNG
SPI-I2C digital sensor IF

AES Temp. / batt. monitor
Constant current source

32 ch. uDMA RTC
Time-to-digital converter

DC-DC converter 2KB SRAM

Copyright © 2016, Texas Instruments Incorporated

K 2. Functional Block Diagram of CC2640R2F

The sensor controller, general peripherals, and modules help the designer to easily integrate the motor
control functions on top of the RF functions. The peripherals in the sensor controller include the following:

e The low-power clocked comparator can be used to wake the device from any state in which the
comparator is active.

» Capacitive sensing functionality is implemented through the use of a constant current source, a time
to-digital converter, and a comparator.

* The ADC is a 12-bit, 200-ksamples/s ADC with eight inputs and a built-in voltage reference. The ADC
can be triggered by many different sources, including timers, I/O pins, software, the analog
comparator, and the RTC.

« The sensor controller also includes an SPI to I°C digital interface.
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» The analog modules can be connected to up to eight different GP1Os. The peripherals in the sensor
controller can also be controlled from the main application processor.
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2.2.5

2.2.6

The 1/O controller controls the digital I/O pins and contains multiplexer circuitry to allow a set of peripherals
to be assigned to I/O pins in a flexible manner. All digital I/Os are interrupt and wake-up capable, have a
programmable pullup and pulldown function, and can generate an interrupt on a negative or positive edge
(configurable).

General peripherals and modules include the following:

» The synchronous serial interfaces (SSIs) are synchronous serial interfaces that are compatible with
SPI, MICROWIRE, and Texas Instruments' SSIs. The SSlIs support both SPI master and slave up to 4
MHz.

* The UART implements a universal asynchronous receiver and transmitter function and supports
flexible baud rate generation up to a maximum of 3 Mbps.

» Timer 0 is a general-purpose timer module (GPTM), which provides two 16-bit timers. The GPTM can
be configured to operate as a single 32-bit timer, dual 16-bit timers, or as a PWM module. Timer 1,
Timer 2, and Timer 3 are also GPTMs. Each of these timers is functionally equivalent to Timer 0.

» In addition to these four timers, the RF core has its own timer to handle timing for RF protocols; the RF
timer can be synchronized to the RTC.

« The I*)C interface capable of 100-kHz and 400-kHz operation and can serve as both I2C master and 1°C
slave.

» The TRNG module provides a true, non-deterministic noise source for the purpose of generating keys,
initialization vectors (IVs), and other random number requirements.

» The watchdog timer is used to regain control if the system fails due to a software error after an external
device fails to respond as expected.

TPS709

The TPS709 linear regulator is an ultra-low, quiescent current device designed for power-sensitive
applications. The LDO can work up to a 30-V input voltage, which makes it ideal for a five-cell Li-ion
battery supply application. A precision band-gap and error amplifier provides 2% accuracy over
temperature. A quiescent current of only 1 pA makes this LDO ideal for battery-powered, always-on
systems that require very little idle-state power dissipation. This device has thermal-shutdown, current-
limit, and reverse-current protections for added safety. The TPS709 linear regulator is available in WSON-
6 and SOT-23-5 packages.

LMT87-Q1

The LMT87-QL1 is a precision CMOS integrated-circuit temperature sensor with an analog output voltage
that is linearly and inversely proportional to temperature. The sensor can operate down to a 2.7-V supply
with 5.4-pA power consumption. Package options including through-hole TO-92 package allows the
LMT87-QL1 to be mounted onboard, off-board, to a heat sink, or on multiple unique locations. The LMT87-
Q1 has accuracy specified in the operating range of —-50°C to +150°C.

TPD1E10BO06

The TPD1E10BO06 device is a single-channel electrostatic discharge (ESD) transient voltage suppression
(TVS) diode in a small 0402 package. This TVS protection product offers £30-kV contact ESD, +30-kV
IEC air-gap protection, and has an ESD clamp circuit with a back-to-back TVS diode for bipolar or
bidirectional signal support. Typical applications of this ESD protection product are circuit protection for
general-purpose /O ports.
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2.3 System Design Theory
The three-phase BLDC motor needs a three-phase electronic drive to energize the motor based on the
rotor position. The electronic drive in this reference design consists of the following:
» Power stage with a three-phase inverter having the required power capability
* MCU to implement the motor control algorithm and having Bluetooth low energy capability
» Position sensor for accurate motor current commutation
» Gate driver for driving the three-phase inverter
» Power supply to power up the MCU
23.1 Power Stage Design—Battery Power Input to the Board
K 3 shows the section for the battery power input. The input bulk aluminum electrolytic capacitors C6 and
C7 provide the ripple current, and its voltage rating is de-rated by 20% for better life. These capacitors are
rated to carry high-ripple current. C11 is used as a high-frequency bypass capacitor. D1 is the TVS having
a breakdown voltage of 30 V.
==cn J:ca J:m D2
To.mF |
=
Copyright © 2017, Texas Instruments Incorporated
K 3. Schematic of Battery Power Input Section
The input supply voltage PVDD is scaled using the resistive divider network, which consists of R3, R5 and
C12, and fed to the MCU. 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 A= 1:
300 kQ + 2000 kQ 300 kQ + 2000 kQ
Voo =\ L ) _33x )_253v
bC ADC_DC 300 kQ 300 kQ (1)
Considering 15% headroom for this value, the maximum recommended voltage input to the system is 25.3
x 0.85 = 21.5. So for a power stage with maximum operating voltage of 21 V, this voltage feedback
resistor divider is ideal. Also, this choice gives optimal ADC resolution for a system operating from 6 V to
21 V.
ZHCU327-November 2017 KA II#E Bluetooth® 5.0 A9 MCU. 18V/I600W BLDC #4177 #1481t 9
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232

Power Stage Desigh—Three-Phase Inverter

The three-phase inverter is realized using three MOSFET power blocks. Each power block consists of two
MOSFETs connected as a high-side and low-side FET, which can be used as one leg of the inverter. & 4
shows one leg of the power stage. This stage consists of one power block and the decoupling capacitor
C40 placed close across power blocks to reduce the ringing in the supply lines because of the parasitic
inductance added by the sense resistor and the power track.

PVDD
T

vsw SH

PVDD

IC40

2.24F

vsw GL

vsw PGND
vsw PGND
vsw PGND

PGND
NC PGND
NC PGND
NC PGND
NC PGND
NC PGND

CSD88599Q5DC

Copyright © 2017, Texas Instruments Incorporated

4. Schematic of One Half Bridge of Three-Phase MOSFET Inverter

E: Connect the decoupling capacitors very near to the corresponding MOSFET legs for better
decoupling. An improper layout or position of the decoupling capacitors can cause undesired
Vps Switching voltage spikes.

The design measures DC bus current using the shunt resistors R23 and R24 mounted on the DC bus
return path, as shown in [& 5. The sensed currents are fed to the MCU through the current shunt
amplifiers .

R23
0.001

R24
SLA

0.001
s

R25 R26 =
10.0 10.0 GND

Copyright © 2017, Texas Instruments Incorporated

K 5. Schematic of External Shunt for Current Sensing

Power dissipation in sense resistors 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 maximum continuous
RMS current of 35 A with a peak current of 60 A for 2 seconds. A high sense resistance value increases
the power loss in the resistors. The internal current shunt amplifiers of the DRV8323 have an input offset
error of 4 mV. The DRV8323 has the DC offset voltage calibration feature. In case the amplifier is used
without offset calibration, it is required to select the sense resistor such that the sense voltage across the
resistor is sufficiently higher than the offset error voltage to reduce the effect of the offset error. Selecting
a 0.5-mQ resistor as the sense resistor, the power loss in the resistor at 35-Agys is given by A= 2:

Power loss in the resistor = lgys? x Rgensg = 352 x 0.0005 = 0.6125 W @

At a 60-A peak current, using A=\ 2, the power loss in the resistor = 1.8 W (for 2 seconds). This
reference design uses two 1-mQ, 3-W resistors in parallel.

10
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VE: The user can consider reducing the sense resistor further down to reduce the power loss and

use the current sense amplifier in maximum gain.

2.3.3 Power Stage Design—DRV8323 Gate Driver

K 6 shows the schematic of the DRV8323 gate driver. C5 is the DVDD decoupling capacitor that must be
placed close to the device. PVDD is the DC supply input; in this case, it is a battery voltage of 18 V. A 4.7-
uF capacitor (C2) is used as the PVDD capacitor. The diode D1 helps to decouple the gate driver power
supply in case the battery voltage dips during short-circuit conditions. The presence of D1 enables the
PVDD capacitor C2 to hold the voltage under small duration dips in supply voltage from battery and
makes sure that the gate driver does not enter an undesired undervoltage lockout (UVLO). C3 and C4 are
charge pump capacitors. The EN_GATE of DRV8323 is connected to the MCU. This connection helps the
MCU to enable or disable the gate drive outputs of the DRV8323. For the voltage rating and selection of
these capacitors, see the DRV8323 6 to 60-V Three-Phase Smart Gate Driver Data Sheet.
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4 5
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K 6. Schematic of DRV8323 Gate Driver

2.3.3.1 Features of DRV8323

The DRV8323 integrates three half-bridge gate drivers, each capable of driving high- and low-side N-
channel MOSFETSs. A doubler charge pump provides the proper gate bias voltage to the high-side
MOSFET across a wide operating voltage range in addition to providing 100% duty cycle support. An
internal LDO provides the gate bias voltage for the low-side MOSFETs. The DRV8323 implements a
smart gate drive, which allows the user to adjust the gate drive current on the fly without requiring current-
limiting gate drive resistors. Current is adjustable through the SPI or on the IDRIVE pin for the hardware
interface.
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The gate drivers support adjustable peak current and duration settings through the IDRIVE and TDRIVE
settings. This support allows for adjusting the external MOSFET slew rate and provides additional system
protection. The peak source and sink current of the DRV8323 gate drivers is adjustable either through the
device registers or by an external pin, IDRIVE. Control of the MOSFET V4 slew rates is an important
parameter for optimizing emitted radiations and system efficiency. The rise and fall times also influence
the energy and duration of the diode recovery spikes and dV/dt related turnon. When changing the state
of the gate driver, the peak current (IDRIVE source or sink) is applied for a fixed period of time (TDRIVE)
during which the gate capacitances are charged or discharged completely. After TDRIVE has expired, a
fixed holding current (IHOLD) holds the gate at the desired state (pulled up or pulled down). During high-
side turnon, the low-side gate is pulled low with a strong pulldown. This pulldown prevents the gate-to-
source capacitance of the low-side MOSFET from inducing turnon.

The fixed TDRIVE time ensures that under abnormal circumstances like a short on the MOSFET gate or
the inadvertent turnon of a MOSFET Vg clamp, the high peak current through the DRV8323 gate drivers
is limited to the energy of the peak current during TDRIVE. Limiting this energy helps to prevent damage
to the gate drive pins and external MOSFET. The TDRIVE time must be selected to be longer than the
time need to charge or discharge the MOSFET gate capacitances. IDRIVE and TDRIVE must be initially
selected based on the parameters of the external MOSFET used in the system and the desired rise and
fall times. TDRIVE does not increase the PWM time and will terminate if a PWM command is received
while it is active. A recommended starting point is to select a TDRIVE that is approximately two times
longer than the external MOSFET’s switching rise and fall times.

The DRV8323 integrate the following protections, which help in making a reliable power stage:

* V,, UVLO

* Ve UVLO

* Vpg Overcurrent protection

* SENSE overcurrent protection

e Thermal shutdown

e Thermal warning

For more details, refer to the DRV8323 6 to 60-V Three-Phase Smart Gate Driver Data Sheet.

2.3.3.2  Current Shunt Amplifier in DRV8323

The SOx pin on the DRV8323 and DRV8323R outputs an analog voltage equal to the voltage across the
SPx and SNx pins multiplied by the gain setting (GCSA). The gain setting is adjustable between four
different levels (5 V/V, 10 V/V, 20 V/V, and 40 V/V). The current shunt amplifiers can be programmed and
calibrated independently and can support bidirectional and unidirectional current sensing with
programmable output bias scaling VREF or VREF/2. The amplifier can monitor the current through the
half-bridges, and the current is approximately calculated as in 23 3.

SOy = VRZEF +(1xCSA_GAINxRps on)

©)

K 7 shows the current sense amplifier configuration.

12

KL II#E Bluetooth® 5.0 £75: MCU. 18V/600W BLDC #HHLIZH|Z% %1 ZHCU327-November 2017

TIDUDK8 — http://www-s.ti.com/sc/techlit/TIDUDK8
JitAL © 2017, Texas Instruments Incorporated



http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUDK8.pdf
http://www.ti.com/lit/pdf/SLVSDJ3

13 TEXAS
INSTRUMENTS

www.ti.com.cn System Overview

RSENSE

7. DRV8323 Current Shunt Amplifier Configuration

2.3.4 LDO—3.3-V Generation

The reference design uses the ultra-low quiescent current, low-dropout linear regulator TPS709 to

generate the 3.3-V power supply for the MCU from the input voltage of 18 V. 4| 8 shows the schematic of
the LDO circuit.

IN out ﬁ
C14 4
220F T O|EN

NC PAD L
NC GND [

TPS70933DRVR —_

GND  GND GND

Copyright © 2017, Texas Instruments Incorporated

K 8. Schematic of 3.3-V LDO

The selection of LDO depends on the wide input voltage support (in this design, from 6 V to 21 V), the
load current, and power dissipation. Power dissipation depends on input voltage and load conditions.
Power dissipation (Pg) is equal to the product of the output current and the voltage drop across the
output pass element, as shown in Az 4:

Paiss = (Vin = Vour ) lout ()
Assuming a nominal LDO load current of 30 mA, the power dissipation at V,, = 21 V can be calculated as:
Pgss = (21 — 3.3) x 0.03 = 0.531 W. 3 2 shows the specification of the LDO used for this reference design.

% 2. Specification of Buck Converter

PARAMETER SPECIFICATION

6 Vto 21V (18-V nominal)
33V
50 mA

Input voltage

Output voltage

Maximum output current (for this reference design)
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For the detailed design of LDO, refer to the TPS709 150-mA, 30-V, 1-xA 1Q Voltage Regulators with
Enable Data Sheet.

235 Power Stage Design—Microcontroller CC2640R2F

K 9 shows the schematic for configuring the CC2640R2F MCU. The VDSS power supply for the MCU 3.3
V derived using a stable LDO with good power supply rejection ration (PSRR). The 3.3-V power supply is
connected to the VDSS through L2 (a GHz Noise Suppression Chip Ferrite Bead), providing a low-noise
supply to the MCU. C18, C19, C20, and C21 are the decoupling capacitors.

The VDDR power supply is generated using the internal DC/DC of CC2640R2F, and L3, C22, C23, and
C24 form the filter components for the same. Y1 is the 24-MHz, high-frequency external clock and Y2 is
the 32-kHz, low-frequency external clock. The GPIO pins of the CC2640R2F MCU (DIO_0 to DIO_30)

interface with different functions such as ADC inputs, SPI communication, LED drives, PWM generation,

and so on.

The RF front end is used in differential-ended configurations with internal biasing. The filter components
are used at the RF front end and tuned for application. J1 is the JSC connector for conducted RF
measurements. C27 and C31 share a single pad. To connect the antenna, mount C31, while for
conducted RF measurements mount C27 and remove C31.

DC-DC Filter VDR VODS VDDS Decoupling Capacitors

VDDS

WMCU_VDD
L2
C18 C19 C20 C21

01pF | o1pr | oapr | 10pF

a4
13
22
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VDDS2
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DCDC_SW.

45
c24 48

VDDR
VDDR_RF

0.1pF [ 0.1pF 10pF 341 vpps_bcpe

— —_— — DCDC_sW 33 DCDC_SW

GND

GND

[}
z
(S]
[a)
z
[S]

X32K_Q2
X32k_Q1

2 My 1 47
G X24M_P
GND -|||—0 PR e e 46| Yoam
|
[
.

ano |

. . 32.768 KHz i: RESET
}—L 2| JITAG_TCKC
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12pF

6.80F = N

GND
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5 2 16
=20t a0 | e
35
pF

R16

100k
JTAG_TMSC

RESET
lc3s K

o1pF 91 RF_N

—2¢

JTAG_TCKC

DCOUPL 12pF  1.8pF
c33 ©37
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pr— 49

= EGP __I I”‘F 1pF = 1 =
—_ = — GND G-D GND
GND GND GND

CC2640R2FRGZR
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& 9. CC2640R2F Schematic

2.3.6 Power Stage Design—Hall Sensor Interface

10 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. R53,
R54, and R55 are used as the pullup resistors.
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i 10. Schematic of Hall Sensor Connector
VE: The Hall sensor connection must match with the winding connection for proper operation of

the BLDC motor.
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2.3.7 Temperature Sensing

11 shows the temperature sensor circuit used to measure the PCB temperature. The LMT87-Q1 is an
analog output temperature sensor. The amplifier has a simple push-pull output stage, thus providing a

low-impedance output source. The average output sensor gain is 13.6 mV/°C. The temperature sensor
placed near the MOSFET to detect the close MOSFET temperature.

33V U9

3 RS9
VDD ouT

VDD 10.0k
VDD

SININ

Temp_sense

C52

c53 2 0.1F
0.1pF GhD)
LMT87QDCKRQ1

GND

GND  GND

Copyright © 2017, Texas Instruments Incorporated
K 11. Schematic of Temperature Sensor

2.3.8 Power Stage Design—External Interface Options and Indications

2.3.8.1 Speed Control of Motor

The speed control is done using a potentiometer (POT), and the POT voltage is fed to the ADC of the
MCU. Kl 12 shows the schematic of the circuit. The POT is supplied from the 3.3-V supply. A 20k POT

can be connected externally to the jumper J2. Connect the fixed terminals of the POT to terminal 1 and 3
of J1 and mid-point to terminal 2 of J2.

J2
1
—— R29
o Speed_Ref >
bl 10.

0k
C48L lgas
0.1F 1.00M

GND

Copyright © 2017, Texas Instruments Incorporated

12. Schematic of Potentiometer Connection for Speed Control

The resistor R33 is used to ensure that the speed control reference is zero if the POT terminal is open.

2.3.8.2  Direction of Rotation—Digital Input

The jumper J3 (shown in & 13) sets the direction of rotation of the motor. Close or open the jumper to
change the direction of rotation. The pin is connected to the MCU. The MCU GPIO is connected to the
direction control input of the DRV8323. The DIR_IN is also connected to the DRV8323 through R30 (see

Kl 7). The selection between R30 and R31 enable the direction control through MCU or directly by the
jumper J3.

Copyright © 2017, Texas Instruments Incorporated

K 13. Schematic of Digital Input to Change Direction of Rotation
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2.3.8.3 ESD Protection

The reference design uses ESD diodes for transient voltage protection at the digital pins that are
accessible by the external user.

u10 TPD1E10BO6DPYR
! 2

un TPD1E10 BO6DPYR
1 2 ]
u12 TPD1E10B06DPYR
1 2
DIR_IN 1 2
I
u13 TPD1E10B06DPYR
1 2
TDI 1 2
I
u14 TPD1E10B0O6DPYR
1
TDO 1 2
I
U7, TPD1E10B0O6DPYR
RESED> 114 2

GND

Copyright © 2017, Texas Instruments Incorporated

14. Schematic of ESD Protection
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3 Hardware, Firmware, Testing Requirements, and Test Results

3.1 Required Hardware and Firmware

3.11

3.1.11

Hardware

Connector Configuration of TIDA-01516

K 15 shows the connector configuration of this reference design, 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 & 15.

Three-terminal output for motor winding connection: The phase output connects to the three-phase
BLDC motor winding, marked as PHASE W, PHASE V, and PHASE U, as shown in [¥ 15.

JSC connector J1: This connector is provided for conducted RF measurements. Connect C27 and
disconnect C31 for conducted measurements.

Three-pin connector J2: This connector can interface an external potentiometer for speed reference.
The two fixed terminals of the potentiometer must be connected to the 3V3 pin and GND pin. The mid-
point of the potentiometer must be connected to the POT pin of the connector.

Two-pin connector J3: This connector is used for the motor direction change. Externally shorting or
opening this connector changes the direction of the rotation of the motor.

Six-pin connector J4: This is the programming connector for the MCU. The two-wire Spy-Bi-Wire
protocol programs the CC2640R2. TDI and TDO lines are not required in this case.

Five-pin connector J5: This is the interface for connecting the Hall position sensors from the motor.

Four-pin connector J6: This connector is provided as an optional SPI for any external controller.
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Battery Supply Input
- + PHASE W PHASE U

l PHASE V

Temperature Sensor
(at PCB bottom side)

BLE chip current
consumption can be
monitored at L2

Direction Control
Speed 3v3 —Pp| Fy . Digital Input (J3)
Reference Input POT —p| . <
2) GND — -1 q ;
—\F Hall sensor Interface(J5)
vz —pf qus <
oI — >l . .
CC2640R2 DO ’_ Lt Optional SPI mFerface for
Programming R external device (J6)
TCKC g | <
Connector (J4) & ESL:
TMSC —p-§ = LED Indications
GND —p-f

JSC connector for
conducted RF

PCB Antenna measurement
HA HC 3v3
HB GND
Hall Sensor Interface (J5)
15. TIDA-01516 PCB Connectors
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3.1.1.2

Programming of CC2640R2F

The on-chip debug support is done through a dedicated cJTAG (IEEE 1149.7) or JTAG (IEEE 1149.1)
interface. The reference design uses the two-wire Spy-Bi-Wire protocol to program the CC2640R2F MCU.
K 16 shows the interface in the reference design board.

33V

R46 R32
47 .5k 47.5k 3.3V

TDO
Rag 400—( JTAG_TCKC
JTAG_TMSC

W_

Gl

z

D
J7

2
PECO01SAAN

Copyright © 2017, Texas Instruments Incorporated

16. Schematic of CC2640R2F Programming Connector

See the CC-DEBUGGER product page for the programming options with an external JTAG interface.

The following list outlines the steps to program the CC2640R2 MCU when the programming supply
voltage is provided by the board itself:

1.

3.1.13

Remove the motor connections from the board and power on the input DC supply. Make sure that a
minimum of a 6-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.

Procedure for Board Bring-up and Testing

The following list details the procedure for board bring-up and testing:

1. Remove the motor connections from the board and power on the input DC supply. Make sure that a
minimum of a 6-V DC input is applied and the 3.3 V is generated in the board.

2. Program the MCU as detailed in 5 3.1.1.2.

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

4. Connect the inverter output to the motor winding terminals. Connect the position Hall sensor inputs to
the connector J5, and make sure that the winding connection and Hall sensor connections match.

5. Connect the POT at the interface J2 and set the speed reference.

6. Use a DC power supply with current limit protection and apply 8-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.

7. If the motor is not rotating and takes high current or rotates and draw distorted peak winding current
waveform (proper waveform shape is as shown in ¥ 26), then check the winding and Hall sensor
connection matching. If wrong, correct it.

8. Adjust the POT voltage for change in speed.

9. To change direction, switch off the DC input, close the jumper J3, and switch on the DC input.
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3.1.2

3.1.21

Firmware

High-Level Description of Application Firmware

The firmware of this reference design runs on Bluetooth low energy 5.0 stack. The firmware also

configures the DRV8323 over SPI and execute BLDC motor trapezoidal control by configuring the PWMs

and ADCs.

% 3 lists the system components for the firmware of this reference design .

# 3. TIDA-01516 Firmware System Components

SYSTEM COMPONENT

DESCRIPTION

Development and emulation

Code Composer Studio™ (CCS) v7.2

Target controller

CC2640R2F

RF measurement platform

SmartRF™ Studio

PWM frequency

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

PWM generation—timer configuration

TIMER clock = 48 MHz
Mode: PWM duty cycle is defined in TIMER counts

Bluetooth low energy RF configuration

Differential RF with internal bias

ADC channel assignment

DIO23 — Low-side DC bus current sensing

DIO24 — PCB or FET temperature feedback

DIO25 — Speed reference from the external potentiometer
DIO26 — DC bus voltage sensing

DRV8323—SPI programming pins connection

DIO8 — SDI
DIO9 — SDO
DIO10 — SCLK
DIO11 — SCS

DRV8323—Digital inputs and outputs

DIO6 — PWM

DIO7 — Direction Input

DIO12 — BRAKE

DIO13 — EN_GATE (ENABLE for DRV8323)
DIO14 — FAULT

DIO21 — CAL (Calibration for DRV8323 amplifier)

MCU digital inputs and outputs

DIO4 — Direction of motor rotation, DIO0 and DIO1 — LED

ZHCU327—-November 2017
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3.1.2.2  Prerequisites for Developing and Running the TIDA-01516_Firmware_1.0 Application

This reference design board can work as a stand-alone board once the MCU firmware is flashed and
downloaded to the onboard CC2640R2F MCU. To develop and debug the firmware using TI's CCS
Integrated Development Environment (IDE), an XDS emulator is needed for emulating JTAG and UART
lines over USB. [¥| 17 shows the hardware interconnections needed between the design board and the
LaunchPad™ (using as an XDS emulator) for flashing the code in this reference design.

A potentiometer can be used to control the speed of the motor. Also, a Bluetooth-enabled phone (with a
Bluetooth low energy scanner application) is required to interact with the reference design over Bluetooth

low energy.
USB Power, 18-v
Debug Interface to PC supply Inputs to

3-Phase Motor

Remove jumpers and
use pins towards XDS
for connecting JTAG

CZ6ADR2 Rev--0:3 ‘

L

Resistor
Pot

=
x
e
=
=t
==

Reset ——p§
TCK  |—p
T™MS ——p
GND |—p |
JIAG |—»

ﬁeﬂ? ?.(mza
bios ) oot

. Maunt for
CC- ANTENNA- DR
J
Ny TIDA-01516
CC2640R2F LaunchPad
N
0
Control Option 1: Control Option 2: CC2541 BLE Device Monitor
Smart Phone with BLE (Connected to USB Port)

Copyright © 2017, Texas Instruments Incorporated

17. TIDA-01516 Interfacing With XDS Emulator and External Bluetooth Devices

Ensure the following prerequisites are downloaded and installed:
* CCS Version 7.20.00013 or above
* SIMPLELINK-CC2640R2-SDK_1_35 00_33
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VE: The application firmware for this reference design is developed using the mentioned SDK

version. Check if later versions are available. Porting the application firmware to the new
SDK version might require some changes. The "simple_peripheral" application in the SDK
examples is used as a starting point for developing the firmware application for this design.
#7 3.1.2.3 to i 3.1.2.5 detail the required steps.

3.1.2.3  Porting the simple_peripheral Application

To port and run the "simple_peripheral" application on this reference design, remap the peripheral pins as
per the schematics of the design by following these steps:
1. Duplicate the "CC2640R2_LAUNCHXL" directory in the following path:

<SDK_INSTALL_DIR>\source\ti\ble5stack\boards\CC2640R2_LAUNCHXL
Give it a unique, meaningful name for the development platform. In this example, call it

"CC2640R2_MYBOARD".

2. In the :CC2640R2_MYBOARD" folder, replace the existing files with example files of
CC2640R2_MYBOARD.c, CC2640R2_MYBOARD.h, and Board.h. These files are available in the
TIDA-01516_Firmware_ V1.0 zip package downloadable from the TIDA-01516 product page.

3. Modify the board.c and board.h files in <SDK_INSTALL_DIR>\sourcel\ti\ble5stack\target:
a. In board.h, add the following lines before "#else" statement:

#elif defined(CC2640R2_MYBOARD)
#include "./../boards/CC2640R2_MYBOARD/Board.h"
b. In board.c, add the following lines before "#else" statement:
#elif defined(CC2640R2_MYBOARD)
#include "./../boards/CC2640R2_MYBOARD/Board.h"
#include "./../boards/CC2640R2_MYBOARD/ CC2640R2_MYBOARD.c"

3.1.2.4  Building and Running the Ported simple_peripheral Application

» Import the "simple_peripheral" application from the SDK. This step also automatically imports the
"simple_peripheral_stack_library" to the IDE. As a first step, build the stack_library by right clicking on
the project in the project explorer and selecting "Build Project".

* Replace "CC2640R2_LAUNCHXL" with "CC2640R2_MYBOARD" in the project’s application
predefined symbols (see
<SDK_INSTALL_DIR>\docs\ble5stack\ble _user_guide\html\cc2640\developing_in_ccs.html or
<SDK_INSTALL_DIR>\docs\ble5stack\ble_user_guide\html\cc2640\developing_in_iar.html)

e Build and run the application. The device goes into advertising mode and can be connected to and
controlled using the "BLE Scanner" application on the mobile phone. For detailed information on
“simple_peripheral” application, refer to the “README.html” in the following path in the SDK:

<SDK_INSTALL_DIR>\examples\rtos\CC2640R2_LAUNCHXL\ble5stack\simple_periphera\README
.html
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3.1.25

1.

Developing and Running the TIDA-01516_Firmware_V1.0

Modify the PWM driver "PWMTimerCC26XX.c" from the SDK to enable application call back on the
rising edge of the PWM signal, which can be used to trigger the start of conversion signal for the ADC
in the CC2640R2F MCU.

Replace the contents of the PWMTimerCC26XX.c file in <SDK_INSTALL_DIR>\source\ti\drivers\pwm

with the content from TIDA-01516 Firmware_V1.0\PWMTimerCC26XX.c.

Right click on the project in CCS IDE, click on "Add Files", select the modified file, which could be
either copied or linked.

In the CCS IDE workspace, replace the content of the files "main.c”, "simple_peripheral.c",
"simple_gatt_profile.h", "simple_gatt profile.c", and "app_ble.cfg" in the CCS project with the content
from the same files available in the TIDA-01516 Firmware_V1.0 package.

Build and run the application. The device goes into advertising mode and can be connected to and
controlled using the Bluetooth low energy scanner application on the mobile phone.

VE: For more options and features on the application program, refer to the README_TIDA-
01516.html file in the TIDA-01516_Firmware_V1.0 zip package.
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3.2 Testing and Results

3.21 Functional Tests

3.21.1  3.3-V Power Supply Generated by LDO

K 18 shows the 3.3 V generated from the LDO and the ripple in the 3.3-V rail during the 100-ms, three-
channel advertisement mode in the CC2640R2F MCU.

O  -200.0ms € 5.400mV
O 200.0ms () -4.000mv
A400.0ms A9.400mV
3.3-V.output from LDO
: g Ripple in 3.3-V éutput ’
) | ) ) ) ] ) |
= — - — - f - — = - —t—
o : ‘ : [ : gy : '
1 ! i i li
’_@ 1 1 ‘\
Ripple voltage < 10 mVE
(1) 5.00mvie @ 1.00V ' j[40.0ms } [250k5/s } @ —17.4va
100k points

K] 18. Output Voltage of 3.3 V From LDO and 3.3-V Voltage Ripple

3.2.1.2 PWM Generated by Gate Driver in Single PWM Mode

19 shows PWM generated by the DRV8323 in single PWM mode. The gate driver is configured for
active freewheeling mode.

a4

PWM High-side gate voltage PWM

v

120° elec

“—>

Active freewheeling Low-side gate voltage PWM

K 19. Low- and High-Side FET Gate Voltage Generated by Gate Driver for Trapezoidal Control
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3.21.3

MOSFET Switching Waveforms

20 to & 23 show the V5 and Vg waveforms of the low-side and high-side MOSFETSs at a gate current
of the DRV8323 (IDRIVE), which is set at a 190-mA source and 880-mA sink for the high-side FET and a
820-mA source and 880-mA sink for the low-side FET. Switching waveforms are clean without much

overvoltage ringing due to the following:

The power block has both the high-side and low-side switches in same package, which reduces the
parasitic inductance and hence reduces the phase node voltage ringing.

The current controlled gate driver with slew rate control helps to optimize the switching.

The IDRIVE and TDRIVE features of the gate driver help shape the gate current to optimize the

switching.
: & Sh
: . VGS
@
E Vos E
: : 4
& coov & o0y 100ns 2 50GS /s (1 5ot 2017
W+¥39.60000ns 100k points -1.40Y 04:03:35
K 20. Turnon—Low-Side Vs and Vg at 20-A Winding Current
N N} -
P
o o Vbs
. . . 4 A o mani
—t + —t ——+ —— —i— "
. © Windingcurrent - \ R T P
2 '— s s g .
& 50y @ o9 Y io0m 25005/ @ | sonau
W+v-85.60000ns 100k points 15,1y 04:00:36

21. Turnoff—Low-Side Vg5 and Vpg at 20-A Winding Current
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& oV 2.50Y 200ns 2.5065/3 o 50ct 2017
E+v421.6000ns 100k polnts 11y 04:15:49

K 22. Turnon—High-Side Vg and Vs at 20-A Winding Current

I e . T
«
® -0° @ 200 Joom . 250k @/ | 500 200
-+v202,0000ns 100k points 126 04:18:24
K 23. Turnoff—High-Side Vg5 and Vs at 20-A Winding Current
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3.2.2 Power Stage Load Test

The reference design board is tested with an external BLDC motor and load using the test setup in ¥ 24.

Mechanical
BLDC motor Load

Copyright © 2017, Texas Instruments Incorporated

K 24. Motor Load Test Setup in Lab

Testing is done without heat sink and without airflow at different duty cycles. ¥ 25 shows the motor
current and winding voltage waveforms at a 50% duty cycle and 26.4-Agys current. & 26 shows the
waveforms at a 100% duty cycle and 27-Agys Winding current.

. Winding current

. . . . . 1 Winding voltage measured with GND
& woy 10.0ms 1.00MS/ s o o
+20.0 4 -+>0.000000 s 100k points 15.6Y SOct 2017
Value Mean Min Max Std Dev 04:45:13
[ 4 LIt 264 & 26.4 26.4 26.4 0.00

i 25. Motor Waveforms at 18-V DC Input, 26.4-Ag,s Winding Current, 50% Duty Cycle
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Windiﬁg current

& oy

3.00ms 2 50M3/s 1 Wi N
W+v0.000000 5 100k points 16.38Y 50ct 2017
[ Yalue Mean Min Iax Std Dey ] 04:48:43

K 26. Motor Waveforms at 18-V DC Input, 27-Agys Winding Current, 100% Duty Cycle

# 4 shows the load test results at a 25.6-Agys Winding current. Testing is done at 100% duty cycle. & 27
shows the steady state thermal image of the board at the same condition, captured after 10 minutes of
continuous running. The maximum FET temperature observed is 95°C.

% 4. Load Test Results at 100% Duty Cycle Without Heat Sink

VDC (V)

IDC (A)

WINDING CURRENT
(RMS) (A)

INPUT POWER (W)

MAXIMUM FET
TEMPERATURE (°C)

18

30.4

25.6

547

92

K 27. Thermal Image at 18-V DC Input, 25.6-Azys Winding Current, 100% Duty Cycle

3.2.3 Cycle-by-Cycle Overcurrent Protection by DRV8323 V5 Monitoring

28 shows the cycle-by-cycle peak current limit by the DRV8323, when the motor is loaded more than
the set current limit. The test conditions are specified in 3 5.
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% 5. Test Condition for Cycle-by-Cycle Overcurrent Protection by DRV8323

PARAMETER VALUE
Measured MOSFET Rps oy at 25°C 0.8 mQ
Vps threshold 0.06 V
DRV8323—TDRIVE 2 s
Duty cycle Deglitch time (OCP_DEG) 4 pus
DRV8323—TDRIVE overcurrent protection mode (OCP_MODE) | Overcurrent causes an automatic retrying fault

Assuming the junction temperature of 100°C, the Rps oy at 100°C = 1.136 mQ (approximately 1.42 times
the Rps oy at 25°C, from CSD88584Q5DC 40-V Half-Bridge NexFET™ Power Block):

Current limit threshold = Vs threshold / Rps oy = 52.8 A

28 shows that the current is limited approximately at 35 A. ¥ 29 shows the zoomed view where the
PWM is shuts off during current limit action and a fault signal is generated. The fault reset at the next
PWM rising edge.

yr

Fault

& S0V By @ SOV Bl T
20004 |[1I].Dn'|s 75360 254y < WHz[195225 |

K 28. Cycle-by-Cycle Current Limit by DRV8323

Vas .

N IR I | P O B O R O B IR

N RO S AU 1 PR AN AR ON N '

----------------------------- PWM fromMCU « + « © « « ot

5 IR I O O S o O O P S W O

@50y b @S0 Bl Dl b
2004 |[24I].IJJJ5 7 48l0ms il S 254Y <10H135507 |

29. Cycle-by-Cycle Overcurrent Limit Showing PWM Shutoff
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3.24 RF Measurements

3.241 RX Sensitivity Measurement

This test measures the Bluetooth RX sensitivity of this reference design. The test is executed as per the
method mentioned in the application note ETSI EN 300 328 RX Blocking Test for Bluetooth® Low Energy.
The testing is done with and without enabling the gate driver and the motor.

¥ 30 shows the lab test setup to measure the RX sensitivity. The test is set up for conducted
measurements. The PCB antenna in the reference design board is disconnected for testing by removing
C31 and connecting C27 so that the JSC connector J1 is available for conducted RF measurements. The
reference design board, and XDS emulator are kept inside a shielded box to eliminate the effect of
radiation.

The test setup uses the RF signal generator R&S®SMU200A. The Bluetooth low energy packets are
emulated using the I, waveform, R&S_IQ_BLE_1Mbps_1pkt_70ms_guard.wv, as mentioned in the
application note ETSI EN 300 328 RX Blocking Test for Bluetooth® Low Energy.

SmartRF Studio  TIDA board Motor with load setup TIDA board XDS emulator

Signal generator

K 30. Test Setup to Measure RX Sensitivity When Motor is Running

To evaluate the performance of the Bluetooth low energy chip and the effect of the motor running, the
following test conditions are executed as shown in ¥ 31 and & 32.

18Vv DC
EN_GATE = 0 V (Gate Driver Disabled)
RF Generator Coaxial RF i + SmartRF™ Studio
cable | TCKC ‘
TMSC
| ® GND XDS Emulator
TIDA-01516 RESET

Copyright © 2017, Texas Instruments Incorporated

K 31. Test Setup for RX Sensitivity Measurement—Gate Driver Disabled and Motor Not Rotating
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PWM (INH_A) - External 20kHz, 50% Duty Cycle

18 v DC i
BRAKE or DIO12 = High (3.3 V)
EN_GATE=3.3V
RF Generator Coaxial RF \ A ; SmartRF™ Studio
. cable | TCKC |
= TMSC
; ]/_\@ GND XDS Emulator
TIDA-01516 RESET
A
Motor Winding
Hall Sensor Connection
Signals
BLDC
Motor

Copyright © 2017, Texas Instruments Incorporated

K 32. Test Setup for RX Sensitivity Measurement—Gate Driver Enabled and Motor Rotating at 50% Duty

Cycle

The test is performed at three channels (2402 MHz, 2440 MHz, and 2480 MHz). The Bluetooth low energy
specification specifies a packet error rate (PER) limit at 30.8% (1038 OK packages out of 1500 packages).
Power loss in the cables, coupler, and so on from the signal generator to the reference design in the test
setup needs to be measured and compensated for accurate measurement. The cable loss is measured
using a spectrum analyzer at different Bluetooth channel test frequencies. The difference between the TX
source power from the RF signal generator and the power applied to the TIDA-01516 board is calculated
to be 2.4 dB at 2402 MHz, 2.65 dB at 2440 MHz, and 3.1 dB at 2480 MHz; these measurements are used
to compensate the results given in 3£ 6.

& 6. RX Sensitivity Measurement

CATTE BRIVER GATE DRIVER ENABLED, | GATE DRIVER ENABLED,
DISABLED, MOTOR OFF IOTOIR O Ao Gl
FREQUENCY 2 (4-A CURRENT) (15-A CURRENT)
PEP (dBm)| LEVEL
(MHz) PACKETS PACKETS PACKETS
RECEIVED | PER (%) | RECEIVED | PER (%) | RECEIVED | PER (%)
OK OK OK

-90.79 -1135 1479 1.4 1470 2 1446 3.6

-91.79 -1145 1374 8.4 1356 9.6 1329 11.4

2440 -92.29 -115 1293 13.8 1269 15.4 1248 16.8
-92.79 -1155 1110 26 1053 29.8 1032 31.2

-93.29 -116 948 36.8 870 42 867 42.2

-90.79 -1135 1470 2 1443 3.8 1437 4.2

-91.79 -1145 1395 7 1365 9 1344 10.4

2402 -92.29 -115 1203 19.8 1170 22 1152 23.2
-92.79 -1155 1023 31.8 933 37.8 900 40

-93.29 -116 753 49.8 690 54 687 54.2

-90.79 -1135 1461 2.6 1455 3 1455 3

-91.79 -1145 1317 12.2 1311 12.6 1305 13

2480 -92.29 -115 1215 19 1206 19.6 1188 20.8
-92.79 -1155 1014 32.4 1005 33 987 34.2

-93.29 -116 810 46 804 46.4 768 48.8
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The RX sensitivity measurements without enabling the motor drive and at different motor load conditions
are plotted in ¥ 33, & 34, and ¥ 35 at frequencies of 2480 MHz, 2440 MHz, and 2402 MHz,

respectively.

The received signal strength indication (RSSI) is calculated after compensating the cable loss from the

observed PEP given in # 6. Considering a PER limit of 30.8% and after compensating the cable loss, the
RSSI with gate driver disabled (motor off) can be read from ¥ 33 through K 35 as more than —95.1 dBm
at the three frequencies.

The sensitivity levels do not have a noticeable difference when the motor is rotating and when the motor

drive part is disabled. The observed maximum difference in RSSI is less than 0.3 dBm across the
frequencies with and without enabling the motor drive.

60

55

—— Gate Driver Disabled, Motor OFF

50

—— Gate Driver Enabled, Motor ON (4-A Winding Current)
—— Gate Driver Enabled, Motor ON (15-A Winding Current)

EPNS
N

-93.75

40 \
35
< \
x 30
[}
o
25 \\
20 N
15 \
10 S —
) \\
N
0
-96.50 -96.25 -96.00 -95.75 -95.50 -95.25 -95.00 -94.75 -94.50 -94.25 -94.00
RSSI (dBm)
33. RX Sensitivity Measurement at 2480 MHz
50
—— Gate Driver Disabled, Motor OFF
45 —— Gate Driver Enabled, Motor ON (4-A Winding Current)
—— Gate Driver Enabled, Motor ON (15-A Winding Current)
40 \
35 .\
i \
<
© 25 AN
w
o \
“ \\
5 &
10 \\.g
] %\
\;
0
-96.00 -95.75 -95.50 -95.25 -95.00 -94.75 -94.50 -94.25 -94.00 -93.75 -93.50
RSSI (dBm)

34. RX Sensitivity Measurement at 2440 MHz

-93.25
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65

—— Gate Driver Disabled, Motor OFF
60 —— Gate Driver Enabled, Motor ON (4-A Winding Current)
55 —— Gate Driver Enabled, Motor ON (15-A Winding Current)

45

50 x
\\

40 ™ e
2 5 ANIRNN
o
IEILJ 30 \.\
25
20 Na
15
10
E§
5 o
0
-95.75 -95.5 -95.25 -95 -94.75 -94.5 -94.25 -94 -93.75 -93.5 -93.25 -93
RSSI (dBm)
35. RX Sensitivity Measurement at 2402 MHz
3.2.4.2 TX Power Measurement

This test verifies that the transmitted output power of the reference design conforms to the standards limit
and makes sure that the only minimum loss happens in the impedance matching filters between the

CC2640R2 and the antenna. ¥ 36 shows the test setup used for the measurement.

%] 37 shows the experimental setup in the lab to evaluate the performance. The PCB antenna in the
reference design board is disconnected for testing by removing C31 and connecting C27 so that the JSC
connector J1 is available for conducted RF measurements.

This test uses the spectrum analyzer E4445A Agilent, which has the following settings during
measurement, unless otherwise specified:

e Span =200 MHz
* Resolution bandwidth = 3 kHz

Spectrum Analyzer

Coaxial RF
cable

18 Vv DC

v

e

TIDA-01516

TCKC

TMSC

GND

XDS Emulator D/_\_/D

RESET

SmartRF™ Studio

Copyright © 2017, Texas Instruments Incorporated

K 36. Test Setup for TX Channel Power Measurement
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SmartRF Studio TIDA board

Motor with load setup

Spectrum analyzer

37. Lab Test Setup for TX Power Measurement

The SmartRF Studio platform sets the TX power level and Bluetooth channel frequency. For
measurement, connect the instruments and the reference design as shown in ¥ 37. In the SmartRF
Studio window, set the EM to modulated, continuous TX mode with the appropriate output power level.

Measure the output power level on the spectrum analyzer to confirm the output power programmed on the
EM.

= Agilent

Ref @ dBm
*Avg

Log

10

Atten 10 dB

RBW

| O T 55 | : : — S 3
Center 2.4 GHz Span 3 iz f;::".ff‘kﬂz Sweep 4.759 s (401 pts)
#Res BH 1 kHz #UBH 10 kHz Sweep 4.759 s (401 pts) Spectral Den sity
Channel Power Power Spectral Density Channel Power P 0'" ey
-265 dBm /2.0000 MHz -65.66 dBm/Hz -2.70 dBm /2.0000 MHz
Kl 38. Measured TX Channel Power Measurement at & 39. Measured TX Channel Power Measurement at
2440 MHz, 0-dBm Level 2440 MHz, 0-dBm Level With Motor ON and OFF
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3.24.3 TX Power Measurement to Identify Any Noise Coupling

This test verifies the RF performance with and without the gate driver and motor drive enabled.

The same test setup as shown in [¥| 37 evaluates performance using conducted measurement. ¥ 40 and
41 shows the test setup to evaluate the TX power measurement with different motor conditions.

18Vv DC
l EN_GATE = 0 V (Gate Driver Disabled)
Spectrum Analyzer Coaxial RF + SmartRF™ Studio
cable TCKC
T TMSC | —————
[ | ® GND xps Emulator [}~ ]
i TIDA-01516 RESET —
Copyright © 2017, Texas Instruments Incorporated

i 40. Test Setup for TX Power Measurement—Gate Driver Disabled and Motor Not Running

PWM (INH_A) - External 20kHz, 50% Duty Cycle

18vDC BRAKE or DIO12 = High (3.3 V)

EN_GATE=33V

Coaxial RF A A ; SmartRF™ Studio

Spectrum Analyzer
cable | Tcke :
| ® TMSC | —
]‘/—\— GND xps Emulator |1~ ]
TIDA-01516 RESET =
4
Motor Winding
Hall Sensor Connection
Signals
BLDC
Motor

Copyright © 2017, Texas Instruments Incorporated

i 41. Test Setup for RX Sensitivity Measurement—Gate Driver Enabled and Motor Rotating at 50% Duty
Cycle
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The test is performed at the lowest and highest channels (2402 MHz and 2480 MHz). ¥ 42 shows the TX
performance with a Bluetooth channel frequency of 2480 MHz. The noise floor is at —107.7 dBm. The blue
plot corresponds to TX performance tested with the gate driver disabled and the motor drive off. The

yellow plot corresponds to TX performance tested with the gate driver enabled and the motor rotating at a
100% duty cycle.

ABm Atten 10 dB
Marker
2.402300000 GH=
-107.728 dBm

— Tested with motor ON
(100% duty)

42. TX Performance With Bluetooth Channel Frequency of 2480 MHz

43 shows the TX performance with a Bluetooth channel frequency of 2402 MHz. The noise floor is at
—107.8 dBm. The blue plot corresponds to TX performance tested with the gate driver disabled and the

motor drive off. The yellow plot corresponds to TX performance tested with the gate driver enabled and
the motor rotating at a 100% duty cycle.

8 dBm Atten 10 dB
RBH
3.8 kHz

— Tested with- motor ON
(100% duty)

43. TX Performance With Bluetooth Channel Frequency of 2402 MHz
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The TX performance is evaluated in the Bluetooth low energy advertising mode as well. ¥ 44 shows the
test setup, and the performance is evaluated using the spectrum analyzer in the conducted mode.

PWM Duty Cycle = 0 - 100%

Coaxial RF
cable

e

Spectrum Analyzer

| ® 18 Vv DC

TIDA-01516

Motor Winding

Hall Sensor Connection

Signals

BLDC
Motor

Copyright © 2017, Texas Instruments Incorporated

44, Test Setup to Evaluate TX Performance in Advertising Mode

45 shows the TX performance in the three-channel advertising mode. The noise floor is at —107.5dBm.
The blue plot corresponds to TX performance tested with the gate driver disabled and the motor drive off.
The other plot corresponds to TX performance tested with the gate driver enabled and the motor rotating
at a 80% duty cycle.

dBm Atten 10 dB
RBH
3.0 kHz

i 45. TX Performance With CC2640R2F in Advertising Mode

The performance with and without enabling the motor drive coincides exactly in every test condition, which
means the Bluetooth low energy performance is not affected by the motor drive. The spurious emissions
in the spectrum is mainly coming from the 24-MHz clock and is well within the limit of Bluetooth low
energy spectrum standards.
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3.244 Bluetooth low energy Power Measurement

To measure the current consumption of the Bluetooth low energy chip, L2 in the reference design board is
replaced by a 10-Q resistance and the voltage drop across 10 Q is measured. [%| 46 shows the hardware
change to measure the current consumption by the Bluetooth low energy chip in this reference design.

Voltage measured
across 10 Q to measure
the current consumption

of BLE chip

WMCU_VDD WMCU_VDD VDDS

s
@

R
—
100

[

4

I

—
I———

c18 c19 C20 ——=C21 >

c18 €19 ==C20 ==C21
o1pF | o1pF | oapF | 10pF 0apF | oapF | o1pF | 1op

GND GND GND  GND

o)
z
El
o]
z
o
o]
z
l
o)
z
El
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K 46. Using 10-Q Resistor in Place of L2 to Measure BLE Chip Current Consumption

This measurement uses the following equipment:

» A 6% digit multimeter measures the average current consumption of the Bluetooth low energy chip by
observing the voltage drop across the 10-Q resistor.

* A 100-MHz oscilloscope measures the current consumption of the Bluetooth low energy chip during
the Bluetooth low energy advertising and connection mode.

3.2.4.4.1 Bluetooth low energy Chip Current Measurement—Gate Driver Enabled, Motor Running

The current consumption by the CC2640R2F is measured when the gate driver is enabled and the motor
is running. The CC2640 executes the Bluetooth low energy connectivity application, gives the PWM signal
to the DRV8323 gate driver, and controls a couple of GPIOs. The Bluetooth low energy chip is in the
active mode where the Cortex-M3 CPU is executing code. Active mode provides a normal operation of the
processor and all of the peripherals that are currently enabled.

47 shows the current consumption when the motor is running and Bluetooth low energy in three-

channel advertising mode with a 100-ms duration. The TX power is set to 0 dBm. The average current
consumption is found at 3.52 mA.
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i 47. Bluetooth low energy Chip Current Consumption: Three-Channel 100-ms Interval Advertising Mode
When Motor is Running

48 shows the current consumption when the motor is running and Bluetooth low energy chip is in
connection mode with 1-s connection intervals. The TX power is set to 0 dBm. The average power
consumption is found at 3.42 mA.
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48. Bluetooth low energy Chip Current Consumption: 1-s Interval Connection Mode
When Motor is Running
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3.2.4.4.2 Bluetooth low energy Chip Current Measurement—Gate Driver Disabled, BLE Only Mode

This test measures the power consumption when the Bluetooth low energy chip is executing only the
Bluetooth low energy connectivity application. The testing is done by executing only the Bluetooth low
energy stack. All the peripherals of the CC2640R2F are in high impedance or low power mode.

E: For more details on the accurate RF power measurement, refer to Measuring Bluetooth Low
Energy Power Consumption.
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K] 49 and K] 50 show the test results with advertising and connection modes, respectively.
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K 49. Bluetooth low energy Chip Current Consumption: Three-Channel, 100-ms Interval Advertising, BLE
Only Mode
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50. Bluetooth low energy Chip Current Consumption: 1-s Interval Connection Mode,
BLE Only Mode

The 1-s interval connection mode current consumption is less than 10 pA.
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4 Design Files
4.1 Schematics
To download the schematics, see the design files at TIDA-01516.
4.2 Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-01516.
4.3 PCB Layout Recommendations

Use the following layout recommendations when designing the Bluetooth low energy section of the PCB.

» Do not mix up the GND plane of the Bluetooth low energy chip with the gate driver and the power
GND. Define a separate GND plane for the Bluetooth low energy chip and join with the power supply
GND at one stable point as done in this reference design.

» Ensure that the substrate height ( thickness of the dielectric layer between the layout pattern and the
underlying ground plane) corresponds to the reference design being copied. Make sure that the layer
stack-up is done to achieve a 50-Q impedance on the RF lines.

» Ensure that the layout of the RF components closely follows the reference design.

» All RF components connected to ground must have multiple ground vias close to their ground pads to
minimize ground impedance.

» Ensure there is an uninterrupted and solid ground plane under all the RF components, stretching from
the antenna and all the way back to the ground vias. There must not be any traces under the RF path.

» Place the balun and RF filter as close to the CC2640R2F as possible.

» Place the antenna matching components as close to the antenna as possible.

» Place decoupling capacitors as close to the respective VDD pins as possible. It is also important that
the ground return path from the decoupling caps and back to the CC2640R2F is as short and direct as
possible.

» Place the DC/DC components (10-pH inductor and 10-uF capacitor) close to the DCDC_SW pin.
Equally important is the ground connection from the DC/DC capacitor to the CC2640R2F ground. This
connection must be as short and direct as possible to avoid ground switching noise.

4.3.1 Layout Prints
To download the layer plots, see the design files at TIDA-01516.
4.4  Altium Project
To download the Altium project files, see the design files at TIDA-01516.
4.5 Gerber Files
To download the Gerber files, see the design files at TIDA-01516.
4.6 Assembly Drawings

To download the assembly drawings, see the design files at TIDA-01516.
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5

6.1

Software Files

To download the software files, see the design files at TIDA-01516.

Related Documentation

1. Texas Instruments, Understanding IDRIVE and TDRIVE in Tl Motor Gate Drivers Application Report
Texas Instruments, Sensored 3-Phase BLDC Motor Control Using MSP430™ Application Report
Texas Instruments, ETSI EN 300 328 RX Blocking Test for Bluetooth® Low Energy Application Report
Texas Instruments, Measuring Bluetooth Low Energy Power Consumption Application Report

Texas Instruments, Crystal Oscillator and Crystal Selection for the CC26xx and CC13xx Family of
Wireless MCUs Application Report

bR

SimpleLink, E2E, NexFET, DualCool, Code Composer Studio, SmartRF, LaunchPad, MSP430 are
trademarks of Texas Instruments.

Arm, Cortex are registered trademarks of Arm Limited (or its subsidiaries).

Bluetooth is a registered trademark of Bluetooth SIG.

R&S is a registered trademark of Rohde and Schwarz GmbH and Co. KG.

Wi-Fi is a registered trademark of Wi-Fi Alliance.

ok wn

Terminology
BER— Bit error rate

BLDC— Brushless DC motor

BLE— Bluetooth low energy

ESD— Electrostatic discharge

FETs, MOSFETs— Metal-oxide-semiconductor field-effect transistor
MCU— Microcontroller unit

PEP— Peak envelop power

PER— Packet error rate

PSRR— Power supply rejection ratio
PWM— Pulse width modulation

RF— Radio frequency

RMS— Root mean square

RSSI— Received signal strength indication

SPIl— Serial peripheral interface
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