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1 System Description
In the ecosystem of smart thermostats and HVAC systems, the next step is to collect data from the vents
within the building to capture a snap shot of environmental conditions in the home or building. With several
smart damper controllers in the vent system at critical, un-monitored ventilation points in the building,
temperature can be controlled more efficiently using algorithms to create a balanced temperature and
pressure throughout. Onboard sensors can allow real-time diagnostics, analysis of historical trends,
predictive maintenance, shorten technical troubleshooting time, and reduce overall energy consumption.
Replacing multiple batteries can be a timely and costly issue, therefore lowering the average current
consumption is often a key design consideration.
Enabled by TI's light load efficient DC-DC converter, SimpleLink ultra-low-power wireless MCU platform,
integrated motor driver, this design guide demonstrates how a light load efficient power topology can
increase battery life based on low standby current and long off-state intervals. This design guide
addresses component selection, design theory, and test results of the Tl Design system. The scope of this
design guide gives system designers a head-start in implementing a low-power smart damper control
design for HVAC dampers, smart locks, wireless automatic blinds, and actuators.
1.1 Key System Specifications
% 1. Key System Specifications
PARAMETER SPECIFICATION DETAILS
Four AA alkaline batteries (operating range from
Input power source 3.7106.4 V) See 4.2.1.1
Bluetooth low energy advertisement 500 ms See 422
interval
Average Bluetooth low energy and MCU ) ) }
current consumption 26-pA average (24-hour period) See 4.2.2
_ LDO: 366.9 pW
Qve_rage losses of power topologies (by Buck: 30.7 pW See 2.3.9
esign)
Boost: 349.9 uW
Louver adjustment events Five events per day —
Motor type Brushed DC See 4.1.3
Motor current 21-mA average (2-A max) See 424
Environmental sensing event -
(pressure, temperature, and humidity) 105-pA average (per event, 120 milliseconds) See 4.2.5
User interface 3 buttons See 3.1
Total system power consumption 30-pA average See 4.2.6.5
Estimated battery life 10.08 years See 4.2.6.6
Test results 5.0 V, 25°C, five events, 500 ms See 4.2
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2 System Overview

2.1 Block Diagram

1 shows the TIDA-01067 block diagram.
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1. TIDA-01067 Block Diagram

2.2 Highlighted Products

This Tl Design features the following devices:

DRV8833 ( 2.2.1): Dual H-bridge motor driver with motor current control and low Rpg,, of
360 mQ

CC2650 ( 2.2.2): 2.4-GHz Bluetooth low energy with a ultra-low-power wireless MCU (32-bit ARM
Cortex-M3 processor)

TPS62745 ( 2.2.3): Ultra-low |, buck converter with 16 selectable output voltages from
1.8 to 3.3 V and 90% efficiency at load currents = 15 pA

HDC1010 ( 2.2.4): Digital humidity sensor with integrated temperature sensor

CSD25310Q2 ( 2.2.5): Low-cost power PFET with gate-to-source voltage of + 8 V and low Rpg,, of 19
mQ

TPD1E10BO06 ( 2.2.6): Single-channel ESD in a 0402 package with 10-pF capacitance and

6-V breakdown
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221 DRV8833

The device has two H-bridge drivers, and can drive two DC brush motors, a bipolar stepper motor,
solenoids, or other inductive loads (see X 2). The output driver block of each H-bridge consists of N-
channel power MOSFETSs configured as an H-bridge to drive the motor windings. Each H-bridge includes
circuitry to regulate or limit the winding current. Internal shutdown functions with a fault output pin are
provided for overcurrent protection, short-circuit protection, undervoltage lockout, and overtemperature. A
low-power sleep mode is also provided.
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2. DRV8833 Block Diagram

;
]
d

fm————————

DRV8833 features:
* Dual H-bridge current-control motor driver
— Can drive two DC motors or one stepper motor
— Low MOSFET ON-resistance: HS + LS 360 mQ
e Output current (at V,, =5V, 25°C)
— 1.5-A RMS, 2-A peak per H-bridge in PWP and RTY package options
— 500-mA RMS, 2-A peak per H-bridge in PW package option
* Outputs can be in parallel for:
— 3-ARMS, 4-A peak (PWP and RTY)
— 1-ARMS, 4-A peak (PW)
* Wide power supply voltage range: 2.7 to 10.8 V
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* PWM winding current regulation and current limiting

» Thermally enhanced surface-mount packages
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222 CC2650

The CC2650 device is a wireless MCU targeting Bluetooth, ZigBee® and 6LoWPAN, and ZigBee RF4CE
remote control applications.

The device is a member of the CC26xx family of cost-effective, ultra-low-power, 2.4-GHz RF devices. Very
low active RF and MCU current and low-power mode current consumption provide excellent battery
lifetime and allow for operation on small coin-cell batteries and in energy-harvesting applications.

The CC2650 device contains a 32-bit ARM Cortex-M3 processor 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 CC2650 device is ideal for
applications within a whole range of products including industrial, consumer electronics, and medical.

The Bluetooth low energy (BLE) controller and the IEEE 802.15.4 MAC are embedded into ROM and are
partly running on a separate ARM Cortex-MO processor. This architecture improves overall system
performance and power consumption and frees up flash memory for the application. The Bluetooth stack
is available free of charge from www.Tl.com.

SimpleLink ™ CC26xx wireless MCU '

RF core

."‘ ADC

Digital PLL

Main CPU

ARM®
Cortex ®-M3

DSP modem

ARM®
Cortex ®-M0

General peripherals / modules Sensor controller

8 4x 32-bit Timers Sensor controller
engine

2% SSI (SPI, uW, Tl)
12-bit ADC, 200 ks/s

128 Watchdog timer
2x comparator

10/15/31 GPIOs TRNG
SPI-12C digital sensor IF

AES Temp. / batt. monitor
Constant current source

32 ch. uDMA RTC
Time-to-digital converter

DC-DC converter 2KB SRAM
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[ 3. CC2650 Block Diagram
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CC2650 features:
* Microcontroller:
— Powerful ARM Cortex-M3
— EEMBC CoreMark® score: 142
— Up to 48-MHz clock speed
— 128KB of in-system programmable flash
— 8KB of SRAM for cache
— 20KB of ultra-low-leakage SRAM
— Two-pin cJTAG and JTAG debugging
— Supports over-the-air (OTA) upgrade
» Ultra-low-power sensor controller:
— Can run autonomous from the rest of the system
— 16-bit architecture
— 2KB of ultra-low-leakage SRAM for code and data

» Efficient code size architecture, placing drivers, Bluetooth low energy controller, and bootloader in
ROM

* RoHS-compliant packages:
— 4-mmx4-mm RSM VQFN32 (10 GPIOs)
— 5-mmx5-mm RHB VQFN32 (15 GPIOs)
— 7-mmx7-mm RGZ VQFN48 (31 GPIOs)
e Peripherals:
— All digital peripheral pins can be routed to any gpio
— Four general-purpose timer modules (eight 16-bit or four 32-bit timers, PWM each)
— 12-bit ADC, 200-ksamples/s, 8-channel analog MUX
— Continuous time comparator
— Ultralow-power analog comparator
— Programmable current source
— UART
— 2x SSI (SPI, MICROWIRE, TI)
- I’C
- I’S
— Real-time clock (RTC)
— AES-128 security module
— True random number generator (TRNG)
— 10, 15, or 31 GPIOs, depending on package option
— Support for eight capacitive-sensing buttons
— Integrated temperature sensor

» External system:
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On-chip internal DC-DC converter

Very few external components

Seamless integration with the SimpleLink CC2590 and CC2592 range extenders

Pin compatible with the SimpleLink CC13xx in 4-mmx4-mm and 5-mmx5-mm VQFN packages

* Low power:

Wide supply voltage range:

* Normal operation: 1.8 to 3.8 V

» External regulator mode: 1.7 to 1.95 V
Active-mode RX: 5.9 mA

Active-mode TX at 0 dBm: 6.1 mA

Active-mode TX at 5 dBm: 9.1 mA

Active-mode MCU: 61 nA/MHz

Active-mode MCU: 48.5 CoreMark/mA

Active-mode sensor controller: 8.2 pA/MHz

Standby: 1 uA (RTC running and RAM/CPU retention)

Shutdown: 100 nA (wake up on external events)

* RF section:

2.4-GHz RF transceiver compatible with Bluetooth low energy 4.2 specification

Excellent receiver sensitivity (—97 dBm for Bluetooth low energy), selectivity, and blocking
performance

Link budget of 102 dB/105 dB (BLE/802.15.4)

Programmable output power up to 5 dBm

Single-ended or differential RF interface

Suitable for systems targeting compliance with worldwide radio frequency regulations:
« ETSI EN 300 328 (Europe)

* EN 300 440 Class 2 (Europe)

« FCC CFRA47 Part 15 (US)

« ARIB STD-T66 (Japan)

» Tools and development environment:

Full-feature and low-cost development kits

Multiple reference designs for different RF configurations
Packet sniffer PC software

Sensor controller studio

SmartRF™ Studio

SmartRF Flash Programmer 2

IAR Embedded Workbench® for ARM

Code Composer Studio™

8
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223

The TPS62745 is a high-efficiency ultra-low-power, synchronous step-down converter optimized for low-
power wireless applications. The device provides a regulated output voltage consuming only a 400-nA
guiescent current. The device operates from two rechargeable Li-lon batteries, Li-primary battery
chemistries such as Li-SOCI2, Li-SO2, Li-MnQO2, or four- to six-cell alkaline batteries. The input voltage
range of up to 10 V also allows operation from a USB port and thin-film solar modules. The output voltage
is set with four VSEL pins from 1.8 to 3.3 V for TPS62745 or 1.3 V and 2.8 V for the TPS627451. The
TPS62745 features low output ripple voltage and low noise with a small output capacitor. An internal input
voltage switch controlled by pin EN_VIN_SW connects the supply voltage to pin VIN_SW. The switch is
intended to be used for an external voltage divider, scaling down the input voltage for an external ADC.
The switch is automatically opened when the supply voltage is below the undervoltage lockout threshold.

TPS62745

The TPS62745 is available in a small, 12-pin 3-mmx2-mm WSON package.

Power Stage

E:l VIN

B

1

VSEL 1

VSEL 2

VSEL 3

VSEL 4

Selection +

out_ser
Setting

VIN

V.

Comp

: UVLO
™ UVLO

:ISW

[]

[ GND

Ut
Discharge J?

VOUT

Current
Limit Comparator
Timer
DCS —» UVLO e
High Side
VOSs >
Min. OFF
VOUT
Direct Control Gate Driver
& Compensation Comparator > EN Control Anti
Logic Shoot-Through
Vour ser : 1
>
Error Tt
P B Low Side
Amplifier
Current
T Limit Comparator
UVLO
Ultra Low Power Softstart > Va
Reference 1.2V L’
Veer
A
Vour UvVLO PG Comp

Vin-switch _ «—N

]

EN.

-
A\ VL
¥ UVLO

PG

EN_VIN_SW

VIN_SW

TPS62745 features:
Input voltage range V,, from 3.3to 10 V

Copyright © 2016, Texas Instruments Incorporated

4. TPS62745 Block Diagram

Typical 400-nA quiescent current

Up to 90% efficiency with load currents > 15 pA

Up to 300-mA output current
RF friendly DCS-Control™

Low output ripple voltage

16 selectable output voltages from:

— 1.810 3.3V (TPS62745)
- 1.31t02.8V (TPS627451)

Integrated input voltage switch

JAJU262-June 2017
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» Integrated discharge function at VOUT
* Open-drain power good output
» Operates with a tiny 3.3- or 4.7-uH inductor
e Small 3-mmx2-mm WSON package
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224 HDC1010

The HDC1010 is a digital humidity sensor with integrated temperature sensor that provides excellent
measurement accuracy at very low power. The sensing element of the HDC1010 is placed on the bottom
part of the device, which makes the HDC1010 more robust against dirt, dust, and other environmental
contaminants. Measurement results can be read out through the I?C-compatible interface. Resolution is
based on the measurement time and can be 8, 11, or 14 bits for humidity, and 11 or 14 bits for

temperature.

RH HDC1010 VDD

00

00 Registers

ADC H and  1°C
Logic
J] OoTP
TEMPERATURE Calibration Coefficients

GND

Copyright © 2016, Texas Instruments Incorporated

5. HDC1010 Block Diagram

HDC1010 features:

* Relative humidity accuracy 2% (typical)

» Temperature accuracy +0.2°C (typical)

» Excellent stability at high humidity

* 14-bit measurement resolution

* 100-nA sleep mode current

« Average supply current:
— 710 nA at 1 sps, 11-bit RH measurement
— 1.3 pA at 1 sps, 11-bit RH and temperature measurement

» Supply voltage: 2.7t0 5.5V

e Tiny 2-mmx1.6-mm device footprint

» I°C interface: Three independent program execution engines, nine programmable outputs with a
25.5-mA full-scale current, 8-bit current-setting resolution, and a 12-bit PWM control resolution
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225 CSD25310Q2
This 19.9-mQ, —20-V P-channel device is designed to deliver the lowest ON-resistance and gate charge in
the smallest outline possible with excellent thermal characteristics in an ultra-low profile. Its low ON-
resistance coupled with an extremely small footprint in a SON 2-mmx2-mm plastic package make the
device ideal for battery-operated, space-constrained operations.
[ ]
[~ sFTTTTTT T 7]
s —~ 6]s
| _ | : IS : L_
|
T
L A
| [—> |
5
o R i
[~ === m [
G| 3 II— : D —.—il 4|D
I | L
P0112-01
Copyright © 2017, Texas Instruments Incorporated
6. CSD25310Q2 Device Configuration
CSD25310Q2 features:
* Ultra-low Q, and Q4
* Low ON resistance
* Low thermal resistance
* Pb-free
*  ROHS compliant
» Halogen free
* SON 2-mmx2-mm plastic package
12
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2.2.6 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. The 12-pF line capacitance of this ESD protection diode is suitable for a wide
range of applications supporting data rates up to 400 Mbps. The 0402 package is an industry standard
and is convenient for component placement in space-saving applications.

1
|

|
2

Copyright © 2016, Texas Instruments Incorporated

7. TPD1E10BO6 Block Diagram

TPD1E10BO06 features:
» Provides system-level ESD protection for low-voltage I/O interface
* |EC 61000-4-2 level 4 ESD protection:
— +30-kV contact discharge
— +30-kV air-gap discharge
» |EC 61000-4-5 surge: 6 A (8/20 pus)
e 1/O capacitance 12 pF (typical)
* Rpyn 0.4 Q (typical)
* DC breakdown voltage +6 V (minimum)
« Ultra-low leakage current 100 nA (maximum)
* 10-V clamping voltage (maximum at I, = 1 A)
* Industrial temperature range: —40°C to 125°C

e Space-saving 0402 footprint (1 mm x 0.6 mm x 0.5 mm)
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2.3

23.1

2.3.2

System Design Theory

This reference design uses the CC2650 MCU with integrated Bluetooth low energy radio device to
wirelessly adjust the louver position of an HVAC vent: monitoring the battery voltage for low-life indication,
limiting the current through the motor (great for the life of the motor), and communicating these events
back to the user. This Tl Design achieves an extremely long battery life through the choice of power
topology, in this case a highly-efficient buck converter, the TPS62745, and through the use of extending
the duty cycle of the Bluetooth low energy connection events.

There are four main devices in this smart damper control design: the MCU, Bluetooth radio, motor driver,
and power management. The TIDA-01067 focuses on these four devices (three in this case since the
CC2650 is an MCU with integrated Bluetooth radio) and their equations used for average power
consumption to determine the life of the batteries. Once the average power per device is calculated, then
it is possible to calculate the battery life in milliwatt-hours (mWh). To calculate the battery life, two different
current scenarios are examined:

* When the Bluetooth is on and sending out a connection event every 500 ms (or any other value
chosen by the user)

* When an adjustment event signals the motor driver to pump around 1 A of current through the DC
motor

This TI Design ignores the time when the Bluetooth is paired because usually this means an event is
about to occur, and the amount of current delivered through the motor is almost two orders of magnitude
higher than the current flowing to the Bluetooth device. For the purpose of this design guide, an event is
when a user or sensing algorithm has set a new louver position value into the "position” register. For
example, if the user decides they want more airflow from a certain vent and adjusts the angle of the
louver, that is considered one event. Another event would be when the master system decides that a vent
needs to be opened to balance the pressure in the ductwork.

Battery Choice

Batteries were chosen for two main reasons: capacity and popularity of the battery platform. AA batteries
have a greater capacity than AAA batteries. Also, at the time of this writing, AA batteries are used in more
applications similar to the smart damper in the present-day market.

Reverse Polarity Protection

8 shows the reverse polarity protection.
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8. Battery Polarity Protection Schematic

A PFET or an NFET can be used to protect against reverse polarity protection. However, a PFET was
used in this Tl Design because the PFET does not break up the ground circuit as an equivalent NFET

circuit does.

15
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2.3.21 Using aFET

The most recent MOSFETSs are very low resistance and therefore ideal for providing reverse current
protection with minimal loss. [X| 9 shows a low-side NMOS FET in the ground return path, and [% 10
shows a high-side PMOS FET in the power path.

S

VBAT —— VBAT —

e
e

Load Load

i

9. NMOS FET Ground Return Path 10. PMOS FET Power Path

In each circuit, the body diode of the FET is oriented in the direction of normal current flow. When the
battery is installed incorrectly, the NMOS (PMOS) gate voltage of the FET is low (high), preventing it from
turning on. When the battery is installed properly and the portable equipment is powered, the NMOS
(PMOS) gate voltage of the FET is taken high (low), and its channel shorts out the diode

A voltage drop of Rpgeny X lioap IS S€€N in the ground return path when using the NMOS FET, and in the
power path when using the PMOS FET. In the past, the primary disadvantage of these circuits has been
the high cost of low Ry, low-threshold voltage FETs. However, advances in semiconductor processing
have resulted in FETs which provide minimal drops in small packages.
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2.3.3 Power Topologies

Three main power topologies are possible for this smart damper application: low dropout (LDO) regulator,
step-down converter (also known as buck), and boost (see [X] 11). The LDO and buck implementations
are not event dependent, meaning the two topologies use the same amount of energy regardless of how
many louver adjustment events occur in a day. The LDO and buck drop the voltage down to generate the
lower voltage power rail to run the MCU, and the higher voltage components are run off the higher battery
voltage. The boost is event dependent because each louver adjustment event must boost up the voltage
from 3 to 5 V for motor operation.

A buck configuration was chosen because the LDO has ground leakage current, whereas the buck has
zero ground leakage current and therefore more efficiency. More analysis into power topologies is covered
in 2.3.9.

Vin=6V Vour=3V

Vin=3V Vour =6V

11. Power Topologies

The TPS62745 step-down converter was chosen because of the extra benefits it offers for low-power
designs. This TPS device has select lines that allow the user to select the output voltage, and therefore
removes the need for a feedback resistor. The BOM cost can be decreased slightly because there is no
feedback resistor. The TPS62745 can dynamically enable or disable the battery voltage check with the
use of an enable pin and external resistor voltage divider. Energy is conserved because the voltage
divider is only enabled when a battery voltage check is necessary. The rest of the time the divider circuitry
does not use energy and is not connected. The TPS62745 is also efficient at extremely light loads; it is
85% efficient at 10 pA.

2.3.4 MCU With Integrated Bluetooth Low Energy Radio

This reference design must connect and communicate with a central device. However, because power
consumption is a concern in battery-based applications, the radio and processor must be low power. Also,
the wireless protocol required for the end-equipment system is an important consideration for the selection
of the radio device. With TI's SimpleLink ultra-low-power wireless MCU platform, low power with a
combined radio and MCU enables extremely long battery life for sensor end nodes. Furthermore, the
CC2650 device is a multistandard device, targeting Bluetooth low energy, ZigBee, 6LOWPAN, and ZigBee
RF4CE remote control applications. In this Tl Design, Bluetooth low energy is the protocol of choice, but
the hardware can work with other protocols as well.
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235

2.3.6

2.3.7

2.3.8

Motor Driver

Drive current, power-supply voltage range, load motor types, and safety shutdown functions were all
factors when choosing a motor driver. The DRV8833 includes all of the necessary features. The DRV8833
can drive many types of motors and inductive loads, with a peak current of 2 A and a power-supply
voltage range of 2.7 to 10.8 V, making it ideal to run off of four AA batteries. The nominal drive voltage is
5 V from the batteries. The major discriminating factor of the DRV8833 is the ability to clamp the current at
a certain level determined by the external resistor. The DRV8833 has a current-sense function, which
allows the driver to monitor and adjust the output current so the motor does not burned out or waste
power from the battery. The motor can be protected by setting the DRV8833 current limit below the motor
stall current.

Humidity and Temperature Sensor

An integrated humidity and temperature sensor decreases complexity of system design and overall
footprint of the finished product. With one read command, the temperature and humidity can be collected
from the HDC1010. The use of a single device saves power and decreases communication time and
cycles needed to collect necessary information. The humidity and temperature data is important for HYAC
diagnostics and controlling the temperature differences between zones. With the data collection and
connected nature of this Tl Design, the device can act as a sensor node and transmit the environment
data to a gateway or to another device that can communicate this information over the web.

Pressure Sensor

A small footprint, low-power pressure sensor is ideal for this application where battery life and solution
size are important features. An I1°C interface makes it easy to read, write, and configure the pressure
sensor. The Bosch BMP280 sensor fits all of these characteristics. The BMP has very low sleep current
(0.1 pA) and can wake up quickly to take a reading and go back to sleep.

Bluetooth Low Energy and MCU Connection Interval and Average Power Consumption

Because of this system topology, the CC2650 only uses the first current scenario described in 2.3. [X] 12
shows a typical current waveform. The period between connection events can be programmed from 10 ms
to 4 s in the Bluetooth stack. The pulse-width of the connection event current (or on current) is at 5 ms.
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[ 12. Current Consumption versus Time During Bluetooth Low Energy Connections

The main parameters of the Bluetooth and MCU which affect the total estimated battery life are as follows:
=3V

e The on current: I,, = 9.1 mA

* The supply voltage: Vg,
» The off current: 1z = 2.5 pA

» The on-duty cycle: D, =t,,/ T=5ms /500 ms = 1%
e The off-duty cycle: Dy =1 - D,, = 99%
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2.3.9

{1 describes the average power consumed during operation with values taken from their respective
datasheets.

I:,BLE = (Vsupply )X(I on )X(Don ) + (Vsupply )X(I off )X(Dof‘f )

Psie = BV)x(9.1mA)x(0.01)+ (3V)x(2.5uA)x(0.99) = 280.4 uW )

The current waveform in [X] 12 occurs until the batteries expires, regardless of how many times the user
wirelessly adjust the louver position.

Power Topologies: LDO Versus Buck Versus Boost

A smart damper system can use three different types of power topologies: LDO, buck, and boost. These
regulators transfer power from the input to the output. Not all of the power is transferred to the output,
some of it is lost. The efficiency of each device is measured by how much of the power is transferred to
the output from the input. The LDO and buck topology powers the Bluetooth radio, MCU, humidity or
temperature sensor and pressure sensor, or an LED driver as in this example, where as the motor driver
is powered straight from the four AA batteries. The boost topology does the complete opposite and
powers the motor driver while the batteries power up the other devices. The voltage of four AA batteries is
6 V, but it only lasts for a short time as seen on alkaline battery life curves. A typical one-cell AA battery
(and AAA) usually has a voltage of 1.25 V for the majority of its life.

The following equations use this 1.25 V-rating per cell—5 V for a four-cell battery—because it is a more
accurate measurement for average power loss. Both the LDO and buck topology use the 4s1p battery
configuration, while the boost configuration uses the 2s2p configuration. Again, the average power
equations used in this section are power losses and not power consumed. This section includes power
loss equations of all three topologies to better choose a power topology for a smart damper design.

239.1 LDO

The main parameters of the LDO regulator that affect the total estimated battery life are:

» The input voltage: V,, = 5 V (four AA batteries in series, nominal voltage)

» The output voltage: V,, =3V

e The output on current: I, = 9.1 mA

» The output off current: Iz =5 pA

» The ground current: l,,q = 35 pA (this value could be higher depending on the LDO)

e The on-duty cycle: D, =t,,/ T=5ms /500 ms = 1%

» The off-duty cycle: Dy =1 — D,, = 99%

=\ 2 describes the average power loss of the LDO during operation.

Ploo = (Vin = Vout) X (lon )X (Bon ) + (Vin = Vout ) (Ioft ) (Dot ) + (Vin ) x (I g )

Ppo =(65V-3V)x(9.1mA)x(0.01)+(5V -3V)x(5uA)x(0.99)+(5V)x(35uA) = 366.9 uW @)
The I current is at 5 uA because of the quiescent current of both the Bluetooth low energy device
(CC2650) and an LED driver (LP55231). The I 4 current value can be taken from any LDO regulator
datasheet. On some datasheets, this value can also be referred to as the quiescent current. Iy, is the

difference between the input current and the output current, and it is a key characteristic for differentiating
the efficiency of different LDOs.
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2.39.2 Buck

The main parameters of the buck converter that affect the total estimated battery life are:
e The output voltage: V,, =3V

» The output on-current: I, = 9.1 mA

» The output off-current: 14 =5 pA

» The efficiency at the on-current: n,, = 91% (taken from the TPS62745 datasheet)

» The efficiency at the off-current: n.s = 80% (taken from the TPS62745 datasheet)

» The on-duty cycle: D, =t,,/ T=5ms /500 ms = 1%

e The off-duty cycle: Dy =1 — D, = 99%

7\ 3 describes the average power loss of the buck converter during operation.

Pauck = <n1 — 1) (Vo) % (o) (Dn )+ 1ﬁ — 1) (Vou) % (o) % (Do)
1 1
Pauck = (m— 1)><(3V)><(9.1mA)x(0.01)+(ﬁ— 1% (3V)x(5uA)x(0.99) =30.7 uW @)

Users can already see that the average power loss in the buck converter is an order of magnitude less
than the LDO. The biggest differentiation in buck converters is the efficiency at both current loads,
especially at the lighter load of 5 pA. Most converters are not as efficient at these lighter loads. The
TPS62745 is a highly efficient buck converter, the reason for the choice. The majority of buck converters
give their efficiency values on a curve as shown in [X] 13.

100
90 — —
g P e
80 o =il
Vi
V41977
70 / a7/
SN 767
o
S 50 /
k) //
(5]
£ 40
L — VIN =4.0V
30 V|N =5.0V
V|N = 6.0V
20 — V=72V
10 — V|N = 8.4V
— VIN =10.0vV
0
g 10u 100p 1m 10m 100m
Output Current (A)
& 13. TPS62745 Efficiency Curve at Vo =3.3V
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2.3.9.3 Boost

The main parameters of the boost converter that affect the total estimated battery life are:

e The output voltage: V,, =5V

» The average output motor current 1: I, = 600 mA

» The average output motor current 2: I,,, = 168 mA

» The efficiency at | ,,: 1, = 90% (this value could be lower depending on the boost device)
» The efficiency at | ,,: 1, = 85% (this value could be lower depending on the boost device)
» The average number of damper adjustment events per day: N = 24 (this number can vary)
e The on-time of |,,;: t,,; = 2 seconds (the time when the motor begins to turn)

* The on-time of |, t,,, = 4 seconds (the time when braking and reconfiguring the direction of the
motor)

e The total period in a day: T = (3600) x (24) = 86,400 seconds

7\ 4 describes the average power loss of the boost converter during operation.

X N x N
Pacost = (-~ 1% (Vg ) (ot ) x (Lo y L (1) (V) () (o2 <Y,
M4 T upy T
= (L x5 V)« L2xEd), 1 (@) x(24),
Pocost = (Gg = (8 V)x(B00 MA)x (2 o) + (== = 1)x(5 V)x (168 mA)x (oo =) = 349.9uW
@

The boost configuration is highly dependent on the number of adjustment events (N), which occur per day
as seen in = 4. As the number of adjustment events are decreased to 12 (half of 24), the power losses
are also cut in half. Because the number of events is directly proportional with power losses, an
unfavorable result, the boost is not preferred in a smart damper design when stepping up from 5 to

6 V and from 2.5 to 3 V.
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2.3.9.4  Power Budget of All Three Power Topologies

The buck converter is by far the topology of choice for this Tl Design. Because the majority of the power
consumed and lost is in the three main devices (Bluetooth low energy or MCU, power regulator, and motor
drive), [X] 14 shows these three and the percentages of how much power is used. The motor driver power
consumption and losses are in 2.3.10, but the values are included for visual representation. The PFET for
reverse polarity protection is not included in the pie chart because it consumes less than 1% of the total
power in all of the following cases. The number of events is 24 for all pie charts. [X| 14 shows the
Bluetooth low energy connection period at 500 ms, while [X| 15 shows the Bluetooth low energy
connection period at 220 ms (this connection period is sometimes used in different applications like the
Apple® HomeKit™).

LDO:5Vto3V Boost:3Vto5V Buck: 5Vto3V

Motor Drive
36%
Motor Drive Motor Drive
21% 22%

[ 14. Power Consumption With 500-ms Bluetooth Low Energy Connection Period, Using
24 Adjustment Events

With a 500-ms connection period, the system is sleeping or off most of the time. The LDO and boost
power configurations take up a significant amount of power (almost half in both cases) compared to the
buck configuration, just 6%. Increasing the connection event period (this is an increase in duty cycle) to
220 ms (see X 15), shows similar results. In this case, the Bluetooth low energy or MCU consumes more
power. The buck configuration is the most ideal power topology by far, as seen in [X| 14 and [¥] 15.

LDO:5Vto3V Boost: 3Vto 5V Buck: 5Vto3V

15. Power Consumption With 220-ms Bluetooth Low Energy Connection Period, Using
24 Adjustment Events
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2.3.9.5 Battery Life Versus Number of Louver Adjustment Events of All Three Power Topologies

The following plots show the battery life, in months, versus the number of louver adjustment events per
day. The plots provide a better visual representation of why the buck converter is the power topology of
choice for battery life. The power dissipation of all the ICs (Bluetooth low energy or MCU, PFET, motor
driver, and power) are included in the following graphs. The equations used in 2.3.9 were incorporated
into all the graphs. [X] 16 shows the battery life with a 500-ms Bluetooth low energy connection period,

whereas [X| 17 shows the battery life with a 220-ms Bluetooth low energy connection period.
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16. Number of Events Versus Battery Life With 500-ms Bluetooth Low Energy Connections
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17. Number of Events Versus Battery Life With 220-ms Bluetooth Low Energy Connections
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Another method to extend battery life is to extend the Bluetooth low energy connection period. The
CC2650 can be programmed to extend the connection period from 10 ms to 4 seconds. Some products,
like the Apple HomeKit, have strict connection specifications. [¥] 18 shows the battery life versus the
period of Bluetooth low energy connections using 12 adjustment events, whereas [X| 19 shows the same
graph, but this time using 24 adjustment events. With the increase of louver rotation adjustment events,
the buck topology becomes more advantageous than the other power topologies, as seen in [X] 19.
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[¥ 18. Bluetooth Low Energy Connection Period Versus Battery Life With 12 Events
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19. Bluetooth Low Energy Connection Period Versus Battery Life With 24 Events

2.3.10 Motor Driver Average Power Consumption

A number of sources of power dissipation exist inside a motor driver IC. To make an accurate assessment
of the total power dissipation, all sources must be considered. The motor driver in this Tl Design
(DRV8833) has a current-sense pin that limits the amount of the current through the H-bridge and motor.
The sense resistor also dissipates power on top of the other sources. In all, there are four sources of
power dissipation in a motor driver application (more exist, but the power dissipated in them is negligible
and therefore does not make a significant difference in the overall equation). For a more in-depth
explanation on calculating motor driver power dissipation, see the application report Calculating Motor
Driver Power Dissipation (SLVA504).
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2.3.10.1 Rps,, Dissipation

The biggest source of power dissipated inside a motor driver device is the power dissipated in the FET on
resistance, Rps,,. Similar to the boost power topology section, two current scenarios are at play: when the
motor begins to turn and when it is coasting and braking.

The main parameters of Ryg,, dissipation that affect the total estimated battery life are as follows:
» The on-resistance of the H-bridge FETs: Rps,, = 360 mQ (DRV8833 datasheet)

e The root mean square current 1: Izys; = 447 mA (this is different from average current)

» The root mean square current 2: Igys, = 140 mA

. 5 shows the power dissipated through the on-resistance of the FETs during operation.

Prast = (Roson)* (I Rms1)

Prys1 = (360 mQ) x (0.447 A)? = 71.93 mW

Pras2 = (Roson)* (| rms2 )
Praso = (360 mQ) x(0.14 A)? =7.06 mW o

2.3.10.2 Switching Losses

The main parameters of switching losses that affect the total estimated battery life are as follows:
» The supply voltage: V,, =5V

e The average output motor current 1: I,,; = 600 mA

* The average output motor current 2: I, = 168 mA

» The frequency that the output is switching: f,, = 50 kHz (DRV8833 datasheet)

e The rise and fall times of the output: t,; + t,, = 340 ns (DRV8833 datasheet)

7\ 6 shows the switching losses of the H-bridge FETs during operation.

Psw1 = (172)x (M) x (Im1) < (faw ) % (trise + tran)
Pays = (1/2)x (5 V) x (600 mA) x (50 kHz) x (340 ns) = 25.5 mW

Pswa = (1/2)x (Vi) x (2 ) x (faw ) x (trise +tran)
Pawa = (1/2)x (5 V) x (168 mA) x (50 kHz) x (340 ns) = 7.14 mW ©)

2.3.10.3 Operating Supply Current

The main parameters of the operating supply current that affect the total estimated battery life are as
follows:

* The supply voltage: V,, =5V
* The supply current: I, = 1.7 mA (DRV8833 datasheet)
» The sleep current: Iy, = 1.6 pA (DRV8833 datasheet)

7\ 7 shows the power consumed through the motor drive device.
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Pu = (M) x(Iy)
Pu=0BV)x(1.7mA)=8.5mW

PMQ =(VM)><(| MQ)
Pua = (5V)x(1.6pA) = 8.0 pW

™
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2.3.10.4 Sense Resistor Dissipation

The sense resistor is used for current regulation. The maximum trip current is set according to the
equation in the DRV8833 datasheet. The main parameters of sense resistor power dissipation that affect
the total estimated battery life are as follows:

» The sense resistor: R, = 100 mQ
e The root mean square current 1: Izys; = 447 mA (this is different from average current)

» The root mean square current 2: Igys, = 140 mA

=\ 8 shows the power dissipated through the sense resistor during operation.

2
Psen1 = (RDSOn )< RMS1 )
Psent = (100 mQ) % (0.447 A) =19.98 mW

Penz = (Roson)* (| rus2)
Psen2 = (100 mQ)x(0.14 A) =1.96 mW ®

2.3.10.5 Total Average Power Dissipation

There are two H-bridges in the DRV8833, each connected in parallel to the brushed DC motor. Because
of these H-bridges, there is a factor of 2 on the Ry, dissipation and switching losses component of the
overall motor driver system. The main parameters of the overall motor driver power dissipation that affect
the total estimated battery life are as follows:

» The on-time 1: t,,, = 2 seconds (the time when the motor begins to turn)

» The on-time 2: t,,, = 4 seconds (the time spent braking, coasting, and reconfiguring the direction of the
motor)

* The average number of adjustment events per day: N = 24 (this number can vary)

» The total period in a day: T = (3600) x (24) = 86,400 seconds

=\ 9 shows the average power dissipation in the motor driver overall during operation.

t x(N t x (N
Pup = (2xPryst +2x Pyy1 + Py +Pgeny) x (MH (2xPrgsz +2xPgyy + Py +Pggnz ) (M)*’PMQ
Pup = (2x71.93 MW +2x25.5 mW + 8.5 mW +19.98 mW) ><((2;6X4(§:)) +(2x7.06 MW +2x7.14 MW +8.5 mW +1.99 mW) x((‘gﬁz(;g)wsuw ~175.26pW

©

The power dissipation on the motor drive device is almost directly proportional to the number of rotary
adjustment events. Besides using all of the previous equations, a plot of battery life versus the number of
events is shown in 2.3.13 to quickly calculate the estimated battery life in months. The experimental
average current values are discussed in 4.2.
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2.3.11 Reverse Polarity Protection Power Consumption of PFET

Any system that is powered by batteries must have some kind of safeguard in case of reverse battery
installation. If reverse battery installation occurs, there could be serious damage to the internal electronics
without a reverse polarity protection circuit. In the theme of ultra-low-power consumption, this Tl Design
has a PFET, instead of a diode, for its very low on-resistance and drop-in voltage. The reason for a using
a PFET instead of a NFET is to prevent breaking the ground plane. The NFET is in the ground return path
while the PFET is in the power path. [X] 20 shows how the PFET is wired in the overall circuit.
-

+

VBAT —— LOAD

Copyright © 2016, Texas Instruments Incorporated

20. Revere Polarity Protection PFET Configuration

In the circuit in [X] 20, the body diode of the PFET is oriented in the direction of normal current flow. When
the battery is installed incorrectly, the gate voltage of the PFET is high, preventing it from turning on.
When the battery is installed properly, the gate voltage of the PFET is taken low, and its channel shorts
out the diode.

The most important parameter to consider when choosing a PFET is the value of the Rpg,, (lower is
better). The value of the gate charge is not important because this application does not use the PFET as a
switching component, and therefore does not have switching losses. The main parameters of the PFET
that affect the total estimated battery life are as follows:

e The on-resistance of the PFET: Rps,, = 18 mQ (CSD25310Q2 datasheet)
» The output on current through the PFET: I, = 6 mA (current in from battery-to-buck converter)

» The output off current through the PFET: |4 = 3.75 pA (current in from battery-to-buck converter)

The remainder of the parameters are the same as those previously discussed:

e The on-duty cycle: D, =t,,/ T=5ms /500 ms = 1%

* The off-duty cycle: Dy = 1 — D,, = 99%

» The average output motor current 1: I, = 600 mA

» The average output motor current 2; 1,,, = 168 mA

* The on-time 1: t,,, = 2 seconds (time when the motor begins to turn)

* The on-time 2: t,,, = 4 seconds (time spent braking, coasting, and reconfiguring direction of the motor)
» The average number of louver adjustment events per day: N = 24 (this number can vary)

» The total period in a day: T = (3600) x (24) = 86,400 seconds

7\ 10 shows the average power dissipation in the PFET during operation.
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Porer = (Roson)(kn)? = (Don) + Rosan) *1t) ¢ Potr) + Rosan) (o x (L) 1 Rog ) 12 x (Pon2l <
Porer = (18 MQ)x (6 MA)? x (0.01) + (18 mQ) x (3.75pA)? x (0.99) + (18 mQ) x (600 mA)? x ((2) x(24) )+ (18 mQ) x (168 mA)? x ((4) x(24) )=4.17 pW
86400 86400
(10)

2.3.12

2.3.13

The current coming in from the battery (I,, and 1,;) was calculated by using the efficiency of the buck
converter and then back calculating the input power, hence the input current (5 V is the nominal battery
voltage). Looking at the value in =X 10, 4.17 uW is less than 1% of the total power consumed and lost in
this Tl Design. The PFET makes an insignificant difference in the overall power budget and battery life.

Total System Power Consumption

To calculate the total system average power consumption, simply add all average power values from each
device from the previous sections (minus the LDO and boost). = 11 reflects this combination and shows
the total system average power dissipation during operation.

Pavg = Pate + Peuek + Pup + Perer

Pavg = 280.4pW +30.7uW +175.26 pW +4.17 pW = 490.53 W (total average power) (11)

As stated in the beginning of this design guide, these equations only cover the core of any smart damper
design. If more peripherals are added to this system, calculate the average power consumed by each
extra peripheral by using similar previous methods. For example, determining the duty cycle, calculating
the on- and off-current consumption per peripheral, and so on.

Theoretical Estimated Battery Life

The majority of batteries show their capacity measured in milliamp-hours (mAh). The mAh is a measure of
current capacity and not really energy capacity (but they are closely related). A better unit for measuring
energy capacity of a battery is in mWh. To convert the mAh capacity of a battery to mWh, first look at the
battery datasheet.

30
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Take the AA Energizer® battery for example, as shown in [X] 21.

4000
25
3600 100
250
2
3200 500
2800
2400
2000
1600
1200
800

400
0

Capacity (mAh)

Discharge (mA)

21. mAh Capacity of Energizer AA Battery

Calculate the average discharge current in your smart damper system. In this case, the average load
current is much less than 25 mA, so look at the capacity at that value (which is the lowest value on the
battery datasheet). Then use these parameters to figure out the values needed for total energy capacity of
the batteries:

+ The battery current capacity of one cell: I, = 3000 mAh (alkaline AA battery datasheet)

* The number of batteries configured in parallel: Batt, = 1 (all four batteries are in series: 4s1p)

» The number of batteries configured in parallel: Batty.s = 4

e The starting voltage of one battery cell: V.., = 1.5 V (one alkaline AA battery)

See 2\ 12 to convert the batteries current capacity, mAh, into mwh.

Etotal = (Ienergy )x (Batt” )% (Vpatt ) * (Battseries )

Eiotal = (3,000mA —h)x (1)x (1.5V)x(4) = 18,000mW — hours (12)

Lastly, the amount of battery life in hours can be calculated by using the equations in =X 11 for average
power of the system and =X 12 for total energy capacity of the battery.

7\ 13 shows the number of months of battery life during operation.

Months — (Etota|)x( 1 day 5 1 month )
Pavg 24hours” " 30.5 days

18,000 mW —hours

1day y 1 month

Months = ( )% ( ) =50.1 months of battery life (5 years)
0.49053mW 24 hours® 30.5 days (13)
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The final plot shows the battery life, in months, versus the number of adjustment events per day using just
the buck topology, which is the power topology of choice for this reference design. The plot, shown in
22, shows four different Bluetooth low energy connection event periods on the same graph: 220 ms, 360
ms, 500 ms, and 640 ms. The power dissipation of all ICs (Bluetooth low energy or MCU, PFET, motor
driver, and power) is included in this MATLAB graph. The equations used in 2.3 were incorporated into all

the graphs.
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& 22. Number of Events Versus Battery Life With Buck Converter
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2.3.14 Firmware Control
Yes Start
al
Start ( BLE Task )
Y Y

Start 60 second timer to
measure sensors

A 4

1) Configure BLE
(Connection Event: 500 ms)

BLE
Task

Start 30 second
timer interrupt

Wait for client
button press

2) Shutdown Motor or timer
(nSleep = 0) interrupt
3)SetDIR=0
P No
y
Restart 30
Stop Motor Yes nFault Disconnect client se_cc;nd tln:er
i occurred? interrup!
v Check battery for
P No PWM duty cycle
End atav
BLE Task
L— Stop Motor User Button 1
pressed? Position
register
change
Read
environment
data?
L— Stop Motor User Button 2
pressed?
Run motor Run motor
backward forward
Send
environment
data
Measure
< Pressure and 60 Sec Timer Cur_pos Cur_pos >
Temperature Expired? <= New <= New
set-point set-point
Sleep for BLE Client
Xtime connected?

23. Software Flow Chart

This flow chart shown in [X] 23 describes the CC2650 operation in this Tl Design. The CC2650 starts by
initializing the timer to schedule the environment sensing and configuring the DRV8833 devices to its
lowest power state. Afterward, the CC2650 advertises with a 500-ms interval. The CC2650 also monitors
the battery voltage in one-hour intervals while it is waiting for a device to connect. The main loop of the
CC2650 is event based. The majority of the time, the CC2650 is in standby mode, except when it must
transmit an advertisement packet, measure environmental sensors or check the battery voltage. When an
event is triggered, the CC2650 wakes up and executes functions depending on the event source.
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The CC2650 has six event triggers:

GAP role state change event: This event occurs when the GAP role state changes (for example, when
a device connects or disconnects from the CC2650). When a device connects to the CC2650, the
current load changes. The voltage-based battery monitoring does not give an accurate representation
of the battery voltage, because the measured voltage is a function of the battery impedance and the
load current. Also, for security and battery savings, a device must not be connected indefinitely. In this
firmware, the device is automatically disconnected after 30 seconds of inactivity. When a device
connects, the battery monitor is stopped and the inactivity timer is started immediately. When a device
disconnects (either by the user or by the inactivity time-out), the battery monitoring resumes.

Attribute value change event: This event occurs when the user changes the louver rotary position. The
CC2650 first starts by verifying whether the new value is valid. If the new value is not valid, then the
value is discarded and no action is taken. If the new value is valid, the new position is saved and the
inactivity timer is restarted. Next, the battery voltage is read to calculate the correct PWM duty cycle to
run the motor at 4 V. If the new value is greater than the current position read by the rotary
potentiometer sensor, the motor drives backward while the potentiometer is checked every 10 ms to
see if the position is close to the desired position. If the new value is less than the current position, the
motor drives forward until the potentiometer position sensor verifies the correct position.

Inactivity time-out event: If the 30 second inactivity time-out expires, the CC2650 disconnects the
device and returns to the advertising. When this event occurs, the CC2650 also triggers a GAP role
state change event.

Test button pressed event: The test buttons are valid only when a device is not connected. If a device
is connected, the test buttons are ignored, so the device does not interfere with the user’s operation. If
user button one is pressed, the "louver" is moved to the fully open position. If user button two is
pressed, the CC2650 drives the motor to the fully open position.

Battery monitor event: This event is the 1 hour battery monitor periodic event. The C2650 reads the
current battery voltage.

The DRV8833 fault occur event: If the DRV8833 fault pin indicates an error occurred when running the
motor. The current implementation of the firmware doesn't do anything with this error. The firmware
can be modified to rerun the motor until it can successfully move the louver without an error. In
addition, the firmware contains a GATT server with the following services:

— GAP

— GATT

— Device information
— Rotary position

— Temperature (°C)
— Humidity (%)

— Pressure (hPA)

34

JETT M, TR E o THEFEM & DR~ — [ Z L SEIHID Y 7 7L R e 7o JAJU262—-June 2017
Ve

TIDUCAS FHARAR — SO BEREREE hitp://www-s.ti.com/sc/techlit' TIDUCAS
Copyright © 2017, Texas Instruments Incorporated


http://www.tij.co.jp
http://www-s.ti.com/sc/techlit/TIDUCA5.pdf

13 TEXAS
INSTRUMENTS

www.tij.co.jp

System Overview

Device information service is aligned to official SIG profiles. The smart damper profile is a custom profile with 128-bit unique UUIDs. The profile
enables a device to configure the rotary position of the TIDA-01067 Tl Design. The complete attribute table for TIDA-01067 is shown in 3= 2.

%% 2. TIDA-01067 Attribute Table

HANDLE GATT SERVER
(HEX) HANDLE (DEC) TYPE (HEX) TYPE (TEXT) HEX VALUE PERMISSIONS DESCRIPTION AND VALUE (TEXT)
0x1 1 0x2800 LTy Pf'mafy Service 0x1800 R Generic access service
Declaration
GATT Characteristic {A2A-AA- .
0x2 2 0x2803 Declaration 02:03:00:00:2A R Device name
0x3 3 0x2A00 Device Name — R —
x4 4 0x2803 GATT Characteristic 02:05:00:01:2A R Appearance
Declaration
0x5 5 0x2A01 Appearance — R —
GATT Characteristic AT AR Peripheral preferred connection
0x6 6 0x2803 Declaration 02:07:00:04:2A R parameters
0x7 7 0x2A04 Peripheral Preferred . R .
Connection Parameters
GATT Primary Service " - n
0x8 8 0x2800 Bedkziter 0x1801 R Generic attribute service
0x9 9 0x2800 LTy Pf'mafy Service 0x180A R Device information service
Declaration
GATT Characteristic AB-AA-59.
OxA 10 0x2803 Declaration 02:0B:00:23:2A R System ID
0xB 11 0x2A23 System ID 86:56:74:00:00:F8:E6:A0 R —
0xC 12 0x2803 GATT Characteristic 02:0D:00:24:2A R Model number string
Declaration
) 54:49:44:41:2D:30:30:37:35:37:20 )
0xD 13 0x2A24 Model Number String ‘54:49:20:44-65-73:69:67-6E R TIDA-01067 TI Design
OXE 14 0x2803 GATT Characteristic 02:0F:00:25:2A R Serial number string
Declaration
OxF 15 0x2A25 Serial Number String 2361257:;2:69:61:6C:20:4E:75:6D:6 R Serial number
0x10 16 0x2803 GATT Characterlstlc 02:11:00:26:2A R Firmware revision string
Declaration
) - ) 46:69:72:6D:77:61:72:65:20:52:65 ) .
0x11 17 0x2A26 Firmware Revision String 76:3A:20:31:2E:30 R Firmware rev: 1.0
0x12 18 0x2803 GATT Characterlstlc 02:13:00:27:2A R Hardware revision string
Declaration
.- . 48:61:72:64:77:61:72:65:20:52:65: .
0x13 19 Ox2A27 Hardware Revision String 76-3A:20:31:2E:30 R Hardware rev: 1.0
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3% 2. TIDA-01067 Attribute Table (continued)

HANDLE GATT SERVER
(HEX) HANDLE (DEC) TYPE (HEX) TYPE (TEXT) HEX VALUE PERMISSIONS DESCRIPTION AND VALUE (TEXT)
GATT Characteristic A EYARG. .. .
0x14 20 0x2803 Declaration 02:15:00:28:2A R Software revision string
- . 53:6F:66:74:77:61:72:65:20:52:65 .
0x15 21 0x2A28 Software Revision String 76:3A:20:31:2E:30 R Software rev: 1.0
GATT Characteristic A0, .
0x16 22 0x2803 Declaration 02:17:00:29:2A R Manufacturer name string
) 54:65:78:61:73:20:49:6E:73:74:72
0x17 23 0x2A29 Manufacturer Name String 75:6D:65:6E:74:73 R Texas Instruments
GATT Characteristic 1OAAOA- IEEE 11073-20601 Regulatory
0x18 24 0x2803 Declaration 02:19:00:2A:2A R Certification Data List
IEEE 11073-20601 AN-RE-7R T RE-79-RO RN AE-
0x19 25 0x2A2A Regulatory Certification FI_E'O_O'65_"78'70'65'72'69'6D'65'6 R Experimental
. E:74: 61:6C
Data List
Ox1A 26 0x2803 GATT Characteristic 02:1B:00:50:2A R PNP ID
Declaration
0x1B 27 0x2A50 PnP ID 01:0D:00:00:00:10:01 R —
GATT Primary Service F0007570-0451-4000-B000- .
0x1C 28 0x2800 Bedkziter 000000000000 R Smart Vent service
GATT Characteristic OE:1E:00:00:00:00:00:00:00:00:B
0x1D 29 0x2803 Declaration 0:00:40:51:04:71:75:00:FO0 R vent Pos.
. Write O to close, 6 to fully close, any
Ox1E 30 0x7571 Vent State Config 03 RW number in between to set postion
_— 56:65:6E:74:20:50:6F:73:2E:20:28
OX1F 31 0x2901 Characteristic User :30:3A:63:6C:6F:73:65:20:2D:20:3 R Vent Pos. (0:Close - 6:0pen)
Description 6
GATT Characteristic 12:21:00:00:00:00:00:00:00:00:B0
0x20 32 0x2803 Declaration :00:40:51:04:75:75:00:F0 R -
0x21 33 0x7575 Temperature 00 R/N —
Client Characteristic . Write "01:00" to enable notifications,
0x22 34 0x2902 Configuration 00:00 RW "00:00" to disable
Characteristic User 54:65:6D:70:65:72:61:74:
0x23 35 0x2901 Description 75:72:65:20:43 R Temperature C
GATT Characteristic 12:25:00:00:00:00:00:00:00:00:B0
0x24 36 0x2803 Declaration :00:40:51:04:76:75:00:F0 R -
0x25 37 0x7576 Humidity % 00 R/N —
Client Characteristic . Write "01:00" to enable natifications,
0x26 38 0x2902 Configuration 00:00 RW "00:00" to disable
Characteristic User TERNRORARQTA T 90 iditv ©
0x27 39 0x2901 Description 48:75:6D:69:64:69:74:79:20:25 R Humidity %
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3% 2. TIDA-01067 Attribute Table (continued)

H'(A'_|NEI3(ISE HANDLE (DEC) TYPE (HEX) TYPE (TEXT) HEX VALUE gé;?\—nfsEsT(\)/ﬁg DESCRIPTION AND VALUE (TEXT)
. oowy | ST Chrecersic | 12zmmdmegeeo000s0 g -
0x29 41 0x7576 Pressure 00:00 R/N —
0x2A 42 0x2902 ggig;ﬁg?{j‘ﬁteriStic 00:00 RW .\.’(\)’gfgaptlg%?;;glgnab'e nofifications,
0x2B 43 0x2901 ggg(r:?i%tt?cr’ir?tic User 28%%2273173:75:72:65:20:28:68: R Pressure (hPa)
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3

3.1

3.1.1

3.1.2

Getting Started Hardware and Firmware

This section provides an overview describing how to get started with the EVM hardware and software.

Getting Started Hardware

Hardware Overview

24 shows the hardware for the TIDA-01067 reference design. The PCB is in a 3.5-inx4.0-in rectangular
form factor. However, no steps were taken to shrink down the form factor during development. The PCB
sits on 1.25-in nylon standoffs to enable ease of use while performing lab measurements.

24. Smart Damper Reference Design Hardware

The jumper J1 in the top left corner of the board lets the user disconnect the batteries from the rest of the
reference design. J1 also enables collection of current measurements from the 6-V power rail. The lower
left corner of the board contains the motor connection terminal block and test points along with the
DRV8833 motor controller. I°C test points are on the lower right corner of the board next to the JTAG
programming headers.

The CC2650 and PCB antenna are in the lower middle section of the board. This Tl Design also includes
a few push-buttons. Two user push-buttons are in the upper right corner, whereas the reset button is in
the middle of the board.

Operating TIDA-01067 Design

Tl recommends installing the batteries with J1 removed, and afterwards installing the jumper to power up
the circuit. On power up, the motor will turn to the 50% open position to let the user know power up was
successful.

38
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When a device is not connected using Bluetooth the user buttons (S2 and S3) activate different features of
the design. The louver moves to fully open position when S2 is pressed. S3 drives the motor to the fully
closed position. To communicate using Bluetooth the iOS app called LightBlue™ was used for testing.
Other generic Bluetooth apps can be used on various platforms. The B-BLE app on a Samsung® Galaxy

S7® was tested for functionality. See 3.2.3 for further steps on running the firmware on this reference
design.
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3.2 Getting Started Firmware

3.2.1 Compiling Firmware

The firmware used for this Tl Design was developed using TI's CCS software (version 6.1.0), BLE SDK
2.02.00.31, TI-RTOS 2.18.00.03 and ARM Compiler Tools 5.2.7. The instructions to build the firmware
assume that CCS and the software packages have been set up and configured correctly. For more
information on how to setup the development environment, consult the CC2650 BLE Software Developer’s
Guide provided in the docs folder of the BLE SDK.

To import the CCS project:

1. Open CCS.

Click on the Project toolbar.

Select Import CCS Projects....

Select the radio option Select archive file.

Navigate to where the TIDA01067_BLE_Peripheral_Stack.zip file is installed. If using the default
location, the firmware is at folder location, C:\ti\TIDA01067-Firmware.

6. Verify that the option TIDA0O1067_BLE_Peripheral_Stack is checked.
7. Click the Finish button.
8. Repeat Steps 2 through 7 to import TIDA01067_BLE_Peripheral_App.

akrwn

At this point, the CCS workspace should have both TIDA01067_BLE_Peripheral_App and
TIDAO01067_BLE_Peripheral_Stack projects.

To build the firmware:

1. Setthe TIDA01067_BLE_Peripheral_Stack project as the active project, and build the project using
Project — Build Project. The generated binary file, TIDA0O67_BLE_Peripheral_Stack.hex, is in the
TIDA01067_BLE_Peripheral_Stack/FlashROM folder.

2. Setthe TIDA01067_BLE_Peripheral_App project as the active project, and build the project using
Project — Build Project. The generated binary file, TIDA01067_BLE_Peripheral_App.hex, is in the
TIDA01067_BLE_Peripheral_App/FlashROM folder.

3.2.2 Loading Firmware

The TI Design hardware is programmed by connecting the 10-pin mini ribbon cable from J3 to the
SmartRF06 EVM (10-pin ARM Cortex Debug Connector, P410). On the SmartRF06 EVM, set the source
switch to USB, and short the VDD to EM jumper. In this configuration, the SmartRF06 EVM provides
power to the CC2650. See the SmartRF06 EVM documentation for more information (SWRU321).

40 JETT M, TR E o THEFEM & DR~ — [ Z L SEIHID Y 7 7L R e 7o JAJU262—June 2017
Ve

TIDUCAS FHARAR — SO BEREREE hitp://www-s.ti.com/sc/techlit' TIDUCAS
Copyright © 2017, Texas Instruments Incorporated



http://www.tij.co.jp
http://www-s.ti.com/sc/techlit/TIDUCA5.pdf
http://www.ti.com/lit/pdf/SWRU321

13 TEXAS
INSTRUMENTS

www.tij.co.jp Getting Started Hardware and Firmware

See [X| 25 for the correct set up for connecting the Tl Design hardware to the SmartRF06 EVM. Two
applications can be used to program the TIDA-01067: Code Composer Studio or SmartRF Flash
Programmer 2.

SmartRFO6
Evaluation Board

¥ 25. Connection of SmartRF06 Evaluation Board and Tl Designs Hardware for Programming and
Debugging

3.2.2.1  Programming With CCS

Perform the following steps to program with CCS:

1. Download TIDA01067_BLE_Peripheral_Stack by selecting the TIDA01067_BLE_Peripheral_Stack
project as the active project, and choosing Run — Debug.

2. Choose Run — Terminate to stop the debug.

3. Download TIDA001067_BLE_Peripheral_App by selecting the TIDA01067_BLE_Peripheral_App
project as the active project, and choosing Run — Debug.

= The preceding steps are needed only for the initial download, and whenever the Stack
project is modified. As long as the Stack project is not modified, the only required steps are:

1. Build the application.
2. Download the application.
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3.2.2.2

Programming With SmartRF Flash Programmer 2

Perform the following steps to program with SmartRF Flash Programmer 2:

1. Download and install SmartRF Flash Programmer 2, available at:
http://www.ti.com/tool/flash-programmer.

2. Open SmartRF Flash Programmer 2.

w

In the Connected devices window, CC2650 is listed under XDS100v3. If it is not listed, check the

power and connection from SmartRF06 to TIDA-01067, and click the Refresh button to rescan for
devices. Highlight the CC2650 device (see [X| 26).

N o o ks

In the Main tab, click the Multiple radio button.

Click the Browse button and navigate to the TIDA001067 Stack hex file.
Click the Browse button and navigate to the TIDA01067 App hex file.
Click the blue circle Play button to flash the two hex images onto the TIDA-01067.

SmartRF Flash Programmer 2 - Texas Instruments

Smart

™Flash Programmer 2 vec 175

Connected devices:
[ % XDS100v3, XDS-DEE612200...
&¥ ccaeso
~ XDS100v2 Class USB Serial ...
© unknown

Refresh
Selacted target(0):
State: unknown
Flash size: N.A,
Ram size: N.A.
Chip revision: N&_
Package size: NA.

EA] Auto-detect

Selected files:

Ol C/Users/CCS_workspaceTIDAD1067_BLE_Perpheral_AppiFlashROMTIDADI06T_BLE_Peripheral_App.hex

TN CoUsers/CeS_workspacaTIDAD1067_BLE_Peripheral_StackFlashROWTIDAD1067_BLE_Peripheral_Stack hex

® Program

& All unprotected pages ) Entire source Tie
@ Pages in image @ Exclude pages in image filed with:
@ speciicpoges: [ | @ Excucepages:

Erase all unprotected pages, Program entire source image, Veerify with CRC check

Ho options available before

A Status

¥ 26. SmartRF Flash Programmer 2 Configuration
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8. The status bar at the bottom of the SmartRF Flash Programmer 2 shows whether flashing the images
was successful (see [¥] 27).

SmartRF Flash Programmer 2 - Texas Instruments - [m] x|

Smart ™Flash Programmer 2 175

Connected devices:
v XDS100v3, XDS-DEEB12200
(4% ccaeno
v XDS100v3 Ciass USE Serial ..
Unknown

Selected files: [] Disable [] Keep C |
NNl Co/UsersiCCS_workspaceMDAN D67_BLE_Peripheral_App/FlashROMTDADI06T_BLE_Peripheral_App hex .

Flash lock

A C:UsersiCCS_workspacef TIDADT067_BLE_Perpheral_StackFlashROIWTIDAG10S7_BLE_Peripheral_Stack hex
(] wirke-protect pages

[ Lock debug interfac

i Program )
Secondary MAC Addre

Refresh A Auto-detect ® Flash Address EEE 802

Selected target(1): W skip
& Allunprotecied pages ® Entire source file @ Pages fed wih ] Retain secondary &
CC2650 ® Pages in image @ Exclude pages in image filed with:

Wireless ® Pages
Wirelozs Mpg ® specincpages: ([ | & cocuce pages: [ ]

{l Tex Erase all unprotecied pages, Program entire source image, Verify with CRC check
IesTRUMER

Flash Address BLE: Ox!

[[] Retain secondary E

4 Status
State: Disconnected

Flash size: 128 KB sVerification finished success: '\.I")‘
sReset target .,

i 2 sReset of target successful

Chip revision: 2.3

Paciage size; 555 T ——

& 27. SmartRF Flash Programmer 2 Successful Flash Status

3.2.3 Running Firmware

To communicate with the TIDA-01067, an iPhone® 6 with the LightBlue iOS app is used for testing. A
different platform or app can perform this function. The app B-BLE on the Samsung Galaxy S6 and S7
was tested for functionality.

1. If not previously done, disconnect the SmartRF06 ribbon cable from the TIDA-01067.

2. Remove J1 to disconnect the battery from the system.

3. Insert four AA batteries into the battery holders or use a bench power supply.

4. Power on the board by shunting J1 to connect the battery to the system.

E: The motor will adjust the position of the louver to 50% open to indicate that the firmware is
running.

5. Enable Bluetooth on the iPhone.
6. Run the LightBlue app.
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7. View the peripherals nearby (see [%| 28).

iPod & 11:00 AM 3 @4

Info LightBlue | Explorer +

Peripherals Nearby
SAAA=MT>IBX2gBXFqCET...
-9 No services

SAAA=MXVAGITE}6/0<A9. ..
-96 No services

TIDA-1067 Smrt Dmpr

|||I \
50 1 service

SAAA=MUZMBASURXFQZr....
-84 No services

., Bose QC35 N
-87 1 service
. Unnamed N

-84 No services

SAAA=MQWABZTWMXFG...
-4 No services

CAAN [ WY B P W

Log (. PunchThrough

¥ 28. View Peripherals Screen
8. Click the TIDA-01067 Smrt Dmpr peripheral to connect (see [X 29).

Interrogating...
TIDA-1067 Smrt Dmpr

"

29. TIDA-01067 Connecting Screen
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9. Once connected, the advertisement data and attribute fields can be viewed (see [%| 30).

iPod = 11:26 AM $ @94 iPod = 11:16 AM % E 4
< Back Peripheral Clone < Back Peripheral Clone
TIDA-01067 Smart Vent  Device Information

UUID: 5A4BE823-448B- System ID

F81B-06D3-07FBE7D6E969 <86567400 00f8e6a0>

ComneEEe] Model Number String

TIDA-01067 Tl Design
ADVERTISEMENT DATA  Show ‘ .
Serial Number String

Serial Number
Device Information Firmware Revision String
Firmware Rev: 1.0
System ID
<86567400 00f8e6a0>

Model Number String
TIDA-01067 Tl Design

Hardware Revision String
Hardware Rev: 1.0

Software Revision String

Software Rev: 1.0

Serial Number String

Seral Number Manufacturer Name String

Texas Instruments

Firmware Revision String
Firmware Rev: 1.0

Regulatory Certification Data List
<fe006578 70657269 6d656e74 616¢>

=N

Log . PunchThrough  Log (J PunchThrough
30. Advertisement Data Screen

10. Scroll to the bottom of the screen, and click on the Vent Pos. attribute (see [X] 31).
iPod & 11:01 AM P 4

< Back Peripheral Clone

Regulatory Certification Data List
<fe006578 70657269 6d656e74 616¢c>

PnP ID

<010d0000 001001>

UUID: FO007570-0451-4000-
B000-000000000000

Vent Pos. (0:close - 6:0pen)
Properties: Read Write
UUID: FO007571-0451-4000-B000-000000000000

Temperature C
Properties: Read Notify
UUID: FO007575-0451-4000-B000-000000000000

Humidity %
Properties: Read Notify
UUID: FO007576-0451-4000-B000-000000000000

Pressure (hPa)
Properties: Read Notify
UUID: FO007577-0451-4000-B000-000000000000

Log CJ PunchThrough

X 31. Attributes Screen
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11. After clicking the Vent Pos. attribute, the device automatically reads the current Vent Position state. At
reset the vent will be turn to half way open (value: 0x03). In [X| 32, the fully open position the value is
0. To change the value, click on the Write new value option. On the Android™ B-BLE app, the user
must write two characters, meaning 00,01, 02, ... 06.

iPod =

11:17 AM

3 =4

< 0xF0007571-0451-4000-B0... Hex

TIDA-01067 Smart Vent

Vent Pos. (O:.close - 6...

UUID: FO007571-0451-4000-

B000-000000000000
Connected

READ VALUES

Read again

03
11:17:31.441

WRITTEN VALUES

Write new value

DESCRIPTORS

Vent Pos. (0:close - 6:0pen)

Characteristic User Description

Log CJ PunchThrough

¥ 32. Vent Position Values Screen

12. Write the value 1 in the text box, and click done (see [X| 33). This triggers the attribute value change
event, which turns the motor.

iPod =

€ Back

> N> O

12:30 PM

N o o W m

0

Edit Value

Hex

w o o O T

3 ==

iPod = 11:18 AM 3 04

< 0xF0007571-0451-4000-B0... Hex
TIDA-01067 Smart Vent

Vent Pos. (O:.close - 6...

UUID: FO007571-0451-4000-
B000-000000000000

Connected

READ VALUES
Read again

01
11:17:49.231

03
11:17:31.441

WRITTEN VALUES
Write new value

01

11:17:49.096

Log ./ PunchThrough

[ 33. Selecting Vent Position State Value (1)
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13. Write a value 0 to 6 in the text box (see [X] 34), and click Done to adjust the vent louver to that
position. If it is already in that position the motor will not move.
iPod = 12:34 PM 3 @ iPod T 11:19 AM » =4

< Back Edit Value < 0xF0007571-0451-4000-BO0... Hex

TIDA-01067 Smart Vent

Vent Pos. (O:close - 6...

UUID: FO007571-0451-4000-
B000-000000000000

Connected

Hex

READ VALUES

Read again

0x05
11:19:64.410
Ox03
11:19:38.145
OxO1
11:19:31.606

» N > O

WRITTEN VALUES
Write new value
[aNalY ~
Log CJ PunchThrough

O N o 0o W om

Ewm@o_ﬂ

34. Selecting a Louver Position Value (5)

14. If a new value is not written within 30 seconds, the inactivity time-out event is triggered and
disconnects the device (see [X 35).

Disconnected Alert

The peripheral has disconnected.

Dismiss

35. Inactivity Time-out Screen
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4 Testing and Results

4.1 Test Setup

Each of the different subsystems within the TIDA-01067 reference design were tested independently when
possible to achieve a breakdown of power statistics which are summarized in 4.2.6. This section of the
document outlines how the tests were set up and conducted, if a user wants to recreate the results.

41.1 Power Supply

To standardize the results, the reference design is powered by a 5-V power supply because the batteries
normally used to power the design can decrease in voltage over time. The testing voltage is 5 V because
the batteries balance out at 5 V for the majority of the life of the batteries. Keep in mind that batteries have
a current draw limit, whereas the power supply does not. Measurements were taken with batteries as a
comparison because of the innate current limit of the batteries and are discussed as well. The power
supply was connected to J1 and the ground test point, as shown in [%] 36. [%| 36 also shows the
configuration of the current probe used to capture the higher current motor drive waveforms.

[ 36. 5-V Power Supply Connection Configuration
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41.2 Scope and Waveform Capture

A Tektronix® DPO 7054 Digital Phosphor Oscilloscope was used to capture the majority of the waveforms
featured in this document. The Digital Phosphor Oscilloscope provides quick and easy capture of
waveforms with averaging and peak values. The scope averages the points between horizontal markers to
instantly give an accurate average, instead of just averaging the entire range on screen. The average
calculated by the scope is implemented in the test results. A sense resistor was used when a current
probe could not be used to measure the small amount of current for a specific test. The sense resistor is
placed across the terminals of J1, as shown in [X] 37. A multimeter was used to accurately measure the
resistance of the sense resistor before putting the resistor into the circuit.

37. Sense Resistor Test Configuration on J1

4.1.3 Motor Loading

The rotary potentiometer on the board can make it difficult to connect the motor with an existing HVAC
vent. A linkage could be designed with a worm gear and a few gears to manipulate a vent. The testing did
not take into effect the extra load of a hard to move vent or a larger motor. However, a DC micro metal
gear motor that is geared down to 15 RPM at 3 V and 0.3 A is installed into the TIDA-01067 design. The
micro gear motor is similar to what is on some of the retrofit vents available on the market today. This
motor should supply enough torque to drive other vents currently on the market.
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4.2 Test Results

E: Unless otherwise noted, the test data in the following sections was measured with the
system at room temperature. All of the measurements in this section were measured with
calibrated lab equipment.

4.2.1 Power System Tests

4.2.1.1 Buck Output and Efficiency

The input voltage at J1 varied from 6.4 V to 3.7 V, and the voltage on the 3-V rail was measured at TP1
and TP2. % 3 lists the results.

% 3. Input Voltage Versus Buck Output

INPUT VOLTAGE (V) BUCK OUTPUT (V)
6.4 3.0
6.0 3.0
5.6 3.0
5.2 3.0
5.0 (nominal) 3.0
4.8 3.0
4.4 3.0
4.0 3.0
3.7 3.0

The efficiency of the TPS62745 was simulated with TI's WEBENCH® Design Tool. The graphs in [X] 38
and ¥ 39 show the results.

94.75
— V|N =37V
94.25 // — Vjn=5.05V
03.75 / / \\ Vin=6.4V
93.25 | — AN
IS \\
92.75
g N
3 92.25 N
i AN
91.75
\\\
91.25 \\‘\\
N
90.75 —
90.25

0.025 0.075 0.125 0.175 0.225 0.275
Output Current (A)

38. Buck Output Current Versus Efficiency (TPS62745)
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39 shows a wider current range of the efficiency results.

Efficiency (%)

95

94

-l = e N

A ¥
L &

92

N\

91 /

/)
90
89 /4

88

87

R

86

™~~~

85

84

83

-_— V|N:3.7V

82

— V|N =505V

81 i
80

VIN =6.4V

5x10°° 1x10°3 1x107?

1x10t  5x107

Output Current (A)

39. Buck Output Current Versus Efficiency, Wider Current Range (TPS62745)

42.1.2 Input Voltage Versus Average Current Consumption

The batteries decrease in voltage over time, but settle at a nominal voltage of 5 V. The majority of the

testing done on the TIDA-01067 reference design is completed at the nominal voltage of 5 V with a power

supply. However, batteries have innate current limiting, and the results may vary slightly depending on

which batteries are used and how old they are, whereas the power supply has no current limit. & 4
captures and records the peak current and average current for the motor operation state. The range of 6.4
V to 3.7 V was chosen because the maximum voltage of four AA batteries can be close to 6.4 V and the

minimum V,, of the buck is 3.7 V.

% 4. Input Voltage Versus Average Current

INPUT VOLTAGE PEAK CURRENT (mA) AVG CURRENT (mA) BUCK OUTPUT (V)
6.4 86.44 21.90 3.0
6.0 76.02 21.42 3.0
5.6 68.86 20.17 3.0
5.2 65.30 19.50 3.0
5.0 (nominal) 60.62 19.38 3.0
4.8 58.86 18.94 3.0
4.4 58.62 18.72 3.0
4.0 81.12 20.61 3.0
3.7 77.92 22.19 3.0

4.2.2 Bluetooth Low Energy Communications

The Bluetooth low energy tests included looking at the advertisement packet timing and current

consumption waveforms, along with examining the connected packet timing and current waveforms. A

sense resistor was used to measure the small amount of current in the system during the Bluetooth
connection periods. 4.1 describes the sense resistor method.
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40 shows the equivalent current waveform. The voltage readings were averaged over the time of the
packet pulse time and a 50.048-Q sense resistor was used.

I

1 1 1 1 | 1 1 1 1 | | 1 1 1 1 | 1 1 1 ] I 1 1 1 | 1 1 1 0 | 1 1 1 1 1 1 1 1 1 1 1 1 B
- 1 . Wi
ADVERTISEMENT PACKET TRANSMIT 1
| | b | | —
50.042 OHM SENSE RESISTOR ]
vy L ]
TR1 ‘::
/ g O ]
| 1 1 L | 1 | L | | | L | 1 | L 1 1 | | | 1 L T L | L | | 1 L | | L | 1 | | | 1 | L | 1 | L | ]
( @™ s0.0mvidiv 1MQ Bys00M | 80ps (e / s5.0mv J(20ms  200.0ks/s 5.0ps/pt
W [5.92ms
@™ 9.9ms 27 acqs RL:4.0k
101.01Hz Cons May 03, 2016 11:35:28
Value Mean Min Max St Dev Count  Info
@T® max*  [1458mV  [14578125m [1458m  [1458m  [0.0 1.0
@ Mean  |61.85mV  [61.848986m [61.85m  [61.85m 0.0 1.0
40. Bluetooth Low Energy Advertisement Packet
The average voltage is 61.849 mV, so dividing voltage by resistance allows us to solve for average
current. The average current is 1.236 mA over the pulse width of approximately 9.9 ms.
Average current = (61.849 mV) / (50.048 Q) = 1.236 mA (14)
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41 shows the advertisement packet transmit period. The TIDA-01067 reference design broadcasts its
basic information and advertises its presence to allow devices to connect to it every 500 ms. [X| 41 is the
zoomed out view of the advertisement pulses seen in [X] 40. The tiny pulses seen between the transmits
are the internal DC-DC converter of the CC2650 charging up for the next transmission.

T T T T | T T 1 T | T T T T | T T T T | T 1 T b 1 T T T T | T T T T | 1 T T T | T T T T T T T T

ADVERTISEMENT PACKET TRAMSMIT

R S S
50045 OHM SENSE RESISTOR

TR _ .- I A
L 5 L L
i e e e e s e e e e e e e e e e e e ]
[mﬁu,nmwdiv 1MO By:500M [ﬂ M 85.0mv ] 200ms  200.0kS/s 5.0ps/pt
1acgs RL:400k
Cons May 03, 2016 11:40:53
Value Mean Min Max 5t Dev Count Info
T max* 144.0mV_ [144.00781m [144.0m  [144.0m  [0.0 1.0
@D Mean  [2.846mV  [2.8457585m [2.846m  [2.846m  [0.0 1.0
[ 41. Bluetooth Low Energy Advertisement Transmit Period
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Once a device is paired with the TIDA-01067 reference design the current consumption of the design
looks slightly different. [X] 42 shows what the waveform of each connected pulse looks like. The maximum

voltage is slightly lower and the pulse length is shorter.

T e e e e e P e

DEVICE PAIRED STATE

T e B S
50.048 OHM SENSE RESISTOR

||||5|||||||||

-+
| L | 1 1 L | | L | 1 | L | L | | | 1 | L 1 | | | I | L | 1 | L | 1 | | | 1 | L | 1 | L | ]
[m 50.0mV/div 1m0 By:500M ] A1Ams [ﬂm M 65.0mv ] 2.0ms 200.0kSls 5.0psipt
@™ 6.56ms Preview Single Seq
@™ 7.66ms 0 acgs RL:4.0k
130.55Hz Cons May 03, 2016 11:37:59
Value Mean Min Max St Dev Count  Info
@ max*  [104.3mV  [104.26563m [104.3m  [1043m 0.0 1.0
@7 Mean  [39.45mV  [39.445136m [39.45m  [39.45m  |0.0 1.0
¥ 42. Bluetooth Low Energy Device Paired Packet
7 15 describes how to calculate the average current for the connected pulse.
Average current = (39.445 mV) / (50.048 Q) = 0.788 mA (15)

The average current for a single connected pulse lasting approximately 7.66 ms = 0.788 mA.

Once a device is connected to the TIDA-01067 reference design, the average current pulse becomes
slightly smaller. However, the pulse period is shortened to decrease latency in the user experience.
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As seen in [X| 43, the period is 30 ms when a device is connected. The 30-ms transmit period stays in
effect for 30 seconds after the last input from the user’s device. More discussion of the software algorithm
is discussed in 2.3.14.

""I""I'q!e""""""::""""""""""

DEVICE PAIRED STATE

R S
50.04% OHM SENSE RESISTOR,

N TR TR

LU

[msu,nmwuiu 1Ma By:500M ] 28.0ms [ﬂm J/65.0mv ] 50.0ms 200.0kS/s 5.0ps/pt
& 2.0ms Preview
@ 30.0ms 0 acgs RL:100k
& (33.33Hz Cons May 03, 2016 11:39:30
Value Mean Min Max St Dev Count Info
©» Max 119.7mV  [119.74219m [119.7m  [1197m  [0.0 1.0
G’ Mean 13.15mV 13.149821m [13.15m 13.15m 0.0 1.0
43. Bluetooth Low Energy Device Paired Packet Transmit Period
4.2.3 Standby Current

The average standby current can be found by measuring the current consumption between advertisement
packet transmissions. During this time the other devices in the TIDA-01067 reference design are in
standby or sleep mode, allowing an accurate measurement of the standby current. A small sense resistor
was used to measure the small amount of current. The average standby current of this reference design
with the algorithm discussed in 2.3.14 is approximately 3.7 pA.
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42.4

Motor Current

This section covers each of the different motor current waveforms for a louver adjustment event and a
louver adjustment while bluetooth connected The motor was free spinning while connected to the board
through the rotary potentiometer sensor. A non-connected event may happen since a custom software
algorithm could adjust the position depending on the environmental data. For each adjustment event the
worst case was considered. The worst case being moving from the completely open position to closed or
vise versa, on this reference design that is 180 degrees of motor spin. A 3.311-Q sense resistor was used
in this part of motor testing because of the low-current waveforms.

4.2.4.1 Motor Current Waveforms

Batteries have innate current limiting and because of this feature the maximum current spike when the
motor started spinning may be different, average current of = 21.10 mA over the 1.8-second louver
adjustment event. [¥| 44 shows the fully open to close event, and the reference design is being powered
by the 5-V power supply. The starting current spike is larger because the power supply is not limiting the
current. The current spike is = 77 mA.

T V' S '8 111
- Curs1 Pos
_,,_ 172.0ms
: Curs2 Pos
+ 1.624s
t1: -172.0ms
| 1624z
: AL 1.7596s
144t 0 556.8mHz
- ... i Ao orefesadeesfom oo oo . il . oo . i MIER(CT) 256.0mY
f MleaniC1)*  B9.85mY
MJ\-"\\.
T M WW‘WW' i Mi""!"'lvhy"'mﬂ\‘}' ﬁ'tulﬂ' |,M- ,U"f‘., """""""
wwvr M
I . . . . . .
Ch1 50.0rnY By M 200ms 2505/ 4 Dot
A& Chl - 246mY

44. Louver 100% Open to 100% Closed (Bluetooth Low Energy Connected)

From now on, only the waveforms captured while the reference design is powered by the power supply
are used to calculate the current consumption to standardize the results. The testing voltage is 5 V
because the batteries balance out at 5 V for the majority of the life of the batteries. One thing to remember
is that batteries have a current draw limit, whereas the power supply does not. Therefore, for higher
current motors, the current spike may be different depending on the power source.
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45 shows the voltage waveform with a 3.311-Q sense resistor of the vent close event as initiated by the
push-button without the Bluetooth connected. A current spike of 74.30 mA starts the motor with an
average current of 19.33 mA.

Sowed s Apris0sn

Curs1 Pos
e R R EERERE —ERREREES 176.0ms

i Curs2 Pos
+ 1.828s
t1: -176.0ms
12 1.328s
[l 1.504s
144t 664 .9mHz

| Max(C1) 246 0mY

|Mean(C1)* B4.0mY

BE~ra= . . . i -\.—‘-l-wll-n-pm»-m

Ch1 500mY  Bw M 200ms 2505/ 4.0ms At
# Ch1l o 246mY

[ 45. Louver 100% Open to 100% Closed (Bluetooth Low Energy Disconnected)

4.2.4.2 Motor Current Summary

% 5 summarizes all the results of the motor testing. The 5-V power supply was used to standardize
instead of using batteries, which give varying results because of battery drain.

% 5. Motor Results Summary

MOTOR CONFIG (5 V) PEAK CURRENT (mA) AVERAC?EAC)URRENT
180° adjustment (Bluetooth low energy 7732 21.10
connected)
180° adjustment (no Bluetooth low energy 74.30 10.33
connected)
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4.2.5 Environmental Sensing Current
Environmental sensing is another building block of this reference design and the smart damper end
equipment. Using low-power sensors and periodically triggering the environmental sensors to take data
can conserve battery life. Measuring the environment consists of triggering the HDC1010 and the BMP280
pressure sensor once an hour for preventative maintenance or HVAC diagnostics. [%| 46 shows the
advertisement packets and the small spike is where the environmental sensing occurs. The cursors are
highlighting this 120-ms time where the sensors are running. The average current over this time is 105.2
MA. A 50.02-Q sense resistor was used to capture this waveform. A shorter period can be implemented
and there will be a negligible change in battery life because of the low average current and the limited time
spent taking measurements.
Slopped ST 26 Apr 1718454
Curs1 Pos
M 584.0ms
Curs2 Pos
704.0ms
t1: 584 0ms
T 2 704 0ms
at: 120.0ms
104t §.333Hz
L e LMas(Ct) 12.84my
]
.Mean(mj* 5.261mY
o . = e
BE
Ch1 10.0rm¥ =] M 200ms 2505/ 4 .Ornsdot
& Chl » 13.8mY
46. Environmental Sensing Waveform
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4.2.6 Estimated Battery Life

To easily calculate the estimated battery life, each of the TIDA-01067 reference design states have been
separated. The average current for standby, Bluetooth low energy advertisement, Bluetooth low energy
connected, environmental sensing, and motor states have been gathered during testing. The average
current per event, time per event, and total time in that state must be calculated or measured to estimate
how much current is consumed in each state. A 24-hour time frame is used for the calculations because
five louver adjustment events are being assumed in a 24-hour period. This 24-hour period also makes
calculating battery life in years easier to convert.

i Unless otherwise noted, the battery capacity calculations in the following sections are done
in mAh and not mWh.

4.2.6.1 Motor Average Current

The average current for the motor was measured in 4.2.4. The highest current-consumption
measurement is considered for these current calculations. An average current of 21.10 mA for 1.8
seconds was measured during the louver adjustment event. To find the average current consumption over
a 24-hour period use = 16 and =\ 17.

Duty Cycle of Motor State = Events x Event Duration x x 1 R L
24 hours 60mins 60 seconds (16)
Motor I,,4 = LED and Motor I,,4 x Events x event duration x X L —— x !
4hrs 60mins 60 secs a7
Motor l,,q =21.10 mA x 5 x 1.8 seconds x x 1_ x 1
24hrs 60mins 60 secs (18)

Motor |, = 2.198 YA

4.2.6.2 Bluetooth Low Energy Connected State Average Current

Because the average current for a single Bluetooth low energy connected pulse was measured, the total
current consumption for 24-hour period can be calculated. The average current is 0.788 mA for 7.6 ms.
The number of Bluetooth low energy connected pulses in the 30-second connected time must be
calculated. The LED and motor current measurement included the connected pulses, so the motor event
lasting 2 seconds must be subtracted from the connected period. The connection period is the time
between pulses, or 30 ms.

#BLE Connected pulses per event = Connected Time — Motor Event Time

Connection Period (19)
#BLE Connected pulses per event = 30 sec —1.8 sec
0.03 sec (20)
Duty Cycle of Connected State = BLE Connected Pulses x Events x Event Duration x X L — X L
24hrs 60mins 60secs
(21)
Connected |, = Connected |,,, x BLE Connected Pulses x Events x Event Duration x X ! — X L
¢ 9 24hrs 60 mins 60 secs
(22)
Connected g = 0.788 MA x >0 1" 50,0076 566 x —— x ———— x —
0.03 sec 24hrs 60mins 60 secs (23)
Connected |,,, = 0.326 HA
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4.2.6.3

Bluetooth Low Energy Advertisement State Average Current

The average current during the Bluetooth low energy advertisement pulse is 1.235 mA over 9.9 ms. The
CC2650 is sending advertisement packets only when it is not connected to a device, or when the motor is
running; therefore, these periods must be subtracted from the run time of the Bluetooth low energy
advertisement state.

#BLE Advertisement packets - 24 hrs x 60 mins x 60 secs — (Connected Time x Events)

Advertising Period (24)

Duty Cyle of Advertisement State =BLE Advertisement Pulses x Pulse Duration x x 1 X L
24hrs 60mins 60 secs
(25)

Advertisement |, = Advertisement I, x BLE Advertisement Pulses x Event x Event Duration x x L — x L
24 hrs 60mins 60 secs
(26)

86400 - (30x5
Advertisement |,y =1.235 mA x (395) . 5.0099 s x —1—x — 11

0.5 sec 24 hrs 60mins 60 secs 27)

Advertisement |,,, = 24.41 pA

4.2.6.4  Average Environmental Sensing Current

Environmental sensing occurs once every hour and takes approximately 120 ms with an average current
of 0.1052 mA. The following equations calculate the average current consumption over a 24 hour period.

Duty Cycle of Environmental Sensing = Event x Event Duration x x L R L
24hrs 60mins 60 secs (28)
Sensingl,,4 = Sensingl,, 4 x Events x event duration x X L — x !
4hrs 60mins 60 secs (29)
Sensingl,,4 =0.1052 mA x 24 x 0.12 seconds x x ! — x !
24 hrs 60mins 60 secs (30)

Sensing | ,,,= 0.0035 pA

4.2.6.5 Average Standby Current

The standby current was measured as the average current consumption between each Bluetooth low
energy advertisement pulse. Therefore, to solve the amount of time the smart damper is in standby mode,
subtract the amount of times the device is in other states from the total time (see =\ 31). Then, multiply
the standby current by the percentage of total time it is in standby mode (see z\ 33). The measured
standby current is 4.7 pA.

Standby Time = 24 hrs x 60 mins x 60 secs — #BLE Advertisement Pulses x Pulse Duration — #BLE Connected Pulses x Events x Connected Pulse Duration

(31)
The connected time includes the time that the damper is in the motor state.
Time in Standby = 86400 secs — 86400 - (Conne.c'ted TmTe * Events) x Pulse Duration — Connected Time —'MotorlEvent Time x Connected Pulse Duration x Events
Advertising Period Connection Period
(32)
Standby I, = 0.0037 mA x [86400 secs _ 20400 secs — (30 secs xEvents) 1qq qoq — 305ECS ~25€CS 376 Fugnsx — ' x 11
0.5 secs 0.03 secs 24 hrs 60mins 60 secs
(33)
Standby I, = 3.626 pA
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4.2.6.6 Estimated Battery Life

The total system average current must be found to accurately estimate battery life. The total average
current is found by adding each of the average currents (see ¢ 6 and =X 34).

% 6. Current Consumption per State

STATE AVERAGE CURRENT (pA)
Motor and LEDs 2.1980
Bluetooth low energy connected 0.3260
Bluetooth low energy advertisement 24.4100
Environmental sensing 0.0035
Standby 3.6260
Total average current 30.5600

battery Capacity (mAh) 1
X
Avg Current (mA) 8760 hr / yr

Battery Life in Years = x derating factor

(34)
The derating factor in ={ 34 accounts for self-aging of the battery.
Battery Life in Years = 0382852':1 x 8760 1hr Ty x 0.90 -
Battery Life in Years = 10.08
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5 Design Files
5.1 Schematics
To download the schematics, see the design files at TIDA-01067.
5.2 Bill of Materials
To download the bill of materials, see the design files at TIDA-01067.
5.3 PCB Layout Recommendations
To ensure high performance, the TIDA-01067 reference design was laid out using a four-layer PCB. The
second layer is a solid GND pour, and the third layer is used for power rail routing without a ground fill.
The top and bottom layers are used for general signal routing and also have GND fills in unused areas. All
of the TI products used in this Tl Design adhere to the layout guidelines detailed in their respective
datasheets. The onboard Bluetooth antenna was placed as far away from other noise sources as possible,
such as the buck converter or other items that could act as an antenna (for example, test points or large
traces).
Solid ground ~ 2
plane is placed <
on layer 2, 1
Power is routed
on layer 3.
\ 4000. O0ma 1
-
MNo copper pgurarOUnd Via StitChing to ensure
the antenna section the lowest impedance
path is available for
high frequency RF
47. Smart Damper Reference Design Layout Guidelines
5.3.1 Layout Prints
To download the layer plots, see the design files at TIDA-01067.
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5.4 Altium Project
To download the Altium project files, see the design files at TIDA-01067.

5.5 Gerber Files
To download the Gerber files, see the design files at TIDA-01067.

5.6 Assembly Drawings

To download the assembly drawings, see the design files at TIDA-01067.

6 Software Files

To download the software files, see the design files at TIDA-01067.

7 Related Documentation
1. Texas Instruments, Reverse Current Battery Protection Circuits, Application Report (SLVA139)
2. Texas Instruments, Calculating Motor Driver Power Dissipation, Application Report (SLVA504)
3. Texas Instruments, WEBENCH Design Center, (http://www.ti.com/webench)
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SimpleLink, SmartRF, Code Composer Studio, DCS-Control, MSP430 are trademarks of Texas
Instruments.

WEBENCH is a registered trademark of Texas Instruments.

Cortex is a registered trademark of ARM.

iPhone is a registered trademark of Apple Inc.

HomeKit, LightBlue are trademarks of Apple, Inc.

Apple is a registered trademark of Apple, Inc.

ARM is a registered trademark of Arm Limited.

Bluetooth is a registered trademark of Bluetooth SIG, Inc.

CoreMark is a registered trademark of Core-Mark International, Inc.

Energizer is a registered trademark of Energizer Holdings, Inc.

Android is a trademark of Google, Inc.

IAR Embedded Workbench is a registered trademark of IAR Systems AB.
Samsung, Galaxy S7 are registered trademarks of Samsung Electronics Co., Ltd.
Tektronix is a registered trademark of Tektronix, Inc.

ZigBee is a registered trademark of ZigBee Alliance.
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