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1. Introduction

Maximum thermal fire detectors (MTFD) are used as 
a primary source of information about fires at objects in 
different types of fire automatics systems. Based on the 
information from such devices, a warning signal is enabled 
in the systems of fire automatics about a fire at the object, 
as well as a controlling signal for the automatic fire extin-
guishing systems. In connection with a particular urgency 
of the task on early detection of fires, high demands are put 
forward in terms of high-speed performance of MTFD. This 
is especially true when initial dynamics of temperature rise 
in the environment is disguised as occasional perturbation.

Such perturbations are typically understood as rapid 
changes in temperature and significant fluctuations in the 
ambient temperature, which are characteristic for the ware-
house and industrial premises, garages, commercial kitchens, 
etc. In this case, peculiarities in the environment and tech-
nological process do not make it possible to use other types 
of fire detectors. Traditional methods for improving high-
speed performance of MTFD under dynamic temperature 
conditions are related to an increase in the level of random 
component of the output voltage. This is the main source for 
the cases when fires are missed or mistakenly detected [2].

The relevance of present work is in decreasing the time 
of fire detection at the objects with complex temperature 
conditions, reducing, at the same time, the probability of 
MTFD false triggering.

2. Literature review and problem statement

The existing thermal fire detectors are known, under real 
conditions, to demonstrate insufficient performance speed in 
determining temperature of the environment for a guaran-
teed detection of fires. Article [3] proved that according to 
the criterion of acceptable risk, the guaranteed detection of 
fires by individual fire detectors is possible only under very 
favorable conditions. These conditions correspond to low 
occasional perturbations in comparison with the dynamics 
in temperature of the environment. In this regard, there is an 
intensive research into finding constructive ways to improve 
performance speed of MTFD under real dynamic conditions 
with regard to occasional temperature perturbation. Pa- 
per [4] examined the possibilities of employing the me- 
thods of D-S theory. Using the methodology of sensory net-
works is tackled in article [5]. Methods of optimization of 
group of sensors for detecting the fires are considered in [6]. 
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The synthesis of an optimal measuring device for the factors 
of fires with slow dynamics is the subject of article [7]. An 
analysis of these papers allows us to conclude that this direc-
tion of research is based on the use of a group (boundary set) 
of the same or different types of detectors and multichannel 
processing of their output data with the application of mod-
ern technologies [8]. Multicriterial technologies for detect-
ing fires make it possible to process the output signals of fire 
detectors that measure several factors of the fire or different 
parameters in one of the factors (for example, an absolute 
value, the rate of increase or fluctuation). Most of the studies 
in this area are focused on processing the data from various 
types of detectors, placed in the same area of protection [9]. 
In this case, detectors operate with a controlled threshold 
of fire detection that is fixed in the interval of determining 
this factor. An issue of improving performance speed and 
accuracy of thermal fire detector is not considered at all in 
the above-mentioned papers, except for [7].

Another part of the studies concentrates on the develop-
ment of new algorithms for fire alarm systems using fuzzy 
logic [10] and neural networks [11] for the more reliable 
recognition of events related to false detection of fires at a 
facility. Article [12] addresses the development of multicri-
terion detection of fire when using a similar type of sensors 
in a group, but positioned in different areas of the object of 
protection. It is shown that the grouping of sensors when 
receiving information with regard to the topology of their 
positions and implemented technology provides for overall 
high quality in the detection of fire at the facility. There are 
also technologies for placing [13] the fire detectors taking 
into account the peculiarities of topology of various types of 
protection [14].

The aforementioned studies are based on the introduc-
tion of structural redundancy and do not solve the problem 
of simultaneous improvement in performance speed and ac-
curacy of particular thermal fire detectors. At present, this 
problem is solved mainly by the principle of group use of fire 
detectors at their low speed and accuracy.

Article [7] demonstrates that existing thermal sensors of 
fire detectors are non-optimal with low performance speed 
and accuracy. In this case, the shortcomings mentioned are 
the main cause for the increase in the time of detection and 
the number of false triggering about the fire on real objects.

A known method [15] for improving the performance 
speed of MTFD is based on the fact that the output signal 
of the MTFD thermal sensor in the interval of determining 
the temperature is subjected to dynamic correction with a 
transfer function of inertial-forced link. In this case, static 
transmission coefficient K2 of the correction link is chosen 
to be equal to unity. Time constant T1 of the forcing part 
of the link is selected to be equal to time constant Td of a 
thermal sensor. And time constant T2 of the inertial part is 
fixed in the interval of measurement and lower than time 
constant Td. A drawback of this method [15] is the growth in 
fluctuations of the output signal of MTFD under conditions 
of temperature variability in the environment that occurs 
during actual fire on objects. This, in turn, reduces the accu-
racy of temperature measurement and increases the number 
of false triggering.

Thus, there is a need to develop a new method to improve 
the performance speed of MTFD, which would not include 
the shortcomings specified in the review. It will also make it 
possible under conditions of temperature fluctuations in the 

environment to provide for an improved performance speed 
of MTFD and simultaneous reduction in the fluctuations of 
output signal in the interval of determining the temperature.

3. The aim and tasks of the study

The aim of present work is to develop a method with 
improved performance characteristics of MTFD with a 
simultaneous reduction in the fluctuations of output signal 
under conditions of occasional thermal fluctuations in the 
environment in the interval of determining the temperature.

To achieve the set aim of scientific study, the following 
tasks are to be solved:

– theoretical analysis of the known method for improv-
ing the performance speed of MTFD under conditions of 
temperature fluctuations in the environment during fire in 
the interval of determining the temperature;

– theoretical substantiation of the new method for im-
proving the performance speed of MTFD under conditions 
of temperature fluctuations;

– comparative analysis of the known and the proposed 
methods for increasing the performance speed of MTFD 
under conditions of temperature fluctuations.

4. Theoretical analysis of the known method for 
improving the performance speed of MTFD at 

temperature fluctuations

Assume that at the input of thermal sensor of MTFD 
at arbitrary time t∈[t0, tk], ambient temperature is deter-
mined as

cp uT  (t) T  (t) n(t),= +

where Tu(t) is the temperature of environment during the 
measured fire, n(t) are the random temperature fluctuations, 
which are characterized by a mean value M{n(t)}=0 and a 
correlation function

0R( ) 0,5N  ( ),τ = d τ

2 1t t ,τ = −  2 1t t ,>

where N0 is the spectral density of temperature distortion, t1 
and t2 are the arbitrary moments of time in interval [t0, tk]. 

We shall assume that a transfer function of the thermal 
sensor of MTFD is determined

d
1

d

k
W (p) ,

T p 1
=

+

where kd is the static transmission coefficient of the thermal 
sensor used. In this case, a transfer function of the iner-
tial-forced link, according to a well-known method [22], is 
determined by

2 1
2

2

(K  (T p 1)
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T p 1
+

=
+

In this case, the resulting transfer function of the MTFD 
thermal sensor with inertial-forced link will take the form:
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In the temporal region, expression (1) will be matched by 
equivalent differential equation for signal y(t) at the output 
of inertial-forced link of the form:

d cpy(t) ay(t) ak T (t)+ =  at 0 0y(t ) y=  and 
2

1
а ,

T
=  (2)

where y0 is the value of output signal in time t0. 
Consider a typical example when

( )cp uT (t) T n t ,= +

where Tu determines constant measured temperature of the 
environment during fire (a priori unknown). In this case, at 
the output of inertial-forced link, according to (2), for the 
known technique at free time t of the interval of determining 
the temperature mathematical expectation of the signal

0 0

2 2

tt tt
 

T T1 1
y y 0 um (t) m (t ) e T 1 e ,

 
= + − 

 
 (3)

where 1
y 0m (t )  is the mathematical expectation of signal at 

the output of inertial-forced link at time t0. The performance 
speed, which is provided by the known technique, according 
to (3), is determined by magnitude 1

2T .−  Dispersion of fluc-
tuations 1

yD (t)
 
of the output signal, in this case, according 

to (2), will be determined

0 0

2 2

2(tt ) 2(tt )

T T1 1 0
y y 0

2

N
D (t) D (t ) e 1 e ,

4T

− − 
= + − 

 
 (4)

where 1
y 0D (t )  is the variance of signal fluctuations at the 

output of inertial-forced link at time t0. Following (3) and 
(4), for interval [t0, tk] of determining the temperature, 
which significantly exceeds the magnitude of time constant 
T2, at the end of interval, we obtain, accordingly:

1
y k um (t ) T ,≈  (5)

1 0
y k

2

N
D (t ) .

4T
≈  (6)

Thus, following (5) and (6), the known method for im-
proving the performance speed of MTFD under conditions 
of random temperature fluctuations is associated with an in-
tegral increase in the dispersion of signal fluctuations (6) at 
the output of inertial-forced link. In this case, performance 
speed improvement, which is associated with a decrease in 
time constant T2, leads to an increase in the dispersion of 
fluctuations of the output signal of correction link. And this, 
in turn, leads to an increase in the number of false triggering 
of detector.

5. Theoretical substantiation of the method for improving 
the performance speed of MTFD at temperature 

fluctuations

Theoretical substantiation of the new method is based 
on the development of scientific base underlying its creation. 

Such a scientific base should provide for the development 
of such a method that is capable under conditions of tem-
perature fluctuations in the environment during fire in the 
interval of determining the temperature to realize a more 
considerable increase in the performance speed of MTFD 
than the known method, as well as simultaneous reduction 
in the fluctuations of output signal of the sensor. In order 
to resolve the set problem in the interval of determining 
the temperature in MTFD, we proposed that output signal 
of the thermal sensor undergo dynamic correction with a 
non-stationary transfer function of the inertial-forced link, 
whose static coefficient K2 is selected to be equal to unity. 
In this case, time constant T1 of that part of the link that 
forces is chosen equal to time constant Td of the thermal 
sensor, and a time constant of the inertial part of the link in 
interval [t0, tk] of determining the temperature is changed 
by time t by arbitrary rule T2(t) from the magnitude Tmin at 
the beginning of interval to the magnitude Tmax at its end. 
At the same time, magnitude Tmin is selected lower than time 
constant T2, and magnitude Tmax is chosen larger than time 
constant T2. In this case, time constant T2(t) of the inertial 
part of the link is changed by time in the interval of deter-
mining the temperature by rule

min 0 aa
2

max a k

T , t t t ,
T (t)

T , t t t .

≤ ≤
=  ≤ ≤

 (7)

According to rule (7), arbitrary time ta is selected within 
time interval [t0, tk]. 

Let us consider a theoretical substantiation of the meth-
od proposed. Improving the performance speed of MTFD, 
according to the proposed method, is based on the fact that 
the magnitude of time constant T2 is not registered in the 
measurement interval [t0, tk] but changed by the rule T2(t), 
according to (7). In the temporal region regarding a transfer 
function (4), whose time constant is changed by time, ac-
cording to rule

a
2 2T (t) T (t),=

the equivalent non-stationary differential equation for the 
output signal y(t) in the following form is true:

d cpy(t) a(t)y(t) a(t)k T (t)+ =  

at 

0 0y(t ) y ,=  
2

1
а(t) .

T (t)
=  (8)

Mathematical expectation and dispersion of fluctuations 
in the output signal y(t) (8) of the inertial-forced link, in 
arbitrary time ta in interval [t0, tk], shall be determined in 
accordance with:

a 0 a 0

min min

t t t t

T T1
y a y 0 um (t  ) m (t ) e T 1 e  ,

− −
− − 

= + − 
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2(t t ) 2(t t )

T T1 0
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N
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4T

− −
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= + − 
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 (10)

According to (9), performance speed, which is provid-
ed by the proposed approach, is determined by magnitude 
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1
minT ,−

 which is larger than performance speed 1
2T ,−  since, 

according to rule (7), Tmin is selected lower than T2. With 
regard to (9), (10) and rule (7), in final moment tk of time 
in interval [t0, tk], mathematical expectation and dispersion 
of fluctuations in the output signal y(t) of the inertial-forced 
link, according to the proposed method will be determined

k a k a

max max

t t t t

T T
y k y a um (t ) m (t ) e T 1 e ,

− −
− − 

= + − 
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 (11)

k a k a

max max

2(t t ) 2(t t )

T T0
y k y a
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N
D (t ) D (t ) e 1 e .

4T

− −
− − 

= + − 
 

 (12)

For interval [ta, tk], which exceeds the magnitude of time 
constant Tmax, mathematical expectation and dispersion of 
fluctuations in the output signal y(t) of the inertial-forced 
link, at time tk according to rule (7), that is proposed, will 
be determined according to (11) and (12),

y k um (t ) T≈  (13)

and

0
y k

max

N
D (t ) .

4T
≈  (14)

Comparison (5) to (13) revealed that the mathematical 
expectation of output signal y(t) according to the known 
and the proposed methods at the end of the interval of deter-
mining the temperature at random temperature fluctuations 
coincide. And these values are equal to the magnitude of 
temperature of the environment Tu. 

In this case, performance speed, which is ensured in 
accordance with the proposed method, becomes larger than 
that of the known one. According to method [15], increasing 
the speed of detector performance is carried out by reducing 
the magnitude of time constant T2, which is fixed in the 
interval [t0, tk]. This leads to a corresponding growth in the 
dispersion of fluctuations (6) of output signal y(t).

According to the proposed method, improving the per-
formance speed of MTFD is achieved at time constant T2(t), 
variable over time, according to rule (7), in the interval  
[t0, tk] of measurement. This makes it possible, at the be-
ginning of measurement interval, due to a lower magnitude 
Tmin, to improve performance speed of MTFD more effi-
ciently than in the known method. And, in this case, at the 
end of the interval, on the contrary, to decrease the fluctu-
ations (14) of output signal y(t) due to a larger magnitude 
Tmax. This, in particular, makes it possible, under conditions 
of significant temperature distortion and action of con-
siderable temperature fluctuations in the environment, to 
enhance performance speed and at the same time to reduce 
fluctuations in the output signal of inertial-forced link. The 
known approach does not allow achieving it at all.

6. Discussion of results of comparative analysis of the 
existing and the proposed methods for improving the 

performance of MTFD

Severe temperature conditions of the environment were 
characterized by the random nature of the temperature of 

the environment, predetermined by the area of burning, as 
well as temperature fluctuations in the environment that 
disguise this temperature. At the first stage, we investigated 
the influence of change in the magnitude of time constant T2 
on the dynamics of dispersion of fluctuations in the output 
signal according to the known method of improving the per-
formance of MTFD under different conditions. Fig. 1 shows 
dependence 1

yD (t)  on the magnitude of time constant T2 
under conditions of insignificant dispersion (0.2 °C2) in the 
temperature of the environment, predetermined by the area 
of burning (Tu=50 °C). In this case, spectral density of tem-
perature background N0=100 (°C2/Hz). The magnitude of 
ratio of mean energy of the temperature of the environment, 
predetermined by the area of burning, to spectral density of 
the temperature background (SNR) amounted to 5.

Fig. 1. Dynamics of fluctuation dispersion of the output 
signal of MTFD according to the known method depending on 

T2 under conditions characterized by SNR=5

Similar dependences for different SNR values are shown 
in Fig. 2, a, b.

a                                                b 

Fig. 2. Dynamics of fluctuation dispersion of the output 
signal of MTFD according to the known method depending on 
T2 under conditions that are characterized by different values 

of SNR: a – 1.6; b – 15.8

The results obtained confirm the conclusion that im-
provement in the performance speed of MTFD by the known 
method under complex temperature conditions leads to the 
increase both in dispersion of the output signal and in the 
number of false triggering of detectors. In addition, data in 
Fig. 2, b illustrate a well-known, and characteristic for all 
linear inertial systems, property of invariance in the param-
eters of the process at their output under a stable mode on 
the initial conditions.

A subsequent comparative analysis of the known and 
the proposed method was run for severe conditions that are 
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characterized by a considerable dispersion in temperature 
(about 25 °C2) and SNR=15.8. For the considered method, 
Tmin=5 s, Tmax=40 s, and time ta=15.2 s. T2, according to 
EN54, was selected equal to 20 s. Conditional time tp for the 
approval of a decision was 80 s. Fig. 3 shows quality indica-
tors of the proposed and the known method under conditions 
specified above.

a                                                b 

Fig. 3. Dynamics of quality indicators (mathematical 
expectation and dispersion) of the output signal under 

complicated conditions of detecting a fire area SNR=15.8: 
a – proposed method; b – known method

Dependences shown in Fig. 3 indicate effectiveness of  
the proposed method for improving the performance speed 
of MTFD under difficult conditions, which are character-
ized by a significant dispersion of the measured tempera-
ture. Until the point of time 15 s, mean value of the output 
signal matches the magnitude of the measured temperature. 
Dispersion of the output signal in this case is 0.6 units. For 
the known method, until the point of time 15 s, this value is  
76 % of the true magnitude of the measured temperature 
with dispersion at 6 units.

Fig. 4 shows similar dependences for even more severe 
conditions, under which, in addition to the significant tem-
perature dispersion (25 °C2), there are considerable tempera-
ture background fluctuations (SNR=5).

a                                                b 

Fig. 4. Dynamics of quality indicators (mathematical 
expectation and dispersion) of the output signal under 

complicated conditions for detecting a fire area SNR=5:  
a – proposed method; b – known method

We can conclude with regard to the aforementioned that 
up to 15 s, for the new method, mean value of the output 
signal matches the magnitude of the measured temperature. 
Dispersion of the output signal in this case is about 5 units. 
Similar data for the known method are 74 % and 7 units, 
respectively. 

It should be noted that by increasing Tmin to 8 s, it is pos-
sible to somewhat improve characteristics of MTFD under 
such conditions (Fig. 5).

Fig. 5. Dynamics of quality indicators (mathematical 
expectation and dispersion) of the output signal according 
to the proposed method under complicated conditions for 

detecting a fire area SNR=5 and Tmin=8 s

Data in Fig. 5 indicate that up to 15 s, the proposed 
method makes it possible to improve accuracy of determin-
ing the temperature from 74 % (Fig. 4, b) to 95 % and reduce 
the dispersion – from 7 to 3.5 units, respectively. Until the 
time a decision on the fire is made, both methods provide for 
a sufficient matching between the mean value of assessment 
with the magnitude of measured temperature; in this case, 
the proposed method allowed us to reduce dispersion by 
almost 2 times.

7. Conclusions

1. Theoretical analysis of the known method under 
the action of temperature fluctuations in the environment 
during fire in the interval of determining the temperature 
revealed that improving the performance speed of MTFD 
is possible only by reducing its time constant. It was found 
that the reduction of time constant in a detector leads to the 
rise in fluctuations of the output signal of MTFD. The latter 
causes reduced accuracy in determining the temperature, 
and increases the number of false triggering.

2. Theoretical substantiation of the new method for im-
proving the performance speed of MTFD under the action 
of temperature distortion in the environment during fire is 
based on the realization of a non-stationary dynamic correc-
tion of the output signal from a thermal sensor in MTFD. 
A non-stationary dynamic correction of the output signal is 
carried out by using an inertial-forced link with a transfer 
function. Time constant of the inertial part of this link is 
changed by time in the interval of temperature measure-
ment. We proposed a rule for changing the time constant of 
inertial part of the inertial-forced link to correct the output 
signal from a sensor in MTFD. This rule allows us to propose 
a method for improving the performance speed of MTFD 
with a simultaneous reduction in fluctuations of the output 
signal in the correction link.

3. We ran comparative analysis of the known and the 
new methods to enhance the performance speed of MTFD 
under the action of considerable temperature perturbation 
in the environment during fire. The analysis conducted 
demonstrated that according to the known method, im-
provement in the performance of MTFD is possible only by 
increasing fluctuations in the output signal as well as the 
number of false triggering. In this case, according to the 
proposed method and the rule of change in time constant 
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of a correction link, as evidenced by the obtained data of 
modeling, there happens an improvement in performance 
of a fire detector without increasing the fluctuations of 
output signal. It was established that an increase in the 
performance speed of detector relative to mathematical ex-
pectation and dispersion in fluctuations of the output sig-
nal occurs at different moments of time. This time is much 
less than the time for actuating the existing MTFD (20 s). 
For example, according to data in Fig. 4, performance im-
provement relative to the mathematical expectation of the 
output signal is larger than by 5 times. In this case, relative 

to the dispersion in fluctuations of the output signal – by 
1.5 times.

Thus, the new method for improving the performance 
of MTFD under the action of significant temperature per-
turbation has benefits over the known one. The method 
proposed is recommended for the implementation to im-
provement the performance speed of existing MTFD when 
employing them under severe conditions. Such conditions 
are characteristic primarily of the industrial enterprises and 
facilities in metallurgy, oil and gas sector, for the purpose of 
their effective fire protection.
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