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The optimization problem of an absolute radiometer’s timing parameters is investigated for comparison
experiments of Total Solar Irradiance Monitor (TSIM). Comparison experiments were performed to
establish the TSIM’s contact with other space radiometers for measuring total solar irradiance (TSI).
Since the comparison experiments had to be performed on a tight schedule under the impact of weather
conditions, the measurement parameters for the comparison experiments were selected carefully
using optimized solutions of timing parameters. The optimized solutions were identified by a genetic
algorithm (GA) based on a thermal model of an absolute radiometer. The thermal model includes terms
of heat radiation, air conduction, etc. Fitness value function and constraints of GA are constructed
using the thermal model. The experimental results indicate that the selected measurement parameters
are sufficient to implement accurate calibration of TSI, providing more opportunities for solar
observation. © 2014 Optical Society of America
OCIS codes: (120.0120) Instrumentation, measurement, and metrology; (120.5630) Radiometry;

(280.0280) Remote sensing and sensors; (280.4788) Optical sensing and sensors.
http://dx.doi.org/10.1364/AO.53.001718

1. Introduction

Total Solar Irradiance Monitor (TSIM) is an instru-
ment for measuring total solar irradiance (TSI). It
was sent into space onboard the FY-3C polar orbiting
meteorological satellite on 23 September 2013. The
FY-3C satellite is the third satellite of the FY-3
(FengYun-3) [1] meteorological satellite series.
TSIM/FY-3C tracks the sun in space by itself using
a solar tracking subsystem. The objective of TSIM
is to provide long-time continuous record of TSI
to understand solar variability [2]. Two electrical
substitution radiometers [3–6] AR1 and AR2 are
used for TSIM/FY-3C. TSIM’s traceability to the
World Radiometric Reference (WRR) [7] is achieved
through ground-based comparison experiments at

ambient temperature and pressure. Solar Irradiance
Absolute Radiometer (SIAR)-type radiometers SIAR-
1a and SIAR-2c are used as transfer instruments.
Comparison experiment is one step for instrument
calibration [8,9], establishing TSIM’s contact with
other radiometers that monitor TSI simultaneously
in space [10–12]. SIAR-1a and SIAR-2c have already
been calibrated to WRR by the World Standard
Group (WSG) TSI instruments in the 11th
International Pyrheliometer Comparison (IPC-XI),
2010 [7]. Four absolute radiometers measured TSI
in air and they were pointed to the sun together
by a solar tracking device in the comparison
experiment [13].

Comparison experiments of TSIM/FY-3B lasted for
23 days in 2009 and the FY-3B satellite is the second
satellite of the FY-3 satellite series. However, the
comparison experiments of TSIM/FY-3C had to be
performed in 8 days to have the possibility of a
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launch mission. It is a challenge to get sufficient TSI
measurements in such short time under the influ-
ence of weather conditions. No TSI observations
are available for days of bad weather, such as rain
or cloud. Accurate solar measurements should be
produced as fast as possible. However, a specific time
is desired for a single TSI measurement to ensure
data accuracy. It is a problem to get a subtle balance
between data quantity and data accuracy. And good
understanding of an absolute radiometer’s thermal
dynamics is required. Although the thermal model
of the electrical substitution radiometer had been
studied for a long time [3,4,14], little literature is
available on estimating the parameters of the ther-
mal model. However, some parameters denoted as
timing parameters inside the thermal model are re-
quired to be known for determining the parameters
for the comparison experiments. The optimization
problem of the timing parameters is investigated
in this paper to achieve meaningful selection of
measurement parameters for TSIM’s comparison
experiments.

2. TSI Measurement

The four absolute radiometers used in the compari-
son experiments share nearly the same design. A
computer-aided design view of the radiometer
SIAR-1a is shown in Fig. 1. A primary cavity and
a reference cavity are used as TSI sensors [3,4].
The primary cavity is connected to a heat sink for
thermal stability. A thermocouple ring is laid at
the opening of the primary cavity for temperature
measurement. The reference ends of the thermocou-
ples are connected to the heat sink, whereas the
measuring end of the thermocouples is connected
to the wall of the primary cavity. The temperature
detected by the thermocouples is the temperature
difference between the heat sink and the primary
cavity. The temperature detected by the thermo-
couples is converted to a digital signal by a 16 bit
analog-to-digital (A/D) converter. A heater winding
is embedded into the wall of the primary cavity for
heating. The reference cavity has no heater winding

and it is not exposed to sunlight. The reference cavity
also has a thermocouple ring at its opening, which is
connected in series to the thermocouple ring of the
primary cavity to compensate for temperature drift
of the heat sink. The influence of the heat sink’s tem-
perature drift is nearly canceled by the configuration
of the dual cavity.

TSI is measured once in two subsequent phases as
shown in Fig. 2 [3–6]. The two phases are observation
phase and reference phase. The observation phase is
from time t1 to t2 and the reference phase is from t2 to
t3. Observation time length to, calibration time
length tc, and measurement time length tm are illus-
trated in Fig. 2.

In the observation phase, the shutter of the abso-
lute radiometer is open and sunlight is allowed to fall
into the primary cavity. As the radiant energy of the
incoming sunlight is absorbed by the primary cavity,
the heating voltage for the primary cavity is reduced.
The temperature feedback provided by the thermo-
couples of the primary cavity stabilizes at Tdo at
the end of the observation phase.

In the reference phase, the shutter is closed and
the heating voltage is determined carefully to make
the temperature provided by the thermocouples
of the primary cavity stable at Tdo again. As the
electrical power in the two phases can be measured
precisely, an accurate measurement of TSI is ob-
tained as follows:

E � u2
r − u2

o

Rh · A · α
; (1)

where E is the total irradiance of the incoming sun-
light, uo is the heating voltage in the observation
phase, ur is the heating voltage in the reference
phase, Rh is the heater windings’ resistance of the
primary cavity, A is the area of the primary aperture,
and α is the absorption coefficient of the primary
cavity.

3. Thermal Model of the Absolute Radiometer

In this section, it is assumed that the temperature of
the heat sink is constant. It is true for radiometers
with a temperature control system for the heat sink,
such as AR1/TSIM and AR2/TSIM. Considering the

Fig. 1. Schematic of the absolute radiometer SIAR-1a: (1) shutter,
(2) apertures for view-limiting, (3) primary aperture, (4) thermo-
couple ring, (5) reference cavity, (6) primary cavity, (7) motor,
and (8) heat sink.

Fig. 2. Illustration of the measurement parameters for a single
TSI measurement.
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shutter of the absolute radiometer is closed and the
primary cavity is only heated by constant electrical
power, the thermal dynamics of the absolute radiom-
eter is modeled as below:

C
dTc�t�
dt

� Tc�t� − Th�t�
Rc

� Prcs � Pac � Pe � Prsc; (2)

where C is the heat capacity of the primary cavity,
Tc�t� is the instantaneous temperature of the pri-
mary cavity at time t, Rc is the thermal resistance
between the primary cavity and the heat sink,
Th�t� is the instantaneous temperature of the heat
sink at time t, Prcs is the radiative power emitted
by the primary cavity to the shutter, Pac is the air
conduction power transferred from the primary cav-
ity to various regions of the absolute radiometer, Pe is
the electrical power applied to the primary cavity,
and Prsc is radiative power transferred from the
shutter to the primary cavity.

According to Planck’s law, the heat radiation ex-
change between the primary cavity and the shutter
is given by

Prcs − Prsc �
Z

2π

0

Z
ωh

0

�
σεT4

c

π
−

σεT4
s

π

�
cos θ sin θdθdφ

� �σT4
c − σT4

s �sin2 ωh; (3)

where Ts is the temperature of the shutter, σ is
Stefan–Boltzmann constant (σ � 5.670 × 10−8 Wm−2

K−4), ε � 1 represents the emittance for the primary
cavity and the shutter, and ωh is the half-field-
of-view of the absolute radiometer.

Air conductance power Pac is given by

Pac � Ka�Tc�t� − Th�t��; (4)

where Ka is air conductance.
Let Td�t� is the temperature difference between

the primary cavity and the heat sink:

Td�t� � Tc�t� − Th�t�: (5)

Compiling Eqs. (2)–(5), we obtain

C
dTd

dt
� Td

R
� P; (6)

where P is composition heating power and R is
thermal resistance:

P � Pe − �σT4
c − σT4

s � sin2 ωh; (7)

R � Rc∕�1�KaRc�: (8)

Composition heating power P is assumed to be con-
stant for simplicity. It is nearly the truth if time t is
sufficient long in general cases.

Solving Eq. (6), temperature difference Td�t� is
given by

Td�t� � c1 � c2e−
t
τ; (9)

where τ is the time constant, and c1 and c2 are
constants:

τ � CR; (10)

c1 � RP: (11)

Parameters fc1; c2; τg are the timing parameters.
As time t → ∞, temperature Td�t� approaches a

maximum:

lim
t→∞

Td�t� � lim
t→∞

�c1 � c2e−
t
τ� � c1: (12)

The ratio between Td�t� and Td�∞� is introduced as
below:

r�t� � Td�t�
Td�∞� �

Td�t�
c1

: (13)

If the shutter is open for TSI measurement, the ther-
mal model of the absolute radiometer is similar to
the model discussed above. However, the terms of
heat radiation, heat conduction, etc, will be more
complex.

TSI can be measured without knowing Td�t� ex-
actly on Kelvin scale as illustrated in Eq. (1). It is
not necessary to transform the digital signal of tem-
perature Td�t� to Kelvin scale. The digital feedback of
Td�t� is enough for TSI calibration. Errors will be
introduced inevitably with transformation to
Kelvin-scale temperature. The digital temperature
feedback provided by the A/D converter is given in
least significant bit (LSB).

4. Estimation of Timing Parameters

The unknown timing parameters fc1; c2; τg in Eq. (9)
are estimated through the following procedures:

(1) The absolute radiometer is set to operate in a
testing mode. The shutter is always closed in the
testing mode.

(2) A constant voltage is applied to the heater
winding of the absolute radiometer for N seconds,
equivalent to incoming sunlight with irradiance
1367 Wm−2. Temperature Td�t� is sampled every
1 s. This step is repeated M times to produce data
for optimization.

(3) Timing parameters are estimated by a genetic
algorithm (GA) [15–17]. The global optimization
scheme is implemented in the following steps:

(3.1) Random initialization
Each individual timing parameter fc1; c2; τg is ini-

tialized by a chromosome with binary strings [18].
The chromosome consists of genes. A gene is imple-
mented as bit 0 or 1 in the binary strings. Rather
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than starting from a single point in the traditional
optimization methods, K individuals fc1; c2; τgj
(j � 1; 2;…; K) are created randomly within the
search space. Time constants are estimated roughly
using neighborhood samples of Td�t�. Only Td�t� in a
specific time interval is used for the approximation.
For a given instant tn and tn�1 (tn�1 > tn), it follows
that

τa � tn�1 − tn

ln
h

Td�tn�−Td�N�
Td�tn�1�−Td�N�

i : (14)

Without a specific bound on the time constant,
the solution may fall into a number of local minima
and more computation time would generally be
consumed.
(3.2) Fitness evaluation
The survival potential of each individual in the

population is determined by calculating their fitness
function in this step [19]. In order to minimize the
estimation error of the timing parameters, the fit-
ness function is constructed as below:

f �
XM
m�1

XN
n�1

��Td�tmn� −
�
c1 � c2e−

tmn
τ

���: (15)

The timing parameters are constrained to the
following condition:

c1 � c2 � Td�t0�; (16)

where t0 is initial time.
(3.3) Selection
In the selection step, K couples are selected ran-

domly from the individuals according to a probability
associated to their fitness function. The probability of
selection increases with a smaller estimation error of
timing parameters.
(3.4) Reproduction
New individuals are produced using the couples

produced in the selection step. Random perturbation
is introduced into the genes of the new individuals, as
in the evolutionary process. Some bits of the new
individuals’ chromosomes are reversed randomly ac-
cording to a predetermined probability. The muta-
tion operation is to prevent the search algorithm
from converging to the local optimum. The search al-
gorithm then goes to step 3.2 again unless a prede-
fined criterion is satisfied. For example, a maximum
number of generations allowed or a minimum varia-
tion of the fitness function values is reached.

5. Optimization Results

Population size K is set to 80. The maximum number
of generations allowed G is set to 200. A stochastic
uniform function is chosen to select couples for the
next generation. The minimum variation of the fit-
ness function values is set to 10−10. The lower bound
and the upper bound of the time constant are
obtained from the approximated time constants.

Optimized solutions are returned quickly using
a computer program in Matlab using its GA
toolbox.

The optimized solutions of the timing parameters
are given in Table 1. Optimization results including
samples of temperature Td�t�, approximate time con-
stants, and fitness function value are shown in
Figs. 3–6. The timing parameters are estimated us-
ing the data of three experiments. Estimations of the
same parameters are roughly consistent. However,
slight differences are detected as shown in Table 1,
which may be attributed to changes in testing condi-
tions, such as variations of air flow, temperature, etc.
The changes lead to variation of composition power
P, etc.

Temperatures are reconstructed from Eq. (9) using
the optimized solutions of the timing parameters.
The reconstructed temperatures are added to
Figs. 3(a)–6(a) for comparison. Good agreement be-
tween experimental data and reconstructed temper-
ature has been shown in the figures above. The
reconstructed temperature nearly coincides with
the experimental temperature finally.

6. Selecting Measurement Parameters for the
Comparison Experiments

In this section, the measurement parameters for the
comparison experiments are selected carefully using
the optimized solutions shown in Table 1. Due to the
tight schedule, the measurement parameters were
set at small values to produce more opportunities
for solar measurements. However, observation time
length, etc, should not be much too small. Otherwise,
temperature Td�t� does not remain stable at the end
of the observation phase or reference phase, produc-
ing TSI measurement errors. The measurement
parameters for the comparison experiments for
TSIM/FY-3C are set as below:

tc � 120 s; (17)

to � 120 s: (18)

Observation time length to is set in the interval
�7τ; 10τ� for each radiometer. For SIAR-1a, the obser-
vation time length is about 9τ. For SIAR-2c, the ob-
servation time length is about 9.9τ. For AR1/TSIM,
the observation time length is about 8τ. For AR2/
TSIM, the observation time length is about 7τ.

From Eq. (1), irradiance E can be rewritten as

E � f �ur; uo; Rc; A; α� �
u2
r − u2

o

R · A · α
: (19)

Uncertainties produced by observation time length
and calibration time length are evaluated using
Eq. (19). Since observation time length and calibra-
tion time length are not infinite, temperature Td�t�
does not reach its maximum c1 at the end of the ob-
servation phase or reference phase. Thus, heating
voltages uo and ur do not reach their values when
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observation time length and calibration time length
are infinite. The standard uncertainty of TSI, pro-
duced by observation time length and calibration
time length, is given by
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Fig. 3. Optimization results of SIAR-1a, with data of first experi-
ment given in Table 1. Sampled data of temperature difference
Td�t� are shown in (a) with its estimation for comparison. The re-
constructed temperature is obtained from Eq. (9) using optimized
solutions of the timing parameters. The bounds of the time con-
stant are obtained from approximate time constants as shown
in (b). Fitness function values obtained in the search process of
the GA are shown in (c). The GA stops when the minimum varia-
tion of the fitness function values is 10−10.

Fig. 4. Optimization results of SIAR-2c, with data of first experi-
ment given in Table 1. The experimental data of Td�t� are com-
pared to its estimation constructed using the thermal model of
an absolute radiometer and optimized solutions as shown in
Table 1. Approximate time constants are presented in (b). Fitness
function values by the GA in the search process are shown in
(c). The GA stops when the minimum variation of the fitness func-
tion values is 10−10.
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Fig. 5. Optimization results of AR1/TSIM, with data of first ex-
periment given in Table 1. Temperature difference Td�t� of the pri-
mary cavity is shown in (a). The estimation of temperature Td�t� is
constructed using Eq. (9) and optimized solutions of the timing
parameters. The bounds of the time constant are obtained from
approximate time constants as shown in (b). Fitness function val-
ues by the GA are given in (c). The GA stops when the number of
generations is 200.
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Fig. 6. Optimization results of AR2/TSIM, with data of first ex-
periment given in Table 1. Sampled data of temperature difference
Td�t� are shown in (a). The estimation of Td�t� is constructed using
the thermal model and optimized solutions of the timing param-
eters. The estimated temperature is indicated by the solid line, de-
noted as “estimation” in the legend of (a). Approximate time
constants in the specific time interval are shown in (b). Fitness
function values by the GA are shown in (c). The GA stops when
the minimum variation of the fitness function values is 10−10.
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u2�E� �
�
∂f
∂ur

�
2
u2�ur� �

�
∂f
∂uo

�
2

u2�uo� � 4
u2
ru2�ur� � u2

ou2�uo�
R2

h · A
2 · α2

; (20)

where u�ur� is the standard uncertainty of voltage ur
and u�uo� is the standard uncertainty of voltage uo.
u�ur� and u�uo� are produced by measurement
parameters.

Standard uncertainty u�E� is given in Table 2.
Errors introduced by area A, resistance Rc, and ab-
sorption coefficient α are not included in Table 2.
In addition, heating voltage uncertainties not pro-
duced by the measurement parameters for the com-
parison experiment, such as uncertainties produced
by the A/D converter, voltage standard, etc, are not
considered in Table 2. AR2’s TSI uncertainty is
greater than that of other radiometers. It is attrib-
uted to that AR2 has a bigger time constant and

Table 1. Optimization Results of Timing Parameters for Absolute Radiometers

Radiometer Experiment Number Time Constant τ Constant c1 Constant c2 Ratio r�120 s�
AR1/TSIM First 14.5325 14,978.07 −12; 915.07 0.999127
AR1/TSIM Second 14.5034 14,976.00 −12; 897.00 0.999199
AR1/TSIM Third 14.5191 14,968.97 −12; 898.97 0.999066
AR2/TSIM First 16.5097 14,529.00 −12; 548.00 0.998830
AR2/TSIM Second 16.4771 14,507.00 −12; 519.00 0.998828
AR2/TSIM Third 16.4950 14,493.96 −12; 516.96 0.998761
SIAR-1a First 12.9634 22,937.83 −20; 393.83 0.999920
SIAR-1a Second 13.0454 22,879.06 −20; 389.06 0.999910
SIAR-1a Third 13.0844 22,869.32 −20; 375.32 0.999942
SIAR-2c First 12.1407 23,980.94 −21; 586.94 0.999919
SIAR-2c Second 12.1923 23,852.37 −21; 562.37 0.999900
SIAR-2c Third 12.2025 23,809.82 −21; 530.82 0.999881

Table 2. TSI Measurement Uncertainty due to Measurement Parameters

Parameter SIAR-1a SIAR-2c AR1/TSIM AR2/TSIM

A (m−2) 5.0027 × 10−5 5.0987 × 10−5 5.0290 × 10−5 5.0300 × 10−5

Rh (Ω) 847.002 843.640 866.700 855.900
α 0.9997 0.9997 0.9997 0.9997
ur (V) 7.755 7.695 7.786 7.738
u�ur� (V) 3.463 × 10−4 2.949 × 10−4 3.509 × 10−4 6.142 × 10−4

uo (V) 5.156 5.007 5.119 5.069
u�uo� (V) 5.075 × 10−4 4.537 × 10−4 5.313 × 10−4 9.332 × 10−4

E (Wm−2) 791.936 793.929 790.070 793.970
Relative uncertainty of E (ppm) 224 188 224 392
u�E� (Wm−2) 0.177 0.149 0.177 0.312
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Fig. 7. Samples of temperature Td�t� for SIAR-1a. The tempera-
ture data are obtained in TSI measurement in the comparison
experiments.
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ture data are obtained in TSI measurement in the comparison
experiments.
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smaller r�120 s�. Thus, AR2/TSIM is made to work
only occasionally in space for studying the degrada-
tion of the primary cavity.

As r�120 s� is nearly 0.999 for each radiometer as
given in Table 2, the irradiance detected by the cavity
sensor is almost the same for each radiometer. Tem-
perature Td�t� at the end of the observation phase or
reference phase is stable for each radiometer using
the selected measurement parameters. It is proved
by the experimental data in Figs. 7–10. Temperature
Td�120 s� at the end of the observation phase is
nearly the same as Td�240 s� at the end of the refer-
ence phase. In summary, the selected measurement
parameters are sufficient to produce accurate mea-
surements of TSI.

7. Conclusion

When an electrical substitution radiometer is as-
sembled already for use, an essential step is to
properly select measurement parameters, such as

observation time length and calibration time length.
Accurate measurements of TSI require meaningful
selection of the measurement parameters. With
plentiful time, the measurement parameters are
generally set at high values to get the best measure-
ment accuracy. However, when experiments are per-
formed on a tight schedule, such as the comparison
experiments of TSIM/FY-3C, observation time length
and calibration time length should be determined
carefully to produce more opportunities of solar ob-
servation. It is a problem to get a subtle balance of
TSI data quality and TSI data quantity. It may be
puzzling and time-consuming to select the measure-
ment parameters without knowing the timing
parameters of the absolute radiometers. A solution
is presented in the paper to solve the selection prob-
lem of measurement parameters. An efficient ther-
mal model of an absolute radiometer is proposed
to identify the timing parameters, providing the con-
straints and the objective function for optimization.
The model highlights the impact of the timing
parameters on the TSI measurement. The timing
parameters are searched using a GA to minimize es-
timation errors. Meaningful selection of measure-
ment parameters is achieved using optimized
solutions. Both observation time length and calibra-
tion time length are set to 120 s, over the range of
�7τ; 10τ� for each absolute radiometer. The experi-
mental results indicate that the selection is sufficient
to make temperature Td�t� stable at the end of the
observation phase or reference phase. Stable temper-
ature is necessary to calibrate TSI accurately. Com-
pared with TSIM/FY-3B, measurement time length
is reduced from 720 to 360 s. It means a shorter time
for single TSI measurement, producing more exper-
imental data in a given period. However, observation
time length and calibration time length should not be
set at too small values. Otherwise, measuring errors
will be produced inevitably.

The scheme presented in the paper could be used
for applications such as the following: (1) Building a
thermal model of some electrical substitution radi-
ometers. (2) Estimating the parameters inside the
thermal model. (3) Determining the observation time
length and calibration time length for TSI measure-
ment. (4) Uncertainty evaluation of TSI experiments
considering errors produced by observation time
length and calibration time length. (5) Predicting
how fast the cavity detector responds to incoming
sunlight, which is important for analysis or test of
cavity detectors. For example, choosing specific
cavities with similar timing parameters to develop
a TSI instrument that consists of multiple absolute
radiometers.
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Fig. 9. Samples of temperature Td�t� for AR1/TSIM. The temper-
ature data are obtained in TSI measurement in the comparison
experiments.
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Fig. 10. Samples of temperature Td�t� for AR2/TSIM. The tem-
perature data are obtained in TSI measurement in the comparison
experiments.
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