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1. Introduction  
 

In this work the application of feedback linearization to characterize thermoresistive sensors 
and in feedback measurement systems which uses this kind of sensors, is presented. 
 
Thermoresistive sensors, in the general sense, are resistive sensors which work based on the 
variation of an electrical quantity (resistance, voltage or current) as a function of a thermal 
quantity (temperature, thermal radiation or thermal conductance). An important application 
of thermoresistive sensors is in temperature measurement, used in different areas, such as 
meteorology, medicine and motoring, with different objectives, such as temperature 
monitoring, indication, control and compensation (Pallas-Areny & Webster, 2001), 
(Doebelin, 2004), (Deep et al., 1992). 
 
Temperature measurement is based upon the variation of electrical resistance. In this case 
heating by thermal radiation or self-heating by Joule effect may be null or very small so that 
the sensor temperature can be considered almost equal to the temperature one wants to 
measure (contact surface temperature, surround temperature, the temperature of a liquid, 
etc.).  
 
A successful method for measurement using thermoresistive sensor uses feedback control to 
keep the sensor temperature constant (Sarma, 1993), (Lomas, 1986). Then, the value of the 
measurand is obtained from the variation of the control signal. This method inherits the 
advantages of feedback control systems such as low sensitivity to changes in the system 
parameters (Palma et al., 2003). 
 
A phenomenological dynamic mathematical model for thermistors can be obtained through 
the application of energy balance principle. In such a model, the relationship between the 
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excitation signal (generally electrical voltage or current) and the sensor temperature is 
nonlinear (Deep et al., 1992), (Lima et al., 1994), (Freire et al.,1994).That results in two major 
difficulties: 
 

 The static and dynamic characterization of the sensor has to be done through two 
different experimental tests, 

 Performance degradation of the feedback control system as the sensor temperature 
drifts away from that considered in the controller design. 

 
As an alternative to circumvent such difficulties, the present work proposes the use of 
feedback linearization. This technique consists in using a first feedback loop to linearize the 
relationship between a new control input and the system output (Middleton & Goodwin, 
1990). Then, a linear controller can be designed which delivers the desired performance over 
all the operation range of the system. Here, feedback linearization is used in measurement 
systems based on thermoresistive sensors, allowing for: 
 

 Sensor characterization using a single experimental test, 
 Suitable controller performance along the whole range of sensor temperatures. 

 
The Section 2 presents the fundamentals of measurement using thermoresistive sensors. In 
Section 3, the experimental setup used in this work is described.  In Section 4 it is presented 
the proposed feedback linearization together with the related experimental results. Finally, 
in Section 5 the control design and the related experimental result are discussed, which 
attest the effectiveness of the proposed technique. 

 
2. Measurement Using Thermoresistive Sensors 
 

2.1 Mathematical model 
The relationship between temperature and electrical resistance of a thermoresistive sensor 
depends on the kind of sensor, which can be a resistance temperature detector – RTD or a 
thermistor (thermally sensitive resistor). Details of construction and description about the 
variation in electrical resistance can be found, for example, in (Asc, 1999), (Meijerand & 
Herwaarden, 1994). 
 
For a RTD the variation in electrical resistance can be given by: 

 

      )1( 0
2

02010
n

SnSSS TTTTTTRR      (1) 

 
where R0 is the resistance at the reference temperature T0 and α0 are temperature 
coefficients. 
For a NTC (Negative Coefficient Temperature) thermistor the variation in electrical 
resistance can be given by: 
 

 0/1/1
0

TTB
S

SeRR    (2) 
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where R0 is the resistance at the reference temperature T0 , in Kelvin, and B is called the 
characteristic temperature of the material, in Kelvin.  
 
For some thermoresistive sensor not enclosed in thick protective well, the equation of 
energies balance (the relationship of incident thermal radiation, electrical energy, the 
dissipated and stored heat) can be given by: 
 

dt
tdTCtTtTGtPSH s

thasths
)()]()([)( 

 
 (3) 

 
where: 
 is the sensor transmissivity-absorptivity coefficient, 
S is the sensor surface area, 
H is the incident radiation, 
Ps(t) is the electric power, 
Gth is the thermal conductance between sensor and ambient, 
Ta(t) is the ambient temperature, 
Cth is the sensor thermal capacity, 
 
At the static equilibrium condition (  sdT t / dt  0 ) the (Eq. 3) reduces to: 
 

)( aSthe TTGPSH   (4) 
 
In experimental implementations it is common to use voltage or electric current as the 
excitation signal, as it is not possible to use electric power directly. Using electric current: 
 

)())(()( 2 tItTRtP ssss   
(5) 

 
and considering the ambient temperature Ta, constant, (Eq. 3) can be rewritten as: 
 

dt
tdTCtTGtItTRSH ththsss
)()()())(( 2 

 
 

(6) 

where T(t)=Ts(t)-Ta. 
 
Temperature measurement is based upon the variation of electrical resistance (Eq. 1 or Eq.2). 
 
The measurement of thermal radiation (H) or fluid flow velocity (fluid flow velocity related 
to Gth variation) is based on (Eq. 4). With the sensor supplied by a constant electrical current, 
or kept at constant resistance (and temperature), the measurement is based on the variation 
in the sensor voltage. 
 
The thermoresistive sensor used in this research is a NTC (Negative Coefficient 
Temperature). 
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For S, Gth and Cth constant, (Eq. 3) is a first order linear differential equation with variable 
Ts(t) and excitations H, Ta(t) and PS(t). In experimental implementations it is common to use 
voltage or electric current as excitation signal of the sensor (it is not possible to use electric 
power directly), and the electrical power is done by SS IV  , 

2
sS IR   or SRV /2 . In this 

case, (Eq. 3) becomes a nonlinear differential equation (Eq. 6) and causes difficulties for the 
characterization of the sensor (determination of Gth and Cth) with electrical signal, and for 
the measurement of thermal radiation. 

 
2.2 Sensor Characterization 
Usually the characterization of a thermoresistive sensor is done by combination of three 
experimental tests. In the first experimental test the parameters of the equation associating 
electrical resistance and temperature are determined (Eq. 1 or Eq. 2). The other experimental 
tests are for the determination of Gth e Cth (Eq. 3). 
 
The parameters of (Eq.1) and (Eq.2) are given from de measurement of the electrical 
resistance at fixed temperatures, (0.01 ºC - triple point of water and 100 ºC – boiling water), 
or with the sensor in an equipment with adjustment and control of temperature. In this 
experimental test the heating by thermal radiation or self-heating by Joule effect may by null 
or very small. The result of the first experimental test is employed in the other two, for the 
determination of sensor temperature. 
 
For the second experimental test, the sensor is immersed in a fluid medium (air, water, etc), 
where one wants to determine Gth. The temperature of this medium is kept constant and the 
sensor is heated by Joule effect, supplied by a constant electrical current with values Ii (i = 1 
to n). In the condition of static thermal equilibrium (dTS/dt = 0) the equivalents voltages, Vi, 
of the sensor are measured. With the values of Ii e Vi, the values of RSi, TSi e PSi e (TSi – Ta) are 
determined. The value of Gth is then determined by curve fitting from the values of PSi and 
(TSi – Ta). With low accuracy the value of Gth can be determined from only two points. 
 
In the third experimental test the sensor electric resistance is measured during a given time 
interval. The values of the sensor temperature, during this time interval, are determined 
from the resistance values, and then the time constant is calculated = Cth/Gth. The 
variation of the sensor temperature is done by a step of electrical signal or of medium 
temperature. 
 
By application of a step in the electrical signal, the sensor is maintained in the medium of 
the previous test and heated by a constant electrical current, reaching a temperature higher 
then that of the medium. When the electrical current is reduced to zero at instant t0 (negative 
step), the temperature of the sensor (TS) falls exponentially from a temperature T0 to the 
temperature Ta of the medium, according to: 
 

    /
0

0tt
aaS eTTTT   

(7) 
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Through a step of medium temperature, the sensor is initially maintained in the 
environment  temperature and, at instant t0, it is suddenly immersed in the fluid of the 
second experimental test with temperature higher then that of the environment. 
 
The sensor  temperature changes exponentially from T0 (environmental temperature) to Ta 
(temperature of the fluid), with: 
 

/)(
0

0)( tt
aa eTTTT   

(8) 
 
The equations (Eq. 7) and (Eq. 8) are particular solutions of (Eq. 3) with H = 0, and the time 
constant, , may be determined by curve fitting or from the falling (rising) time. As shown in 
the sequel, with feedback linearization Gth and Cth can be determined from a single 
experimental test.  

 
2.3 Methods of Measurement 
Considering the measuring operations, the measurement methods can be classified as: 
substitution or deflection methods; difference methods and null methods (Klaassen, 1996), 
(Tse & Morse, 1989).  
 
The substitution method uses a single transformation from the value of the measurand to 
the value of the measuring variable, as, e.g. the temperature measurement with clinic 
thermometer where temperature of a patient is transformed into the expansion of the liquid 
in the thermometer. 
 
In the difference method the measuring variable is related to the difference between an 
unknown quantity and a know reference quantity as, e.g. in the measurement of 
temperature with RTD in a Wheatstone bridge. 
 
In the null method, the unknown value of the measurand is compared with a know 
reference quantity. A well know example is the balance, where an unknown mass is put on 
one extremity and a known mass is put on the other extremity until the equilibrium of the 
balance is reached (null). Another example is resistance measurement using Wheatstone 
bridge. In these two examples, feedback is provided by the operator. 
 
The method employed in feedback measurement system can be considered as a null 
method, where a quantity of the system is automatically set to a reference value 
(equilibrium value) by the variation of the measure variable. This method preserves some 
known proprieties of a feedback system, like the reduction of the time constant (or response 
time) and of the nonlinear behavior, as well as enlargement of frequency pass band. 
 
In measurement with thermoresistive sensor excited by a constant current, a variation in the 
value of the measurand (thermal radiation or fluid flow velocity) causes a variation in the 
sensor voltage. This method is know as constant current method and may be classified as a 
substitution method. 
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Another possible method is the so-called constant temperature method. In this case, the 
electrical resistance of the sensor is kept constant by feedback. A variation of the value of the 
measurand is compensated by a variation of the sensor voltage or electrical current (and 
indirectly the electrical power) to keep the electrical resistance in a constant reference value. 

 
3. Experimental Setup 
 

The experimental setup developed for tests, characterization and control of the sensor 
temperature is shown in Fig. 1. The block ambient with sensor refers to a closed housing 
where the sensor is kept. Hence, the incident radiation on the sensor surface is null (H=0). 
The internal temperature is monitored by a thermometer in this housing.  

 

Fig. 1. Block diagram of experimental setup. 

The signal conditioning circuit (Fig. 2) is intended to: provide the electrical decoupling 
between the data acquisition system and the sensor, adjust the DAC sensor excitation signal 
and adjust the sensor output signal to the ADC input requirements. 
 
In this paper, the thermoresistive sensor circuit is highlighted to simplify the theoretical 
analysis (Fig. 3). The data acquisition circuit board is the PCI6024E, produced by National 
Instruments, and the man-machine interface is developed on LABVIEW. A virtual 
instrument was designed with this software, where a set of control functions allows quickly 
change the main program, insuring high flexibility on computer programming. 
 
The manufacturer furnishes a table relating electrical resistance and temperature for the 
NTC used. This way, the values of the parameters (A=R0 exp(-B/T0)) and B could be 
calculated from (Eq. 2): A=1354.06e-5; B=3342.21K. These parameters characterize the static 
behaviour of the sensor. The feedback linearization developed in the present work makes 
possible to determine the dynamic parameter (time constant,) and another static parameter 
(DC gain, Gth) in a single test. 
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Fig. 2. Developed electronic circuit schematics 

 

Fig. 3. Electronic sub-circuit. 

 
4. Feedback Linearization 
 

4.1 Theoretical Development 
The proposed feedback linearization scheme is shown in Fig. 4. From this figure one can 
deduce: 
 

in

in
s R

tVtI )()( 
 

 (9) 
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)(
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)()(
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tatV
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in 

 
 (10) 
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From (Eq. 9) and (Eq. 10), 
 

in
sss R

tatItVtP )()()()( 
 

 (11) 

 
In this case, a(t) is a virtual variable that is equivalent to the electric power dissipated by the 
sensor multiplied by the value of Rin. It is necessary to define a new input variable (Px(t)) to 
distinguish this virtual product from the real electric power: 
 

in
x R

tatP )()( 
 

 (12) 

 

 
Fig. 4. Electronic sub-circuit with feedback linearization. 
 
Considering null the incident radiation (H=0), assuming constant the ambient temperature, 
and adopting the new input variable defined in (Eq.12), (Eq.1) can be rewritten as: 
 

dt
tdTCtTGtP ththx
)()()( 

 
 

 (13) 

 
From this equation one can note that the feedback system is linear with respect to the new 
input variable Px(t). The transfer function in the linearized system (applying the Laplace 
Transform) in (Eq. 13) is a first order function: 
 

1

1
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)(
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 (14) 
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4.2. Experimental results 
The sensor response (Eq. 14) to a constant power Pcte is given by: 
 

)1()( /t

th

cte e
G
PtT 

 
 

 (15) 

 

where  =Cth/Gth. 
 
An increasing stair signal with 100s per step (to guarantee that the sensor would be 
operating in steady state) was applied to both systems: without feedback linearization (non-
linearized system), and with feedback linearization (linearized system). The responses are 
shown in Fig. 5 and Fig. 6. 
 

 
Fig. 5. Output temperature with input in increasing steps (non-linearized system). 
 

 
Fig. 6. Output temperature with input in increasing steps (linearized system). 
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The relation T/Pcte changes when the systems works at different operation points in the 
non-linearized systems. This time constant is called apparent (a), and it does not correspond 
to the intrinsic time constant of the sensor (). The DC gain (Gth) is given by: 

 




T
PG x

th

 

 (16) 

 

where xP and T  are the electrical power and the temperature difference in steady state, 
respectively. 
 
The results for the static parameter (Gth) and dynamic parameter () for both systems are 
presented in Table 1. In conclusion, for linearized systems it is possible to determine the 
static and dynamic behaviours with a single set of experimental data. 
 

Step 
Non-linearized Linearized 

Gth (mW/ºC) a (s) Gth (mW/ºC)  (s) 
1 0.80 14.3 1.56 12.0 
2 0.80 12.4 1.40 11.3 
3 0.82 11.1 1.30 11.3 
4 0.80 10.6 1.29 11.3 
5 0.81 10.1 1.26 11.6 
6 0.82 9.5 1.24 11.4 
7 0.83 9.2 1.22 11.5 
8 0.81 9.1 1.21 11.4 
9 0.81 8.1 1.19 11.7 

10 0.82 8.5 - - 
11 0.82 7.8 - - 

Table 1. DC gain and time constant in non-linearized and linearized systems. 

 
5. Control Design 
 

5.1 Internal Model Control 
The control objective is to make the temperature reach and stay in the setpoint as quick as 
possible. In this sense, the effects of external disturbances and variations at system 
parameters should be efficiently attenuated. The IMC (Internal Model Control) control design 
has the advantage of considering the internal model of the process. By assuming that the 
system operates in a closed-loop form, this control strategy makes it possible to mitigate the 
influence of variations and disturbances cited above. 
 
The adopted IMC structure is shown in Fig. 7. 
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Fig. 7. IMC control structure arranged like a conventional feedback structure. 

 
It turns out that for a simple first order linear system, the IMC controller results in a PI 
controller whose zero cancels the open-loop pole, i.e. 

 

s
KKsK

s
KKsC PI

P
I

P
)/()( 


 

(17) 

 
so that, by choosing KP=Cth/f and KI=Gth/f (where f is the time constant of the IMC low pass 
filter), one has: 

 

sGsCs
GsCsGsC

fththf

thth


11)()( 





 

(18) 

 
and the following closed loop transfer function: 
 

1
1

)(
)(




ssR
sY

f  
(19) 

 
5.2. Experimental results 
To compare the performance of linearized and non-linearized systems, two PI controllers 
have been implemented: one for each system. For the non-linearized system, a linear 
approximation around a specific operation point (70ºC) has been made. The results for the 
following test conditions are presented: 
 

(i) Setpoint increasing by five steps of 10ºC, varying from 50ºC up to 90ºC, step 
duration of 60s, closed loop time constant=5s (Fig. 8); 

(ii) Single setpoint by single step (70ºC), duration of 60s, closed loop time constant=5s 
(Fig. 9). 
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Fig. 8. Setpoint in increasing steps (continuous line), output of linearized system (dashed 
line) and output of non-linearized system (dotted line) with closed loop time constant=5s 
 
It can be seen that both controllers could drive the temperature to the setpoint. However, in 
the non-linearized system overshoot occurs for all temperature steps, as well as for the 
designed operation point. Similar behaviour is observed in (Palma et al., 2003). 
 

 
Fig. 9. Setpoint (continuous line), output of linearized system (dashed line) and output of 
non-linearized system (dotted line) with closed loop time constant=5s 
 
Considering the linearized system, by adjusting the system response curves using the least 
squares method, for each temperature step (Fig. 8), it was possible to calculate the time 
constants for each step. These values are shown on Table 2. 
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Setpoint 
(ºC) 

Time 
constant (s) 

Variation of time 
constant projected 

(%) 
50 4.48 -10.4 
60 5.41 +8.2 
70 5.78 +15.6 
80 5.92 +18.4 
90 6.00 +20.0 

Table 2. Calculated time constant for linearized system with setpoint in increasing steps and 
designed closed loop time constant for 5s. 

 
Other different tests of the controller using several closed-loop time constants have been 
done. The system behaves similarly as for the 5s time constant. The results for the closed 
time loop constant designed for 0.5s are shown in Fig. 10, Fig. 11 and Table 3. The tests 
conditions are: 
 

 (i) Setpoint increasing by five steps of 10ºC, varying from 50ºC up to 90ºC, step 
duration of 10s (Fig. 10); 

(ii) Single setpoint by single step (50ºC), duration of 10s, (Fig. 11). 
 

 
Fig. 10. Setpoint in increasing steps (continuous line), output of linearized system (dashed 
line) and output of non-linearized system (dotted line) with closed loop time constant=0.5s 
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Fig. 11. Setpoint (continuous line), output of linearized system (dashed line) and output of 
non-linearized system (dotted line) with closed loop time constant equal to 0.5s 
 

Setpoint 
(ºC) 

Time 
constant (s) 

Variation of time 
constant projected 

(%) 
50 0.44 -12 
60 0.45 -10 
70 0.47 -6 
80 0.48 -4 
90 0.55 +10 

Table 3. Calculated time constant for linearized system with setpoint in increasing steps and 
designed closed loop time constant for 0.5 s. 

 
Variations between the designed and the calculated time constants have been observed. 
Some of the reasons for this difference could be: 
 

(i) The expected pole-zero cancellation from the project of IMC controller is not 
precise; 

(ii)  The determination of the time constant depends on a curve fitting. 

 
6. Conclusions 
 

In this work, the direct use of electrical power as excitation parameter is proposed. This is 
due to the feedback linearization applied to the system, which also contributes for the 
characterization of sensor parameters in a single set of experimental test. 
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The PI controller designed by IMC technique was able to meet the imposed performance 
requirements. The results for the linearized system showed to be better when compared to 
the nonlinearized system, as the model used in the design is valid for all the operation 
range. 
As perspective for future works it could be mentioned: 
 

(i) The use of feedback linearization to characterize other kinds of thermoresistive 
sensors; 

(ii) The application of another control strategy in combination with feedback 
linearization; 

(iii) The use of the measurement system developed to measure physical variables. 
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