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An IMPORTANT NOTICE at the end of this Tl reference design addresses authorized use, intellectual property matters and other
important disclaimers and information.

System Description

The accumulation of ice or frost on an evaporator coil always presents a problem in modern refrigeration
home appliances such as refrigerators, freezers, and air conditioners. The accumulation or buildup of ice
or frost insulates the air to be cooled or refrigerated from the cold refrigerating fluid circulating through the
evaporator unit, which makes maintaining the refrigerated space at the desired temperature difficult. Also,
when atmospheric conditions that lead to the formation of ice on a cooling body arise, the heat exchange
is blocked, which subsequently reduces the overall efficiency. Solving these problems requires a defrost
system that is operatively associated with the heat exchanger of a cooling body. The question to address
is when to activate the defrost cycle.

Previously used methods have offered several techniques to solve this problem. One conventional method
that is widely used provides for a time clock, which at some preselected time interval shuts off the
compressor and turns on a thermal heating device adjacent to the evaporator coils to melt the ice or frost.
The disadvantage of this technique is that ice or frost does not always accumulate at a constant rate,
depending on the ambient humidity and temperature of the air, and most clock-actuated defrost systems
defrost more often than necessary as a cautionary measure to eliminate all buildup of ice or frost. This
defrosting on a regular time cycle, whether necessary or not, does not consider the quantity of
accumulated ice or frost, thereby causing inefficiency and wasting electrical power. Another method is to
simply shut off the compressor for a predetermined length of time that is generally sufficient to allow the
ice or frost to melt. However, this method is also inefficient because turning off the compressor permits the
refrigerated space temperature to rise and continually makes the compressor and its motor work
excessively to maintain the desired temperature. Other techniques use temperature-sensitive devices to
measure the temperature of the refrigerating medium and signal the defrost cycle upon a predetermined
rise in the temperature as detected by the device. These temperature-sensitive devices are generally
inaccurate because they must be extremely sensitive to detect a small change in the temperature of the
refrigerating medium, which corresponds to a wide variation in the thickness of ice or frost accumulation.

The most effective method is to sense the quantification of frost and ice buildup on the cooling body and
initiate countermeasures at the proper time. Data about ice buildup can be useful to assist the activation of
countermeasures. A controller, operatively coupled to the frost detection sensor or sensors and to the
defrost system, selectively activates the defrost system to initiate a defrost cycle of the evaporator in
response to the signal that indicates the presence of frost formation on the heat exchange tubes and heat
transfer fins. This reference design demonstrates the direct capacitive measurement of frost formation,
which improves defrost cycle control. The FDC2214 capacitive-to-digital converter from Texas Instruments
enables the sensing of frost and ice. By mounting a capacitive sensor around the tube or fin of a cooling
body, the system can sense the thickness of frost and ice by measuring the capacitance change between
the sensor and tube/fin.

With this reference design, the consumer can get the benefit of:

e Boosting system energy efficiency

» Avoiding unnecessary disruptions of operation and defrost cycle
* Reducing unwanted audible noise

Key System Specifications

Table 1. Key System Specifications

PARAMETER SPECIFICATIONS DETAILS
Sensor type Copper mesh sensor Section 2.3.5
Input voltage 5-V nominal (VBUS from USB) —
Sensitivity Sensitivity resolution < 0.5 mm Section 4.2.2

Operating temperature —40°C to 85°C —
Self temperature drift <0.25% Section 4.2.3

Form factor 70 mm x 51 mm —

2

Capacitive Frost or Ice Detection Reference Design—Resolution of <1 mm, TIDUD79-September 2017

Temperature Drift < 0.25% Submit Documentation Feedback
Copyright © 2017, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUD79

13 TEXAS
INSTRUMENTS

www.ti.com System Overview

2 System Overview

2.1 Block Diagram
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Figure 1. TIDA-01465 System Block Diagram

2.2 Highlighted Products

The key part of this frost and ice detection reference design is the FDC2214, which uses capacitive
sensing to detect the thickness of frost and ice. With an external MCU MSP430F5528, the user can easily
set the parameters of the FDC2214 device and monitor the capacitance change curve through a graphical
user interface (GUI) on a personal computer (PC). The following subsections detail the highlighted
products used in this reference design, including the key features for their selection.

» FDC2214: Electromagnetic interference (EMI) resistant, 28-bit, capacitance-to-digital converter
 MSP430F5528: 16-bit, ultra-low-power microcontroller (MCU)

» LP2985-N: Micropower, 150-mA, low-noise ultra-low-dropout regulator

 TPD2EO001: Low-capacitance, two-channel, +15-kV electrostatic-discharge (ESD) protection array

See the respective product data sheet for complete details on any highlighted device on www.ti.com.
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FDC2214

Capacitive sensing is a low-power, low-cost, high-resolution contactless sensing technique that can be
applied to a variety of applications. The sensor in a capacitive sensing system is any metal or conductor,
which allows for a low cost and highly-flexible system design. The main challenge that limits sensitivity in
capacitive sensing applications is the noise susceptibility of the sensors.

The FDC2214 is a high-resolution, EMI-resistant, high-speed capacitance-to-digital multichannel converter
for implementing capacitive sensing solutions. The devices employ an innovative narrowband-based
architecture, L-C resonator, to offer high rejection of noise and interferers while providing high resolution
at high speed. In contrast to traditional switched-capacitance architectures, the narrowband architecture
allows unprecedented EMI immunity and a greatly-reduced noise floor. The devices support a wide
excitation frequency range, offering flexibility in system design. With this innovative EMI resistant
architecture, performance can be maintained even in presence of high-noise environments.

Using this approach, a change in capacitance of the L-C tank can be observed as a shift in the resonant
frequency. Using this principle, the FDC2214 is a capacitance-to-digital converter (FDC) that measures
the oscillation frequency of an LC resonator. The device outputs a digital value that is proportional to
frequency. This frequency measurement can be converted to an equivalent capacitance.

Features:

* EMI-resistant architecture

e Maximum input capacitance: 250 nF (for a 10-kHz sensing system in any metal or conductor,
permitting a 1-mH inductor)

* Sensor excitation frequency: 10 kHz to 10 MHz
* Number of channels: Four

* Resolution: Up to 28 bits

* Supply voltage: 2.7 Vto 3.6 V

e Power consumption; Active, 2.1 mA

e Low-power sleep mode: 35 uA

+ Interface: I°C

* Temperature range: —40°C to +125°C

MSP430F5528

The TI MSP430™ family of ultra-low-power MCUs consists of several devices featuring peripheral sets
targeted for a variety of applications. The architecture, combined with low-power modes, is optimized to
achieve extended battery life in portable measurement applications. The MCU features a powerful 16-bit
reduced instruction set computing (RISC) central processing unit (CPU), 16-bit registers, and constant
generators that contribute to maximum code efficiency. The digitally controlled oscillator (DCO) allows the
devices to wake up from low-power modes to activate in 3.5 us (typical).

With respect to MSP430F5528, the device has integrated USB and PHY, which supports USB 2.0, four
16-bit timers, a high-performance 12-bit analog-to-digital converter (ADC), two universal serial
communication interfaces (USCI), a hardware multiplier, direct memory access (DMA), a real-time clock
(RTC) module with alarm capabilities, and 47 input and output (1/O) pins.

Typical applications include analog and digital sensor systems, data loggers, and others that require
connectivity to various USB hosts.

Figure 2 shows the functional block diagram of the MSP430F5528.
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Figure 2. MSP430F5528 Functional Block Diagram

223 LP2985-N

The LP2985-N low-noise linear (LDO) regulator delivers up to 150-mA output current and only requires
300-mV dropout voltage of input to output. Using an optimized vertically-integrated PNP (VIP) process, the
LP2985-N delivers unequaled performance for all low power consumption applications. The LP2985-N
device provides 1% tolerance precision-output voltage with only 75-pA quiescent current at a 1-mA load
and 850 pA at a 150-mA load. Reduce the output noise to 30 uVgys in @ 30-kHz bandwidth by adding a
10-nF bypass capacitor.

The LP2985-N is designed to work with a ceramic output capacitor with an equivalent series resistance
(ESR) as low as 5 mQ. The device is available with fixed output voltage from 2.5 V to 6.1 V.

Figure 3 shows the LP2985-N functional block diagram.
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Figure 3. LP2985-N Functional Block Diagram
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2.2.4 TPD2EO001
The TPD2EO0O01 is a two-channel transient voltage suppressor (TVS) based ESD protection diode array.
The TPD2EO0O1 is rated to dissipate ESD strikes at the maximum level specified in the IEC 61000-4-2
level 4 international standard. Tl recommends to place one TVS for each channel of sensors.
Figure 4 shows the TPD2EOQO01 typical USB application diagram.
Ry
—\W\
USB Controller Ry
—\W\
L
— GND
Figure 4. TPD2EO01 Typical USB Application Diagram
2.3 System Design Theory
This reference design provides a solution for detecting the thickness of frost and ice accumulated on the
surface of a cooling body using capacitive sensing technology from Tl. The FDC2214 device measures
the capacitance between the electrodes of a copper mesh sensor and the metal surface of a cooling body.
The capacitance changes based on the thickness of frost or ice due to the variation of the dielectric
constant between air and frost/ice.
231 Capacitance Measurement Basics
Capacitance is the ability of a capacitor to store an electrical charge. In a common form, such as a parallel
plate capacitor, the capacitance is calculated by C = Q / V, where C is the capacitance related by the
stored charge, Q, at a given voltage, V. The capacitance (measured in farads) of a parallel plate capacitor
(see Figure 5) consists of two conductor plates and is calculated using the following Equation 1:
C- g x gy x A
d (1)
where,
» Als the area of the two plates (in meters),
» ¢ is the dielectric constant of the material between the plates,
+ g is the permittivity of free space (8.85 x 1072 F/m),
» d is the separation between the plates (in meters).
Figure 5. Parallel Plate Capacitor
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The plates of a charged parallel plate capacitor carry an equal but opposite charge spread evenly over the
surfaces of the plates. The electric field lines start from the charged plate with higher voltage potential and
end at the charge plate with lower voltage potential. The parallel plate equation ignores the fringing effect
due to the complexity of modeling the behavior; however, this formula is a good approximation if the
distance (d) between the plates is small compared to the other dimensions of the plates so that the field in
the capacitor is uniform over most of its area. The fringing effect occurs near the edges of the plates and,
depending on the application, can affect the accuracy of measurements from the system. The density of
the field lines in the fringe region is less than the density directly underneath the plates because the field
strength is proportional to the density of the equipotential lines. This property results in weaker field
strength in the fringe region and a much smaller contribution to the total measured capacitance. Figure 6
shows the line paths of the electric fields of a parallel plate capacitor.

\/

| —
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Effect | | Effect

(i

N

Figure 6. Electric Fields of Parallel Plate Capacitor
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2.3.2 Capacitive Sensing

Capacitive sensing is a technology based on capacitive coupling. Capacitive sensing allows for a more
reliable solution for applications to measure liquid levels, material composition, mechanical buttons, and
human-to-machine interfaces (HMI). A basic capacitive sensor is anything that is metal or a conductor and
detects anything that is conductive or has a dielectric constant different from the air. Figure 7 shows three
basic implementations for capacitive sensing: proximity or gesture recognition, liquid level sensing, and
material analysis.

Grounded

Sensor

Shield

Proximity Detection Liquid Level Sensing Material Analysis
(Isolated Sensor — No GND) (Parallel Fingers) (Parallel Plate)

Figure 7. Basic Implements for Capacitive Sensing

Capacitance can be detected to sense different applications by changing one of the parameters while
keeping the rest constant. For material analysis, the capacitance between the plates changes depending
on the variation of dielectric constant from material to material. For paper stack height sensing, the
capacitance increases as the number of sheets of paper are inserted between the plates. The difference
between the air spacing and the paper spacing (due to the dielectric change and the known height of the
paper and air spacing) allows the designer to calculate the capacitance. Table 2 shows the dielectric
constant of some materials.

Quite similar to sensing paper stack height, the accumulation of frost and ice on the surface of a cooling
body also causes the capacitance between two parallel plates (one is the metal surface of cooling body
and the other is a specifically-designed sensor) to change due to the equivalent dielectric constant
change, as Figure 8 shows. When a properly-designed sensor composed of conducted material is fixed on
the surface of a cooling body, the parameters for d, ¢, and A remain constant. Then the capacitance will
be the function of equivalence of ¢, which is the basic principle of this frost and ice detection reference
design.

hair

Figure 8. Model for Frost and Ice Detection Based on Capacitance
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2.3.3

Table 2 shows that ice has a dielectric constant three times that of air and an even greater dielectric
constant than that of water. When ice and water are positioned near the parallel plate capacitor, the
capacitance increases.

Table 2. Material Dielectric Constants

MATERIAL DIELECTRIC CONSTANT (g,) COMMENT
Air 1 —
Water 80 at 20°C
Glass 7.610 8.0 —
Paper 2.3 —

Ice 3.2 —

Capacitive Sensing Circuit Design

In contrast to traditional switched-capacitance architectures, the FDC2214 employs an LC resonator, also
known as an LC tank, as a sensor. The narrowband architecture allows unprecedented EMI immunity and
greatly-reduced noise floor in comparison to other capacitive sensing solutions.

Using this approach, a change in capacitance of the LC tank can be observed as a shift in the resonant
frequency. Using this principle, the FDC2214 is a capacitance-to-digital converter that measures the
oscillation frequency of an LC resonator. The device outputs a digital value that is proportional to
frequency and this frequency measurement can be converted to an equivalent capacitance.

Figure 9 shows the schematic of the capacitance detection circuits that contains the aforementioned LC
tank. The combination of the L and C values determines the LC resonation frequency, as Equation 2
shows.

1
2mlLC @)

System-to-system variations in practical applications do exist and are mainly due to the component
tolerances and environmental drift. The capacitors and the inductance of the coils are the main contributor
to the system-to-system variation. TI recommends selecting high-quality capacitors such as the NPO/COG
ceramic capacitors with a tolerance of 1%. This design uses double-layer printed-circuit board (PCB) coils
instead of the commonly-used surface mount device (SMD) inductors due to thei high temperature
stability. Place the capacitors as close to the sensor coil as possible to reduce the parasitic inductance of
the PCB traces.

The design value of L and C must meet the requirement of the FDC2214 (see FDC2x1x EMI-Resistant 28-
Bit,12-Bit Capacitance-to-Digital Converter for Proximity and Level Sensing Applications [1]) which
specifies the oscillation frequency of the LC resonator in the range of 10 kHz to 10 MHz. For the PCB
inductor in this design, each coil is 13.9 mm in diameter and contains 19 turns per layer. The nominal
inductance is 8.6 uH. The tank capacitor soldered in the PCB for each channel is a 39-pF, 1% ceramic
NPO/COG SMD part. Also consider the additional pin, trace, and wire capacitance on the capacitive
sensing circuit. Calculate the parasite capacitance by checking the FDC2214 conversion result, which the
test results in Section 4.2.1 describe. With this design, the parasite capacitance of the board and wire is
approximately 14.6 pF. The total capacitance in this reference design, which includes the tank capacitor
(39 pF), parasitic capacitance (14.6 pF), and sensing capacitance, is approximately 70.7 pF and is
observable in the GUI. These values make the tank oscillate at around 6.5 MHz nominally, which is below
the 10-MHz operation limit. Section 4.1.2 shows the key parameters used in the GUI parameter settings.
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For appropriate channels:

- Populate C12, G18, C21, C36, C42, C44, C38, C41 in case of EMI emissions issues with long wires.

- Populate C11, C16, C19, C35, C20, C23, C37, C38 in case of EMI susceptibility issues with long wires

- Replace R24, R26, R27, R28, R19, R20, R23, R33 with Common-mode choke (e.g. SRF3216-222Y) in case of
EMI issues with long wires.
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Figure 9. Schematic for Capacitance Detection Circuits

Increasing the capacitance value on the capacitive sensing circuit (C7, C10, C15, and C17) causes the
static baseline capacitance to increase. This value increase improves the noise-to-baseline reference ratio
and makes the system more robust to disturbances; however, this also reduces the sensitivity of the
sensing circuit. Therefore, consider selecting the baseline capacitance during the design according to
different application conditions.

The sensed capacitance may vary depending on the sensor size, distance of the sensing target, overlay
material, and so forth. Typically, the sensor size is directly related to sensed capacitance. Bigger size
means higher sensitivity. The sensor must be specifically designed based on the mechanical structure of
the cooling body.

Therefore, one of the design challenges is the ratio between the capacitance sensed and the static
capacitance of the system. Minimizing the static capacitance of the system is one of the most commonly
considered solutions, but it is difficult to achieve due to the nature of the electronic components, the wire,
and, sometimes, the frame of the end equipment.

The FDC2214 addresses this problem very nicely with 28 bits of high-resolution conversion results, which
provide an accurate reading on small changes of the sensed capacitance.

The conversion value of the FDC2214 can be translated into capacitance using Equation 3:
1

-
L x (2m x fsensor ) 3)

Csensor =

where,
» Cis the sum of the parallel sensor capacitance (capacitance of the LC tank) and parasite capacitance.
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The value for fseysor IS calculated using Equation 4:
CH_FIN_SEL x fggg x Count

f =

SENSOR 228 @)

where,

* CH_FIN_SEL is the "sensor frequency select" bit value in the FDC2214 register, which is 1 in this
design,

» frer is the reference frequency of the channel, which is 40 MHz in this design. If single mode is
selected, the maximum value is 35 MHz.

Using the previous Equation 3 and Equation 4, translate the conversion result into capacitance.

Some components in the previous Figure 9 schematic are optional and are used to enhance noise filtering
when the circuit functions under harsh environment conditions (see FDC2114 and FDC2214 EVM User 's
Guide for more information [2]). Tl also recommends utilizing ESD protection parts for sensor connection
ports in any ESD sensitive applications.

234 Capacitive Sensor Topologies
Several capacitive sensor topologies exist that are common depending on the application. The sensor
topology depends on:
e Sensor-to-target distance
» Dielectric constant of target
» Desired sensitivity

The basic topologies include:

» Parallel plate

» Parallel fingers

» Single sensor for human recognition

2.3.4.1 Parallel Plate

The parallel plate topology works exactly as described by the parallel plate capacitor equation in the
previous Equation 1. The high density of electric fields between the two plates allows high sensitivity.
Example applications for this topology are material analysis and sensing paper stack height, which
Figure 10 shows. For material analysis, the capacitance between the plates changes depending on the
difference of the dielectric constant from material to material. The high resolution from the FDC2214
allows a sensitivity range that can detect very small changes in dielectric. When sensing paper stack
height, the capacitance increases as the number of sheets of paper are inserted between the plates. The
difference between the air spacing and the paper spacing (due to the dielectric change and the known
height of the paper and air spacing) allows the capacitance to be calculated. This frost and ice detection
reference design uses this topology and the basic principle from the material analysis also applies.

g

Figure 10. Parallel Plate Topology for Material Analysis
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2342 Parallel Fingers

The parallel fingers (GND sensor) topology works under the principle of fringing capacitance. High
sensitivity along the z-axis (see Figure 11) of the sensors enables the designer to implement this topology
in liquid-level sensing applications. The electric field lines are more dominant near the edges between the
sensor and ground plates. The capacitance calculations are not as straightforward as the simple parallel
plate form but the sensitivity of the sensors increases as the sensor size increases (non-linearly). A shield
on the backside of the main sensor and GND electrode provides directivity toward the target.

Fringing
Capacitance

Figure 11. Parallel Fingers (GND Sensor) Topology

Several variant configurations can be designed with the parallel fingers. Figure 12 shows the GND sensor
configuration. Multiple sensor and ground electrodes can be alternated to have a central ground or sensor
symmetry, as Figure 12 shows. A central ground is required to establish a wide directivity along the width
of the electrodes, which provides the widest response. A central sensor electrode is required to establish a
high directivity along the width of the electrodes and provides the sharpest response. Figure 13 shows the
comb configuration which consists of both of these variants and is very effective for wide and high
directivity. The comb configuration is typically for use in rain sensor applications and other applications
that require a large sensing area and high sensitivity or resolution.

12 Capacitive Frost or Ice Detection Reference Design—Resolution of <1 mm, TIDUD79-September 2017

Temperature Drift < 0.25% Submit Documentation Feedback
Copyright © 2017, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUD79

13 TEXAS
INSTRUMENTS

www.ti.com System Overview

4+—— Y-AXis ——»

nnn 5.1

-20 -10 0 10 20
y [em]

C[pF]

y [em]

C[pF]

Figure 12. Central Ground, Central Sensor Symmetry

Figure 13. Comb Sensor Design

2.3.4.3 Single Sensor for Human Recognition

The single-sensor design for human recognition uses the same fringe capacitance principles as the
parallel fingers topology except that the human hand or finger substitutes the ground electrode. Because
the human body is grounded, the fringing electric field lines stray from the sensor to the hand as the hand
approaches the sensor. This technique behaves similarly to the parallel plate equation because the
distance between the sensor and GND (hand) electrodes is the only changing parameter. The capacitance
increases as the hand moves closer to the sensor in a non-linear fashion because of fringing effects. The
presence of the shield electrode underneath the sensor electrode helps reduce EMI and parasitic
capacitances effects as Figure 14 shows.
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Figure 14. Single-Sensor Topology for Human Recognition

2.35 Sensor Design

When designing the sensor to detect frost and ice thickness, the topology of the parallel plate is chosen
based on the descriptions provided in Section 2.3.4.1, Section 2.3.4.2, and Section 2.3.4.3.

As the previous Equation 1 shows, the sensor capacitance has a direct correlation with the area of the
plates of the capacitor. An increase in the area of the sensor means an increase in the sensitivity. In this
design, the target metal surface of a cooling body is one of the plates of a capacitor. The other target

metal surface is a sensor which is specifically designed based on the mechanical structure of the cooling
body.

Figure 15 shows two types of typical cooling bodies for a refrigerator or freezer.

Q)

Cooling Tube

Cooling Body with Fins

Figure 15. Cooling Body in Refrigerator or Freezer
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Figure 16 shows the two types of sensor designs based on the structure of such cooling bodies.

N e —— R
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Sensor fha': D e

\ et

b o - LT T

Figure 16. Capacitive Sensor

The first one-sensor design is fit for a cylindrical cooling tube and mounted around its surface. The second
one-sensor design is specifically for a cooling body full of heat sink fins that have a flat edge surface.
Copper mesh is selected for the material. The following Section 2.3.6 describes the key concerns for the
sensor design.

Figure 17 shows an example of the expected capacitance change curve in principle. During stage 1, the
capacitance remains a constant value when there is no frost and ice on the dry surface of the cooling
body. From the very beginning of stage 2, the compressor of the refrigerator or air conditioner starts to
work and the frost or ice gradually accumulates on the surface of the cooling body. Due to the dielectric
constant change from air to ice (see Table 2), the capacitance increases based on the thickness of the
frost or ice. The defrost cycle activates when the desired thickness has been detected. The capacitance
experiences a sharp change when snow (g, = 3.2) turns to water (¢, = 80), which stage 3 shows, and then
returns back to the original value after the water drops from the cooling body.
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Figure 17. Capacitance Change in Single Cycle

2.3.6 Sensor Design Considerations

The space between the sensor electrode and cooling body forms sensor capacitor Cggysor- When
designing the sensor portion, consider the size of the sensor electrodes, the coupling between the
electrodes, and the cooling body. Follow these guidelines to ensure the maximum performance from the
sensor system:

1. Maximize the ratio Csgnsor / Crarasmic: AS Figure 18 shows:

(a) Increase Cgensor by maximizing the ratio of sensor area Aggysor 0 distance dggysor between the
cooling body and sensor electrode.

(b) Limit dsgsnsor Close to the expected degrostmax: Which is the maximum frost or ice thickness, to keep
the margin as small as possible.

(c) Minimize changing or drifting parasitic capacitances:
(i) Maximize the spacing of any objects changing position.

(i) Use the preferred unshielded, short cables for sensor connection unless they are required for
signal integrity or to shield proximity events.
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v x

Figure 18. Sensor Optimization

2. Target the proper Cgeysor Value. To do so:

(a) Target a reasonable capacitance to achieve a suitable resonance frequency: < 8 MHz with a PCB
coil of 8.6 pH.

(b) Ensure the change of parasitic capacitance contributions (as the FDC input capacitance) are
negligible versus the change in sensor capacitance resulting from ice formation.
TI recommends the following settings for a solid performance:

ACsgnsor > 0.5 PF < Cgensor > 5 PF ®)
Ctotal = Csensor + Cparasitic + Ctune > 60 pF (6)

NOTE: Be sure to adjust the FDC internal filter frequency above the maximum oscillation
frequency.

3. Guarantee a free airflow, equal ice formation, and full cooling capability.

Care is recommended in a sensor electrode design to ensure unimpeded free air flow (see Figure 19).
An unimpeded air flow encourages equal ice formation on the cooling body and allows for significant
changes to capacitance in the sensing area. Tl strongly recommends using a meshed electrode in the
airflow. The designer can alternatively attach plates or foils to any plastic wall of the appliance housing
if these do not interfere with the free airflow.

solid electrode impedes airflow grid electrode free airflow

‘ > -‘

Figure 19. Different Ice Formation
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4. Minimize presence of dew and drops around sensor the sensor.

Any presence of water in the sensing area causes a significant capacitance increase. Therefore,
avoiding the accumulation of water in this area is critical. Water can be trapped due to surface tension
on the electrodes, their fixtures, and tubes or fins of the cooling body. Avoid water accumulation
through the means of vertical orientation, keeping out of the path of gravity, implementing a provision
for an escape path for any water film or drops of sensor electrodes, and blowing some wind into the

~

g‘/

Q)

)

Figure 20. Different Orientations

5. Ensure a low impedance connection between sensor and resonance circuit.

The resonance frequency and measured capacitance depends to some degree on the resistance and
proper damping of the resonance circuit. Constant resistance is better for ideal damping characteristic
and good performance. Tl strongly recommends to fabricate the sensor electrode from a single copper
or metal plate to avoid the undefined contact resistance of loose wire meshes. Stamping and stretching
guarantees both negligible airflow resistance and low ohmic resistance.

6. Ensure constant geometry and a solid fixture.
7. Avoid corrosion.

Tl recommends to coat the sensor electrode to prevent corrosion.
8. Calibrate the sensor.

The initial errors in sensing systems originate from mechanical tolerance, coil inductance tolerance,
capacitor tolerance, surrounding metals, and so forth. Calibration can greatly reduce the sensing errors
caused by these initial tolerance errors. Calibration is generally performed prior to using the system.
The calibration process generates data which is then stored permanently in the system. During use,
the data-processing algorithm uses the calibration data to eliminate sensing error.
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2.3.7

Removable Microcontroller Board

For FDC2214 output, use the I>C interface to support device configuration and to transmit the digitized
frequency values to a host processor. This reference design uses a custom-designed auxiliary board (see
Figure 21) to communicate with a host computer and is controlled by an MSP430™ MCU. PCB
perforations allow separation of the auxiliary board and the designer can connect alternative MCUs to the

sensing board if desired.

|~
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Figure 21. Schematic for Auxiliary Control Board
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3 Getting Started Hardware

This section describes the hardware overview and interface connector definitions in detail

3.1 Hardware Overview

Figure 22 shows the top view and bottom view of the PCB for the TIDA-01465 design. The board consists
of two parts, one on each side. The left part is an auxiliary controller board which shows the capacitance
change curve to the user through the GUI. The user can easily remove this auxiliary controller and
connect the sensing board to their own system. The right part is the capacitance sensing and must
connect to the sensor.
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Figure 22. TIDA-01465 PCB—Top View and Bottom View

3.1.1 Connector Definitions

Table 3. Connector Definitions

PIN NUMBER CH1/2/3/4 DEFINITION J8 J2 J10 J9
1 Custom Sensor® VvDD® GND L® JTAG_RST®
2 Custom Sensor® +3.3V +3.3V we JTAG_TEST®
3 — — SDA — —
4 — — SCL — —

@ Four channels can be selected: CH1, CH2, CH3, and CH4. For each channel, the custom sensor can be connected to one pin
(either pin 1 or pin 2) of the connector while keeping the other one empty.

@ VDD is the power supply for FDC2214 and is short circuited to +3.3V by a 0-Q resistor.
®  J10 outputs an adjustable analog signal which can be used to simulate NTC temperature sensing in the cooling system.
@ J9 is reserved for MCU programming.
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4 Testing and Results

4.1 Test Setup

This section describes in detail the materials which are used for testing in the lab and how to set up the
test platform step by step. Temperature and other interference testing has also been performed to verify
how the reference design acts in different environments.

41.1 Materials to Prepare

Testing the performance of the reference design board and sensor for frost and ice detection requires
some materials and equipment for preparation. Table 4 lists the materials required for the test setup and
their basic usage.

Table 4. Material Preparation

MATERIALS USAGE
Refrigerator rsei?r};gftéri\t?;ér?grice forming on the surface of cooling body of
Laptop Continuously capture measurement data
Humidifier Accelerate the frost and ice formation
Sensors Sense the thickness of frost based on capacitive tech
TIDA-01465 board Detect the capacitance value
Temperature chamber Test the temperature drift of board

41.2 Test Setup Procedure

The following steps show how to set up the test platform in the lab during the test.
1. Make preparations for the refrigerator

(a) Switch off the power and open the freezing chamber.

(b) Remove the plastic parts in front of the evaporator.

(c) Expose the cooling body as Figure 23 shows.

(d) Ensure that the cooling mechanism is functional with an open or partly-open door. An open door
helps to allow sufficient humidity in for frost accumulation and also allows the user to more easily
view the process.
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Figure 23. Evaporator In Refrigerator

2. Make preparations for the laptop.
(a) Download FDC2114 and FDC2214 EVM User’'s Guide [2] and read it carefully.

(b) Make sure that the Microsoft® Windows® operating system installed in the laptop is 64-bit
Windows 7 or 64-bit Windows XP.

(c) Request and download the Sensing Solutions EVM GUI Tool v1.9.2 (Rev. C) software and install it
to the laptop.

(d) Make sure that the driver has also been installed in parallel; if not, the connection to the EVM will

fail.
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3. Affix the copper mesh sensor to the top surface of the cooling body and connect it to the TIDA-01465
board. Make sure that the board ground is connected to the metal part of the cooling body.

4. Attach the TIDA-01465 board to the computer through a micro USB cable.

5. Check the connection status on the bottom left corner of the GUI to make sure the connection is
successful.

6. Adjusting certain parameters in the Sensing Solutions EVM GUI Tool v1.9.2 is important for obtaining
the best performance using the TIDA-01465 design. Set the parameters as Figure 24 shows.

Sensor Properties and Input Adjustments v

Sensor Properties and Input Adjustments

_Input Sensor Filter Bank Measured Sensor Data Calculated Sensor Data
Adjustments
Channel Parallel Parallel Watchdog = Input Total Sensor
3 : Amplitude - . Frequency 2
Fin Select [ Inductance | Capacitance | Raw Code | Saturated | Timeout | =~ . |Deglitch Filter (MHz) Capacitance |Capacitance
(uH) (pF) Error 9 Incorrect (pF) (PF)
0 1 I 86 39 I 43299588 ® @& ® & 6.452141 70.751240 31.751240
1 1 18 33 49052644 8 ) @ @ 7.309414 26.339207 -6.660793
2 1 18 33 0 @ [ ) L)) [#) 0.000000 Infinity Infinity
3 1 18 33 0 & & @ & 0.000000 Infinity Infinity

Input Deglitch Filter
Select the lowest setting that exceeds
the oscillation tank oscillation frequency
1 MHz
3.3 MHz

® 10 MHZ

33 MHz

Registers update rate (100ms minimum, use Data Streaming page for faster rates): | 500 ms

Connected ‘ Data streaming stopped ‘ Q’ TeEXAS INSTRUMENTS

Figure 24. Parameter Settings

7. Power on the refrigerator and activate the freezing cycle.
8. Monitor the capacitance change according to the thickness of frost and ice.

Figure 25 shows the final test setup.
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Figure 25. Test Setup Photo
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4.2 Test Results

The test results of this reference design are divided in multiple sections that cover the capacitance
repeatability with respect to the position, single cycle test, environmental susceptibility, temperature drift
test, multi-cycle repeatability test, test influence of a 1.5-m cable connection, and conducted long-term drift
test over one week.

42.1 Capacitance Repeatability With Respect to Position

This test aims to verify the repeatability of capacitance after placing the sensor in a different position on
the cooling body. Due to the non-symmetry of an evaporator, the capacitance varies with respect to the
position of the sensor. However, when the sensor is fixed in one position, the capacitance tolerance
should be limited during the repeatability test. Figure 26 and Figure 27 show the test setup and result.
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Figure 26. Capacitance Repeatability With Respect to Position
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Figure 27. Capacitance Variation
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422 Single Cycle Test
Figure 28 shows the capacitance change in one frost and ice formation and defrost cycle. As Figure 28,
Figure 29, and Figure 30 show, the capacitance is proportional to the thickness of frost and ice. When the
defrost cycle activates, the capacitance value increases greatly in a short period of time because of the
dielectric constant change from ice (g, = 3.2) to water (g, = 80) and then go back to its original value after

the water drops down from the cooling body.

| Show Graph Configuration (C) || Show Statistics (1) |

Data Streaming: | Start || Stop |

Capacitance (pF ¥ | Show: DATAO_pF ¥
pact {pF) 8 P Select Log File: | & | C:\Users\Administrator\Desktop\data_20176714.csv
L

Frost melt into water

| %3 TExAs INSTRUMENTS

Connected ‘ Data streaming stopped

1247PM | |

. 5
R )

Figure 28. Single Cycle Test Overview

Figure 29 shows six points with different frost and ice thickness. Figure 30 shows the corresponding
capacitance value.
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Figure 29. Frost Forming Process
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Sensing Solutions EVM GUI

Data Streaming: | Start || Stop Show Graph Configuration (C) || Show Statistics (1) |

v N 3
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Figure 30. Sensed Capacitance During Frost Forming Process

4.2.3 Temperature Drift Test

The FDC2214 device ues an L-C tank as a sensor. The change in capacitance of the L-C tank is observed
as a shift in the resonant frequency. The value stability of an onboard LC is significantly important to
sense the external capacitance change. This test aims to verify the temperature drift of the board when
the sensor is not connected. Figure 31 shows the test setup.

Figure 31. Temperature Drift Test Setup
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Figure 32 shows the comparison of temperature drift between the PCB coil and the common SMD
inductor. The graph shows that use of a PCB coil is much more stable than an SMD inductor.
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Figure 32. Capacitance Temperature Drift For PCB Coil and Common SMD Inductor

4.2.4 Environmental Susceptibility

Some common environmental interferences around the sensor area, such as a human moving nearby or a
waterdrop, are always key concerns for capacitance sensing. This test simulates the worst-case scenario
from when a finger touches the surface of the sensor and monitors the capacitance change (see

Figure 33).
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Figure 33. Sensor Touched By Finger

In this test, a hand is placed close to the top surface of sensor. The capacitance change registered is from
70.7 pF to 70.8 pF, which has a very negligible effect. This test aims to determine if there is any influence
when a human body is in motion around the refrigerator. The results show that this influence is quite small
and negligible for frost or ice detection.
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Placement of a waterdrop on the surface of the sensor has also been tested (see Figure 34) and the result
shows that the value change is less than 0.1 pF.

Figure 34. Waterdrop on Surface of Sensor

4.2.5 Influence of Long Cable Connection

Cable lines pick up any parasitic capacitance and noise along the line, so the signal path distance
between the sensor and FDC2114 must be as short as possible. This test uses a 1.5-m long cable to test
the influence (see Figure 35).
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As Figure 36 shows, the baseline of capacitance increases from 70.7 pF to 100.5 pF due to cable
parasitic capacitance, which is why TI recommends to use a short cable. However, the capacitance
change curve remains the same as before.
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Figure 36. Capacitance Curve in Single Cycle

4.2.6 Multi-Cycle Repeatability test

Figure 37 shows the capacitance for three cycles of frost formation and defrost. During the third cycle, the
capacitance remains as a constant value because the thickness of frost has reached the limitation and
touched the surface of the sensor, which is marked red. With this characteristic, the user can set the

thickness limitation accordingly.
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5.2

5.3
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5.4

5.5

5.6

6.1

Design Files

Schematics
To download the schematics, see the design files at TIDA-01465.

Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-01465.

PCB Layout Recommendations

» Avoid long traces to connect the sensor to the FDC. Short traces reduce parasitic capacitances
between the sensor inductor and offer higher system performance.

» Systems that require matched channel response must have matched trace length on all active
channels.

Layout Prints
To download the layer plots, see the design files at TIDA-01465.

Altium Project
To download the Altium project files, see the design files at TIDA-01465.

Gerber Files
To download the Gerber files, see the design files at TIDA-01465.

Assembly Drawings
To download the assembly drawings, see the design files at TIDA-01465.

Related Documentation

1. Texas Instruments, FDC2x1x EMI-Resistant 28-Bit,12-Bit Capacitance-to-Digital Converter for
Proximity and Level Sensing Applications, FDC2214 Data Sheet, (SNOSCZ5)

2. Texas Instruments, FDC2114 and FDC2214 EVM User's Guide, FDC2114/FDC2214 User's Guide
(SNOU138)

3. Texas Instruments, Proximity Sensing of up to 30-cm Range With >15-dB SNR and Robust Capacitive
Touch Reference Design, TIDA-00474 Reference Design (TIDUAU2)

4. Texas Instruments, Backlight and Smart Lighting Control by Ambient Light and Proximity Sensor,
TIDA-00754 Reference Design (TIDUB42)

5. Texas Instruments, FDC1004: Basics of Capacitive Sensing and Applications, Application Report,
(SNOA927)

Trademarks

MSP430 is a trademark of Texas Instruments.
Microsoft, Windows are registered trademarks of Microsoft Corporation.
All other trademarks are the property of their respective owners.

About the Author

YICHANG (RICHARD) WANG is a Systems Architect at Texas Instruments, where he is responsible for
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