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Abstract—Currently, renewable energy is being explored all
around the world. From wind, to solar radiation, many
solutions are currently available on the market and many more
are being developed in industry and academy. In this scenario,
a thermoresistive-based radiometer would provide information
regarding solar radiation to solar energy systems at a very low
cost. In this paper, the sensitivity of radiometers based on
thermoresistive sensors using the principle of electrical
equivalence are analyzed. It is verified that the change of the
temperature of the environment affects considerably its
sensitivity. Another architecture was proposed in which the
difference of temperature between the sensor and the
environment is made constant. Here, we propose the most
efficient difference of temperature in order to provide best
sensitivity-wise = measurements. Also, both architectures
employing PTC and NTC type sensors, with analog voltage and
pulse width modulated output signals, are analyzed and
compared regarding their sensitivity.

Index Terms—thermoresistive sensors, measurements, solar
energy, radiation.

I. INTRODUCTION

Solar radiation is composed by direct and diffused
radiation, where the former is measured by pyrheliometers
and the latter by radiometers. Electrical equivalence
radiometers usually employs two geometrically identical
sensors that are kept at the same temperature by an electrical
control system. Configurations based on thermoresistive
sensor using the electrical equivalence principle have been
used for the measurement of physical quantities such as
radiation [3]-[5], [9], [10], fluid velocity [1], [7], [8], [12]
and temperature.

On a classical configuration, electrical power is applied to
the sensors that are heated by the Joule effect. Variations on
the sensor heating due to the incident thermal radiation, fluid
velocity or the environmental temperature are compensated by
equivalent variations of the electrical heating due to negative
feedback control, keeping the sensor to an almost constant
temperature.

The most common constant temperature configuration uses
a Wheatstone bridge with the sensor in one of its arms, as
shown in Figure 1(a). In this configuration, the relationship
between the output signal and the input quantity is not linear.
Another configuration, shown in Figure 1(b), uses a pulse
width modulator on the feedback loop and has the advantage
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of having a linear relation between the output signal and the
input quantity for the cases of measurement of radiation and
temperature, besides allowing a direct conversion of the
input signal to voltage on the digital form [2], [9], [11], [13].

In this paper its proposed an analysis of the equivalence
radiometer configuration where the temperature difference
between the sensor and environment is kept constant and the
classical constant temperature architecture. The classical and
the proposed architectures are analyzed, considering PTC
and NTC sensors, and analog and pulse width modulated
output voltage. It is shown that the Constant Difference of
Temperature architecture presents better performance with
respect to the sensitivity when compared to the classical one.

II. THEORETICAL BACKGROUND

The Wheatstone bridge electric equivalence radiometer
employing a PTC sensor is shown in Figure 1(a) for the
analog output and Figure 1(b) for the pulsed output. On
Figure 1(b) it is also present the representation of the pulse
width modulated (PWM) output voltage, where E and P are
constant, representing the pulse amplitude and the period,
respectively, 7T is the pulse duration, and the duty cycle can
be calculated by D = t/P.

The effective RMS voltage applied to the Wheatstone
bridge for the PWM architecture is then E v/D. The PTC
sensor is heated by the electric power delivered by the
feedback effective voltage and increases resistance with
temperature. In steady state, the PTC temperature stabilizes
to a value above the ambient temperature, defined by the
values of the fixed resistors.
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Fig. 1. (a) Architecture using PTC and analog output. (b) Architecture using
PTC and pulsed output with pulse width representation.



An increase in the incident radiation tends to increase the
sensor temperature, but it is compensated by the Wheatstone
bridge feedback circuit, which decreases the effective output
voltage and the electric power delivered to the sensor. In a
similar way, a decrease of incident radiation is compensated
by an increase in the electric power delivered to the sensor.

In any case, the sensor resistance and its temperature are
kept at an almost constant value. For the configurations
employing a NTC sensor, which decreases its resistance with
the temperature, the sensor arm of the bridge is connected to
the operational amplifier positive input (instead of the
negative input, as for the PTC sensor).

The Constant Sensor Temperature (CT) Radiometer
Architecture is shown on Figure 1(a), using the first law of
thermodynamics applied to the sensor, in steady state, one
has:

Vi,
ocSH—l—R—:US(TS—Ta) (1)
A

Where H is the incident radiation on the sensors surface,
S is the area exposed to the radiation, « is the absorption
coefficient, U is the overall heat transfer coefficient, 7 is the
sensor temperature and 7, the environment temperature. For
a thermoresistive sensor of the PTC type, its resistance as
function of its temperature is given by:

Ry ~Ro(1+ BTy) 2

Where Ry is the resistance of the sensor at 0°C and f is its
temperature coefficient. For a thermoresistive sensor of the
NTC type, the relationship between its resistance and its
temperature is given approximately by:

R, ~ R..e8/Ts 3)

Where R.. is the resistance of the sensor as the temperature
tends to infinity and B is its temperature coefficient.

Considering the amplifier offset voltage negligible and
making k = (R; + R2)/Ry, the relationship between the
sensor RMS voltage and the bridge applied voltage for the
circuits of Figure 1(a) and 1(b) are given, respectively by:

Vo
s = —/ 4
Vi T “4)
and
EvD
VsZT\F )

Choosing resistors R; and R, to be equal, equations 4 and 5
can be written as:

V,
V, = 3” (6)
and
Vs=—— (7N
Thus, from parameters presented in Table I, simulations
based on this principle were performed comparing two main

architectures: Constant Temperature (CT) and Constant
Difference of Temperature (CDT).

A. Constant Sensor Temperature Radiometer Architecture

For the Constant Temperature (CT) architecture, the sensor
is heated to a certain temperature and radiation can be
measured upon the difference of temperatures between room
temperature and sensor temperature. This was proposed in
[6] and has been proven to be a good approach regarding
accuracy to anemometers.

In this case, same idea will be used to evaluate radiation
measurement.

From (1) the bridge voltage can be expressed for every
combination of the configurations of Figure 1 and sensor
type: for the analog voltage output (4) and PTC (2), yields
expression (8), and for the NTC (3), yields (9); for the
pulsed voltage output (5) and PTC (2), yields expression
(10), and for the NTC (3), yields (11):

Vo = ky/Ro(1+ BT)[US(T; — T,) — aSH] (8)

V, = k\/ Ro.eB/L[US(T, — T,) — aSH| 9)
k2

D= [Ro(1+BT)[US(T; ~To) —aSH]]  (10)

2

D= % {RweB/T‘[US(TS—Ta) — aSH] (11)

In order to evaluate the dependence of the configurations
output signal (V, or D) with the environment temperature,
simulations were made for 7;, varying from —20 to 40°C and
several values of the incident radiation, with sensor
parameters given in Table I, and with the k = 2. Figure 3(a)
presents voltage output response for the CT configuration for
NTC sensor and Figure 3(c) the same analysis for the PTC
Sensor.

TABLE I
PARAMETERS USED ON SIMULATIONS.

Simulation parameters
0.9
211.5WC° /m?
2.00- 107> m?
0.00385°C!
100 Q
2.46-107 m?
3468 K
200 Q

Both sensors

PTC sensor

NTC sensor

Fwa|Fwan| IR

Given the maximum output voltage visualized in Figures
3(a) and 3(c), one can choose a controlled voltage E =11.9V
for the PTC sensor and E = 6.4V for the NTC sensor.

Therefore, the PWM architecture was normalized for both
sensors. The output for the pulse-width configuration is
presented in Figure 3(b) for the NTC sensor and in Figure
3(d) for the PTC sensor.

It’s seen that the increase in room temperature decreases the
output voltage in both architectures. This calls to a limitation,
specially in use cases where there is a high solar incidence
and high temperatures (above 30 °C). Usually, devices facing



the sun for solar radiation measurement are likely to have their
temperature rising over 30°C. This is the main motivation for
architecture with Constant Difference of Temperature, which
will be detailed in the next section.

B. Constant Radiometer

Architecture

Difference  of Temperature

One alternative architecture to the circuits on Figure 1 is
presented on Figure 2.

(a)

(®)

Fig. 2. (a) Constant temperature difference architecture using PTC and analog
output. (b) Constant temperature difference architecture using PTC with pulse
width representation.

In this one, the control block C is used to generate a kV,
(or kVpwar) output in order to make constant the difference
between the temperatures of sensor and the environment. As
an input of the controller block C, theres the bridge output
voltage and also the environment temperature 7,. From the
expressions (8) to (11) expression can be found in cases where
the temperature difference between the sensor and the fluid is
constant, which are presented on the expressions from (12) to
(15) for the architectures with PTC and analog output, with
NTC and analog output, with PTC and pulsed output and with
NTC and pulsed output, respectively.

V, = %\/Ro(l-i-ﬁTs)[USAT—aSH] (12)
1
V,= Z\/RX,EB/Ts [USAT — oSH] (13)
1
D= 155 [Ro(1+ BT;)[USAT — aSH]] (14)
Do k%z {RweB/ T [USAT — aSH]} (15)

In order to evaluate the dependence of the input (V, or
T/P) with the environment temperature (7), the graphs from
Figure 4 were drawn. It was found from the expressions (12)
to (15), for a positive and real quantity output, where USAT -
aSH > 0. The same output analysis was made for the CDT
architecture. It was found that the PTC sensor requires a
minimum difference of temperature in the maximum
radiation case to provide an output. The same does not occur
for the NTC sensor, since it provides output for very little
differences between sensor and room temperatures.
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Fig. 3. Radiometer constant temperature outputs dynamics.
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Fig. 4. Radiometer constant difference of temperature outputs.

For the maximum radiation considered (1500 W /m?) and
with the parameters of the chosen sensor, its found that
AT > 6.38°C. Therefore, the minimum difference of
temperature used on the next simulations was
AT =T,—-T,=7°C.

Comparing the graphs from Figure 4 with the ones from
Figures 3(a) to 3(d), its possible to verify that the output
quantity on the architectures with the constant difference of
temperature are way less dependent of the room temperature,
overcoming the issue with the previous architecture. In the
CT architecture, the greater the room temperature, the
smaller output voltage for the NTC sensor. On the other
hand, for the NTC sensor in the CDT architecture, even for
high room temperatures, output voltage is greater than 8 V,
making this architecture more suitable for a real
implementation.

From the expressions (12) to (15) were found the
expressions from (18) to (21) for the relative sensitivities for
the architecture PTC and analog output, with NTC and
analog output, with PTC and pulsed output and with NTC
and pulsed output, respectively. It was chosen the value
E =119V, which is a little bit higher than the maximum

value of the output voltage for the PTC, and £ = 19.5V for
the NTC.

III. SENSITIVITY ANALYSIS
A. CT Architecture

In order to evaluate sensitivity, one has:

SVU/Vomax _ _aHmax
O0H [Hpax  2,/US(T, — T,) — aSH\/US(T; — T,,) — 0tSHyuin
(16)
Also,
OD/Dyax _ OHnax —cte.  (17)
6H/Hmax U(Tv - Tamin) + QHpin
Sensitivity can be obtained from:
SH/H  2kE \| US(T,—T,) — aSH
B(f,— 1)
oV,/E _ aSH Roe '5 T (19
SH/H  2kE \|US(T,—T,)— oSH
ot/P oSH
= ———=(Rp(1 T; 20
6H/H k2E2( 0( +ﬁ S)) (20)
ot/P oSH B(L L)
=———(Roe 5 T 21
5H/H k2E2( oe 0 ) 21

From equations above, sensitivity charts were obtained and
can be found in Figure 5(a) to 5(d).

For this architecture, it’s seen that, for both sensors, the
sensitivity decreases with the increase of radiation in the
analog output analysis and does not depend on room
temperature for the PWM output. Moreover, for the analog
output, sensitivity declines right after room temperature for
any radiation above 200 W /m?.

These are limitations of the CT architecture that are not
present in the CDT architecture.

B. CDT Architecture

In an analogous way, sensitivity expressions were obtained
for both sensors and both outputs (PWM and analog).

8V,/JE  oSH \/Ro[l +B(AT +T,)]
= (22)
SH/H 2kE USAT — aSH
8V,/E _ asH |Roexp [B (Wim - r%)} o3
SH/H  2kE USAT — aSH
8t/P SH
°/ 0% Ro[l + B(AT +T,)] (24)

SH/H  KE?
ot/P  aSH 1 1
SH/H ~ g P [B ((AT+Ta) N Toﬂ (25)

Figures from 6(a) to 6(d) presents the sensitivity analysis for
both sensor types and architectures.
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In this case, the difference of temperature (from room to
sensor) is kept constant and therefore, it’s independent from
room temperature itself. As long as the difference is kept
around 7°C, an accurate measurement can be achieved. Also,
it is seen that the sensibility of the PWM architecture is
linear for the PTC configuration whereas is non-linear for
the NTC.

IV. CONCLUSIONS

The circuit on Figure 1 was used to evaluate the sensitivity
of the radiometer with a sensor heated to a constant
temperature. It was noticed that the sensitivity of the circuit
with constant difference of temperature was higher compared
to the four simulated possibilities: PTC sensor and analog
output, PTC sensor and PWM output, NTC sensor and
analog output and NTC sensor and PWM output.

The CDT architecture presented an improvement when
compared to classical CT architecture due to its
independence to the room temperature.

Sensitivity analysis indicates that only architecture with
PTC sensor provides linear sensitivity for the PWM output.

For the sensor temperature control, the room temperature
and the output of the Wheatstone bridge are inputs and the
block automatically adjusts the k value. Adjusting, this way,
the value of the sensor resistance and its relationship with the
reference resistor R.
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