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Abstract: Micro-drilling resistance method is a widely used tree ring micro-destructive detection
technology. To solve the problem that the detection signal of the analog micro-drilling resistance
method has excessive noise interference and cannot intuitively identify tree ring information, this
research proposes a digital micro-drilling resistance method and provides a recommended hardware
implementation. The digital micro-drilling resistance method adopts the photoelectric encoder
instead of ADC as the signal sampling module. Through the theoretical analysis of the DC motor
characteristic, the PWM closed-loop speed control, the detection principle of the digital method
is given. Additionally, the experimental equipment that can complete the detection of the digital
method and the analog method simultaneously is designed to carry out comparative experiments.
The experimental results show that: (1) The detection results of the digital method have a better-
quality signal which can intuitively identify the tree rings. (2) The average correlation coefficient
reaches 0.9365 between the detection results of the digital method and the analog method. (3) The
average Signal-to-Noise Ratio (SNR) of the digital method is 39.0145 dB, which is 19.2590 dB higher
than that of the analog method. The average noise interference energy in the detection result of
the digital method is only 1.27% of the analog method. In summary, hardware implementation
of the digital micro-drilling resistance method can correctly reflect the tree ring information and
significantly improve the signal quality of the micro-drilling resistance technology. This research is
helping to improve the identification accuracy of micro-drilling resistance technology, and to develop
the application of tree ring micro-destructive detection technology in the high-precision field.

Keywords: tree ring; forestry detection; resistance sensor; micro-drilling resistance method; signal
processing; Signal-to-Noise Ratio (SNR)

1. Introduction

Tree rings are the chronology of tree growth. The detection of tree rings can reveal
the growth of trees, judge their age, and provide an important basis for the cultivation,
utilization, and protection of trees [1]. In addition, tree rings also record the impact of
external factors such as environment and climate on tree growth [2]. Tree ring detection
has become an important way of obtaining forest growth and ecological environment
information [3-6]. Dendrochronology which is widely used in archaeology, climatology,
ecology, and geomorphology, has also become an interdisciplinary subject [7].

Facing the goal of developing better-quality forestry, it is imperative to develop
modern and smart forestry and improve the level of digitalization and intelligence [8,9].
Electronic and intelligent tools are constantly being applied to tree ring detection. In
the traditional tree ring detection method of tree disc sampling, the STD4800 scanner is
introduced to obtain high-definition tree disk images [10]. Then digital image recognition
is carried out through a special tree ring analysis system such as WinDendro [11-14]. It also
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can use the LINTAB CNC measuring platform and TSAP standard annual ring analysis
software to observe the tree disk by the high-resolution microscope [15-18]. With the
support of electronic tools, the detection accuracy of the tree disc sampling method is
very satisfactory. However, the great damage caused by felling trees is unavoidable with
the tree disk sampling method. The increment borer sampling method is an improved
method [19,20]. Taking the widely used HAGLOF increment borer as an example, it drills
a hollow cone tube with a diameter of 5~12 mm into the tree trunk to obtain tree core
samples [21-23]. However, the penetrating wound left on the trunk after the increment
borer sampling greatly increases the risk of disease infection of the tree, which causes great
damage [24].

With the strengthening of forest protection, the tree-ring detection technology is
developing in the direction of reducing the detection damage, and the non-destructive or
micro-destructive detection method of tree rings has attracted more and more attention.
From the traditional tree disk sampling method and the increment borer sampling method
to the computer tomography technology and the micro-drilling resistance technology,
the detection of tree rings is constantly trying new methods and technologies in forestry
operations [25,26]. However, the non-destructive tree ring detection equipment represented
by computer tomography has the disadvantages of high cost and large equipment size, so it
is difficult to be widely used in wild forestry practice [27-29]. Therefore, the micro-drilling
resistance tree ring detection technology has high expectations and has become a widely
used technology in the micro-destructive detection of tree rings.

The micro-drilling resistance tree ring detection technology refers to using a slender
drill needle to drill into the tree’s interior using a motor drive, detecting the tree ring by
sensing the resistance change during the drilling process [30]. The essence of micro-drilling
resistance technology is to build a sensor system that measures the change in density and
resistance caused by tree ring distribution [31]. The diameter of the micro-drill drilled
into the tree is generally less than 3 mm [32], so the damage to the tree’s phloem will
be significantly reduced, and the sieve tube that transports nutrients will not affect the
growth of the entire tree due to individual damage. Therefore, the micro-drilling resistance
technology can be regarded as a method of tree ring micro-destructive detection. With the
application of electrical recording in micro-drilling resistance equipment, research on tree
rings, internal structure, density, elastic modulus, etc., has been gradually carried out by
analyzing resistance signal waveforms [33-36]. The device, capable of acquiring resistance
waveforms, was named Resistograph by Rinntech.

Concerning the requirements of micro-destructive detection, obtaining a higher quality
signal and higher detection accuracy has become a research hotspot of the micro-drilling
resistance method. Rinn, F gives the recommended micro-drill bit shape and mechanical
structure to improve the tree rings sensitivity of the drill pin and reduce the interference
of mechanical vibration in the detection process [37]. Cao, Y et al. attempt to improve
detection accuracy by selecting the best detection path concerning the tree pith [38]. Oh, ]
et al. showed the most proper feed speed to better evaluate the number of tree rings for
each tree species [15].

For the widely used and fully disclosed analog micro-drilling resistance method, the
main factor that affects the detection and identification accuracy is the excessive noise
interference in the output signal [39,40]. The signal in the analog method transmits in
analog quantities form, which results in poor anti-interference ability. And the complex
signal sampling process inevitably introduces noise interference, which causes poor signal
quality. These shortcomings, determined by the principle of the analog method, limit the
detection accuracy and mean the original waveform cannot be visually identified, so the
original waveform has to be processed by a filtering algorithm to identify the tree rings.
The researchers use various filtering algorithms to improve the original detection signal
from the analog method. For example, Pan H's research uses Kalman filtering to process
the detection signal, and the processed signal is used to evaluate the tree age [41]. The
research of Yao, ] et al. use an adaptive filtering algorithm to improve the accuracy of tree
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ring identification [42]. The research of Hu, X et al. uses the FIR filtering algorithm and
IIR filtering algorithm to process the output signals and evaluate the filtering results [43].
However, the filtering algorithms can only reduce the influence of noise interference but
cannot eliminate it. At the same time, the filtering process also brings side effects. On the
one hand, the complex filtering algorithm reduces the real-time performance of the result.
On the other hand, the threshold setting of filtering parameters is still quite difficult. The
strict filtering parameter settings will lead to the lack of effective signal, while the loose
filtering parameter settings will lead to difficulties in tree ring identification, which will
greatly reduce detection accuracy.

To solve the problem that the detection signal of the analog micro-drilling resistance
method has excessive noise interference and cannot intuitively identify the tree ring in-
formation, this research proposes a digital micro-drilling resistance method. The digital
micro-drilling resistance method attempts to design a new detection principle and hard-
ware implementation to realize the transmission of the signals in the digital quantities form,
fundamentally eliminate part of the noise interference, and improve the signal quality.
Compared with the analog method, the digital method has the advantages of less noise
interference, a simple detection circuit, and easy identification of tree rings.

This research aims to improve the signal quality and the detection accuracy of tree
ring micro-drilling detection technology, and to develop the application of tree ring micro-
destructive detection technology in the high-precision field. By reading this article, readers
will acquire the sensor principle and hardware implementation of the digital micro-drilling
resistance method, which has better signal quality and more easily identifiable waveforms
than the widely used analog micro-drilling resistance method.

2. Background
2.1. Dendrochronological Basis for Micro-Drilling Resistance Technology

Tree rings refer to the concentric rings on the cross-section of the tree trunk, and their
density and resistance characteristics are the basic principles of micro-drilling resistance
technology. Each round consists of earlywood and latewood, generally representing
secondary wood formed within a year.

The climate in spring and summer is warm and humid, which is suitable for tree
growth. The cambium cells grow and divide rapidly, and the formed xylem cells have
a larger size, thinner cell wall, less fiber content, and more ducts for transporting water.
Therefore, this part of the tree ring is loose in texture with a lighter color, and it is used
to be called earlywood or spring wood. On the contrary, the activity of cambium cells is
significantly weakened in autumn and winter, and the formed xylem cells become narrow,
thick, and fiber-rich. Therefore, the part of the tree ring in autumn and winter is dense in
texture with a darker color, habitually called latewood or autumn wood [39].

The microscopic structure of conifers is simple and regular, and mainly composed
of tracheids and xylem rays. The xylem rays of conifers are very thin and invisible to the
naked eye. In general, the tree ring circle of a coniferous tree is obvious, and the difference
between early and late wood is obvious. The earlywood has a thin wall with a large
cavity and a lighter color, while the latewood has a thick wall with a small cavity and a
darker color.

The broad-leaved wood is mainly composed of vessel, wood fiber, axial parenchyma,
and xylem ray. The structure is complicated. The size and distribution of the vessel holes
are divided into ring-porous trees, diffuse-porous trees, and semi-ring-porous trees. In the
ring-porous trees, the diameter of the vessels in the earlywood is significantly larger, while
the vessels in the latewood are quite small, so the density differences are very obvious
and the tree rings are easy to identify. The vessel size and distribution of diffuse-porous
trees reflect consistency or slight graduality. Therefore, there is no significant boundary
from earlywood to latewood; only a thin boundary exists between the latewood of the
previous growing season and the earlywood of the next growing season, so it is not easy to
distinguish. The semi-ring-porous trees are an intermediate type between the ring-porous
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and the diffuse-porous. In the earlywood part, there will be bands formed by large vessels,
or rings formed by many small vessels, making the earlywood more obvious [44,45].

The micro-drilling resistance technology can reflect the density during the drilling
process and distinguish the earlywood and the latewood through the obvious change in
the wood density. Then the operator can carry out tree ring identification and analysis to
infer the tree’s age.

2.2. Classification of Micro-Drilling Resistance Method

According to the different sensor principles for determining resistance changes, this
research divides the micro-drilling resistance technology into three types: mechanical
method, analog method, and digital method.

2.2.1. Mechanical Micro-Drilling Resistance Method

The mechanical micro-drilling resistance method refers to driving the micro-drill using
a DC motor on a constant voltage and relying on the mechanical vibration to perceive the
measurement results and identify the change in the tree’s internal resistance. The sensor
principle of the method is based on the mechanical characteristic of the DC motor. And
the motor running at a constant voltage can be called the open-loop control mode. When
the wood density contacted by the micro-drill increases or decreases, the output torque
of the DC motor will increase or decrease accordingly, and the drilling needle driven by
the DC motor will suddenly decelerate or accelerate. This sudden speed change can be
perceived by the user through the instrument’s mechanical vibration or be recorded by the
spring-loader [46]. The mechanical method does not set up a signal detection circuit, so the
measurement results cannot be quantified. Therefore, the mechanical method is difficult to
identify the subtle resistance changes caused by the tree rings and gradually withdraws
from the application of tree ring detection. As the first micro-drilling resistance detec-
tion method, the mechanical method realizes the micro-destructive detection of the tree’s
internal material by simple equipment and sensor principles. IML-RESI MD300 is a repre-
sentative micro-destructive detection equipment based on the mechanical micro-drilling
resistance method [47]. MD300 is a drilling instrument working purely mechanically that
does not electronically record a measurement curve. The user feels the result and can read
the penetration depth on the 300 mm scale. Often an abrupt and fast penetration is percep-
tible when the instrument detects a rot zone. It is currently used in the detection of hollows,
rots, and cracks in trees, and other fields which do not require high precision. Since the
mechanical method is replaced by the analog method in tree ring detection, the mechanical
method will not be involved in the following experiments and comparative analysis.

2.2.2. Analog Micro-Drilling Resistance Method

To solve the problem acknowledging that the measurement results of the mechanical
method cannot be quantified and the automation degree of the detection process is low,
the analog micro-drilling resistance method came into being. The analog micro-drilling
resistance method refers to using a closed-loop control motor to drive the micro-drill rotated
at a constant speed, converting the resistance amplitude into an analog signal by connecting
a sampling resistor in the motor armature circuit, and finally transferring the signal to
SoC (System-on-a-Chip) by the ADC (Analog-to-Digital Converter) sampling module. The
analog method solves the disadvantage that the mechanical method cannot quantify the
results and has become a widely used method for micro-drilling resistance technology.
The design principle of the tree ring micro-destructive detection equipment published by
Hu, X and Chen, X can be considered the analog method [39,40]. Currently, the tree ring
micro-destructive detection system designed by Beijing Forestry University (BJFU) and
the tree-ring acupuncture instrument designed by the Chinese Academy of Forestry (CAF)
are both designed by the analog micro-drilling resistance method. Using the equipment
based on the analog method, the operator can automatically complete the drilling and
simply obtain the result data by sending control commands through the button. And in
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the process of detection, the results can be printed on wax paper in real-time waveforms
or stored on an SD card. The distribution of earlywood and latewood in tree rings was
analyzed by the peaks and troughs of the waveform. The analog method that can quantify
the measurement results ensures the feasibility of the micro-drilling resistance method for
tree ring detection [48,49].

2.2.3. Digital Micro-Drilling Resistance Method

The digital micro-drilling resistance method proposed in this research is a new micro-
drilling resistance tree ring detection method, which is based on the principle of the
DC motor output characteristic and the PWM closed-loop speed control. The digital
micro-drilling resistance method uses a photoelectric encoder to obtain digital signals for
transmission, which is different from the widely used analog method and does not need to
use the ADC conversion module, which avoids noise interference during signal sampling
and improves the anti-interference ability of the signal. Compared with the analog method,
the digital method has the advantages of less noise interference, a simple detection circuit,
and easy identification of tree rings.

Table 1 shows the comparison of the mechanical method, the analog method, and the
digital method proposed in this research.

Table 1. Comparison of the mechanical method, the analog method, and the digital method.

Characteristic Mechanical Analog Digital
Quantification of results No Yes Yes
Circuit complexity Simple Complex Simple
Motor control Open-loop Closed-loop Closed-loop
Sampling module Mechanical vibration ADC Photoelectric encoder
Signal type Mechanical Analog Digital
Anti-interference ability Weak Weak Strong
Signal quality Weak Poor Good

3. Materials and Methods

In this section, the principle of the digital micro-drilling resistance method is firstly
deduced by formula. The recommended hardware implementation of the digital micro-
drilling resistance method is also given. The experimental equipment which can complete
the detection of the digital method and the analog method is designed to simultaneously
carry out comparative experiments. Finally, the experimental sample is introduced.

3.1. Principle of Digital Micro-Drilling Resistance Method

The digital micro-destructive resistance method proposed in this research is based on
the output torque characteristic of the DC motor and the PWM closed-loop speed control.
It uses the photoelectric encoder to obtain the detection data. The formula is derived
as follows.

The digital micro-drilling resistance method detects the resistance torque given by the
tree rings on the micro-drill bit to obtain the density change of the tree rings.

Equation (1) is the theorem of rigid body rotation with a fixed axis:

A

M=]p=]--

)

M: combined external torque acting on the drill; J: moment of Inertia of the drill; g:
angular acceleration of the drill; w: angular velocity of the drill; t: time.



Forests 2022, 13,1139

6 of 23

The moment of inertia | of the drill needle is determined by three factors: the quality,
the mass distribution, and the position of the rotating axis. During the detection, the
moment of inertia | of the drill is a constant value.

Equation (2) is derived from the force analysis of the micro-drill:

=

-
M=T+T.+ Ty (2)

— — —
T: electromagnetic torque; T} : load torque or resistance torque; Tp: no-load torque.

The direction of electromagnetlc torque T is opposite to the direction of resistance
torque TL and no-load torque To Therefore, the scalarized Equation (2) combines with
Equation (1) to form Equation (3):

dw

T—-T.—Tp=
L-To=Jp=—- ®)
Shift the terms of Equation (3) to get the value of load torque T7:
dw
TL=T-Ty— T 4)

To obtain a linear relationship between the T; and the T, the angular acceleration of
the micro-drill must always be equal to zero—that is, the derivative of the angular velocity
with time is always equal to zero. The drill needle must move at a constant angular velocity
during the drilling process. In this case, Equation (4) can be simplified to Equation (5):

T =T-Ty (5)

The no-load torque Tj of the motor is much smaller than the resistance torque T,
during drilling, so Ty can be ignored. Under the condition that the drill needle is kept
moving at a constant angular velocity and the load torque T is ignored, the Equation (5)
can be approximated as:

The above derivation converts the resistance torque T} into the measurement of the
electromagnetic torque T of the motor and provides an electrical way to measure the
resistance torque Tp.

Equation (7) is the torque characteristic of the DC brush motor:

T = Ci¢l, @)

Cy: torque constant; ¢: flux per pole, determined by the characteristic of the motor; I:
armature current.
Equation (8) can be obtained by combining Equations (6) and (7):

TL = Ct(PIa (8)

Equation (8) shows that the armature current I, is linearly proportional to the resistance
torque Tr. Through the value of the armature current I,, the resistance change in the drilling
process can be obtained, and the tree ring detection can be realized.

Different from the analog method in which the armature current I, is obtained by
the sampling resistance method, the digital method converts I, into a digital signal and
transmits it to the SoC.

The DC motor voltage balance equation is shown in Equation (9):

U=E+ LR, )

U: armature voltage; E: armature electromotive force; R, armature resistance.
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The principle of electromagnetics shows that the relationship between the motor speed
n and the armature electromotive force E is shown in Equation (10):

E = Ce¢pn (10)

C.: potential coefficient.
The relationship between the motor speed #n and the rotational angular velocity w is
shown in Equation (11):
w =2mn (11)

The prerequisite of Equation (8) is that the angular velocity w is a constant value,
so during the detection process, the motor speed # is a constant value, and the armature
electromotive force E is also a constant value.

The PID algorithm and PWM technology control a constant angular velocity w of the
micro-drill during the detection process. PWM is a method for the SoC to control analog
circuits by outputting digital signals [50,51]. And PWM control technology obtains the
required waveform or equivalent amplitude according to the principle of area equivalence
by modulating the width of the pulse. The rectangular wave voltage PWM is shown in
Equation (12):

U = DpwmUm (12)

Dpwa: PWM duty ratio; Uy,: maximum voltage.
Equation (13) can be derived from Equations (8)—(10):

DpwmUy — Cepn
R,

T, = G (13)

The PID algorithm is a method of control by deviation, where P means proportional,
I means integral, and D means differential. The algorithm is simple, robust, reliable, and
widely used in various control fields [52-54]. And Figure 1 shows the structure diagram of
the PID speed closed-loop control algorithm.

.| Proportional
"| Adjustment

Set Speed Speed

\ 4

Integral
+ "| Adjustment

A 4

Motor Driver DC Motor

| Differential
"| Adjustment

Photoelectric |,
Encoder

Figure 1. The structure diagram of the PID speed closed-loop control algorithm.

Dpwm is calculated by SoC according to PID speed closed-loop control algorithm and
speed error, as shown in Equation (14):

Ton  Kpe(k) + Ki X5 _ge(k) + Ky(e(k) — e(k — 1))
Dpwm = — = (14)
T T
Ton: pulse width time; T: cycle time of PWM,; e(k): speed error; K;: proportional adjust-
ment coefficient; K;: integral adjustment coefficient: K;: differential adjustment coefficient.
The PWM cycle time T is a constant value during the control process, and the rotational
speed error e(k) is calculated by the photoelectric encoder.
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The above formula derivation proves the relationship shown in Equation (15):
Ty o< Dpwm o Ton (15)

Dpwm and T, are proportional to the resistance torque T}, and the resistance change
can be reflected by the value change of Dpyps or T,,. The detection signal is sampled
and transmitted as a digital signal, and ADC is not used in the whole signal flow process.
Therefore, this research named the method “digital micro-drilling resistance method”.

3.2. Hardware Implementation of Digital Micro-Drilling Resistance Method

According to the principle of the digital micro-drilling resistance method, we give
the recommended hardware system architecture and hardware implementation scheme.
The hardware system architecture of the digital micro-drilling resistance method is shown
in Figure 2, which consists of a SoC module, a DC motor drive module, a digital signal
sampling module, and a data transmission module.

SoC Module
DSP TMS320F2812

:Digital Signal: : Data |
I Sampling 11 Transmission :
: Module : : Module |
| |
PWM | QeP | 1] scl !
* ! A TT A |
| I |
! I |
| I |
fm—————— - ¥ ¥ |
. I
I H-bridge : : : : SD Card | Bluetooth ||
| Motor Driver : I 1 :

! ! I
L_ Mgd_ul_e __l | I :
| I |
l | I |

I
i I
DC Motor Photoelectric | |
Encoder |! |

Figure 2. The hardware system architecture.

3.2.1. SoC Module

The SoC module is composed of DSP chip and peripheral circuits. As the core of the
detection and control circuit, the DSP chip adopts a TMS320F2812 high-speed real-time
digital signal processing chip. The chip is a high-performance 32-bit data processor with
excellent digital signal processing and motion control capabilities. Abundant peripheral
functions and interfaces can meet the needs of digital micro-drilling resistance methods.
The PWM function realizes the control of the DC motor, the Serial Communication Interface
(SCI) realizes the transmission of detection data, and the Quadrature Encoder Pulse (QEP)
module is used for digital encoder signal sampling [55,56].

3.2.2. H-Bridge Motor Driver Module

The RE35 DC motor is selected as the drive motor for the high-speed rotation of the
micro-drill. The motor has the characteristics of low-speed fluctuation, high conversion
efficiency, high operation stability, and easy control.

In the process of drilling into the tree and exiting the tree, the micro-drill needs to rotate
in the opposite direction, so the first control requirement for the motor is to realize forward
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and reverse control. At the same time, the principle of the micro-drilling resistance method
requires that the motor must rotate at a constant angular velocity to ensure the validity
of tree ring identification. Therefore, the second control requirement for the motor is to
realize speed control. Further, the principle of the digital micro-drilling resistance method
requires the use of a PWM voltage modulation signal to control the speed of the motor. For
this purpose, the H-bridge motor driver circuit, as shown in Figure 3, is designed.

2y o
1 0s1
|
12v D8 T
— T e 1 s
> 1N4148 ==C5 1 D9 D10
g_l+ce u4 0.10F faa A 1N A INTTTE 2R GND
=T Llvee e |2 el Us =
3 pwiz 2 | (¢ N5 [T 5o com |4
33— SO Vs (2 - RI10 £1vs  Tsp E—avs
+ Colilio el o . R - o
= 1RS21045 == 00w e 0s3 ~L1ouFnev
GND RI2 N | R1l IRS2104S ¥
22R MOs4| D11 2 Co—=_ 012 d C10
1 i y < Ccon 0107 2w o 2R 01uF D13
ﬁ [IN4148|
“ . 1N4148

INT+ L
12v
R14
10mR
IN1-

Figure 3. The H-bridge motor driver circuit.

The H-bridge motor driver circuit is composed of 4 MOSFETs distributed on 4 bridge
arms, and the on and off of the MOSFET is controlled by the PWM signal [57]. The
PWM control signals of MOS1 and MOS3, MOS2 and MOS4, are complementary channels.
PWM1 and PWM2 are a pair of control signals with opposite polarities but the same
period and duty cycle so that the two MOSFETs on the diagonal can be turned on and off
simultaneously. The H-bridge motor driver circuit can control the forward and reverse
rotation of the motor and has the advantages of small speed regulation static difference,
large range, and fast dynamic response, which meets the control requirements of the
micro-drill drive motor.

The maximum output voltage of the DSP pin is 3.3 V, which cannot meet the turn-on
requirements of driving the upper bridge arm. It is necessary to use a bootstrap circuit to
boost the PWM signal to control the MOSFET. The bootstrap circuit comprises a half-bridge
driver chip IR2104S, a bootstrap diode, and a bootstrap capacitor. IR21045 can output a
pair of complementary drive levels with a dead zone only by inputting one PWM control
signal. The DSP outputs PWM1 and PWM?2, two control signals to control two IR2104S
chips, achieve the control of the four MOS tubes in the H-bridge circuit, and realize the
adjustment of the motor speed and steering.

3.2.3. Digital Signal Sampling Module

A HEDL-5540 1024-line incremental photoelectric encoder is installed at the rear of
the RE35 DC motor, as shown in Figure 4.

HEDL-5540 Photoelectric Encoder

RE35 DC Motor

Figure 4. The RE35 DC motor with HEDL-5540 photoelectric encoder.

The digital signal sampling module is used to receive the rotational speed digital
signal transmitted by the HEDL-5540 1024-line incremental photoelectric encoder. The
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HEDL-5540 encoder is a device that converts the mechanical geometric displacement on
the output shaft of the motor into a digital pulse signal through photoelectric conversion.
There are three square wave pulse output signals: A, B, and I. Pulse A and B measure the
rotation direction and speed, and their phase difference is 90°. Pulse I is used to locate the
reference point. The square wave pulses A, B, and I output by the encoder are respectively
connected with the QEP1, QEP2, and QEPI pins of the DSP, and the digital signal of the
rotational speed detected by the encoder is transmitted to the DSP.

The number of pulses sent by the HEDL-5540 encoder per motor revolution is 1024.
Assuming that the total number of pulses measured within a fixed time interval T is m, the
calculation formula of the motor speed per minute 7 is shown in Equation (16):

60m
" 1024t 16)
In the specific implementation, the DSP timer works in the directional increase/decrease

mode, the clock source is set to the QEP circuit module, and the initial value of the timer’s
count register is set to the intermediate value Ox7FFF. If the phase of the pulse signal A
input by the QEP1 pin is ahead of the pulse signal B input by the QEP2 pin, the count
register will count up; otherwise, the count register will count down. The motor direction
is judged by the sign of the difference between the end value of the count register and the
initial value within a fixed time interval, and the speed value is judged by the absolute
value. It should be noted that the QEP module of the DSP counts both the upper and lower
edges of the pulse, so the clock input frequency generated by the QEP module is 4 times
the frequency of the A or B pulse signal.

3.3. Experimental Equipment

To verify the theoretical derivation of the digital micro-drilling resistance method, and
compare the difference in detection results between the digital and analog methods under
the same condition, a tree ring detection experimental equipment which can complete the
detection of the digital method and the analog method simultaneously is designed to carry
out comparative experiments.

3.3.1. Mechanical Structure

The experimental equipment adopts the hand-held mechanical structure and dual-
motor transmission structure shown in Figures 5 and 6, similar to the mechanical structure
proposed by Hu X. in [39].

Figure 5. The hand-held mechanical structure.

The DC motor drives the micro-drill to rotate at high speed. The stepping motor drives
the forward and backward of the micro-drill. The maximum diameter of the micro-drill
is 3 mm. The operator points the equipment at the tree trunk and then uses the button to
send instructions and detect tree rings.
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1 2 3 4 5 6 7

Figure 6. The dual-motor transmission structure. (1. Stepper motor; 2. Sliding base; 3. DC motor;
4. Motor base; 5. Drill clip; 6. Micro-drill; 7. Lead screw).

3.3.2. Hardware Circuit

To compare the difference in detection results between the digital and the analog
micro-drilling resistance methods, a special hardware circuit with both detection methods
is designed for the experiment. The special hardware circuit can output the detection
results of digital and analog methods at the same time, effectively controlling the influence
of irrelevant variables on the detection results.

The experimental hardware circuit is based on the hardware implementation of the
digital micro-drilling resistance method, and an analog signal sampling module is added.
The hardware architecture is shown in Figure 7.

SoC Module
DSP TMS320F2812
] TAEa_IoB gian_all__ :Digital Signal
Sampling Sampling
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A A

|

I |
| |
| |
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I
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Amplifier Resistor |: H-bridge ::
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|
|
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______________ T | Data
i | Transmission
DC Motor PhEtnc::eolzzirlc Module

Figure 7. The experimental hardware architecture.

To realize the output of analog detection results, a sampling resistor is added to the
armature of the H-bridge motor driver circuit. The INA282 bi-directional current sense
amplifier is connected to the sampling resistor. The amplified current signal is transmitted
to the ADC pin of the DSP to obtain the detection result. During the detection process, the
digital and analog detection circuits operate simultaneously. The analog results sampled by
ADC and the digital results calculated by the photoelectric encoder are both stored in the SD
card or sent out by SCI. In the detection, the analog and digital detection results are output
simultaneously to ensure the consistency of the measurement object and the measurement
environment, which reduces the interference of various uncontrollable factors and provides
reliable hardware for the comparison experiments carried out in this research.
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3.4. Experimental Sample

In this research, tree disk samples were used for the micro-drilling resistance method
detection experiment to compare with the actual tree rings. The tree disk samples used in
this experiment are sampled from the Jingouling Forest Farm in Wangqing County, Yanbian
Prefecture, Jilin Province, China. The Jingouling Forest Farm is located in the upper reaches
of the Tumen River on the northwest slope of the Changbai Mountains, located at E 130°5
to 130°20" and N 43°17’ to 43°25/, and the altitude spans from 550 m to 1100 m [58]. The
forest vegetation in this area is stratified in the vertical direction. The climate in this region
is affected by tropical marine air mass or degenerated marine air mass from May to August
every year and is affected by Siberia continental air mass from October to March of the
following year, and the seasonal climate cycle changes significantly. The growing season of
trees is mainly concentrated in the summer, from July to September, when the temperature
is suitable and the rainfall is sufficient. In winter, there is a freezing period of more than
4.5 months. This makes the growth rate of plants in the area cyclically change, so tree rings
generally grow one ring per year.

In the experiment, Larch and Fir tree discs from Jingouling Forest Farm were selected
as samples. Larch (Larix gmelinii (Rupr.) Kuzen) is a deciduous tree of the Pinaceae
and Larix genus. Larch is the main forest species in Northeast China, widely used for
afforestation and forest regeneration, as well as for various wood and industrial materials.
The density of the tree rings changes sharply in the earlywood and latewood, making
the growth rings clearly visible, the wood grain is straight, and the structure is thicker,
which makes it easy to identify the tree rings. Fir (Abies nephrolepis (Trautv.) Maxim.) is
a Pinaceae and Abies genus tree with strong adaptability and a preference for cold and
wet environments. The density difference between the earlywood and latewood of Fir is
smaller than that of Larch, which requires higher detection accuracy.

4. Results

In the experiment, Larch and Fir discs are detected 4 times using the above-mentioned
experimental equipment, which can complete the detection of the digital method and the
analog method simultaneously. The information of the experimental discs is shown in
Table 2, and the detection results of Larch SN. 29-1043-52471 and Fir SN. 30-1013-34894 are
selected to show the analysis process.

Table 2. The information of the experimental discs.

Serial Number (SN) Tree Specie Diameter/cm
29-1043-52471 Larch 215
29-1043-52472 Larch 21.3
29-1257-48683 Larch 17.5
29-1903-44540 Larch 14.5
30-1013-34894 Fir 14.3
30-1512-18696 Fir 15.3
30-1849-16448 Fir 16.8
30-1911-50929 Fir 23.3

4.1. Original Detection Results

Figure 8 shows the waveforms of the original detection results for the digital and
analog outputs of the Larch disc (SN. 29-1043-52471). LD refers to the detection result of
the Larch disc, shown in red. LA refers to the detection result of the Larch disc, shown
in blue. Figure 9 shows the waveforms of the original detection results of the digital and
analog outputs of the Fir disc (SN. 30-1013-34894). FD refers to the detection result of the
Fir disc, shown in red. FA refers to the detection result of the Fir disc, shown in blue.
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Figure 8. The waveforms of the original detection results for the digital and analog outputs of the
Larch disc (SN. 29-1043-52471).
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Figure 9. The waveforms of the original detection results of the digital and analog outputs of the Fir
disc (SN. 30-1013-34894).

Figure 9 shows the waveforms of the original detection results of the digital and analog
outputs of the Fir disc (SN. 30-1013-34894). FD refers to the detection result of the Fir disc,
shown in red. FA refers to the detection result of the Fir disc, shown in blue.

4.2. Result of Preprocessing and Correlation Analysis

It can be seen from the original signal waveforms of Figures 8 and 9 that the digital and
analog methods obtain the same number of sampling points, indicating the two detection
methods are running simultaneously during the experiment. However, the amplitudes of
the detection results obtained by the two methods are not the same because of the different
sampling methods, which have different physical meanings. According to the analysis of
the formula, the detection results of the digital method and the analog method are both
proportional to the tree ring resistance. Therefore, this research attempts to convert the
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amplitudes of the digital and analog detection results to the same benchmark through
preprocessing. If the detection results converted to the same benchmark have the same
characteristics, the consistency of the two test results and the correctness of the digital
method can be proved. The operation of preprocessing is as follows.

The detection signal is first fitted linearly using the least squares method. The fitted
target polynomial p(x) is shown in Equation (17):

p(x) =p1x+p2 (17)

p1: 1th-degree coefficient; p;: constant coefficient.
p1 and p, can be calculated by Equation (18):

n X; "
5" (7)) - (Z-%) -
%; ;1 x2 | \P1 Yi—1XiYi

The fitted polynomial of LD (prp) is:

it-

1

pLp (x) = 0.0016x + 4687.3968 (19)

The fitted polynomial of LA (pra) is:
prLa (x) = 0.0016x + 1248.1110 (20)

Figure 10 shows the digital and analog original signals and the fitted polynomial
waveforms of Larch.
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Figure 10. The digital and analog original signals and the fitted polynomial waveforms of Larch (SN.
29-1043-52471).

The fitted polynomial of FD (pgp) is:
prp (x) = —0.0007x + 4677.2159 (21)
The fitted polynomial of FA (pga) is:

pEa (x) = —0.0009x + 1255.9182 (22)
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Figure 11 shows the digital and analog original signals and the fitted polynomial
waveforms of Fir.
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Figure 11. The digital and analog original signals and the fitted polynomial waveforms of Fir (SN.
30-1013-34894).
Subtract the fitted polynomial from the original signal to get the detrended detection
signals shown in Figures 12 and 13.
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Figure 12. The detrended Larch digital (dLD) detection result waveform and detrended Larch analog
(dLA) detection result waveform (SN. 29-1043-52471).

The amplitude and trend of the detrended digital detection results and the detrended
analog detection results are very similar. However, it is still difficult to intuitively determine
their consistency due to the large amount of interference contained in the detrended analog
detection results.
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Figure 13. The detrended Fir digital (dFD) detection result waveform and detrended Fir analog (dFA)
detection result waveform (SN. 30-1013-34894).

To determine the consistency of the two detection results, a correlation coefficient
was introduced for quantitative analysis [59]. The correlation coefficient is defined in
Equation (23)

PDA = T opoa (23)

Cov: covariance; o: standard deviation; D: digital detection result after detrending; A:
analog detection result after detrending.
The correlation coefficients pp 4 of each sample are shown in Table 3.

Table 3. The correlation coefficients and average correlation coefficients.

Serial Number (SN) Correlation Coefficient Average
29-1043-52471 0.9576
29-1043-52472 0.9484
29-1257-48683 0.9287 0.5413
29-1903-4454 .
9-1903-44540 0.9305 0.9565
30-1013-34894 0.9028
30-1512-18696 0.9376
30-1849-16448 0.9187 0.9317
30-1911-50929 0.9678

The value range of the correlation coefficient is between —1 to 1. Generally, when the
correlation coefficient is greater than 0.9, the two signals can be considered to have a strong
positive correlation. The correlation coefficients of the two detection results shown in
Table 3 are all greater than 0.9, and the average correlation coefficient of Larch is 0.9413, the
average correlation coefficient of Fir is 0.9317, and the overall average is 0.9365. Therefore,
the detection results of the digital method and the analog method have a strong correlation,
and it can be considered that the detection results output by the two methods are consistent.
Based on the above correlation analysis, it can be proved that the detection results of the
digital method have the same correctness as the analog method.
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4.3. Power Spectrum Analysis and SNR

In the time domain, the digital micro-drilling resistance detection signal is obviously
clearer and easier to identify than the analog. The spectrum analysis can be performed on
the signal so that it can be seen more intuitively that the digital signal contains less noise
interference than the analog signal.

Normalize the power of the digital and the analog detection results according to
Equation (24):

i C) i€
f(X) - \/XPOZU(,’T - \/Z?:lf(xi)z (24)

The power-normalized digital results are denoted as D', and the power-normalized
analog results are denoted as A’. The signal D is obtained by filtering the power-
normalized digital detection results using a Gaussian filter. Latewood points in the D are
marked with an asterisk by the identification algorithm. Taking the results of SN.29-1043-
52471 as an example, its latewood marking points are shown in Figure 14.

Figure 14. The tree ring latewood identification mark diagram based on the digital detection result
after Gaussian filtering (SN. 29-1043-52471).

It can be seen from Figure 14 that the signal is clear and easy to identify, and the
latewood points of the tree rings identified automatically by the algorithm have high
accuracy and can correspond to the actual tree rings. Therefore, in this study, the Dg is
approximately regarded as a noise-free tree ring detection signal, called the desired signal.

Display the power spectrums of the digital method signal D’, the analog method
signal A’, and the useful signal D¢. The result of SN. 29-1043-52471 is shown in Figure 15,
and the result of SN. 30-1013-34894 is shown in Figure 16.

It can be seen in Figures 15 and 16 that the power spectrum waveforms characteristics
of Larch and Fir are similar. The three waveforms coincide in the low-frequency band,
and their energy is concentrated in the low-frequency band, reflecting the change in tree
ring resistance. Then the amplitude of the D waveform drops rapidly and separates
from D’ and A’. Since Dg is the desired signal that does not contain noise signals; the
separated part represents the noise interference introduced in the detection process. In the
separation part, the difference between the D’ signal and Dy is significantly smaller than
the difference between the A’ signal and Dg, indicating that the noise interference level of
the digital method is significantly lower than that of the analog method. In addition, there
are required noise spikes in A’, and the number of noise spikes in D' is also significantly
reduced, indicating that the digital method completely avoids noise interference in some
frequency bands.
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Figure 16. The power spectrums of Fir SN. 29-1043-52471.

0.9 1

To quantify the improvement of the signal quality by the digital method, this research
introduces the Signal-to-Noise Ratio (SNR) indicator, which can also be called the Signal-to-
Interference and Noise Ratio (SINR) indicator. The SNR refers to the ratio of the desired
signal power (DgPower) to the noise and interference signal power (nPower), usually in

dB. The calculation formula of SNR is shown in Equation (25):

SNR — 1OlgDGPower _ DgPower _

D¢gPower

nPower 8 nPower

gXPower — DgPower

(25)

XPower refers to D’ Power when calculating SNR for the digital method, X Power refers

to A’Power when calculating SNR for the analog method.

The SNR for the digital method and the analog method of each sample are shown in
Table 4. All the SNR are in dB. SNR (DM) refers to the SNR for the digital method, and SNR
(AM) refers to the SNR for the analog method. SNR Improvement refers to the difference

between the SNR of the digital method and the SNR of the analog method.
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Table 4. The SNR for the digital method (DM) and the analog method (AM).

Serial Number SNR Average SNR SNR Average SNR SNR Average SNR
(SN) (DM) (DM) (AM) (AM) Improvement Improvement

20-1043-52471  39.2524 18.3452 20.9072

29-1043-52472 392172 18.6373 20.5799

29-1257-48683 403822  O0-346l 187451 186280 21.6371 20.7163

29-1903-4454 5327 18.791 19.74

9-1903-44540 3853 39.0145 8.7918 19.7555 9-7409 19.2590

30-1013-34894 404539 21.9157 18.5382

30-1512-18696  38.6922 20.3393 18.3529

30-1849-16448 377802  °8:6829 211697 208812 16.6105 17.8017

30-1911-50929  37.8054 20.1002 17.7052

The larger the SNR, the smaller the noise interference mixed in the signal and the
higher the signal quality; otherwise, the opposite is true. In the eight sample experiments,
the average SNR of the digital method is 39.0145 dB, and the average SNR of the analog
method is 19.7555 dB. The SNR of the digital method is 19.2590 dB higher than that of the
analog method.

Converting the SNR to the percentage P, of digital method noise interference energy
to analog method noise interference energy is shown in Equation (26):

nPower(DM) SNR(AM)—SNR(DM)
Ppp=——F+—"=~=1 10 % 2
" nPower(AM) 0 & (26)

The P, for the digital method and the analog method of each sample are shown in
Table 5.

Table 5. The correlation coefficients and average correlation coefficients.

Serial Number (SN) P, Average

29-1043-52471 0.81%

29-1043-52472 0.88% 0.869%

29-1257-48683 0.69% ove

29-1903-44540 1.06% 1.97%
30-1013-34894 1.40%

30-1512-18696 1.46% 1.69%

30-1849-16448 2.18% L7

30-1911-50929 1.70%

Table 5 shows that the average noise interference energy of the digital method is only
1.27% of that of the analog method. Therefore, the digital method greatly reduces the
introduced noise interference and significantly improves signal quality.

5. Discussion

The experimental results can be discussed from two perspectives; time domain and
frequency domain. For analysis in the time domain, the first focus is on waveform and
amplitude. The waveform of the digital method is clear, which can intuitively identify the
tree rings of earlywood and latewood and evaluate the tree age, while the waveform of
the analog method fluctuates violently, and the effective tree ring information cannot be
identified. This is the signal quality improvement of the digital method, directly reflected
from the time domain waveform. There is a significant difference in amplitude between the
two signals due to differences in the calculation of the two detection methods. Although
their amplitudes are different, they are all used to measure the change of resistance, so if the
calculation formula of the digital method is correct, the digital and analog detection signals
should have a strong correlation. As the experimental results show, the average correlation
coefficient of the two detection methods reaches 0.9365, which means the results obtained
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by the two have high consistency, and verifies the correctness of the digital method from
the perspective of experimental results. Through the flow of the measured signal, the
consistency of the detection results can also be proved. The signal flow diagram of the
digital method and the analog method is shown in Figure 17.
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Figure 17. The signal flow diagram of the digital method and the analog method.

It can be seen from Figure 17 that both methods complete the first three steps of signal
flow based on the proportional relationship between the armature current and the change
in tree ring density. The flow after the armature current starts to differ between the digital
method and the analog method, so both detection results should be related to the armature
circuit. The analog method is a widely used and correct method of micro-drilling resistance
technology, so the detection results of the digital method are strongly related to the analog
method, which can verify the correctness of the digital method.

In the analysis of the frequency domain, this study uses SNR to quantify the improve-
ment of signal quality. Compared with the analog method, the digital method has an
excellent performance, the average SNR improves by 19.2590 dB, and the average noise
interference energy is only 1.27% of the analog method. Such excellent performance can be
obtained because the digital method does not take measures to reduce the influence of noise
interference but cuts off the way of noise interference in principle. Figure 17 also shows the
approach to noise intervention. Comparing the noise intervention of the two methods, the
digital method samples the non-electrical quantity speed, which avoids the line crosstalk
caused by high-frequency electronic signals such as PWM signals and serial transmission.
An amplifier isn’t needed in the digital method, so there is no nonlinear amplification
interference. At the same time, the digital method uses a photoelectric encoder instead
of ADC for sampling. The digital pulse signal output by the photoelectric encoder has a
strong anti-interference ability and will not be affected by thermal noise and power-supply
ripple waves interference.

There are also some limitations and further research directions on the digital micro-
drilling resistance method. The first limitation is the micro-drilling resistance method is
used to identify tree rings by density difference. Hence, it’s more suitable for the coniferous
and ring-porous trees, which have clearly separated tree rings into earlywood and latewood,
but not very suitable for the diffuse-porous trees. To compare the performance of the two
different micro-drilling resistance methods under the best conditions, the two experimental
tree species are coniferous. Experimental on some ring-porous trees or semi-ring-porous
trees is a further research direction.

Secondly, the correctness of the digital method was confirmed by the consistency
study. To obtain accurate detection more intuitively, the results can also be compared with
dendrochronological methods.

The third direction is the changes in reference voltage for digital detection results. In
forest operations, batteries are usually used to power equipment, and the output voltage
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of the batteries will gradually decrease. The output voltage of the battery will be directly
connected to the upper and lower bridge arms of the H-bridge motor drive circuit as
U,;. The digital method that uses the PWM duty ratio Dpys or pulse width time Ty,
as the output detection result will be affected by the changes in the amplitude of U, so
U,; can be regarded as a reference voltage. During a single detection process, the power
consumption of the battery is very limited, so the change in Uy, is very small, and the
impact on the average amplitude of the detection results can be ignored. However, for
the two detections with a large difference in battery power, the average amplitude of the
output results will be greatly affected by U,,. Taking the detection of the same tree disk
sample as an example, when the battery power is sufficient, U, is larger, which makes
the average amplitude of the detection results smaller; when the battery power is low, Uy,
is small, so that the average amplitude of the average detection results increases. For the
same detection sample, this will lead to inconsistent results of multiple detection. And for
different detection samples, this will lead to misjudgment as the difference is caused by the
difference in the average density of the detection samples. Since the experiments carried
out in this research all use a constant voltage source for supplying stable power, it is not
affected by the above-mentioned voltage reference problem, but this problem should be
paid attention to when the digital method is used in the case of battery power supply.

Finally, the small amount of noise still present in the digital method can be a further
research direction. Part of the noise is introduced from the first three steps of signal flow
due to the digital method starting after the third step. Another reason is the subtle noise
interference that may be introduced by the sampling process of digital detection methods.
Further research can analyze the above two types of noise interference, and try to reduce or
eliminate their influence to obtain a better-quality signal.

6. Conclusions

In this research, a digital micro-drilling resistance method is proposed. The theoret-
ical analysis and comparative experiments show that hardware implementation of the
digital micro-drilling resistance method can correctly reflect the tree ring information and
significantly improve the signal quality of the micro-drilling resistance technology. This
research shows that the digital micro-drilling resistance method has an obvious advantage
in signal quality.

Looking forward, the digital micro-drilling resistance method will help improve
the identification accuracy of the micro-drilling resistance method, and to develop the
application of tree ring micro-destructive detection technology in the high-precision field.
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