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Introduction

Incremental rotary encoders are used to measure the movement of something rotating. The simplest
form involves just one sensor that pulses once per revolution, and its frequency equals rotational
speed. If the object rotating can change directions (clockwise versus counter-clockwise), one sensor
lacks the ability to distinguish direction. Using two sensors can capture direction information, based on
the order of transitions between the two.

While this Tl Design demonstrates a solution on a handheld knob, rotary encoders are also commonly
used on motor shafts, wheels, gears, and impellers.

Functional Operation

The two primary components of this design are a multi-pole ring magnet and Hall Effect sensors. The
magnet is circular in shape, and has alternating North and South poles along the surface. Two
DRV5013-Q1 Hall Effect latch sensors are placed nearby with a small air gap. Each sensor drives a
low voltage when it is nearby a South pole, and the output floats high near a North pole. As the magnet
rotates, each sensor transitions high and low repeatedly.
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For each 2-bit state, there is a unique adjacent 2-bit state that corresponds to a clockwise increment,
and another unigue 2-bit state that corresponds to a counter-clockwise increment. A microcontroller
can simply use a look-up table to comprehend the movement.

Sensor Placement

Having a proper 2-bit output requires the sensor outputs to be out of phase with each other. The ideal
separation equals 0.5*W + INT*W, where W is the width of each pole on the magnet, and INT is any
integer. This causes a sensor transition for each half-pole-width of a turn. Then the outputs are said to
be “in quadrature”, which means there’s 90° of phase separation. The number of sensor transitions per
360° revolution equals two times the number of magnetic poles (assuming two sensors are used).

In order for the Hall Effect sensors to toggle, the applied magnetic flux density must exceed their
thresholds. In the sensor datasheet, the two numbers to consider are max-Bop and min-Bgp. The
DRV5013AD used in this design has thresholds of +5mT. System designers should consider the
distance between the magnet and sensor, and select an appropriate magnet material and physical size
that produces an adequate flux density at the sensor.

Magnet Characteristics

This design used a 57.5mm diameter ring magnet with 66 poles, provided by Dexter Magnetic
Technologies. This size was appropriate for being mounted to the large handheld knob. For other end

applications, much smaller magnets can be used (<1cm).

Part Number

11140012

Physical Data

Number of Poles

66 (33 Pole Pairs)

Pole Spacing

Evenly Spaced

Magnetization

Outer Diameter

Outer Diameter

57.5 +/- 0.05mm

Inner Diameter

47.5+/- 0.05mm

Thickness

3 +4/- 0.13mm

Pole to Pole Deviation

1.5° Maximum

Magnetic Characteristics

Material Bonded Neodymium
Energy Grade 10 MGOe

Magnetic Field Temperature Drift "-0.10% / °C"
Maximum Operating Temperature 160 °C

Coating Black Epoxy
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Mechanical Implementation

The knob assembly mounts to the PCB using a threaded bolt as the shaft, hex nuts, and optional
rubber washers on either side of the PCB to provide a feeling of resistance when rotating the knob by
hand.

Electrical Implementation

1kQ pull-up resistors were used on the open drain sensor outputs to provide adequate rise times for the
fastest knob turns. The resistor size and rise time is a tradeoff of increased current consumption.

The MSP430G2553-Q1 Automotive Ultra-Low-Power Microcontroller reads the 2-bit quadrature output
to detect alternating poles as they pass over the sensors and determine the direction of rotation. The
sensor output states for rotation in the CW direction are indicated in the table below (a South pole near
the marked side of the sensor package results in a low output of “0” and a North pole near the marked
side of the sensor package results in a high output of “1”).

Hall Sensor | Hall Sensor
U3 u4
0 0
0 1
1 1
1 0

Three common cathode seven segment LED displays were used to numerically illustrate the detection
of alternating poles and direction of rotation. The current through each LED segment was set to
approximately 4mA (using 232Q) series resistors), to provide the desired brightness level.

The CD4511B BCD-to-7-Segment LED Latch Decoder Driver interfaces with the MCU to provide the
output current capability necessary to drive the LED displays.

An optional 32.768kHz watch crystal enables accurate real time keeping and low-power standby
operation.

The eZ430-RF2500 tool and Code Composer Studio (CCS) v5.4 were used to program the
MSP430G2553-Q1 device.

The TPS61097A-33 Boost Converter provides the 3.3V supply to downstream circuitry from two
Panasonic AA Alkaline batteries (Part Number LR6XWA).



http://www.ti.com/product/msp430g2553-q1
http://www.ti.com/product/cd4511b
http://www.ti.com/tool/ez430-rf2500
http://www.ti.com/product/msp430g2553-q1
http://www.ti.com/product/tps61097a-33
http://www.digikey.com/product-detail/en/LR6XWA%2FB/P646-ND/2043737
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Test Data
Ims -21. 440ms Ostop 1/ 1 E3 91% Ims -27. 420ms OStop 1/ 1 K3 91%

Hall signals during clockwise rotation Hall signals during counter-clockwise rotation

-]

Edge & &0 DG 2. 00V DG 2. 0oV

12 H00mY 25 1. 00%

Hall sensor pullup (1kQ to 3.3V) Hall sensor pulldown (open-drain output)



IMPORTANT NOTICE FOR TI REFERENCE DESIGNS

Texas Instruments Incorporated ("TI") reference designs are solely intended to assist designers (“Buyers”) who are developing systems that
incorporate Tl semiconductor products (also referred to herein as “components”). Buyer understands and agrees that Buyer remains
responsible for using its independent analysis, evaluation and judgment in designing Buyer’s systems and products.

Tl reference designs have been created using standard laboratory conditions and engineering practices. Tl has not conducted any
testing other than that specifically described in the published documentation for a particular reference design. Tl may make
corrections, enhancements, improvements and other changes to its reference designs.

Buyers are authorized to use Tl reference designs with the Tl component(s) identified in each particular reference design and to modify the
reference design in the development of their end products. HOWEVER, NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL
OR OTHERWISE TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY THIRD PARTY TECHNOLOGY
OR INTELLECTUAL PROPERTY RIGHT, IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right,
or other intellectual property right relating to any combination, machine, or process in which TI components or services are used.
Information published by TI regarding third-party products or services does not constitute a license to use such products or services, or a
warranty or endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual
property of the third party, or a license from Tl under the patents or other intellectual property of TI.

TI REFERENCE DESIGNS ARE PROVIDED "AS IS". TI MAKES NO WARRANTIES OR REPRESENTATIONS WITH REGARD TO THE
REFERENCE DESIGNS OR USE OF THE REFERENCE DESIGNS, EXPRESS, IMPLIED OR STATUTORY, INCLUDING ACCURACY OR
COMPLETENESS. TI DISCLAIMS ANY WARRANTY OF TITLE AND ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS
FOR A PARTICULAR PURPOSE, QUIET ENJOYMENT, QUIET POSSESSION, AND NON-INFRINGEMENT OF ANY THIRD PARTY
INTELLECTUAL PROPERTY RIGHTS WITH REGARD TO TI REFERENCE DESIGNS OR USE THEREOF. TI SHALL NOT BE LIABLE
FOR AND SHALL NOT DEFEND OR INDEMNIFY BUYERS AGAINST ANY THIRD PARTY INFRINGEMENT CLAIM THAT RELATES TO
OR IS BASED ON A COMBINATION OF COMPONENTS PROVIDED IN A TI REFERENCE DESIGN. IN NO EVENT SHALL TI BE
LIABLE FOR ANY ACTUAL, SPECIAL, INCIDENTAL, CONSEQUENTIAL OR INDIRECT DAMAGES, HOWEVER CAUSED, ON ANY
THEORY OF LIABILITY AND WHETHER OR NOT TI HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES, ARISING IN
ANY WAY OUT OF TI REFERENCE DESIGNS OR BUYER’S USE OF TI REFERENCE DESIGNS.

Tl reserves the right to make corrections, enhancements, improvements and other changes to its semiconductor products and services per
JESDA46, latest issue, and to discontinue any product or service per JESD48, latest issue. Buyers should obtain the latest relevant
information before placing orders and should verify that such information is current and complete. All semiconductor products are sold
subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques for TI components are used to the extent Tl
deems necessary to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not
necessarily performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

Reproduction of significant portions of Tl information in Tl data books, data sheets or reference designs is permissible only if reproduction is
without alteration and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for
such altered documentation. Information of third parties may be subject to additional restrictions.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards that
anticipate dangerous failures, monitor failures and their consequences, lessen the likelihood of dangerous failures and take appropriate
remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use of any TI components in
Buyer's safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No Tl components are authorized for use in FDA Class Il (or similar life-critical medical equipment) unless authorized officers of the parties
have executed an agreement specifically governing such use.

Only those Tl components that Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components that
have not been so designated is solely at Buyer's risk, and Buyer is solely responsible for compliance with all legal and regulatory
requirements in connection with such use.

Tl has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.
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