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Abstract: [llumination is a crucial factor in hyperspectral imaging systems. In this respect,
this work is focused on analyzing the influence of the light power source in acquiring
hyperspectral images. To this end, a custom regulated power supply was designed and
developed. This power supply was then integrated into a hyperspectral acquisition sys-
tem, and several light stability measurements were conducted. Finally, several parameters
related to the stability of the light produced by those systems were extracted using image
analysis techniques, and a statistical comparison among the different power supplies was
performed. Two commercial power supplies were also analyzed under the same experi-
mental conditions and compared with the proposed power supply. The hyperspectral
measurements were conducted using light transmission and reflectance. The results indi-
cate that the proposed power supply performs better than or at least as well as commercial
power supplies in terms of light stability. Additionally, this study shows the impact of
power supply design on the stability and quality of hyperspectral illumination, especially
concerning the signal-to-noise ratio (SNR) across different spectral bands. It is shown that
optimizing the design of the power supply could improve light stability in hyperspectral
imaging applications.

Keywords: hyperspectral imaging; regulated power supply; power factor; illumination
system

1. Introduction

Hyperspectral Imaging (HSI) is a technology capable of capturing both the spatial
and the spectral information of scenes focused by a hyperspectral (HS) camera. The spec-
tral information for HS applications is usually in the range of the visible and near-infrared
regions of the electromagnetic spectrum (typically 400-2500 nm), which allows this tech-
nology to overcome the limitations of the human vision. Since the interaction between
light and matter is unique for each material, this technology is suitable for identifying
materials only based on their spectral information. This characteristic has made this tech-
nology attractive for many different fields. Initially, it was developed for remote sensing
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applications [1,2]. However, as HSI technology has proven its ability to non-invasively
measure the chemical composition of materials, its use has expanded to a wide variety of
research and industrial applications. For example, HSI is currently used for food quality
inspection [3,4], art restoration [5,6], industrial sorting of materials [7], forensic analysis
[8], and medical applications [9,10], among others.

The workflow for these applications typically consists of using HS instruments to
collect datasets, and then using various image processing and machine learning tech-
niques to extract useful information from the HS images. A crucial part of this process is
the acquisition of the HS data. Data are highly dependent on instrumentation. There are
four key elements in every HS acquisition system: (i) the lens used to focus the object to
be measured; (ii) the optical element able to separate the incoming light into specific wave-
lengths; (iii) the electronic sensor to digitalize the information; and (iv) the light source
used to illuminate the objects under examination. Each element of the acquisition system
affects its overall spectral response [11]. Significantly, the spectral shape of the light source
limits the spectral range of the acquisition system, and cameras are required to be stimu-
lated by light sources with a broadband spectral range. Typically, halogen or Xenon-based
light sources are employed due to their broadband emission in the visible and infrared
regions of the electromagnetic spectrum. Recent studies have compared different light
sources, showing that, for specific applications, halogen-based illumination systems work
better than LED-based illumination systems in HS image acquisition [12].

Since illumination is a critical factor in HSI systems, some authors have focused their
research on measuring the influence of illumination in HSI measurements. These research
works cover the influence of the spatial distribution of light [13,14], the light intensity [15],
or the spectral shape of the light source [12,16]. In a work that discusses the current cali-
bration problems and their possible solutions in HSI, Geladi et al. defined a list of proper-
ties that an ideal illumination system should have for HSI applications [17]. These prop-
erties cover, among others, spatial homogeneity over larger areas, broadband emission,
and high intensity. However, as far as we are concerned, the influence of the light power
source on the acquisition of HS images has not yet been addressed in the scientific litera-
ture.

Commercial illumination systems present two main drawbacks. Firstly, the light
source is limited in power (max 150 W), which makes it difficult to capture images in
scenes where the illumination is poor due to the intermediate optic elements, such as fiber
optic light guides for obtaining cold light illumination. As a result, due to the low power
of the lighting system, it is sometimes necessary to add more lighting systems to the cur-
rent one. Secondly, the optimal light intensity used to illuminate the scene to be captured
depends on the ambient light conditions. Furthermore, the operator must manually adjust
the light power, which results in images being captured under non-optimal conditions. In
order to deal with the above limitations, this work presents the development of a stable,
programmable, and low-cost regulated power supply for use in HSI instrumentation.

This research contributes to the understanding of how power sources influence the
quality and performance of HSI acquisition systems. The primary objective was to sys-
tematically explore this relationship, culminating in the design and development of a cus-
tom-regulated power supply. The custom power supply was integrated into a HSI acqui-
sition system, and a series of experiments were conducted to assess the stability of the
light source. To provide a robust comparative framework, stability measurements were
also conducted using two commercially available power supplies. This comparative ap-
proach not only emphasizes the performance of the custom solution but also generates
valuable benchmarking data. Additionally, image analysis techniques were employed to
extract various stability parameters of the light emitted by both the custom and commer-
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cial systems. A statistical analysis of the findings revealed the influence of the power sup-
ply for enhanced stability in HSI applications. The evaluation of light stability across dif-
ferent wavelengths shows the significant influence of the power supply on the perfor-
mance of the acquisition system. To the best of our knowledge, this research represents
the first comprehensive study of the effects of power supply characteristics on hyperspec-
tral imaging systems, paving the way for improved design and optimization of power
sources in such applications.

2. Background Concepts
2.1. Total Harmonic Distortion

The term total harmonic distortion (THD) is a way to define the distortion factor of a
signal. This concept refers to the measurement of the quality of a waveform and is defined
as the relationship between the harmonic content of the signal (/,, g5 ;v ) and the first har-
monic (1 gys iy ), as it is presented in (1). From the definition of instantaneous current (2),
the effective or root mean squared (RMS) current can be defined by (3). For the nth har-
monic, the effective value of the current can be calculated using (4). The THD value is a
percentage that lies between zero and infinity and, ideally, is as low as possible (close to
Zero).

n=1‘n,RMS IN

THD = —— X 100% @
Il,RMS IN
i(t) =1-sen(wt) )
hms = |2 [} 2(0) .dt 3)
In,max
hnms = (272) @)

The harmonic distortion of a signal can be caused by a transient phenomenon, such
as the starting of a motor or short circuit failures, or by permanent conditions mainly re-
lated to steady-state harmonics. For the latter, standards are established to define the per-
missible limits of distortion. The presence of undesired harmonics can negatively affect
the spectrum of the hyperspectral illumination system and should be reduced.

2.2. Power Factor

The power factor (PF) can be defined as a measure of electrical energy consumption
efficiency. PF refers to the relationship between the active or useful power and the appar-
ent or total power provided by the electrical network. Therefore, the PF value falls be-
tween 0 and 1. Ideally, this value should always tend to 1, since it would be taking ad-
vantage of all the power of the electrical network. However, the real input voltage and
current waveforms are not purely sinusoidal and are out of phase. This is because of the
large amount of electronic equipment connected to the electricity distribution network.
Such loads, which are mainly non-linear, distort the input current of the system and there-
fore do not correspond to the traditional definition of PF. Figure 1 shows the waveform of
the grid voltage (red), which is modified by the inherent resistance of the power supply
cables delivering the AC voltage to a power supply unit equipped with a rectifier bridge
and capacitor filter. This configuration results in a pulsating current (blue) derived from
the grid, which aligns with the charging cycles of the filter capacitor. This current is de-
fined as the repetitive peak current, which increases in magnitude and decreases in dura-
tion as the capacitance of the filter capacitor is increased.
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Figure 1. Real input voltage v(t) waveform (red line) affected by a rectified and filtered input current

i(t) waveform (blue line).

In order to formally define the PF, the RMS voltage and current values of the nth
harmonic (Vi rus ivy; In,rms ivy) and their phase shifts between them (¢,,) shall be taken
into account, as presented in (5), which is the fraction between the active power (P) and
the apparent power (S). For sinusoidal voltage v(f) and non-sinusoidal current i(t), the PF
can be expressed in a simplified form as presented in (6), where cos¢; is the voltage and
current displacement factor (DF, Equation (7)), and Kp is the distortion factor defined in

(8)-

1,7 ,
PF = Tfo (v(t) ' L(t))dt _ Y1 Virms in * Inrms v * €OS@p 5)
%fOTv(t)Zdt : %ng i(t)2dt Vrms v * Irms v

P Vigus * lirms * €0s (91)  Iigrus
PF =5 = 0 = 2 cos (p1) ©)

RMS " 1rms RMS
DF = cos (¢,) )
Kp= — )

P V1 + THD?

2.3. Power Supply

The main purpose of a power supply is to provide a voltage value suitable for the
operation of any device. To this end, it converts the alternating current input from the
network into a continuous (or direct) voltage. This process consists of several stages: trans-
formation, rectification, filtering, and regulation. There are mainly two types of power sup-
plies: linear (Figure 2a) or switched (Figure 2b).

Transformer Rectification Filtering Regulation
Vin(t) Vour(t) A

DO 3B + B r p—,

Va(t), Va(t), Vs(t),

(a)
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Figure 2. Block diagrams of the two types of power supplies. (a) Linear. (b) Switched-mode.

A linear power supply (LPS) is a type of power supply that rectifies an alternating
current (AC) signal and adjusts its output voltage. It operates by transforming the mains
voltage to a lower, desired level using a transformer. This transformer is connected to the
mains supply and provides a different output voltage suitable for the intended applica-
tion. In contrast, a switched power supply directly rectifies the mains voltage and then
changes it, usually reducing it, using a transformer switched by switches operating in cut-
off or saturation mode.

Each power supply consists of an AC/DC transformation stage based on a full wave
rectifier bridge. As mentioned in the previous section, non-linear loads cause harmonic
distortion. Rectifiers are an example of this and produce the following adverse harmonic
effects:

e Increase in RMS value of the current circulating in the conductors and transformers
since it forces the transformers and conductors to be over-dimensioned in order to
prevent overheating;

e Increase in losses due to the Joule effect;

e Decrease in the lifespan of transformers and conductors due to overheating;

e Interferences with telecommunications systems;

e  Decrease in the power system efficiency;

e Discharge of distorted current into the electrical network, impairing the network’s
ability to supply energy.

Hence, it is necessary to apply corrective measures to reduce this distortion and con-
sequently improve the PF. In order to comply with current regulations [18] and to coun-
teract the negative effects, a set of solutions should be addressed. A possible solution con-
sists of using semiconductor components, such as transistors (Q) and diodes (D), in addi-
tion to passive elements, such as resistors (R), coils (L), and capacitors (C). This solution is
based on obtaining a current from the network with a sinusoidal or quasi-sinusoidal
waveform. In our proposed solution, we employ a resistance emulator based on the model
proposed by Ben-Yaakov, Mordechai-Peretz, and Hesterman [19], as presented in (9),
where Rc is the resistance at the cold temperature Tc (assumed to be 300 K), and Th is
the temperature of the tungsten filament (450 K in our case). This emulator is a DC/DC
converter that, from the point of view of the electrical network side, emulates the behavior
of a resistive load. This type of solution provides a PF very close to the maximum and
thus a considerable reduction in the harmonic distortion of the input current signal.
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3. Proposed Circuit Configuration

The main objective of this work can be summarized as follows:

)

e Todevelop a switched-mode power supply (SMPS) with automatic PF correction and
25 VDC/20 A as output;
e To provide, at the output, two step-down converters with variable output voltage

depending on the needs of the required illumination of the scene. This output should

be adjustable from 7 to 21 V. The maximum power of each output should be 150 W;
e  To comply with the UNE-EN IEC 61000-3-2:2019 standard [20];
e Two commercial power supplies will be used to compare the PF and performance

with respect to the proposed system.

In this work, we propose an SMPS with PFC (Power Factor Correction) and double

output from two independent buck converters, shown in Figure 3. The detailed block di-

agram of the power supply with PFC is shown in Figure 4. As shown in Figure 5, we

decided to use a two-stage DC/DC converter, which consists of adding a second stage to

the single-stage converter. In the first converter, the PF correction and voltage regulation

functions are performed at a fixed value, while the second stage regulates the output volt-

age and provides a fast dynamic response through a control loop. This structure over-

comes the shortcomings of the previous structure and improves its performance by

achieving more effective control of the output voltage, reducing its ripple and the sensi-

tivity of the input current to output disturbances [21].

Grid
230V Power Supply

50 Hz with PFC
output

24V /25A

Buck Converter
7t021V 150 W
max

Buck Converter
7t021V150W
max

Parallel or
independent

output control
and measure

display

150 W
max lamp

150 W
max lamp

Figure 3. Switching power supply with PFC and double output from two independent buck con-

verters.
A B C
Boost with PFC
AN iy
AV gt H
Grid . | Bridge L—T L .
230 Rectifier X i
2 L 24
50 Hzo C filter - D_DJ »—EX - Forward S0 A
PFC Supply
i\ N L.

Figure 4. Breakdown of the switching power supply with PFC. (A) Uncontrolled rectifier bridge

with capacitor filter (B) Automatic PF and THD correction using a DC-DC boost converter. (C)

DC-DC converter with galvanic isolation and automatic output voltage control using forward

topology.
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The integration of automatic PFC is a crucial component of this design, as it adjusts
the current drawn from the electrical grid to more closely resemble a pure sine wave sig-
nal. This modification enhances the efficiency of the equipment and reduces distortion in
the power supply. The control of the PF is located just after the diode bridge. Regarding
the type of control employed, currently, there is a wide variety of methods devoted to
correcting the PF. Generally, two basic control loops are required for any control strategy,
as shown in Figure 6. An external voltage loop is used to keep the bus voltage level at a
fixed value. An internal current loop controls the current through the coil and forces it to
adopt the most similar waveform to the rectified voltage input signal, thus achieving a PF
close to the maximum. This integrated circuit is not a simple addition to the PF corrector
but integrates the functions of the modulator, the multiplier, and the operational amplifi-
ers of the internal and external loop regulators. For this purpose, the UC3854 contains an
analogue voltage amplifier, a multiplier/splitter, a current amplifier, and a fixed frequency
PWM (Pulse-Width Modulation) modulator.

Power stage
Boost Converter

/ Current L
! Loop !

PFC Controller |«—

Figure 6. Control scheme of a boost converter.

The implementation of such control loops makes the system stable with a tolerable
dynamic behavior regardless of the system load conditions. The power supply developed
in this work is part of the lighting equipment and will demand an active input power
higher than 500 W. For this reason, it belongs to Class C, and the harmonic currents must
not exceed the relative limits indicated in Table 1.

Table 1. IEC 61000-3-2 current harmonic limits for Class C Equipment. A is the circuit PF.

Maximum Permissible Harmonic Current
(% of Input Current at Fundamental Frequency)
2
30-A2
10
7

Harmonic Order (1)

N O W
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3.1. Proposed Implementation

The proposed power supply is based on a full-bridge switched mode capable of sup-
plying 500 VA. As shown in Figure 7, the proposed system consists of an automatic PF
and THD corrector integrated with the bridge rectifier of the primary voltage and the fil-
tering of the rectified voltage. It follows a double feedback strategy in a boost converter,
which samples the input current to the bridge and subsequently regenerates it using the
LC filter of the boost converter. The boost converter is kept at a ratio of 1 (input) to 1.3
(output) to avoid using an inductance with very low resistive losses. This would require
increasing the switching frequency to reduce the size of the inductance, losing the energy
storage capacity of L, and worsening the final performance of the system, which aims to
keep PF close to unity.

Forward Switched Mode Power Supply

2 . . .
ﬁ i . ) ['f;l e
4—| _d- Tto21V
] . gz T 150 W
L1 L2 =<L3 i 7
g % iD3 —C 24V
. H L
Control
MOs | with
I Extemal
|| ¥ 1 Variable
[ Opto
Couple:
C e YL

Tio21V

[l
’_IEE T 150 W
L

H
Control
with
External
“ariable

Figure 7. Power supply with two Buck DC/DC converters.

The next stage is a high-frequency transformer switched through a full bridge with
low-loss MOSFETs. The duty cycle of these MOSFETSs is not critical, as the focus is on
ensuring that the dead time between switches is sufficient to avoid the pulses generated
by the short circuits due to the simultaneous switching of MOSFETSs with opposite switch-
ing periods. When the two MOSFETs that were conducting stop, and the other two start,
this causes short circuits (in the range of nanoseconds) that result in very high current
peaks at very high frequencies that are difficult to filter.

The output of this transformer is filtered by means of a rectifier bridge based on
Schottky diodes since the system works at high frequencies and an output filter based on
a combination of several high-frequency electrolytic capacitors in parallel.

The regulated voltage is applied to two synchronous variable voltage step-down con-
verters with double feedback (output voltage current given by the MOSFETSs, Supplemen-
tary Figure S1). This allows us to have two outputs of 150 W each, with the voltage varying
between 7 and 21 V independently.

A PCB was built to implement all the components, and it was completely shielded to
avoid the emission of electromagnetic interference and achieve the electromagnetic com-
patibility imposed by the current regulations. Two voltage step-down converters with a
controlled output voltage between 7 and 21 V and 150 W of maximum power each were
connected to the output of the aforementioned source (Supplementary Figure S1). All this
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equipment, in turn, was shielded inside an aluminum box to which were added, among
other items, output voltage and current displays.

3.2. Quality Assessment of the Lighthing Systems for Hyperspectral Imaging

The proposed custom power supply and two commercial power supplies were inte-
grated into an HS setup to analyze its performance. The proposed power supply is called
PPS in the experiments. The commercial power supplies (CPS) used in this experiment
are an MI-150 illuminator (Dolan Jenner Industries Inc., MA, USA), called CPS1 in the
experiments (E in Figure 8), and a TechniQuip’s Model 21 DC light source (TechniQuip,
Pleasanton, CA, USA), called CPS2 in the experiments (C in Figure 8). Both power sup-
plies can generate white light with a light power of 1750 Im using a 150 W Quartz Tung-
sten halogen lamp, with a mean lifetime between 1000 and 10,000 h. All the power sup-
plies (PPS, CPS1, and CPS2) were connected to two different light sources through fiber
optic to measure the light in reflectance and transmittance illumination modes. The first
light source is a guide light (B in Figure 8) that emits a line, and it is used in pushbroom HS
cameras to capture HS images in reflectance mode. The captures were performed using a
white reference tile reflecting 99% of the light (G in Figure 8). The second light source is a
backlight illuminator (Dolan-Jenner QVABL fiber optic; F in Figure 8 and is used to capture

HS images in transmittance mode. In this case, the HS camera captures the light directly
from the backlight.

Figure 8. HSI instrumentation. A: Pushbroom camera; B: guide light employed for the light reflec-
tance experiments; C: TechniQuip’s commercial power supply (CPS1); D: proposed power supply
employed (PPS); E: MI-150 commercial power supply (CPS2); F: backlight illuminator employed in
the light transmission experiments; G: white reference tile employed in the light reflectance experi-

ments.

The HS camera used in this study is a pushbroom camera, which means that each
frame is composed of one spatial dimension (columns) and all the spectral dimensions
(rows). This HS camera is a Hyperspec VNIR A-Series (HeadWall Photonics, Fitchburg,
MA, USA; A in Figure 8) and works on the spectral range from 400 to 1000 nm. In tradi-
tional pushbroom HS acquisitions, the remaining spatial dimension required to create a
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HS cube is obtained by spatial scanning, where either the HS camera or the sample are
moved. However, in this research, we are interested in the performance of the light over
time. For this reason, the third dimension of the HS cube is composed of repeated meas-
urements of the light. In other words, the third dimension of the HS cube is a temporal
profile of the evolution of the light within the experiments.

This research aims to explore the influence of power sources on the quality and per-
formance of HSI instrumentation. Illumination is a key factor in HSI instrumentation; nev-
ertheless, the influence of the power supply in the illumination performance has not been
extensively studied in the literature. To address this issue, our investigation emphasizes
the importance of short-term stability, as immediate illumination performance is crucial
for multiple HSI applications, especially when successive HSIs are sampled in a short
time. Two distinct experimental setups were conducted to assess the efficacy of the differ-
ent power supplies: reflectance and transmittance illumination. The only change in each
experimental measurement was to alternate the power supply unit connected to the illu-
mination head (whether in transmission or reflectance mode) while keeping both the HSI
instrumentation and the illumination head configuration unchanged to isolate the impact
of the power supply type. The power supply developed within this study (PLS) is config-
ured to deliver an output of 150 W. Conversely, the power supplies used as benchmark
(CPS1 and CPS2) were adjusted to their respective maximum allowable output power lev-
els. For the different power supplies, the measurements were performed using the same
halogen lamp and illumination head. Each measurement involved capturing 500 frames
at an exposure time of 40 ms using the VNIR (Visible and Near-Infrared) camera. There is
no synchronization between the power sources and the imaging system. For this reason,
we manually activated the power supply after about 50 frames during each experimental
measurement to capture data from the transient light intensity. The experimental meas-
urements were carried out at room temperature (approximately 25 °C), with each type of
power supply being tested ten times to ensure consistency and reliability of the results.
From the HS cube, different information can be extracted. Figure 9a,c show the mean in-
formation contained in the HS cube from the spatial and spectral dimensions. First, re-
garding the spatial information (horizontal axis), in Figure 9, it can be observed that the
field of view (FOV) of the camera contains light since the white reference used for the
reflectance experiment was larger than the FOV. However, that is not the case for the
transmittance experiment, where the backlight illumination is smaller than the camera
FOV. Therefore, there is no information about light in all the spatial coordinates of the
transmittance experiment. This effect can be shown in Figure 9c, where the location of the
backlight illumination is approximately contained in the spatial pixels from 250 to 850.
Second, the temporal information can be observed in Figure 9b,d. This information was
extracted as the mean light intensity of the entire spectral range within the HS cube. From
these images, it can be observed that there are three regions. The first rows of the images
represent the period when the light is still turned off. Then, once the light is turned on,
there are a few rows representing the transition period (transient period) before the light
is stabilized (steady period). In this steady period, the light intensity is high and homoge-
neous for the rest of the rows of the spatio-temporal profile.
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Figure 9. Representation of the HS cube measured for the different illumination conditions reflec-
tance mode and transmittance. (a) Pushbroom frame for reflectance illumination. (b) Temporal pro-
file for reflectance illumination. (c¢) Pushbroom frame for transmittance illumination. (d) Temporal

profile for transmittance illumination.

From the two-dimensional profiles shown in Figure 9, it is possible to extract some
useful information for representing and measuring some features of the imaging system.
We show this information in Figure 10. Firstly, the spectral information, where the light
intensity is represented against the different wavelengths, is shown in Figure 10a,d for the
reflectance and the transmittance setup, respectively. This information contains both the
spectra of the emitting light as well as the spectral response of the instrumentation. Sec-
ondly, the mean light intensity for the different spatial pixels is shown. As mentioned
before, in the reflectance experiments (Figure 10b), the light is homogeneous within the
FOV of the camera. On the contrary, for the transmittance experiments (Figure 10e), the
light is only present in the central pixels of the camera FOV (approximately from pixel
250th to pixel 850th). Thirdly, the evolution of the light intensity over time is represented
in Figure 10cf. From these representations, the different stages of our experiments are
clearly visualized. In the first seconds of the experiments, the light is turned off (intensity
around 0). Then, the light is turned on, and there is a transient period until the light is
stabilized. Finally, in the steady period, light intensity is high and constant over time.
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Figure 10. Information extracted from the HS cube for the different illumination modes. (a) Reflec-
tance spectral profile. (b) Reflectance spatial profile. (c) Reflectance temporal profile. (d) Transmit-
tance spectral profile. (e) Transmittance spatial profile. (f) Transmittance temporal profile.
4. Experimental Results
4.1. Performance of the Proposed Power Supply
Using the PSIM 10.0 simulation software (Powersys., Les Jardins de I'Entreprise, BP,
France), a schematic of the proposed SMPS with power factor correction was implemented
under conditions of maximum power output (300 W). Upon completion of the simulation,
the voltage waveform at the input (ideal power grid) and the resulting current waveform
were displayed. This visualization also provided additional results, including the PF
value and THD. According to the simulations, as shown in Figure 11, the PF is 0.96, and
the THD is 2.65%.
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Figure 11. Waveform of the voltage supplied by the grid to the power supply and the resulting
current due to the power factor correction. PF = 0.96. THD = 2.65%.
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A PF meter (KWS-AC301 Power Meter) was used at the input stage to measure elec-
trical parameters. This meter consisted of a current-sensing toroidal transformer placed
around one of the two power supply cables connected to the electrical grid. In parallel, a
voltage meter was connected to both power supply cables. A spectrum analyzer (Fluke
1770 Series; Fluke Ibérica, Alcobendas, Madrid, Spain) was employed to assess harmonic
distortion and specifically configured to monitor the primary harmonics generated by the
system and injected into the electrical grid. This analyzer is capable of calculating the THD
and displaying the results on its screen. Finally, for measuring output power, two TRUE
RMS digital multimeters (UNI-T UT890C) were used —one to measure the output voltage
and the other to measure the output current. The employment of a wattmeter combined
with a current shunt would facilitate the acquisition of more precise measurements be-
cause it minimizes the introduction of nonlinearities. However, while measurements
taken with this type of instrumentation can be influenced by some nonlinearities, they still
maintain adequate quality for conducting electrical comparisons between different
sources.

The results from these electrical measurements for the three power supplies (the pro-
posed one and two commercial models) are shown in Table 2. Regarding the experimental
results, it was observed that the simulation accurately validated the measured values at
maximum power. However, at minimum power, there was a noticeable discrepancy be-
tween the simulated and actual measured results. This may be due to the simulation
model not fully incorporating the complete switching element model. The comparison of
the three power supplies leads to the conclusion that the proposed switch-mode power
supply with PFC outperforms the commercial models across the entire power range. In
fact, it delivers twice the power of either of the commercial units. It was also found that
the commercial supplies exhibited higher electrical noise in the lamp, whereas the pro-
posed switch-mode power supply showed significantly improved THD, resulting in a bet-
ter power factor.

Table 2. Electrical comparative of the different power supplies. PF: power factor, THD: total har-
monic distortion; CPS: commercial power supply; PPS: proposed power supply; NA: not applica-
ble.

Output Power PF THD
(W) CPS1 CPS2 PPS CPS1 CPS2 PPS
34.6 0.42 0.35 0.69 26.30%  32.00% 3.00%
68.9 0.45 0.51 0.75 24.00% 11.00% 3.00%
150.3 0.52 0.72 0.82 21.00% 3.00% 2.90%
300 NA NA 0.96 NA NA 2.65%

The system’s performance can be summarized as follows:

e Output ripple voltage is high but does not affect the illumination efficiency of the
lamp because the switching frequency of the output converters is about 3000 times
higher than the noise generated by the lamp as it heats up;

e  The lamp noise does not increase because the sampling frequency and subsequent
corrections are very fast. In contrast, with an LPS, the noise increases because the
voltage compensation is relatively slow compared to the noise frequency of the lamp;

e  Although the final PF is not constant and fluctuates depending on the power deliv-
ered at the output (no commercial power supply is constant, and the PF shown on
the datasheet is the best achieved, which coincides with the maximum power at the
output), it improves on the PF achievable with passive filters;
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e  The supplied power was able to reach that value with an efficiency of 93%, but the
power consumed from the network was of the order of 1500 VA since the PF was 0.33
due to high harmonic distortion. It was necessary to adopt an automatic control of
the PF that substantially improved the PF.

As a result, the following benefits were obtained:

e  The input voltage has a low effect on the current loop gain;

e  The system is not unstable for duty cycle values lower than 0.5;

e  The average value of the current is regulated;

e  The system has higher noise immunity because the modulator receives an averaged
signal;

e  The use of a PF correction integrated circuit (IC) ensures that the network current
demand remains sinusoidal. This IC automatically corrects the PF within specified
limits by sampling the input voltage (from the power grid) and adjusting the circuit’s
current to align with the input voltage waveform. It primarily reduces harmonics
generated during current rectification by shifting their frequency closer to the IC’s
switching frequency. The inclusion of this IC (in our case, the UC3854) significantly
improves the PF compared to a system without such an IC, which exhibits input cur-
rents with substantial harmonic distortion. The PF correction circuit fulfills all the
necessary conditions for the SMPS to take advantage of the power provided by the
network while minimizing the distortion of the network current.

4.2. Evaluation of Performance for the Hyperspectral Image Application

In this section, we present a comparison of the performance between the different
power supplies when used in light sources for hyperspectral imaging. Initially, we imple-
mented data preprocessing techniques designed to extract information from the HS cubes
automatically. This automation is crucial for eliminating the need for manual intervention
and selective feature extraction. Following the extraction of valuable information from the
HS data, we quantified various light parameters for the different power supplies to char-
acterize their performance.

4.2.1. Automatic Extraction of the Spatial Region of Interest for the Transmittance Mode

As mentioned in the previous section, the light is limited to a finite region within the
camera FOV for the transmittance illumination mode. For that reason, it is necessary to
perform a selection of that region of interest (ROI) within the spatial dimension for the
subsequent analysis. To perform this automatically, we made use of image processing
techniques. In this case, in order to automatically locate the light in the ROL, we calculated
the derivative of the spatial profile of the light intensity (Figure 10e). The derivative is
shown in Figure 12a. The maximum and minimum values of such derivative indicate the
maximum positive and negative slopes of the spatial profile, and hence, such information
can be used to identify the spatial location of the backlight illuminator (Figure 12b). Finally,
this information was used to extract the pixels where there is light intensity (Figure 12c).
After applying this method, we were able to accurately identify the position of the light
within the camera’s field of view and focus the analysis on that particular area.
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4.2.2. Automatic Extraction of the Light-Intensity Values Within the Steady Period

In order to facilitate the analysis of the data for the quantification of different param-
eters of the light sources, it would be beneficial to have an automatic extraction of the
different time stages of the light intensity. It is interesting to automatically locate the tran-
sient and steady periods within the light-intensity profile (Figure 13a). Taking advantage
of the different light intensities for the different stages of the proposed experiments, we
made use of a histogram in order to automatically identify such areas. In the histogram shown
in Figure 13b, it can be observed that there are two regions with a high presence of pixel
counts. The low intensity values of such histogram represent the period when the light is
turned off, while the high light-intensity values correspond to the period during which the
light is on (steady period). The intermediate light-intensity values correspond to the transient
period. Using this information and a thresholding method, it was possible to automatically
identify the different temporal stages of the experiment, as shown in Figure 13c.
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Figure 13. Automatic identification of the transient region for the experiments. (a) Light profile. (b)
Histogram from the light profile. (c) Identification of the steady period (blue) and the transient pe-
riod (red) from the light profile (black).

Once this process was applied to every image in the dataset, there were different
light-intensity profiles for each power supply model (PPS, CPS1, and CPS2) and for each
illumination mode (reflectance and transmittance), as shown in the examples of Figure 14.
The specific details concerning the features of the different power supplies based on their
light-intensity profiles are discussed later in the manuscript. However, some differences
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can be directly observed from Figure 14. The transient period is shorter for CLS-1 com-
pared to PLS and CLS-2. Meanwhile, although the light intensity seems to remain constant
during the steady period for PLS and CLS-2, the light profile of CLS-1 shows a slight de-
crease over time.
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Figure 14. Examples of the light profiles provided for the different light sources and illumination
modes. (a) PLS reflectance. (b) CLS1 reflectance. (c) CLS2 reflectance. (d) PLS transmittance. (e) CLS1

transmittance. (f) CLS2 transmittance.

4.2.3. Steady Period Evaluation

In order to perform a comparison between the different steady periods for the differ-
ent light sources and illumination modes, a boxplot is presented in Figure 15 (data avail-
able in Supplementary Materials, Table S1). The boxplot is generated using the ten re-
peated measurements made for every power supply in each illumination mode. In this
boxplot, it can be observed that the shortest steady period is provided by CLS-1, and the
longest steady period is provided by PLS. Additionally, it can be observed that the mean
steady period trend is similar for the different illumination modes (reflectance and trans-
mittance). However, the standard deviation of the steady period seems to be higher in the
transmittance illumination mode. The measurement of the steady period supposes a use-
ful tool for the comparison of the electrical performance of the different light sources.
However, in the application of this light source for many HSI applications, the steady
period is not relevant since the operator will wait a few minutes before the image acqui-
sition, and the worst steady time for these lamps is lower than 2 s. In any case, for situa-
tions that require a fast light response, it is important to know the steady times of the
different lamps.
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Figure 15. Steady time for the different types of power supplies (PPS, CPS-1, and CPS-2). (a) Reflec-

tance mode. (b) Transmittance mode.

4.2.4. Light Stability Evaluation

After analyzing the transient behavior of various power supplies by measuring their
steady time, the next step was to evaluate their performance during the steady state. Our
focus was on assessing the stability of the light signal, which involves measuring the var-
iation in light intensity over time. To accurately quantify this stability, we examined the
spread of light-intensity values over time, typically using the standard deviation. How-
ever, the standard deviation is affected by the mean light-intensity value, and our experi-
mental setup did not allow for uniform electrical power output for each light source under
evaluation. Therefore, we employed the coefficient of variation, which is the ratio of the
standard deviation to the mean, as a more effective metric for comparing variables sources
with varying mean intensities. For this purpose, we used the inverse of the coefficient of
variation as our stability metric, providing a measure of light stability with high values
when there are smaller variations in light intensity over time.

In signal processing and image processing, the ratio between the mean and the stand-
ard deviation is known as the signal-to-noise ratio (SNR), and we used this metric for
quantifying light stability. The SNR was calculated according to Equation (10), where u
and o refer to the mean and the standard deviation of the light intensity over time
(light). In this case, the mean light intensity across the different wavelength was used. To
ensure a reliable quantification of light stability, the SNR was determined using the data
from the final 10 s of each measurement, providing a safety margin beyond the point at
which steady state was achieved.

(10)

light
SNR (dB) = 20log,, (”( ‘9 )>

o(light)

The light stability in terms of the SNR for the different power supplies and illumination
modes is presented in Figure 16 (data available in Supplementary Materials, Table S1). The
boxplot reveals that all tested power supplies maintained a high SNR exceeding 45 dB,
indicating robust light stability independently of the power supply. However, there are
differences in SNR between the different power supplies. When comparing the perfor-
mance of the different power supplies, CPS-2 exhibited the superior SNR, while CPS-1
showed the inferior SNR. The performance of the power supply developed in this study
(PPS) falls between those of two commercial power supplies. To quantify the differences
in SNR presented in Figure 16 for the different power supplies, we performed a statistical
analysis on the data. Initially, we assessed the normality of the data using the Shapiro-
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Wilk Test, which indicated that the data did not follow a normal distribution. Conse-
quently, we conducted a Kruskal-Wallis test, a non-parametric alternative to ANOVA,
appropriate for cases where the normality assumption is not satisfied. This test was used
to evaluate whether there were significant differences in SNR across the different power
supplies. The results of the Kruskal-Wallis test revealed significant effects for reflectance
measurements (H-statistic = 24.58, p-value = 4.60 x 10-6) and for transmittance measure-
ments (H-statistic = 23.69, p-value = 7.16 x 10-%). These findings suggest that at least one
power supply exhibited a significantly different SNR compared to the others. To identify
which specific power supplies showed significant differences, we applied Dunn’s post hoc
test. For reflectance measurements, Dunn’s test indicated significant differences between
CPS-1 and CPS-2 (p < 0.0001) as well as between PPS and CPS-1 (p = 0.02296), while no
significant difference was observed between PPS and CPS-2 (p = 0.06676). In terms of
transmittance measurements, Dunn’s test showed significant differences between CPS-1
and CPS-2 (p < 0.0001) and between PPS and CPS-2 (p = 0.0169) but found no significant
difference between PPS and CPS-1 (p = 0.1118). In summary, our results indicate a mix of
significant and non-significant differences depending on both the power supply and the
mode of illumination. This suggests that both the illumination system and the power sup-
ply play a crucial role in the performance of hyperspectral imaging systems.

Reflectance Transmittance

70 70

i
65 65
—
‘ ‘ =
S L] -
55 55
T
== i |
50 i 50
3 — 3
S A i
o 45 ! o 45
z z
n )
40 40
35 35
30 30
251 25 +
20 . . . 20 . , .
PPS CPS-1 CPS-2 PPS CPS-1 CPS-2
Power Supply Power Supply

(@) (b)
Figure 16. Light stability (SNR) for the different types of power supplies (PPS, CPS-1, and CPS-2).

(a) Reflectance mode. (b) Transmittance mode.

The light stability shown in Figure 16 represents the average light intensity across the
entire spectral range captured by the HS camera. To study how light stability varies across
different wavelengths, we computed the light stability for each spectral band of the in-
strument (Figure 17). This approach allows for a comprehensive understanding of the
light stability performance across the spectrum, highlighting the wavelength-specific var-
iations in light-intensity stability. The observed pattern in the SNR for the average light
intensity remained consistent across different power supplies. However, there was a no-
ticeable dependency of light stability on the wavelength for the power supplies light
sources under evaluation as well as variations depending on the illumination modes.

In reflectance measurements (Figure 17a), PPS displayed a SNR over 50 dB from
roughly 450 to 800 nm, peaking at 600 nm (55.5 dB). CPS-2 outperformed with a SNR
above 50 dB spanning from 450 to 850 nm and its highest SNR at 600 nm (60 dB). CPS-1
exhibited a unique performance, maintaining an SNR above 50 dB from 620 to 850 nm,
with its peak at 780 nm (54 dB). CPS-1 achieved the optimal SNR between 800 and 880
nm. Across all power supplies, the SNR was comparable from 900 to 1000 nm.
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Figure 17. Light stability (SNR) across spectral bands for the different type of power supplies (PPS,
CPS-1, and CPS-2). (a) Reflectance mode. (b) Transmittance mode.

In the transmittance measurements in Figure 17b, PPS shows a SNR of 50 dB across
the 440 to 900 nm wavelength range, peaking at 560 nm (55 dB). CPS-2 surpasses the others
by maintaining an SNR above 50 dB from 420 to 920 nm, reaching its highest at 560 nm
(62 dB). CPS-1, on the other hand, achieves an SNR greater than 50 dB between 640 and
860 nm, with its peak at 790 nm (54 dB). In this case, CPS-2 offers the best SNR across the
entire spectrum, while CPS-1 outperforms PPS in the 730 to 860 nm range. From 920 to
1000 nm, PPS and CPS-2 demonstrate comparable SNR levels, while CPS-1 falls behind.

According to our observations, the SNR measurements tend to be higher across the
spectral range for transmittance illumination compared to reflectance, indicating that the
type of illumination head has an impact on the overall light stability. However, the pri-
mary factor influencing light stability within the studied spectral range is attributed to the
power supply used. Both the PPS and CPS-2 power supplies exhibit consistently high SNR
across the entire spectral range. In contrast, the CPS-1 power supply demonstrates supe-
rior performance in the infrared spectral range (from 700 nm) but shows decreased per-
formance in the visible spectral range (from 400 to 700 nm). Since the only differences in
the different measurements is the power supply, these findings emphasize the critical im-
portance of selecting an appropriate power supply for HSI systems, as the type of power
supply can lead to notable differences in lighting performance.

5. Conclusions

This paper shows the performance of a custom regulated power supply integrated
into an HS acquisition system considering different light-intensity profiles for three types
of lamps and two illumination modes. Detailed results are provided for steady period and
light stability, showing better performance of the 150 W custom power supply (PPS) and
TechniQuip’s commercial power supply (CPS-2) with respect to the MI-150 fiber optic il-
luminator (CPS-1) in terms of light stability; however, steady period is minimized consid-
ering the fiber optic illuminator. Moreover, the automatic extraction of the spatial ROI for
the transmittance mode together with the automatic extraction of the light-intensity val-
ues within the steady period are also presented.

This work analyzes the effects of different power supplies when applied to hyper-
spectral illumination. It has been shown that the quality of the power supply affects the
quality of the resulting light at different wavelengths, but little research has been per-
formed on the effect of the design of the power supply on the resulting illumination. The
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results of our experiments indicate a significant influence of the power supply on the sta-
bility of light as measured by the SNR. This effect becomes particularly pronounced when
analyzing the SNR across different spectral bands. Power sources with the highest PF and
THD, specifically CPS-2 and PPS (as shown in Table 2), also exhibited the best light sta-
bility across the spectral range of the camera (Figure 17). However, other factors may also
affect SNR, highlighting the need for further research to clarify the extent to which PF and
THD affect light stability across various wavelengths. Considering these findings, future
research should aim to identify which components of the power supply contribute to ei-
ther positive or negative impacts on the SNR at various wavelengths. Specifically, it
should focus on AC/DC converters used in lamp power supplies, which are known for
exhibiting significant non-linearity. Additionally, future research should benchmark the
performance of different real-world power supplies against an ideal power supply, i.e.,
one that provides a pure sine wave with minimal series impedance. This comparison
would offer a more reliable reference for future studies in this area.

Furthermore, it is necessary to understand the importance of SNR in specific HSI ap-
plications, identifying scenarios where high SNR is required and selecting an appropriate
power supply accordingly. To effectively address specific challenges in HSI, such as clas-
sification or segmentation, additional experiments are necessary. This can be achieved by
creating datasets consisting of the same objects illuminated using different power supply
configurations. Then, the impact of different illumination conditions on the specific prob-
lems being studied could be evaluated. The effects of different lighting conditions will be
considered for future research. Finally, while this study was concentrated on evaluating
light stability in the VNIR spectral range, future research should expand to include higher
spectral regions (beyond 1000 nm), which are crucial for a wide range of HSI applications.

Supplementary Materials: The following supporting information can be downloaded at
www.mdpi.com/article/10.3390/app15031093/s1. Figure S1: Schematic of the step-down converter
with output voltage sampling and input current sampling compensation. Table S1: Results for the
steady time and SNR for the different types of power supplies (PPS, CPS-1, and CPS-2), in reflec-

tance and transmittance mode.
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