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ARTICLE INFO ABSTRACT

Optical thermography is an important non-destructive testing (NDT) method which has been widely used in the
fields of modern aerospace, renewable energy, nuclear industry, etc. The excitation source is a crucial device for
the optical thermography system whose performance has a decisive effect on the detection results. Previous
thermography NDT studies mainly focused on the physical mechanism, applications and signal processing al-
gorithms. However, the design of the excitation source is rarely discussed. Due to the wide frequency range as
well as the high power excitation requirements, it is a challenging task to develop a multi-mode excitation source
for thermography NDT. This paper presents a novel design of the excitation source with a structure topology that
combines the circuit with low frequency sinusoidal generation and a chopper circuit. It intimately satisfies the
requirements of multiple-mode excitation for optical thermography. These include pulsed thermography (PT),
lock-in thermography (LT), step heating thermography (ST), pulsed phase thermography (PPT), frequency
modulated thermal wave imaging (FMTWI) and barker coded thermal wave imaging (BCTWI). The proposed
topology, operating principle and the design procedure of the circuit have been investigated in details. A 2 kW
prototype with a frequency range of 0.01 Hz-100 kHz has also been implemented. Validation of the proposed
method has been undertaken to detect inner defects of both on a composite sample and a lead-steel sample with
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bonded structure.

1. Introduction

The excitation source has been widely used in the sensing and de-
tection fields as a part of the system, such as laser detection [1], elec-
tromagnetic thermography testing [2], ultrasound inspection [3], and
plasma detection [4]. The excitation sources can be implemented by
utilizing the power electronics technology, such as AC-DC, DC-AC, DC-
DC and AC-AC conversion. However, researchers in this field mainly
concern in the performance index of power conversion, such as effi-
ciency, power factor, ripple, and power density. This research direc-
tions include design topologies [5,6], control strategies [7-9] and new
power electronic components [10,11]. Therefore, it is necessary to
hybrid the requirements of the sensing and detection with the power
electronics technology to design a functional excitation source for the
specific diagnosis system.

Active infrared thermography (AIT) was developed to provide more
accurate information by considering the amount of thermal radiation
and heat transfer. Due to the different external excitation source in AIT,
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it can be divided into inductive thermography, optical thermography,
vibro-thermograph, etc. [12]. Optical thermography has gained in-
creasing attention because of its non-destructive imaging characteristics
with high precision and sensitivity [13]. It has been applied to the
defect inspection and evaluation of composite materials such as glass
fiber reinforced polymers (GFRP), carbon fiber reinforced polymers
(CFRP) and adhesive bonds [14-17]. Depending on the different
heating excitation mode, it can be divided into pulsed thermography
(PT), lock-in thermography (LT), step heating thermography (ST),
pulsed phase thermography (PPT), frequency modulated thermal wave
imaging (FMTWI), barker coded thermal wave imaging (BCTWI), etc.
[24-31].

In PT, the sample surface is stimulated by a short pulse with a high
power light lamp. The thermal wave propagates from the sample sur-
face into the inner part through diffusion. The resultant sequence of
infrared images has potential to indicate defects in the sample at dif-
ferent depths [18-21]. The method apart from requiring high power
heat sources, has additional drawback of being sensitive to surface
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Fig. 1. Diagram of the optical thermography.
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Fig. 3. Profile of the pulsed excitation current.

inhomogeneities. In LT, the sample is heated using a mono-frequency
sinusoidal thermal excitation. The magnitude of the periodic tempera-
ture change at the surface and its phase with respect to the applied
modulated heating is extracted by using post-processing algorithms for
defect detection [22]. This method has advantages of better signal-to-
noise (S/N) ratio and adjustable depth range for inner defect visuali-
zation. However, it demands a selection of a suitable frequency to avoid
the blind frequencies and the repetitive experiments are required to
resolve the defects location at different depths [23]. ST based on
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temporal temperature analysis caused by step excitation in time domain
is similar to PT in heating excitation mode which has longer heating
time. PPT is same to PT in heating excitation mode, where, an analysis
is carried out by phase mode which has the merits of phase images
obtained with LT [24]. In FMTWI, the sample is heated by using ex-
citation source with a limited range of frequencies. This method at-
tempts to overcome the drawbacks of LT [25-27]. In BCTWI, the sample
is heated using a binary coded thermal excitation. This excitation
method combines with correlation processing which can provides
better detection capabilities and better depth resolution [28-30]. Those
methods usually use flash lamps or halogen lamps as a heating source
which are excited by an excitation source such as power amplifier with
signal generator.

Previous studies mainly have been focused on the principles, var-
ious applications and signal processing algorithms [23-34] for optical
thermography in NDT. However, the design of the excitation source is
rarely discussed. Due to the requirements of wide frequency range
(typically 0.01 Hz to several hundred kHz) and high power (typically
hundreds of W to several kW), the design and the developing of the
particular multi-modality excitation source for thermography is highly
challenging. One promising approach is to utilize a high voltage linear
amplifier, but the downside is its restriction by the gain bandwidth
product (GBP) which can lead to a low efficiency [35]. In recent years,
digital control power converters have been described as be able to offer
a high capability to efficiently manage electrical energy as they are
widely applied in industrial applications, electric traction systems, re-
newable energy systems, distributed generation, and automotive [36].
Thus, this paper proposes a structural design topology of a multi-mode
excitation source with high performance under the framework of a di-
gital control strategy. This paper presents the design of an excitation
source with a maximum output power of 2.0 kW and a wider frequency
band ranging from 0.01 Hz to 100 kHz which is used to drive the ha-
logen lamps. The proposed topology, operating principle, and the de-
sign procedure of the circuit have been investigated. In addition, ex-
perimental validations been conducted to verify the proposed
methodology.

The paper is organized as follows: Section 2 discusses the optical
thermography characteristics, Section 3 describes the proposed solution
and topology. Section 4 describes operating principle; Section 5 pre-
sents the experimental results and discussion. Finally, Section 6 con-
cludes the work.

2. Optical thermography sensing

Fig. 1 shows the diagram of the optical thermography system. Ha-
logen lamps or flash lamps are driven from pre-set current which is
generated by excitation source. The incident light generates the heat on
the sample and the heat diffuses in time. Defects such as cracks, de-
bonds, delamination alters the heat diffusion and the progress is re-
corded by infrared (IR) camera. A synchronous trigger receives the
“start” command from the PC and then triggers the IR camera and the
excitation source to work synchronously. According to the different pre-
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~V

Ti0i0i1i1i0
(b) BCTWI mode

1i0

Fig. 4. Profile of the (a) FMTWI and (b) BCTWI excitation current.
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Fig. 7. Output signal waveform in LT mode.

set excitation current, it can work in LT mode, PT, ST, PPT mode,
FMTWI mode and BCTWI mode.

In LT mode, the pre-set current is amplitude-modulated current i,
which is formed by combining a low-frequency sinusoidal signal with a
high-frequency signal which can be expressed as (1) and its profile
shows as Fig. 2.
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Fig. 8. Output signal waveform in PT mode.
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Fig. 9. Sinusoidal generation circuit.

fox = Ipsin(27fy, 4 t)-sin(27f,,,, t) 1
where I, is the maximum of the amplitude. f , and f,.. are lock-in

frequency and carrier frequency, respectively.

According to the theory of thermal wave, the probing depth of de-
fects depends on the length of the thermal diffusion which can be
present as:

_ a k
Hin = = \/
7 Jiock 7 Jiock 'pcP

where «a is thermal diffusity (m?/s), k is the thermal conductivity of the
material (W/mK), p is the density (kg/ms), ¢, is specific heat (J/(kg-K)).
For a specific material, the value of u, is determined by the lock-in-
frequency. Thus, the sample is heated periodically and the temperature
on the surface of the sample varies periodically as well. Due to fact that
the variation of frequency is nearly equal to the lock-in frequency, the
interference such as non-uniform heating, environmental reflections
and surface emissivity variations can be suppressed extensively by
using Fourier analysis [37]. Thus, the lock-in frequency of the excita-
tion source should be set manually for the specific sample with different
structure and characteristics. The range of lock-in frequency is usually
adjusted between 0.01 Hz to dozens Hz and the carrier frequency range

(2
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(b) negative output

Fig. 10. Pulsed generation circuit (a) positive output; (b) negative output.
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Fig. 12. Prototype picture.

is dozens to hundreds Hz [15,22,23,34,38].

In PT, ST, PPT mode, the pre-set current i(¢) can be expressed as (1)
and its profile is shown in Fig. 3 [24].
i(t) = Iy-sin(27xft) 3)
where I,, and f is the current amplitude and frequency, respectively. A
pulse of energy is generated by the lamps or flashes which is driven by
the excitation current. The duration of the pulse is variable from ps to s
depending to the thickness of material to be probed and its thermal
properties. The relationship between heat propagation time ¢ and the
depth z of defect can be expressed as:
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Table 1

Parameters and components of the system.
Maximum input voltage 250VDC
Maximum output power 2.0kW
Range of the lock-in frequency 0.01 Hz-10 Hz
Switching frequency 100 kHz
Range of duty cycle a 0.1-0.9
Input capacitor of sinusoidal generation circuit Ciny 470 pF
Inductor Lg 470 uH
Capacitor Cy 4 X 50 uF
Input capacitor of pulsed generation circuit Cin 2 x 50 uF
MOSFETs Q1 ~Qg IXFK64N60P
Gate Driver of MOSFETs UCC27714
Digital Isolators 1SO7240CF
FPGA chip EP4CE15

Table 2

The measurement of the lock-in frequencies.

Setting frequency (Hz) Measured frequency (Hz)

0.01 0.01002
0.05 0.05004
0.10 0.1001
0.50 0.5001
1.00 1.002
1.50 1.502
2.00 2.004
3.50 3.503
4.00 4.006
7.50 7.506
8.00 8.006
10.00 10.00
L2
a ()]

where « is the material thermal diffusivity (m?/s), By analyzing the
variation of the surface temperature, defects can be quantitatively or
qualitatively detected [37].

FMTWI and BCTWI are two recently developed techniques in ther-
mography NDT. The profiles of the BCTWI and FMTWI are shown in
Fig. 4 where they are developed and extended based on the PT mode
and LT, respectively [39-41].

As discussed above, the excitation source is an important element
for the optical thermography NDT system whose performance directly
determines the accuracy in the detection results. Thus, with the re-
quirements of the multi-mode optical thermography, it is necessary to
design a high efficiency and lower cost excitation source.

3. Proposed design topology

Fig. 5 shows the block diagram of the designed excitation source
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Fig. 14. Output waveforms in PT, PPT, ST and BCTWI mode.

which includes five parts: Field Programmable-Gate-Array (FPGA)
controller, sinusoidal generation circuit, pulsed generation circuit,
drive and control circuits, interactive interface. The FPGA controller
receives the configuration parameters such as operation mode, fre-
quency, heating time, and cooling time. from the PC or touch screen
through the communication interfaces and then controls the sinusoidal
generation circuit and pulsed generation circuit. An ac-dc power with
adjustable output voltage is prepared to supply the sinusoidal genera-
tion circuit or the pulsed generation circuit. When the AC-DC power is
selected to connect with the pulsed generation circuit, the excitation
source can work in PT, ST, PPT or BCTWI mode. Otherwise, the ex-
citation source works in LT or FMTWI mode.

Fig. 6 shows the proposed design topology which mainly composes
of two parts: the low frequency sinusoidal generation circuit and the
pulsed generation circuit. The sinusoidal generation circuit includes a
half-bridge circuit and a LC low-pass filter. The half-bridge circuit is
driven by SPWM signal which can be programmed by the FPGA con-
troller. Therefore, this structure can provide a low frequency (lock-in
frequency) sinusoidal voltage (Vjjx) with the amplitude greater than
0V. The pulsed generation circuit is a full-bridge chopper circuit with
four power MOSFETs which are driven by square signal. This can be
programmed by the FPGA controller.

When the two parts are connected in series, Vji, is modulated by the
chopper circuit. Fig. 7 shows the output voltage waveform of the cir-
cuits where V}, is set as 230VDC and the lock-in frequency is set e.g.
0.05 Hz. The circuit can work in FMTWI mode when the lock-in fre-
quency is programmed and changed according to requirements of the
FMTWI. When the pulsed generation circuit connected with the input
voltage, V;, is chopped by the full-bridge circuit and the output voltage
waveform is presented in Fig. 8. As the heating and the cooling time is
programmable, it can work in the PT, ST, PPT or BCTWI mode.

It should be noted that the actual output load is given by two par-
allel 1 kW halogen lamps which have a pure resistance characteristic.
Comparing Figs. 7 and 8 with Figs. 2 and 3, the carrier signal is not a
pure sinusoidal signal but rectangle signal. However, the negative
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effects on the defect inspection can be ignored because the carrier’s
fundamental component is sinusoidal and the energy of the harmonic
components is small.

4. Operating principle
4.1. Sinusoidal genaration circuit

This circuit including a half-bridge circuit and a LC low-pass filter, is
shown in Fig. 9 which can be considered as a buck circuit. When Q;
turns on and Q; turns off, V;, charges the inductor Ly and supply to the
load, V;; = V;,. When Q; turns off and Q; turns on, L discharges and the
loop current freewheel through the Q. body diode, V,; =0 V. In the
steady state, the average voltage of V,; is given by

t, t
" Vin = ﬂVin = aVi,

V,=—"2
o ton + Lof T

%)
where t,, is the turn-on time of Qy, t,y is the turn-off time of Q;. T is the
switching period, a is the duty cycle. In this design, the switching fre-
quency 1/T is set 100 kHz and the duty cycle a varies from 10% to 90%
according to the sine mode. The circuit can work in continuous current
mode (CCM) and discontinuous current mode (DCM) according to the
inductor current. To achieve smaller ripple voltage, it should work in
CCM while suitable inductor Ly is required to be selected. Supposed I; is
an average value of the inductor current iy, Aij, is the ripple value of the
inductor current iz, I;, and Aijcan be expressed as

I,=1I =U/R (6)

aT

Aip = (Vin=U,) X —

ip = ( ) I %)

where a = U,/Vj,, L is value of filter inductor Ly. Combining (6) and (7),
the follow relation should be satisfied,

> RXTx(1-a)

L > ®)
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(a) Lead-steel sample
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(b) Amplitude image in LT mode  (c) Amplitude image in FTWI mode
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In order to satisfy (8) and consider one halogen lamp who has re-

Fig. 15. Test sample and the detection results.

225 yH.

sistance with R = 50, switching period T = 10pus and the minimum
value of duty cycle is set as 10%, the minimum value of the inductor is

28
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(a) Sample ‘A

(b) Amplitude image of sample ‘A
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(c) Sample ‘B’ (d) Amplitude image of sample ‘B’
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Fig. 16. Test samples and the detection results.

4.2. Pulsed generation circuit

Fig. 10 shows the profile that uses a full-bridge to modulate the
input the voltage V;,, which is equal V}, or Vj;;; in the different ther-
mography modes. The switching frequency is set as 100 kHz and the
duty cycle is set as 50%. In a switching period, when Q3, Qs turns on
and Q4, Qs turns off, the output voltage on the load Ry, is Vjy; = + Vi,
when Qs, Qg turns off and Qu, Qs turns on, the output voltage on the

29

load Ry, is Vyy; = —Vipp. It should be noted that Vj;,, varies its range from
0.1V, to 0.9V, that leads to a dc component of 0.1V, and it is chopped
into a series of pulses by the pulsed generation circuit in LT mode or
FMTWI mode. The series of pulses constants throughout the experiment
time and leads to a dc component of the increasing temperature of the
sample. However, the influences of the dc component can be eliminated
through the post signal processing.
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Fig. 17. Simulation results.

4.3. FPGA control

Fig. 11 shows the block diagram of the SPWM and PWM signal
generation logic which uses the FPGA chip. Based on the natural sam-
pling method [42,43], the SPWM signal can be generated by comparing
the discrete values of the prepared sine and triangular signals. The
prepared sine signal is synthesized by using a DDS module which
consists of a frequency tuning word (M) register, a phase accumulator
and a sine lookup table (Sin-LUT).

The frequency control word (M) is added to the phase accumulator
under the clock(Fef) control, and then the value of the phase accumu-
lator is used as the offset address to look up the Sin-LUT to obtain the
amplitude value of the sine. The frequency of the sine equals overflow
frequency of the phase accumulator based on (9).

_ M'f;ef
sine — 2N

©)

where N = 33 is bits of phase accumulator, f; =1 kHz, thus, the
frequency resolution is 1.16415 x 10~7 Hz. A clock Fy = 100 MHz is
divided by a divider to generate the PWM signals.

5. Experiment and results

The proposed topology is verified on an experimental prototype.
The block diagram and parameters of the prototype are shown in
Fig. 12 and Table 1, respectively. This section presents the various
experimental results as obtained from the prototype.

5.1. Testing results of the excitation source

The excitation source was tested under the conditions that the input
voltage equals 250VDC and the Resistive load of 25Q. The lock-in
frequencies are measured under different pre-set frequencies which
varies from 0.01 Hz to 10 Hz shown as Table 2, it can be seen that the
maximum error is under the control within 0.2%.

The output waveform in LT mode is processed by Fourier transform
where the lock-in frequency is set as 1 Hz and the result is shown in
Fig. 13(a). The output includes not only the fundamental component
but also the harmonic components as well as the DC component. Ac-
cording to (10), the average output power is approximately 535W
whereas the power of the fundamental component reaches 90.5% of the
total output power, namely

30

P:i-ZN: l‘/'Tu 2(t)dt:i-i Urngsn2dt
RL n=0 T Jo ! RL n=0 e (10)

The output waveform in FMTWI mode is tested and shown in
Fig. 13(b) which includes five pre-set lock-in frequencies: 0.1 Hz,
0.2 Hz, 0.4 Hz, 0.8 Hz and 1.6 Hz.

The output waveforms are tested where the heating time is set to
50 ms in PT, PPT mode and 800 ms in ST mode as shown in Fig. 14(a)
and (b), respectively. The heating time is in accordance with set value.
The output waveform in BCTWI mode is tested where the heating and
cooling time are both set as 300 ms and the coded binary value is set
“1111100110101” as shown in Fig. 14(c).

5.2. Validation of the optical thermography NDT

To validate the effectiveness of the proposed excitation source, an
experiment has been done where a lead-steel sample which is bonded
by industrial EP adhesive. This structure sample is quite often used in
nuclear industry, the detection of inner defects of this sample is re-
quired. Several artificial defects with different diameters are used to
simulate the de-bonding defects as shown in Fig. 15(a). It can be seen
that the defects have been well detected when f ,_;, is selected as
0.05Hz in LT mode and 0.1 Hz, 0.2 Hz, 0.4 Hz, 0.8 Hz, 1.6 Hz in FMTWI
mode. Fig. 15(b) and (d) shows the amplitude image in temporal do-
main and the diagram of temperature evolution of Spl point (sound
area) and Sp2 point (defect area), respectively, in LT mode. Fig. 15(c)
and (e) shows the amplitude image in temporal domain and the dia-
gram of temperature evolution of Spl point (sound area) and Sp2 point
(defect area), respectively, in FMTWI mode.

Experiments stimulated by a PT excitation current and a BCTWI
excitation current, respectively, have been conducted on two different
carbon fiber reinforced polymer (CFRP) samples as labeled as ‘A’ and
‘B’. Artificial defects with different diameters are used to simulate the
debonding defects as shown in Fig. 16(a) and (c), respectively. In PT
mode, the defects have been well detected when heating time is selected
as 2000 ms. Fig. 16(b) and (e) shows the amplitude image in temporal
domain and the diagram of temperature evolution of Spl point (sound
area) and Sp2 point (defect area), respectively. In BCTWI mode, the
defects have also been detected where the heating and cooling time are
both set to 300 ms and the coded binary value is set “1111100110101”.
Fig. 16(d) and (f) shows the amplitude image in temporal domain and
the diagram of temperature evolution of Sp1 point (sound area) and Sp2
point (defect area), respectively.

The efficiency of the proposed method is validated by comparing
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experimental results shown as Figs. 15(d) and 16(e) with simulation
results shown as Fig. 17(a) and (b). In addition, previous studies have
validated the similar characteristics [15,44,45].

6. Conclusion

A functional excitation source for thermography in Nondestructive

Testing has been designed which can satisfy the requirements of mul-
tiple-mode excitation for optical thermography. The proposed design
topology, the operating principle and the design procedure of the cir-
cuit have been investigated. A 2kW prototype with a frequency range
of 0.01 Hz-100 kHz has been designed and implemented. The perfor-
mance index of the excitation source such as frequency accuracy, har-
monics energy in lock-in thermography mode and accuracy of heating
and cooling time in pulsed thermography have been validated. In ad-
dition, the efficiency of the proposed method has been undertaken to
detect inner defects in both composite sample and lead-steel sample
with bonded structure.
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