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Abstract—Long-term grain storage solutions use spacious facil-
ities holding thousands of tons of different commodities. Molds
can contaminate the stored grain developing local zones of high
temperature, i.e. hot-spots. Continuous temperature monitoring
is therefore important to prevent substantial damage to the
stored commodities. However, it is hard to do so due to the
immense scale and uneven surface of the area of storage. We
propose a method that uses surface temperature monitoring by
an infrared camera from an autonomous flying drone, cable car,
or autonomous grain vehicle. A temperature map with identified
anomalous areas will enable timely measures to avert damage to
the stored agricultural products. This paper consists in creating
a heat-transfer model of the stored grain. For this purpose we
constructed and performed a small-scale experiment in the first
stage of the presented project. From the collected data, a heat
transfer model was identified.

Index Terms—Identification, Sensors, Arduino, Temperature
monitoring

I. INTRODUCTION

In today’s world, where the human population approaches 8
billion, agriculture plays a critical role in our lives. Modern
agriculture enabled people to grow surplus food and thus
devote themselves to tasks unrelated to farming. As a result,
spacious facilities were allocated for long-term grain storage.
They serve as supplies during crop failure or for sale [1]. The
agricultural sector provides not only essential daily food for us
humans, but also feed for domestic animals and all livestock.

The spoilage risk of stored grain is always present — mainly
when the surrounding conditions are extreme. We need to
monitor the stored grain constantly. The grain itself is consid-
ered a living matter. Respiration combined with its poor heat-
conducting ability and possible infestations will most likely
lead to the formation of hot-spots — two zones with different
temperatures [2].

The hot-spots and their early detection are the main focus
of our research. The hot-spots form when the high moisture
content is present and the temperatures rises — this often

Fig. 1. Illustration of the three main factors affecting the growth rate of
fungi and the production of mycotoxins in stored grain and interactions among
them [5].

results in mold growth, which further accelerates the whole
process of grain spoilage and mycotoxin development. There
are multiple other factors making the formation of hot-spots
significantly faster by participating in this chain reaction.
These links and their impact on grain spoilage are shown in
Fig. 1. It depends on the type of stored grain and its con-
stituents (fat, protein, etc.), ambient conditions (temperature,
amount of light, humidity, etc.), as well as positive/negative
microbial interactions. Furthermore, it is a fact that fungi
and pests produce higher amounts of heat compared to the
respiration of grain by itself [2], [3].

Potential degradation must be detected at the earliest stage pos-
sible to prevent heavy losses, as grain deterioration increases
exponentially with time [7], [8]. Locating a hot-spot in large
storage facilities among tens of thousands of tons of grains is
not a straight-forward task. The heat difference just one meter
from the centre of a hot-spot can be easily over 10◦C. In other
words, the grain must be monitored thoroughly so that places
with elevated temperatures are not overlooked [9].

As we are mostly interested in bulk storage, we propose an
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Fig. 2. Illustration of closed-loop feedback control.

automated method of early hot-spot detection in addition to
the already proven manual methods for grain monitoring —
thermography. As a result of this method, we obtain a thermal
map (combination of thermal images of the top layer of grain)
on which we can observe the temperature differences — if
present, and identify the hot-spots in stored commodities. After
the exact location of a hot-spot is unveiled, appropriate action
can take place to eliminate this issue.

It is important to control the preservation process so that
when the storage period ends, grain has retained as many
of the original nutrients as possible [10]. We can obtain a
more comprehensive view of the overall condition of stored
grains when compared to the currently used methods of (i)
monitoring — walking through the piles of stored product
and randomly inserting a thermometer (probe) into the grain
or (ii) grain sampling — taking multiple samples, before and
during the storage period, for moisture and nitrogen content
evaluation.

A more efficient and automated method that would not require
human intervention in the process — one that would not
directly interfere with the stored commodities — would be
a pleasant change for farmers if this method proved to be
effective. It is only required to evaluate the data after a
temperature map is created, and, if necessary, take additional
measures to eliminate the identified hot-spots.

Heat-transfer model identification of stored grain is the goal
described in this paper. Firstly, we describe the creation of an
artificial hot-spot in Section II used for high-fidelity hardware
simulation. The closed-loop identification is then conducted
to uncover the dynamical behavior of the heat transfer in the
grain bulk in Section III.

II. HOT-SPOT HARDWARE SIMULATION

To be able to develop and test a temperature monitoring
solution, we conduct several lab experiments. To this end,
we construct a hot-spot hardware emulator, where we use a
heat-generating component to simulate a real-world scenario
of hot-spot occurrence. The heat generator has to reliably
generate heat under the surface of sunflower seeds for any
given reference temperature for long periods of time. Our
solution includes dissipating power directly into the grain by
using a high-power resistor as a heat sink, therefore increasing
the temperature of surrounding seeds. To ensure that the
constant temperature is maintained during the duration of the
experiment, we implement an automatic closed-loop control.

Fig. 3. Hardware for simulating an artificial hot-spot, created with Tinker-
cad [11].

In control systems, a controller adjusts the control input to
reach a desired output in the presence of disturbances. The
most popular type of control is PID — which is an acronym
for Proportional, Integral, and Derivative. There is no need to
maintain the exact value of the setpoint in our experiment,
as we monitor the temperature difference on the surface of
stored sunflower seeds. Therefore a proportional controller is
sufficient. A simplified scheme created in MATLAB Simulink
is shown in Fig. 2. The system represented by a transfer
function G(s) is controlled by a controller P (s) — computing
an action intervention u(t) based on the calculated error e(t)
from the output y(t) and the desired reference temperature,
w(t) simulated by the step response block (left most).

The high-power resistor is connected to a Siemens S7 power
supply, shown in Fig. 3. For a working solution, a separate
microcontroller, Arduino Nano, is used in connection with a
MOSFET module. We aim for the controller to reduce the
voltage as the temperature approaches desired setpoint. To
achieve this, the output of the microcontroller must consist of
a series of high and low pulses (“on” and “off”). The digital
pulses of regulated voltage are called Pulse-width modulation
(PWM). The duty cycle of PWM refers to the high pulses
when the output signal is active [18].

Finally, to close the loop, a single DS18B20 temperature sen-
sor is attached directly on the body of the high-power resistor
with a self-locking nylon cable (zip-tie) with a layer of thermal
paste applied between them. By doing so, we ensure accurate
temperature readings from the resistor. The other sensor is
encapsulated and the overall wiring is identical to the previous
example, with the only difference of power input — directly
from the Arduino board. After the reference temperature is set
and the code is uploaded to the microcontroller, we can turn
on the power supply and make sure the behavior of the system
meets our predictions in a small-scale experiment.

The implemented code [19], presented in Listing 1, contains
the definition for all necessary constants and the main loop
for proportional feedback control. We first establish the pro-
portional element (for the controller) and defined the setpoint



Listing 1. Arduino IDE — Proportional control example code.
/ / C o n t r o l l e r s e t u p

f l o a t s e t P o i n t = 8 0 ;
/ / P r o p o r t i o n a l ga in t u n n i n g parame te r
f l o a t Kp = 1 ;
/ / I n t e g r a l ga in t u n n i n g parame te r
f l o a t Ki = 0 ;
/ / D e r i v a t i v e ga in t u n n i n g parame te r
f l o a t Kd = 0 ;
/ / e ( t ) = s e t p o i n t − p r o c e s s v a r i a b l e
f l o a t e r r o r = 0 ;
f l o a t c u r r e n t T i m e = 0 ;
f l o a t p r e v i o u s T i m e = 0 ;
f l o a t cumError = 0 ;
f l o a t e l apsedT ime = 0 ;
f l o a t r a t e E r r o r = 0 ;
f l o a t l a s t E r r o r = 0 ;
f l o a t o u t p u t = 0 ;

/ / Main loop f o r a r t i f i c i a l hot −s p o t
void l oop ( ) {

{
/ / t i m e
c u r r e n t T i m e = m i l l i s ( ) ;
e l ap sedT ime = c u r r e n t T i m e − p r e v i o u s T i m e ;

s e n s o r s . r e q u e s t T e m p e r a t u r e s ( ) ;
/ / PID
/ / P
e r r o r = s e t P o i n t − s e n s o r s . getTempCByIndex ( 1 ) ;
/ / I
cumError += e r r o r * e l apsedT ime ;
/ / D
r a t e E r r o r = ( e r r o r − l a s t E r r o r ) / e l apsedT ime ;
/ / eq
o u t p u t = Kp * e r r o r + Ki * cumError

+ Kd * r a t e E r r o r ;
i f ( o u t p u t < . 0 )

o u t p u t = . 0 ;
i f ( o u t p u t > 1 0 0 . 0 )

o u t p u t = 1 0 0 . 0 ;
v a l = ( i n t ) ( o u t p u t * 2 5 5 / 1 0 0 ) ; / / s e t t h e v a l
/ / a n a l o g W r i t e v a l u e s from 0 t o 255
a n a l o g W r i t e ( l e d P i n , v a l ) ;
/ / new k
l a s t E r r o r = e r r o r ;
p r e v i o u s T i m e = c u r r e n t T i m e ;
}

}

and the output values (to calculate the error). The steady-state
control error will be non-zero due to not using an integral part.
Tuning of the controller was done experimentally to ensure a
non-aggressive and safe behavior of the process.

We use a small, 13.4 × 8.0 × 3.0 centimeter container filled
with sunflower seeds and put both — the hot-spot hardware
and a secondary DS18B20 sensor under the surface layer with
a five centimeter distance between each other (Fig. 4). We
added the second temperature sensor to measure transferred
heat through the grain over time. The proportional controller
starts to lower the voltage when approaching the setpoint and
we were reading both temperatures in regular intervals. The
simulation ran for over 300 seconds and the behavior of the
system was stable. To ensure proper data collection, we used
the following shell script to convert them directly from the
Arduino IDE serial monitor into a matrix form.

Listing 2. Shell script — Data conversion example.
# ! / b i n / bash
echo ” S e n s o r s =[ ”>b . t x t
c a t a . t x t | sed ’ s / −>//1 ’ | sed ’ s / : / * 6 0 + / 1 ’ \

| sed ’ s / : / ) * 6 0 + / 1 ’ | sed ’ s / ˆ / ( / 1 ’ >> b . t x t
echo ” ] ”>>b . t x t

Fig. 4. The first test of hardware for simulating an artificial hot-spot —
covered with grain during the duration of the experiment.

A small-scale experiment was conducted. A self-made,
resistor-based regulated heat source was placed into a small
plastic container filled with sunflower seeds and three tem-
perature sensors. One sensors was directly attached on the
heat source, one at a distance from the heat source, and one
outside the container to measure ambient temperature. The
whole setup is shown in Figure 3 and the seed box is presented
in Fig. 4.

III. CLOSED-LOOP IDENTIFICATION

The data obtained from the experiment are shown in Fig. 5.
The first graph represents the results of the reference temper-
ature tracking of the heat source, where we can observe the
expected steady-state offset from the reference. The second
graph shows the corresponding control action (u(t)) of the
proportional controller. The bottom graph shows a (slight)
increase in the grain temperature as a response to the hot-spot
generation. The temperature measurements take quantized val-
ues due to the minimal resolution of the DS18B20 temperature
sensor i.e., 0.0625◦C.

Although a series of open-loop step tests is a common practice
in today’s automatic control industry, we chose a different
approach. Closed-loop identification is a method of identifying
a model, where the process is fully or partially regulated by
a feedback controller [12]. In our case, we assume a first-
order system, regulated in a closed loop with a proportional
controller — this connection is shown in Fig. 2, where G(s)
represents the dynamic transfer function. Our controller design
successfully stabilized and regulated the system. The transfer



Fig. 5. Closed loop temperature control - collected data.

TABLE I
IDENTIFIED PARAMETER VALUES.

Closed-Loop System Open-Loop System
Static Gain 0.9 7.0

Time Constant 60.7 485.4

function of the closed-loop can be defined as follows.

Gcl(s) =
KRG(s)

1 +KRG(s)
=

KR
K

Ts+1

1 +KR
K

Ts+1

=

=
KRK

Ts+KRK + 1
=

KRK
KRK+1
T

KRK+1s+ 1
=

Kcl

Tcls+ 1
, (1)

where the subscript cl represents constants associated to the
closed loop, the subscript R represents constants associated
to the controller (regulator), and K and T represent the static
gain and the time constant of the process, respectively.

Closed regulation loop — modified expression:

Gcl(s) =
Kcl

Tcls+ 1
. (2)

All needed parameters for the closed-loop model can be
obtained from the derived transfer function. Because the
controller is present, static gain is calculated differently to a
open-loop system. We derive it as a ratio of the difference in
output to the difference in reference signal.

Kcl =
∆y

∆w
. (3)

We can computed all the parameters derived from the transfer
function. The time constant is calculated from the denominator
and its value is estimated by least-squares regression using the
measured data. Similarly, static gain is calculated from the
numerator.

Kcl =
KRK

KRK + 1
, Tcl =

T

KRK + 1
. (4)

We state the estimated parameters of the both closed and open-
loop systems in Tab. I. The static gain of the Closed-loop
shows, that we can achieve 90% of the set-point. This fact also
confirms the presence of a steady-state control error because
the integral part of a PID controller was not implemented. The
static gain of the open-loop system basically represents the
ease with which the input can initiate a change on the output
from an initial condition — a new steady state after the action
intervention. The time constant difference is significant, and
this result was expected. It represents faster behavior of the
regulated system for achieving the set-point. In conclusion,
we were satisfied with how the system behaved, there was no
need to achieve an exact set-point, so the proportional control
was sufficient.

IV. ACHIEVED RESULTS

The small-scale experiment was successful as we obtained
results that can be expected, and the methods we used proved
to be suitable. Furthermore, we decided to assemble a math-
ematical model to ensure the reproducibility and verifiability
of our results — to simulate the overall heat transferred by
conduction. To do so, we derived and solved two differential
equations

dTr

dt
=

Kcl∆w − Tr

Tcl
, (5)

where Tr represents resistor temperature, i.e., system output
in Eq. (3). This equation is derived from the experimentally
identified first-order open-loop transfer function. It represents
the estimated temperature of the resistor over a time period.
The second equation reads as

mgcp
dTg

dt
=

λr→gAr→g

δr→g
(Tr − Tg), (6)

which represents the estimated heat on the DS18B20 tem-
perature sensor placed in the grain (heat transfer from the
resistor to the grain, r → g). It is derived based on Fourier’s
law of heat conduction — heat transfer rate is proportional
to the difference in temperature (grain ↔ hot-spot) and
the cross-sectional area, and inversely proportional to the
distance from the hot-spot to the measured point in grain
(thickness of the grain layer) [13], [14]. We considered a
homogeneous environment and neglected the influence of
ambient temperature. The subscript g represents the grain, m
represents the weight of one grain approximated as 0.05667 g,
cp represents the specific heat capacity of sunflower seeds as
cp = 5.2750 kJ kg−1 K−1 [15], λ represents the thermal con-
ductivity of sunflower seeds as λ = 0.0859 W.m−1 K−1 [15],
A represents the approximated cross-sectional area of one
sunflower seed, measured as 1 × 0.45 cm (comparable with
other studies [16]), and δ represents the distance (thickness)
of 5 cm the heat transferred between the resistor (higher
temperature Tr) and the temperature sensor (lower temperature
Tg).

Using MATLAB’s dsolve function, we obtained a very sim-
ilar behavior — a behavior that described reality very well



Fig. 6. The comparison of data for heat transfer estimate (left) and closed-loop temperature control (right).

(Figure 6). The first row represents the temperature from
the resistor, the estimated behavior (on the left) is almost
equivalent to the real process (on the right). The Root Mean
Squared Error value (RMSE) was calculated as 0.8017 —
where 0 represents identical behavior.

RMSE =

√√√√ 1

N

N∑
i=1

(ydata,i − ysim,i)2, (7)

where ydata and ysim represent measured data and calculated
model predictions, respectively.

The bottom plot shows the influence of the heat source on the
surrounding grain over time. We can see that the calculated
curve (on the left) and the real process (on the right) would be
almost alike. The correct choice of parameters in Eq. (6) was
important. The associated constants for black sunflower seeds
that were used in the calculations were averaged from similar
experiments and did not fully correspond to the grain used
in our experiments. Furthermore, the approximation depends
heavily on the moisture content and the seed density of black
sunflower seeds.

A. Discussion

Many experts working in grain warehouses consider temper-
ature probing as an irreplaceable method, as no one has yet
come up with a more reliable monitoring method. Although,
we presented obtained results as applicable and confirm that
we can efficiently identify hot-spots autonomously by mapping
stored grain commodities with a thermal imager, there is
always room for improvement. Multiple ideas for an improved
design phase come to mind. They would include a pouch
of some sort to improve the connection between the high-
power resistor and temperature sensor instead of a singular
zip-tie. A 3D printer for creating a firm “cage” to better
support the hardware including both used microcontrollers,

with the circuit board and breadboard, so they would have
their designated place not risking possible connection issues.
Furthermore, several steps could be taken to improve the
results achieved. We could devote more time to simulations to
more accurately describe the heat transfer from the artificial
hot-spot so it would reflect the real-world behavior. This
would include mathematically describing the individual zones
around the hot-spot and their effect on heat transfer, as well
as implementing the approximate shape of the high-power
resistor. In addition, taking the time to test the effectiveness
of the thermal imager in identifying hot-spots located deeper
under the surface layer would be beneficial as well. From
our further findings, not presented in this article due to space
limitations, a hot-spot located ten centimeters under the surface
(80◦C) is detected by the thermal imager after approximately
one hour of development. However, the size, temperature,
depth, or other variables of a hot-spot may differ depending
on the storing conditions in a facility. Moreover, we focused
on a simple practical and easily reproducible solution. Yet,
if we were considering an alternative higher-cost solution,
more suitable thermal cameras and UAVs can be tested. For
example, using and modifying hardware intended for similar
uses as flyability’ Elios 2 [17], an indoor drone for confined
space inspections. The grains are often filled up to the ceiling
of the storage hall with minimal space to maneuver. Further
study of this subject would involve developing a software
which would use the Indoor Positioning System (IPS) as a
basis for controlling the movement of an autonomous drone.
Creating a proper mobile application for additional calibration
and setting of the desired routes would be also necessary.

V. CONCLUSIONS

In this paper, we initiated a complex project that has several
aspects and is extremely important in modern agriculture. We
have studied the current possibilities of grain storage, associ-



ated complications and commonly used approaches on how to
solve them in real-world conditions. We programmed reliable
temperature control and developed functional hardware which
provided us with a source of useful data. We derived mathe-
matical models to run simulations, which confirmed that we
were moving in the right direction by calculating comparable
results. We implemented commonly used and verified methods
into our work, which can be further adjusted to achieve optimal
results and can be used for further analyses and simulations.
In future articles we will present successful tests of thermal
imaging method in a storage facility and prove that even a low-
cost approach can successfully detect any minor temperature
difference on the top-most layer of grain, and thus reveal a
hot-spot.
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