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ABSTRACT For the current spectral simulation based on Digital Micromirror, the spectral simulation unit
has different bias properties and nonlinear modulation, which leads to the lack of a spectral simulation
method for multiple color temperature modulation. In this paper, a stellar spectrum simulation method based
on Genetic Algorithm and fuzzy PID compound control was proposed. It analyzed the composition and
working principle of the stellar spectrum simulation system, designed the corresponding matrix algorithm,
studied the compound control spectral simulation algorithm of Genetic Algorithm and fuzzy PID, constructed
a dual-input, three-output fuzzy PID controller architecture, and designed the Genetic Algorithm dual-
optimized fuzzy PID control algorithm. In this research, an experimental platform was built to verify the
generalization and simulation accuracy of the Genetic Algorithm and fuzzy PID compound control stellar
spectrum simulation method based on the 2500K-10000K color temperature spectral curve as the target. The
results indicated that the error of 2500K-10000K spectral simulation was between —2.91% and 2.94%, and
the error of spectral curve area simulation was between —0.18% and 0.22%.As the smoothing of the star
spectrum curves fails to verify the simulation ability of detailed characteristics such as peaks and troughs,
the AM1.5 solar spectrum is taken as the simulation object, which verifies the performance of the star
spectrum simulation method based on a genetic algorithm and a fuzzy PID integration.On this basis, the
AM1.5 solar spectrum was taken as the simulation target to verify the ability to simulate detailed features
such as wave peaks and troughs based on Genetic Algorithm with fuzzy PID compound control stellar
spectrum simulation method. The results revealed that the accuracy of the single-point spectral simulation
of AM1.5 solar spectrum is —5.76%, and the spectral curve area simulation error is 0.07%. The proposed
method has the ability to simulate a wide range of color temperature targets with high accuracy. It has the
ability to simulate detailed features such as wave peaks and troughs. It can provide a theoretical and technical
basis for the ground calibration of the high-precision star sensor development.

INDEX TERMS Compound control, digital micromirror, fuzzy control, genetic algorithm, spectral

simulation.
I. INTRODUCTION
The associate editor coordinating the review of this manuscript and At present, starlight navigation is an important techni-
approving it for publication was Chao Zuo . cal means for navigation and attitude control of satellites,

© 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
134318 For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ VOLUME 11, 2023


https://orcid.org/0000-0003-0601-6516
https://orcid.org/0000-0002-0079-7748
https://orcid.org/0000-0002-1461-0032

Y. Zhang et al.: Research on Stellar Spectrum Simulation Method

IEEE Access

spacecraft, space probes, and other types of spacecraft.
Presently, most of them use star-sensitive star maps taken by
star-sensitive instruments to obtain the position information
of stars and star information to achieve attitude capture and
measurement of spacecraft. As space technology develops
and the space environment becomes more and more com-
plex, depending on the star position and star information
alone can no longer meet the new needs of current space-
craft navigation. Emerging navigation such as astronomical
spectral velocimetry navigation by using spectral information
has become the development trend of spacecraft navigation
systems [1], [2]. Hence, the study of high-precision stellar
spectrum ground simulation and calibration equipment to
supplement the accuracy calibration and performance verifi-
cation experimental conditions of emerging navigation meth-
ods of star-sensitive vehicles is valuable for the research and
practical application to enhance the development level of star-
sensitive vehicles and improve the accuracy of spacecraft
autonomous navigation and control.

In nature, stellar spectrum simulation is a spectral modula-
tion of a specific color temperature spectral profile. Numer-
ous scholars worldwide have conducted many studies on this
subject and have made some progress in stages. Originally,
the spectral simulation used a single-filter target spectral
simulation method, but this approach could not achieve multi-
target spectral simulation, and the simulation accuracy was
low [3]. Thus, in 2005, the Bialystok Technical University
in Poland achieved output spectral modulation with a single-
point spectral simulation error of about 30% by selecting the
LED spectral type and controlling the LED energy [4], [5].
In 2016, Guang-qiang et al. performed simulations of the stel-
lar spectrum using an array of 25 LEDs with different central
wavelengths, covering the spectral range 365 nm-940 nm [6].
However, as the limitation of the central wavelength selection
of LEDs by the technology level, the absence of certain
wavelengths can lead to a simulation dead zone in the spectral
simulation of broad-spectrum targets. In 2017, Davis and
Cogdell, established a simulation database of LED spec-
tral distribution functions and implemented a solar spectral
simulation in the visible range using monochromatic LEDs
to compensate for white LEDs based on the least squares
principle [7]. While the accuracy of the spectral simulation
of such methods is gradually improving, the limitation of
LED band types and the poor fitting of the LED spectral
distribution function limits the further improvement of the
accuracy of the spectral simulation of such methods.

Along with the development of spatial light modulation
technology, the further subdivision of the spectral simulation
unit has become possible, leading to the research direction of
spectral simulation using the dispersive system with a digi-
tal micromirror device (DMD). Among them, Brown et al.
at NIST in 2010 constructed a spectrally tunable irradiance
standard light source system, which uses a combination of
xenon, Bromine tungsten lamp, and LED light sources as
external inputs, modulated by a light engine and fed into an
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integrating sphere, as a way to achieve a specific spectral
simulation [8]. In 2016, Luo et al. designed a spectrally
programmable light source based on a Digital Micromir-
ror device (DMD) for the decomposition of broad-spectrum
beams to enable the analysis of broad-band spectra [9].
In 2018, Wang and Li developed a dual-grating spectrally
tunable light source based on the Ebert-Fastie structure using
DMD to achieve narrow-band spectral output with output
monochromatic optical uncertainties of 4.68% at 450 nm,
1.54% at 550 nm, and 1.48% at 654.6 nm [10]. In 2021,
Xu et al. used DMD to achieve three typical stellar color
temperatures in the spectral range of 500 nm-900 nm, 3000 K,
5000 K, and 7000 K, with color temperature spectral simula-
tion accuracy better than 5.2% [11]. In 2022, Liang Jing et al.
proposed a spectral simulation method based on the least-
squares method based on the residual-free homogeneous
mechanism [12] and a spectral correction method based on
the maximum simulation error [13] for the spectral simulation
of 2700 K color temperature, and the spectral simulation
errors were +5.7% and £6.2%, respectively. However, the
applicability of these two methods was only verified for
2700 K color temperature spectral simulation, and there is a
lack of research on efficient spectral simulation methods for
DMD-based spectral simulation systems with high accuracy
and multiple color temperatures.

The advanced principles of the DMD spectral simula-
tion method enable the spectrum simulation accuracy to be
improved compared to the LED spectral simulation method.
However, it was found that there is a region of spectral overlap
between the spectral simulator units and the non-linear energy
modulation of each row of PMD micromirror arrays [10].
As a result, the error of control methods such as traditional
PID and classical genetic algorithms increases in the case
of multiple correlations with independent variables [14].
Although fuzzy PID can alleviate the above problems to a
certain extent [15], problems such as imitation target limita-
tions and modulation lack of fit will emerge in the process
of multi-target spectral simulation due to the limitations of
a priori [16].

Therefore, a star spectrum simulation method based on
a genetic algorithm and fuzzy PID compound control is
proposed in this thesis based on DMD spectrum simulation.
The combination of the genetic algorithm and the fuzzy PID
controller eliminates the limitation of the expert experience
in the fuzzy PID on the performance of spectral simulation,
to realize the high-precision spectral simulation with gener-
alization.

Il. ESTABLISHMENT OF STELLAR SPECTRUM
SIMULATION SYSTEM WITH SPECTRAL SIMULATION
MATRIX ALGORITHM

A. THE STELLAR SPECTRUM SIMULATION SYSTEM
COMPOSITION AND GENERAL STRUCTURE

The stellar spectrum simulation system mainly consists of
the broad-spectrum light source, Czerny-Turner dispersive
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FIGURE 1. Block diagram of the stellar spectrum simulation system.

optical path, DMD, mixing system, spectrometer, upper
computer, etc. The operating optical path diagram of the
system and the built experimental platform are shown
in Figure 1.

The broad-spectrum light source emits a broad-spectrum
beam, which enters the Czerny-Turner dispersive path
through the slit. Then it shines on the DMD after divid-
ing the Czerny-Turner dispersive path, forming a series of
spectral simulation units with different peak wavelengths.
By controlling the switching state of the array micro-mirrors
of the DMD, the spectral simulation units of different pro-
portions are reflected to the focusing lens and converge into
the integrating sphere to mix the light, thus realizing the
wide band stellar spectrum simulation. The spectrometer
detects the curve distribution of the spectrum in the inte-
grating sphere through optical fiber and transmits it to the
host computer. Based on the obtained feedback information,
the host computer uses the spectral simulation algorithm to
adjust the switching state of the DMD array micromirror
to achieve high-precision modulation of the target stellar
spectrum.

B. DMD-BASED SPECTRAL SIMULATION

MATRIX ALGORITHM

Based on the principle of spectral superposition [17] and the
operating mechanism of DMD [18], the target stellar spec-
trum curve information is actually the superposition of the
radiation flux reflected into the integrating sphere from the
DMD micromirror array, so the current stellar spectrum curve
can be discretized and converted from the two-dimensional
curve form to the two-dimensional matrix form. The DMD-
based stellar spectrum simulation model can be established
through the matrix algorithm. For the sake of discussion,
the following equations were discussed with the number of
DMD rows as n, the number of different peak wavelength
spectral simulation units as m, and the peak wavelength as
A,y A2 s A
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1) TARGET SPECTRAL CURVE MATRIX

Let the radiation flux corresponding to different wavelengths
of the target spectral curve be T'(%;), for the matrix form T of
the target spectrum can be expressed as

o1 12 - Pim
¢21 P22 - Do

=0 o )
¢m1 ¢m2 ¢mm

Refer to “(1),”Where ¢;; is the luminous flux transferred
into the integrating sphere by the numerical micromirror
corresponding to the DMD. At this point, there is

Z:;l it Z:.:l Gin--eoe Z;; Gim

=TA):TA2)------ T(Am) (@)

2) DMD SPECTRAL MODULATION MATRIX

The elements in the DMD spectral modulation matrix repre-
sent the operating state of the micromirror array. Let the DMD
spectral modulation matrix be D,,,, and the DMD operating
matrix be

Dy Dy3 -+ Dip
D3y Dy -+ Doy

D= 3

Dnl Dn2 Dnm
Refer to “(3),”Dyyn = 1 represents DMD array micromir-
ror open, D,,, = 0 represents DMD array micromirror

closed.

3) SPECTRAL MODULATION WEIGHT MATRIX

Since the spectral radiation intensity at different wave-
lengths of the spectral curve of a broad-spectrum light source
is recorded as S(A;), there is a proportional relationship
between the radiation fluxes modulated by the spectral sim-
ulation units at different peak wavelengths after dispersion
by the Czerny-Turner dispersion path and the proportional

VOLUME 11, 2023



Y. Zhang et al.: Research on Stellar Spectrum Simulation Method

IEEE Access

relationship is approximated by the ratio of the spectral
radiation intensities at different wavelengths on the spectral
curve of the broad spectrum, which is recorded as P;,
Pyy-eeee Py, =SA1):SM)------ SChm).

Therefore, the spectral modulation weight matrix K is
established as

K1 Kip - Ky
K>1 Ky -+ Koy

“

Knl KnZ Tt Knm

Refer to ““(4),” Where K,,;, denotes the radiation flux that can
be modulated on one array micromirror of the DMD after
normalization, at which point there is

Z:;l LG Z:;] LGRS 2;1 Kim

=Py Py P, (5)

4) TARGET SPECTRAL SIMULATION ALGORITHM

The target spectral curve matrix, DMD spectral modulation
matrix, and spectral modulation weight matrix are used to
build the DMD-based spectral simulation matrix by using
the target spectral simulation algorithm. The target spectrum
simulation algorithm is

Dy 1Ki1 - DK

Dannl T Dannm

Ill. COMPOUND CONTROL SPECTRAL SIMULATION
ALGORITHM BASED ON GENETIC ALGORITHM

AND FUZZY PID

The matrix algorithm of DMD-based spectral simulation
shows that the spectral curve band of the broad-spectrum light
source in the modulation process can have a great impact on
the spectral simulation. At the same time, due to the nature of
the Czerny-Turner dispersive optical path [19], the direct ratio
of the column elements in the spectral modulation weight
matrix K is difficult to grasp accurately. For the traditional
PID control of the spectral simulation method can not handle
the above situation, so this paper adopts the fuzzy PID con-
trol, which can overcome the uncertainty and non-linearity
of the controlled object to modulate the target spectral curve.
Nevertheless, since the affiliation function and fuzzy rules of
fuzzy PID control developed by humans are highly subjective
[20], for this reason Genetic Algorithm with the excellent
global seeking ability and strong robustness and adaptability
is used to double optimize the affiliation function and fuzzy
rules of fuzzy PID control to avoid the limitation of spectral
simulation performance in fuzzy PID and improve the control
performance and spectral simulation accuracy of fuzzy PID
controller.
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A. DESIGN OF FUZZY PID CONTROLLER

1) DETERMINE THE INPUT AND OUTPUT

VARIABLES DETERMINED

A two-input, three-output fuzzy PID controller structure is
constructed with the spectral intensity deviation £ and devi-
ation rate E. corresponding to the spectral wavelength A as
input variables and the proportional coefficient increment
AK), integral coefficient increment AK;, and differential
coefficient increment AKy; as output variables. E) and E)
are expressed as

E) =1(2) — 1o(A)

dEg  [Ex(n) — Ex(n —1)]
Ecp = 7 T )
Refer to ““(7),”Where I()) and Ip()) are the simulated spec-
tral intensity at wavelength X and the target spectral intensity,
E, (n) is the spectral intensity deviation of the current state
and E, (n—1) is the spectral intensity deviation of the previous
state.

2) AFFILIATION FUNCTION SELECTION AND FUZZY
RULE FORMULATION
Since the affiliation function and the fuzzy rule will
be double optimized using Genetic Algorithm subse-
quently, the input and output variables are described
by the five linguistic variable values of the fuzzy set
{NB(negative greater), NS(negative smaller), ZR(zero),
PS(positive smaller), PB(positive greater)}. While the
domain area covered by the fuzzy subset affiliation function
directly affects the performance of the fuzzy controller, the
shape of the fuzzy affiliation function, such as triangular,
Gaussian, and bell-shaped, does not have a great impact on
it [21]. Hence, to facilitate the optimization of the affilia-
tion function, the affiliation function uses a triangular func-
tion shape, The three initial triangle affiliation functions are
shown in Figure 2.

The expression of the triangular affiliation function is
shown in equation (8)-(10).

1, x<a
b—
Alx) = X a=x<bh @®)
b—a
0, x>
X —a
, a<x<b
b—a
A =1°=* o, ©
c—>b -~
0, xX>c
0, x<b
—b
A =11 S bsxsc (10)
1, xX>c

and the unoptimized E, E., K, K;, K4 affiliation function
is the same affiliation function. The unoptimized affiliation
function curve is shown in Figure 3.
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FIGURE 2. Initial affiliation function graph.
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FIGURE 3. Membership function curve of input and output.

Likewise, since the fuzzy rules will be optimized by
Genetic Algorithm subsequently, the fuzzy rules for initial
K,, K; and K; developed according to the fuzzy rule selection
principle are shown in Table 1.

3) DEFUZZIFICATION

The fuzzy inference results in fuzzy quantities, while exact
quantities are required in the actual control process. There-
fore, this study adopted the center of gravity method [22] for
defuzzification operation, as the final output value of fuzzy
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TABLE 1. Fuzzy pid control rules (Kp. K;. Kg).

Ec/l
E, NB NS ZR PS PB
NB NS ZR PS PS ZR
NS 7R PS PS ZR NS
ZR ZR ZR ZR NS NS
PS PS PS NS NB NB
PB PS PS NS NB NB
inference is expressed as
i(uy) - u
AK, = > wjup) - up
Z Mj(”p)
AK; = Z Ui i
> wj(uy)
i(Ug) - uq
AR, = 2 Hittd) (11
> wi(ug)

Refer to “(11),” AK,, AK;, AK are the exact values of the
fuzzy controller output change quantity solution fuzzy, u,,
u;j, ug are the values in the domain of fuzzy control quantity
theory, 1j(up), wj(u;), j1j(1gq) are the affiliation degrees at u,,,
Uj, Uq.

B. DESIGN OF GENETIC ALGORITHM DUAL OPTIMIZED
FUZZY PID CONTROL ALGORITHM

The basic elements of the Genetic Algorithm dual-optimal
fuzzy control algorithm are mainly coding method formula-
tion, initial population generation, fitness function selection,
and genetic operation operator determination.

1) FORMULATION OF CODING METHODS

This paper adopted a hybrid coding approach. That is, the
fuzzy rules are expressed in decimal, and the affiliation
parameters are expressed in floating point numbers to reduce
the optimization time and decrease the complexity of coding.
Among them, the fuzzy rules {NB, NS, Z, PS, PB} are coded
as {1,2,3,4,5}, and O is used to indicate the absence of fuzzy
rules. For each group of affiliation, each affiliation function
vertex is chosen as the optimization parameter, i.e., there are
13 affiliation function parameters to be optimized in each
group. At this point, the affiliation function code can be
written as n1nyn3 - - - Ng3Neanes, then, the fuzzy rule and the
affiliation function are jointly coded as a 140-bit length mixed
code.

2) GENERATION OF INITIAL POPULATIONS
The initial population is generated in a procedural random
way, and the generation rules are:

1. All individuals in the generated random initial popula-
tion matrix Zy = [z(l), z%, zg e zg]T are not identical to each
other. That is, for any i # j(i,j € {l,2,---n}), there is
2 # 2
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2. These two individuals are not identical at the same
gene locus. That is, for any i # j(i,j € {1,2,---n},k €
{1,2,---p}), there is z)k # Z)k.

3. In the meantime, set the evolutionary generation timer
Gen = 0 and set the maximum evolutionary generation G,
then the termination condition is Ge, = G.

3) SELECTION OF THE FITNESS FUNCTION

In accordance with the rules for selecting the fitness function
and the way of fitting the spectral distribution function for
evaluation, the fitness function is chosen as:

j= \/ > k) =y /n (12)

Refer to ““(12),” yx (1) is the fuzzy PID output node value, y(A)
is the desired output value.

4) DETERMINATION OF THE GENETIC OPERATOR
The genetic operators mainly include selection, crossover,
and variation operators.

1. Selection operator: the roulette wheel method is used.
That is, the assignment is based on the preponderance of
fitness, and the probability of inheriting offspring is

P; = f"
p
2l Ji
Refer to “(13),”’S), is the population size. f is the fitness
of the individual k. [ is the number of counts different
from i.
2. Crossover operator: The crossover operator uses the
method of comparing the size of random numbers to deter-

mine whether the readings need to be crossed, and the
crossover operation criterion is:

(13)

I,Py <P

f(PCt)z OsPCl >PC

(14)
Refer to “(14),”Where P, is the random number generated
in this round, and P, is the crossover probability.

The real number crossover method is used for the crossover
operation to ensure randomness, and the equation is

GijZGin(]—b)—i-Ginb
G =G x (1 —=b)+ Gy x b (15)

Refer to ““(15),”Where G;; denotes the j-th chromosome of
the i-th individual and b is a random number with a value
range of O to 1.

3. Variation operator: The variation operator uses the
method of comparing the size of random numbers to deter-
mine whether the reading needs variation operation, and the
variation operation criterion is:

l’PCIEPm (16)

f(Pmt) = { (), Pct>Pm
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Refer to “(16),”Where P, is the random number generated
in this round, and P,, is the variance probability.
The variation operation equation is

Gjj = (Gmax — Gmin) X b X Gpax (17

Refer to “(17),” Where Gj; denotes the j-th chromosome
of the i-th individual, » is a random number with a value
range of 0 to 1, Gmpax is the maximum value of a single
chromosome desirable for a single sample, and Gy is the
minimum value of a single chromosome desirable for a single
sample.

The Genetic Algorithm dual-optimized fuzzy PID control
algorithm flow is shown in Figure 4.

IV. MATHEMATICAL EXPERIMENTS AND ANALYSIS

As shown in Figure 5, it is shown that the stellar spectrum
simulation experimental platform is built for the selected
broad spectrum light source, Czerny-Turner dispersive opti-
cal path, DMD, integrating sphere, and fiber optic spectrom-
eter. The main parameters of the experimental platform are
shown in Table 2.

A. ANALYSIS OF FUZZY RULES AND AFFILIATION
FUNCTIONS BEFORE AND AFTER OPTIMIZATION

In order to verify the generalizability of the Genetic Algo-
rithm and the fuzzy PID based found control spectral simu-
lation algorithm, taking into account the spectral curve trend,
three typical characteristic target spectral shapes in the wave-
length range of 400 nm to 800 nm are firstly chosen. Simula-
tion curve shapes of 2500K, 5000K, and 10000k are used as
the simulated target spectra. After iterative optimization, the
fuzzy rules and affiliation functions of the compound control
spectral simulation algorithm based on the Genetic Algorithm
with fuzzy PID are obtained.

The initialization setting parameters of the Genetic Algo-
rithm dual optimized fuzzy controller are shown in Table 3.
The optimized affiliation function is shown in Figure 5.

The K, K;, and K; fuzzy rules after iterative optimization
are shown in Table 4.

According to Table 4, after the Genetic Algorithm opti-
mization, the K, takes a larger value at the beginning of the
regulation to improve the response speed. In the middle of
regulation, a smaller value is taken to make the system have a
smaller overshoot and ensure a certain response speed. In the
later stage of regulation, the value is increased to reduce the
static error and improve the control accuracy. In the early
stage of regulation, to prevent integration saturation, the value
of K; is small or even zero. In the middle of regulation,
to avoid affecting the stability, the value is moderate, while
in the late regulation, the value is increased to enhance the
integration effect and reduce the static regulation difference.
The value of K; is larger at the beginning of regulation to
obtain smaller or even avoid overshoot, smaller at the middle
of regulation, and smaller at the end to reduce the braking
effect of the controlled process and thus compensate for the
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FIGURE 4. Genetic Algorithm dual-optimized fuzzy PID control algorithm flow chart.

prolonged regulation time caused by the larger value at the
beginning of regulation.

A comparison of the affiliation function curves before
and after the Genetic Algorithm optimization is shown in
Figure 6.

The solid part of the figure shows the affiliation function
before optimization, and the dashed part shows the affiliation
function curve after optimization. According to Fig. 5, it can
be seen that the optimized affiliation functions of Ej, E;,
K,, K; and K; adopt triangular function shapes with changed
vertices, and the area of the thesis domain covered by the
corresponding set of affiliation functions also changes.
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B. ABSOLUTE COLOR TEMPERATURE SPECTRAL

SIMULATION EXPERIMENT
In consideration of the evaluation of the details and the overall

performance of the spectral simulation, two methods were
chosen to evaluate the effect of the spectral simulation: the
single-point spectral simulation error and the spectral curve
area simulation error. The single-point spectral simulation
error is the relative error of the simulated spectral radiation
intensity /; at a certain wavelength to the target/radiation
intensity [, and the specific equation is E) I*[;Ah The

spectral curve area simulation error is the relative error of the
simulated spectral curve area A relative to the target spectral
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TABLE 2. Test bench parameters.

FIGURE 5. Experimental platform.

Index

Parameter

Broad spectral
light source

Czemy-Turer
dispersive
optical path

DMD

Integrating
sphere

Optical
spectrometer

Spectral range
Spectral range
Spectral resolution
resolution
Spectral range
reflectance

Spectral range

200nm-2500nm

400nm-800nm

0.5nm

1920x1080

250nm-2500nm

>95%

200nm-1160nm

Spectral resolution 0.5nm

curve area Ag in a wide wavelength band, and the specific
A—A
SAs S

After several iterations of optimization in Section I'V-A, the
simulated results of 2500K, 5000K, and 11000k color tem-
perature spectral curves with single point spectral simulation
error results are shown in Figure 7.

According to the Figure 7, it can be seen that the spectral
curves with different distribution trends have good simulation
results with little correlation with the trends of the spectral
curves. The maximum single point spectral simulation errors
for 2500 K, 5000 K, and 10000 K and the corresponding
wavelength and spectral curve area simulation errors are
shown in Table 5.

The results of the individual spectral simulation errors
and spectral curve area simulation errors for the absolute
color temperature range of 2500K-10000K (500K interval)
are shown in Figure 7.

According to Figure 8, it can be concluded that the
error of single-point spectral simulation from 2500K-10000K
is between —2.91% and 2.94%, and the error of spectral
curve area simulation is between -0.18% and 0.22%, which

equation is Eg =

VOLUME 11, 2023

DMD

Czerny-Turner dispersive

optical path

fiber optic spectrometer

TABLE 3. Initialization setup parameters for the dual-optimized fuzzy
controller of the genetic algorithm.

Name Parameter
Initial population size 200
Maximum Generation 200
crossover probability 0.7
mutation probability 0.005
Spectral simulation error 3%

TABLE 4. Kp fuzzy rules after genetic algorithm optimization.

E cA
E, NB NS ZR PS PB
NB PB PB 7R PS 7R
K » NS PB PS PS ZR NS
ZR ZR PS ZR NS NS
PS PS ZR NS NB NB
PB ZR NS NS NB NB
E, NB NS ZR PS PB
NB PB PB 7R PS 7R
K, NS PB PS PS ZR NS
ZR ZR PS ZR NS NS
PS PS ZR NS NB NB
PB ZR NS NS NB NB
E, NB NS ZR PS PB
NB PB PB 7R PS 7R
NS PB PS PS 7R NS
K 4 7R 7R PS 7R NS NS
PS PS ZR NS NB NB
PB ZR NS NS NB NB
NB PB PB 7R PS 7R

indicates that the compound control based on Genetic Algo-
rithm with fuzzy PID The spectral simulation algorithm has a
good simulation effect in the absolute color temperature range
of 2500K-10000K.
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FIGURE 6. Affiliation function curve after optimization.

C. AM 1.5 SOLAR SPECTRAL SIMULATION EXPERIMENT

According to the absolute color temperature spectral simula-
tion experiments, it is known that the compound control spec-
tral simulation algorithm based on Genetic Algorithm with
fuzzy PID has good generalization and simulation accuracy
for smoothing the spectral curve. In consideration of other
special cases of stellar spectrum simulation, therefore, based
on the optimized fuzzy rules and affiliation functions, the
AM1.5 solar spectrum with detailed features such as wave
peaks and troughs is used as the simulation target to verify
the ability of the compound control spectral based on Genetic
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Algorithm with fuzzy PID The simulation results of the AM
1.5 solar spectrum are shown in Figure 9.

It can be seen from Figure 9 that the single-point spectral
simulation error can still be maintained within +3% in the
smoother region of the AM3.5 solar spectrum. However,
in the case of large slope abrupt changes in the shape of the
spectral curve, the single-point spectral simulation error can
only converge to within +6%, especially in the three bands
from 416 nm to 450 nm, 670 nm to 743 nm and 757 nm
to 772 nm. The maximum single-point spectral simulation
error from 400 nm to 800 nm in the AM1.5 solar spectrum
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FIGURE 7. 2500K, 5000K, 10000K experimental diagram.

is —5.76%, and

the spectral curve area simulation error at

this point is 0.07%. It can be seen that although the single
point spectral simulation error of AM1.5 solar spectrum has
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a large difference relative to the absolute color temperature
spectral curve from 2500K to 10000K. Nevertheless, the
spectral curve area simulation error is very close to that of
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FIGURE 9. AM1.5 solar spectrum.

the absolute color temperature from 2000 K to 10,000 K. This
indicates that the compound control spectral simulation algo-
rithm based on Genetic Algorithm with fuzzy PID still has
good performance for spectral curves with detailed features
such as peaks and valleys without the need for very obvious
spectral feature peaks simulation.
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TABLE 5. Maximum single point spectral simulation errors for 2500K,
5000K, and 10000K and the corresponding wavelength and spectral curve
area simulation errors.

Maximum
Color single point Wavelength Spgctral curve area
temperature spectral simulation error
simulation error
2500K -2.8% 556nm 0.18%
5000K 2.93% 697.5nm 0.22%
10000K 2.76% 424.5nm 0.02%

V. CONCLUSION

In response to the problems of multiple correlations among
spectral simulation units and nonlinearity of radiation
weights among image elements in the current DMD-based
spectral simulation, which lead to the limitations and modula-
tion underfitting of traditional PID control and other spectral
simulation methods in multiple target spectral simulations,
this paper proposed a stellar spectral simulation method based
on genetic algorithm and fuzzy PID composite control.

This paper analyzed the composition and working princi-
ple of the stellar spectral simulation system; established the
matrix algorithm of spectral simulation based on DMD; con-
structed a two-input, three-output fuzzy PID controller con-
sisting of spectral intensity deviation and deviation rate and
proportional coefficient, integral coefficient and differential
coefficient, selected the affiliation function of triangular func-
tion shape, formulated the initial fuzzy rules and determined
the method of defuzzification. The genetic algorithm double-
optimized fuzzy PID control algorithm was designed to avoid
the limitation of expert experience on the performance of ana-
log PID control.Take the three characteristic spectral curve
trends of 2500K, 5000K, and 10000K color temperatures as
examples, the optimized fuzzy rules and affiliation functions
were obtained iteratively, and the absolute color temperature
spectral simulation experiments and AM1.5 solar spectrum
simulation experiments were carried out on this basis. The
results indicated that:

(1) The maximum single-point long spectral simulation
errors of 2500K, 5000K, and 10000K color temperatures are
—2.8%, 2.93%, and 2.76%, respectively, and the correspond-
ing wavelengths are 556nm, 697.5nm, and 424.5, respec-
tively, and the spectral curve area simulation errors are 0.18%,
0.22%, and 0.02%, respectively. There is no significant cor-
relation between the stellar spectral simulation method based
on the genetic algorithm and fuzzy PID composite control and
the trend of the spectral curves.

(2) The simulation error of 2500K-10000K single-point
spectrum was between —2.91% and 2.94%, and the simula-
tion error of spectral curve area was between —0.18% and
0.22%, which indicated that the composite control spectral
simulation algorithm based on genetic algorithm and fuzzy
PID had good simulation effect in the absolute color temper-
ature range of 2500K-10000K.

(3) The maximum single-point spectral simulation error of
AML.5 solar spectrum was -5.76%, which was larger than

VOLUME 11, 2023



Y. Zhang et al.: Research on Stellar Spectrum Simulation Method

IEEE Access

the single-point spectral simulation error of absolute color
temperature spectral simulation, and the spectral curve area
simulation error was 0.07%, which was comparable to the
spectral curve area simulation error of absolute color temper-
ature spectral simulation, indicating that the composite con-
trol spectral simulation algorithm based on genetic algorithm
and fuzzy PID is applicable to still have good performance in
the case of less demanding spectral feature peak simulation.
In this paper, the composite control spectral simulation
method based on a genetic algorithm and fuzzy PID had
a high spectral simulation accuracy and at the same time,
manifested excellent generalization in the spectral simulation
of multi-color temperature and multi-target, along with a
certain ability to simulate spectral detail features, which can
provide the theoretical basis and technical support for high-
precision multiple color temperature arbitrary modulation.
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