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ABSTRACT The problem of cooling in rescue robots is similar to that of the entire domain of product
development involving electronic systems. When considering mission-oriented rescue robots, this issue
becomes more severe, as the tolerance to failure is remarkably low. While cooling is considered indispens-
able, the hazardous environmental condition of the scene of deployment, comprising of water, dust, toxic
gases, or fire, constrains the choices of the method. Hence, the usage of the atmospheric air intake for cooling
purposes, which is prevalent among conventional cooling systemswithin robotics and electronics, may not be
viable, demanding a control-volume cooling system.However, suchmethods involving active elementsmight
be detrimental to energy consumption and ultimately to the rescue mission, since robots in these scenarios
have to operate with limited energy availability. Therefore, considering these particular problems associated
with rescue robots, this paper introduces and discusses the relevance of thermoelectric cooling in rescue
robot systems employed in real-time rescue scenarios. Furthermore, to optimize the energy consumption
cost, this paper proposes the use of Model Predictive Control (MPC) as the appropriate temperature control
method for the thermoelectric element. The analysis includes Computational Fluid Dynamics (CFD)-based
cooling analysis of the robot along with the comparative analyses of uncontrolled cooling and controlled
cooling under different available control methods. The results suggest sufficient cooling performance along
with optimum energy consumption for the proposed model when compared with other available scenarios,
based on different parameters of performance.

INDEX TERMS Heat transfer, model predictive control, terrain robot, temperature control, thermoelectric
cooling.

I. INTRODUCTION
One of the primary applications of rescue robots has been
to serve as the first responders during natural or man-made
disasters [1]–[4]. They are supposed to execute certain tasks
such as searching the victims, mapping the environment,
manipulating the environment, providing limited medical
intervention, etc. Generally, the disaster sites pose intricacies
regarding access, which can be addressed effectively through
the application of multi-agent robots [5]. The communication
and co-ordination eases the transfer of information between
the robots having different modes of mobility, sensor and
structure [6].
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While environment comprises of certain challenges, the
rescue robots which operate in land, air or water have limited
margin for failure. Failure of one component could jeopardize
the overall search and rescue operation, which is basically
a race against the time [7], [8]. Although several of the
components are susceptible to failure, the failure involving
electronic components is definitely challenging to counteract.
Besides, it is stated that more than 55% of the electronic
failures occur because of the high temperature [9].

Therefore, most of the electronic devices including robots
have a provision for a relevant thermal management system.
Most of the popular thermal management systems such as
forced air/liquid cooling systems, heat pipes, phase change
materials (PCM), are not quite reliable for the rescue
robots [10]–[12]. First of all, the rough terrain might inflict
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FIGURE 1. Overview of Thermal Management in Rescue Robot.

severe impact on the robot that may induce leakage. Besides,
during these conditions, especially in the case of chemical
hazards, conventional forced cooling technique facilitated by
the surrounding air results in the entry of foreign airborne
substances and harmful gases giving rise to the failure of
electronic parts which could ultimately result in the fail-
ure of robot and even sabotage the rescue mission. Hence,
in contrast to the conventional robots, a particular method is
being proposed for rescuemission robots.Moreover, from the
experience of the rescue operations, it is recommended for
these robots to be waterproof [13]–[15].

The majority of the cooling systems discussed are not
effective for rescue robots due to some fundamental differ-
ence between rescue robots and normal robots regarding the
field of application. Regarding the majority of the conven-
tional robots, the working environment is known and the risk
factor in conventional cooling is sufficiently low for smooth
operation. Whereas in the case of rescue robots the operating

environment is harsh, unpredictable and severely detrimental
for the performance and the integrity of the robot.

One of the appropriate solutions to the problem has been
the use of thermoelectric cooler (TEC) [10], [16]–[18]. Ther-
moelectric cooling is a technique which uses the Peltier effect
to create a heat flux at the junction of two different types of
materials [19], [20]. A Peltier cooler is a solid-state active
heat pump which transfers heat from one side of the device to
the other, with consumption of electrical energy, depending
on the direction of the current [21], [22]. Compared to the
conventional method, TEC does not require atmospheric air
and moving parts for operating. Thus, the system avoids any
vibration and noise. Moreover, the system offers relatively
precise control over the temperature [23], [24].

However, the effectiveness of TEC is unambiguously
dependent over the control technique [25]. The selection
of control technique is an agreement between performance,
precision, response time, steady state error, etc. For instance,
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PID control has beenwidely used in temperature control oper-
ation of TEC [26]–[28] because it offers simple yet dynamic
solution. This research uses model predictive control (MPC)
to control the behaviour of the TEC. [29] has used similar
control system within a heat pump involving thermoelec-
tric material. Compared to PID control, MPC allows time-
dependent non-linear parameters and also offers optimization
along some cost function [30]–[32]. The main aim of using
this control system with the rescue robot is precise set point
control through minimum energy usage [33].

The BART LAB (Center for Biomedical and Robotics
Technology), Faculty of Engineering, Mahidol University,
has been involved with rescue robots since 2006. The team
has participated in national and international robot com-
petitions and has also been acquainted with the actual
disaster scenarios [34]. The team is relentlessly pursuing
the research and development of rescue robots regarding
the control, hardware, sensor-fusion and communication
[35]–[37]. One of the perennial observations throughout
the tests in various scenarios has been the susceptibility of
electronic box (housing for processor, motor drivers and
other electronic parts) to fail due to the accumulated dust
attributed to the atmospheric air intake by the cooling fan.
An overview of the problem is illustrated in Fig.1. In order
to overcome the scenario, thermoelectric coolers are intro-
duced as the cooling element such that the electronic box
is isolated from the ambience without hindering cooling
(Fig. 2). With the implementation of an optimization-based
control model as that of MPC [38], [39], we aim to obtain
an effective cooling performance with the optimum energy
consumption (Fig.3).

Specifically, the contributions of this paper towards the
scientific literature can be summarized as

• Introducing an alternative control-volume cooling based
on thermoelectric coolers within the area of rescue
robotics

• Incorporating energy optimized MPC for thermoelectric
cooling in rescue robot and comparing the performance
with prevalent PID control system for cooling

• ConductingComputational FluidDynamics (CFD) anal-
ysis of robot from the perspective of temperature for
problem identification and solution optimization.

The method section would elaborate the mathematical
model of TEC for representing within the MPC. The material
and methods of the analysis would be delineated in the sim-
ulation section, followed by the discussion and comparative
study in the result section.

II. METHODS
In regards to MPC, the validity of the model plays sig-
nificant role for accuracy and consistency. The mathe-
matical model for this system should incorporate all the
heat transfers including the model of thermocouple. From
equations (1)-(10), state-space model is developed, which
would form the basis for the MPC algorithm.

FIGURE 2. Concept of a thermoelectric cooling system.

A. THERMOELECTRIC HEAT TRANSFER MODEL
The holes in the p-type semiconductor and the electrons in
the n-type semiconductor migrate from the cold end to the hot
end when current flows from the p-type semiconductor to the
n-type semiconductor are applied, the corresponding Peltier
heats will be produced at the interface between connectors
and semiconductors [18]. The heat is absorbed at the cold end
and emitted by the Peltier effect at the hot end, producing a
temperature difference of TH − TC . Owing to Fourier’s heat
conduction, the heat would be transferred from the hot end
to the cold end with the temperature difference. The final
cooling power of the TEC, QC , is thus determined by the
combined effect of heat from Peltier, Fourier’s heat conduc-
tion, Joule heat, and Thomson heat. The physical model of
the system has been illustrated in Fig. 2.

The linear dynamic model is designed by considering the
working components of thermoelectric cooler,in which the
first component is Peltier effect

Qp = αIT (1)

where α is the Seebeck Coefficient, T is the temperature of
the corresponding hot/cold side and I is the applied current
through TEC. Another component, Joule heating, which is
the heating resulted from the current passing through the
thermocouple, can be illustrated as

Qj =
1
2
I2R (2)

where R is the electrical resistance of thermoelectric module.
The third component is the thermal conduction of the semi-
conductor material which can be defined by the equation (3).

Qf = k1T (3)

Thus the heat flux at cold side Qc and hot side Qh can be
determined through equation (1), (2), and (3)

Qc = αITc −
1
2
I2R− k1T (4)

Qh = αITh +
1
2
I2R− k1T (5)
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FIGURE 3. Overview of MPC.

The fourth component which is the heat flux from heat
exchanger to the TEC module and from TEC module to
heat exchanger can be represented through convective heat
transfer model as

Q̇ = hA(T1 − T2) (6)

where h is the thermal conductivity of the boundary medium,
A is the contact surface area between two thermal bodies and
T1 and T2 are the temperature across fluid and solid medium.
Therefore, the net heat flux at cold side can be illustrated as

Q̇totC = Q̇comp − Q̇c (7)

which when expanded according to the relevant terms
becomes

Q̇totC = hA(Tcomp − TC )− αITC +
1
2
I2R+ k(TC − TH )

(8)

Similarly, the net heat flux at hot side can be represented as

Q̇totH = Q̇H − Q̇out (9)

which can be elaborated as

Q̇totH = αITC +
1
2
I2R− k(TC − TH )− hA(Tout − TC )

(10)

The equations (8) and (10) are the state-space model,
which are also similar to the state-space model developed
in [29] and [18].

B. MPC BASED MODELING
Model Predictive Control (MPC) is based on the prediction
of the future trajectory of the control variable u(k) to achieve
the optimum output y(k). As this prediction is bound within
a finite future time, the method is also termed as receding
horizon control method. With the progression of the time, the
moving horizon is updated with the same interval. The core
of the MPC method is the construction of the mathematical
model of the plant [40]. For obtaining the model of the
process, several algorithms such as Dynamic Matrix Control,

FIGURE 4. The MPC block diagram representation.

Model Algorithmic Control, Predictive Functional Control,
Extended Prediction Self Adaptive Control, Generalized Pre-
dictive Control, and State Space Formulation are generally
preferred [41]. Among these, State Space Formulation offers
several attributes that are relevant to this problem. While
constructing prediction model from methods such as transfer
model can be intricate, for state-spacemodel the task is unam-
biguous [42]. Similarly, the model offers ease when extend-
ing to multi-variable system or a non-linear system from a
linear one [41].

The state-space model of the plant is used to predict the
future variable based on the current value of the state variable
x(k). As such, the behaviour can be summarised as

x(k + 1) = Axm(k)+ Bu(k) (11)

y(k) = Cx(k) (12)

where, A, B and C are called the augmented model. These
are based on the discrete-time model, which are convenient
from the practical perspective. Fig. 3 illustrates the basic
understanding of the MPC which comprises of the essential
parameters involved in the system.

In Fig. 3, tp refers to the prediction horizon whereas tc
refers to the control horizon. The future outputs are pre-
dicted until the prediction horizon whereas, future control
signals prediction is constrained until the control horizon. The
prediction of control signal is facilitated by optimization to
minimize the error between the reference trajectory and the
current measurement. This determination can be simplified
if the objective function of optimization is quadratic and the
model is linear. From this model, explicit solution can be
extracted [41].

From the equations (11) and (12), future state variable
x(k + 1|k) can be calculated from future control parameter
δu(k) within the control horizon as

x(k + 1|k) = Ax(k)+ B1u(k) (13)

and so forth. Subsequently, the output variable can also be
predicted as

y(k + 1|k) = CAx(k)+ CB1u(k) (14)
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TABLE 1. Simulation parameters of TEC module.

for all k within the predicted horizon. All the terms within
the respective horizons can be accumulated and simplified
similar to [40] as

Y = Fx(k)+ H1U (15)

where, F and H consists of the respective combinations of
the augmented model (A,B,C). This obtained model is then
optimized such that the error between set-point signal r(k)
and the predicted output is minimized. This synthesis further
ensures the determination of the optimum control parameter
for the minimum error. This is performed through minimiza-
tion of a cost function J (k) [29] such that

J (k) =
Tp∑
i=1

y(i|k)+
Tc−1∑
i=0

y(i|k) (16)

The equation (16) can be rewritten in terms of Rs (set-point
vector r(k) in frequency domain), andminimizedwith respect
to 1U to determine the optimum control signal as [40]

1U = (HTH + R̄−1HT (R̄sr(k)− Fx(k)) (17)

Thus, by determining HTH, HTF and HT R̄s, the MPC
can be implemented to determine the optimum control for
improved performance of the system. From the model,
a block diagram can be constructed.

The terms Kx and Ky represents the feedback gain for
1x(k) and y(k) respectively. Similarly, z−1 represents delay
and 1/(z−1) represents discrete-time integrator. In this paper,
the state-space model represented by equation (8) and (10)
has been modeled using Simulink in MATLAB R2020a.
Then, the MPC is implemented within the system and sim-
ulation is performed to validate the model.

III. SIMULATION AND RESULT
The models discussed in the previous section has been tested
with various simulation methods. The heat transfer and ther-
mocouple has been modeled in ANSYS Fluent-19.3 (aca-
demic license version) where the heat transfer problem was
defined through the computational fluid dynamics (CFD)
method. Similarly, the control model was simulated through
Simulink in MATLAB R2020a with appropriate parameters.

FIGURE 5. Simulation model of thermoelectric cooler.

A. CFD SIMULATION
Differential equation can be considered in case of control
mass. The general form of conservation of mass can be
expressed as

∂ρ

∂t
+
∂(ρu)
∂x
+
∂(ρv)
∂y
+
∂(ρw)
∂z
= 0 (18)

where, ρ (Kg/m3) denotes density, u, v and w represents
velocities (m/s) in x, y and z coordinates respectively.

The conservation of momentum for x, y, z coordinates can
be written as following respectively,

∂(ρu2)
∂x

+
∂(ρuv)
∂y

+
∂(ρuw)
∂z

+
∂(ρu)
∂t
= −

∂ρ

∂x

+µ

(
∂2u
∂x2
+
∂2u
∂y2
+
∂2u
∂z2

)
+ ρgx (19)

∂(ρuv)
∂x

+
∂(ρv2)
∂y
+
∂(ρvw)
∂z

+
∂(ρv)
∂t
= −

∂ρ

∂y

+µ

(
∂2v
∂x2
+
∂2v
∂y2
+
∂2v
∂z2

)
+ ρgy (20)

∂(ρuw)
∂x

+
∂(ρvw)
∂y

+
∂(ρw2)
∂z

+
∂(ρw)
∂t
= −

∂ρ

∂y

+µ

(
∂2w
∂x2
+
∂2w
∂y2
+
∂2w
∂z2

)
+ ρgz (21)

where, µ is the dynamic viscosity (kg/ms), and g is the
gravitational acceleration (m/s2).

Since the system deals with internal energy generation,
producing convection effect inside the box, the mathematical
relation of energy has to be determined. Therefore, the energy
equation can be written as [43]

∂

∂x
(ρucT )+

∂

∂y
(ρvcT )+

∂

∂z
(ρwcT ) =

∂

∂x

(
k
∂T
∂x

)
+
∂

∂y

(
k
∂T
∂y

)
+
∂

∂z

(
k
∂T
∂z

)
(22)
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FIGURE 6. Temperature distribution in thermoelectric model.

Temperature, pressure, and velocity are all time-averaged
in this simulation scenario, equation (22) is resolved for
determining the energy dissipation:

∂

∂xi

(
ρkuj

)
=

∂

∂xj

(
µ
∂k
∂xj

)
+ SK + T (23)

∂

∂xi

(
ρεuj

)
=

∂

∂xj

(
µ
∂ε

∂xj

)
+ Sε + T (24)

where T is the Turbulent factor which depends on turbulence
kinetic energy, turbulence kinetic energy due to buoyancy,
Sk and Sε are user-defined source terms. The details of the
terms and constants are referred from the ANSYS-FLUENT
theory book [43]. The first simulation has been performed
with physical models in ANSYS. In order to validate the
thermocouple model, the first analysis was performed within
a single model of thermocouple as illustrated in Fig.5 [44].

FIGURE 7. Thermocouple Behaviour Analysis (Supplied Current vs
Temperature Difference).

The current was supplied within the junction made up of
p-type and n-type semiconductor and the temperature dif-
ference between two sides of the unit was observed. The
materials and properties chosen for the thermocouple are
shown in Table 1. Except for the hot ends, all surfaces of
the cooler were subjected to a convective boundary condition
with a film coefficient of h = 3W/K/m. Fig. 6 illustrates the
temperature distribution of TECmodule. The value of current

FIGURE 8. Simulation model of Terrain robot Electronic box.

TABLE 2. Analysis Settings.

FIGURE 9. Processor temperature variation of robot without
Thermoelectric cooling.

was changed and the change in difference was also observed.
As Seebeck constant was considered as constant along dif-
ferent temperatures, a linear relation is expected between
applied current and the change in temperature. The current
vs temperature difference graph summarises the analysis as
shown in Fig.7.

Pearson Correlation test was performed on the observed
value, where the Pearson Correlation coefficient was found to
be 0.999, suggesting highly linear relation. After this valida-
tion, CFD analysis was performed using this thermoelectric
module and placing it within the electronic box of the real
robotic system as shown in the Fig.8.
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FIGURE 10. Motor driver temperature variation of robot without
Thermoelectric cooling.

FIGURE 11. Processor temperature variation of robot with Thermoelectric
cooling.

FIGURE 12. Motor driver temperature variation of robot with
Thermoelectric cooling.

In this paper the CFD analysis is performed in steady state
and transient state. Tetrahedral meshing was used with the
average mesh size of 2mm. The ambient temperature of the

FIGURE 13. Heating and Cooling curve of robot.

analysis was taken to be 302 K and the pressure was assumed
to be 1 atm. The parameters pertaining to the thermocouple
has been mentioned already. The computer and motor drivers
were identified to be the major heating elements of the elec-
tronic box, and the overall heat generation in the system was
estimated to be 200watt. The computer model selected for the
setup is eBOX560-880-FL-4300U-EU, and the motor driver
used is EPOS4 Compact 50/8 CAN. The analysis settings
are as shown in Table 2. This is based on the data from the
supplier of the components.

The first set of simulation without the operation of TEC
was executed by considering the maximum load condition.
When the operational environment temperature within the
electronic box was examined individually, it was observed
that the computer and motor driver temperatures exhibited
a steep increasing curve trend, which was not appropri-
ate as per the data sheet provided by the manufacturer.
Fig. 9 and Fig. 10 describes the graphical representation
of increase in operation temperature of both computer and
motor driver respectively in which their peak temperatures
was 324.06 K and 334.67 K. At temperatures such as this,
there is a high probability of failure. Therefore, these kinds
of robotic systems undoubtedly require thermal management
scheme.

The TECmodule was installed to avoid this high operating
temperature, and the maximum load parameters as well as the
maximum temperature exhibited in the previous simulation
were assigned as the input parameters for this simulation.The
overall electronic box temperature, as well as the temperature
of the motor drivers and computer, were found to be 313.4 K
which is within the acceptable limits after the simulation. This
was achieved with the current supply of 5A across the mod-
ule. Although, this is above the ambient temperature, this can
be considered significantly safe when compared without the
cooling case scenario. Fig.11 and Fig. 12 illustrates the effect
of use of TEC modules to control the operating temperature
within the permissible limits.
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FIGURE 14. Transient temperature variation with TEC implementation.

FIGURE 15. Internal temperature cooling control using PID (PID signal and Output temperature).

Temperature variation of robot during different phases
are shown in Fig.13. (A-B): Rise in operating temperature,
(B-C): Steady state, (C-D): Cooling phase. The Fig.14a,
Fig.14b, Fig.14c, and Fig.14d, shows the heat distribution
contour (kelvin) within the robot at time 0, 20, 40, and
60 seconds respectively.

B. PID AND MPC SIMULATION

The simulation of the model was performed using two control
methods: PID control and MPC. Using the equations of state-
space, the Plant block was created in Simulink. The block
consists of heating element, cooling element, conduction,
convection element, thermal mass component, sensors and
various signals. As temperature vs current analysis in TEC

demonstrated purely linear relation from simulation (as seen
in Fig. 7), temperature has been used as the control signal
in this analysis. Temperature sensors are placed within the
block for display and feedback. The thermal mass equivalent
to the air within the electronic box of the robot has been used
as the target of measurement and the simulation starts with
initial temperature of the thermal mass as 320 K. Likewise,
thermocouple has beenmodeled as a controllable temperature
source, while heating elements within the system have been
considered to be the heat source.

First of all, PID controller in discrete mode was used,
where the gains were optimized using the transfer func-
tion method.The values were determined to be P = 2.6,
I = 0.42 and D = −1.21. Similarly the coefficient of the
filter was optimized and found to be 0.3.
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FIGURE 16. Internal temperature cooling control using MPC (MPC signal and output temperature).

The graph demonstrates satisfactory result from the point
of view of the output variable. The internal temperature of
thermal mass which was initially in 320K has been reduced
approximately to the supposed ambient temperature (302K)
and is maintained within the limit. Similarly, the output con-
straint has been applied in the PID controller for the hardware
limitations within the thermocouple. However, robots that
traverse difficult area are susceptible to a range of thermal
disturbances, which makes it imperative to test with thermal
disturbances. In another analysis, disturbing signal (Gaussian
white noise) was fed to the system and response of the con-
troller was observed.

The disturbing signal produced oscillatory response, how-
ever, the system demonstrated acceptable response. However,
there are several shortcomings when working with PID con-
troller. First of all, the simulation shows that, for the system
to be within the required bounds, the control signal has to
be around its minima. This is concerning from the point of
view of energy consumption. Tomaintain the thermocouple at
this low temperature, significant energy has to be sacrificed,
which is counterproductive for mobile robots. Therefore,
MPC has been implemented and observed for better response
than PID.

As compared to Fig. 15a and Fig. 15b, the MPC algorithm
has better outcome. The output along with the control vari-
able has been bound within the supposed ambient temper-
ature. The finite horizon in the analysis has been taken as
10 seconds, while the control horizon has been considered
as 2 seconds. Similarly, disturbing signal (random number
signal) has also been implemented over the MPC controller.
Considering the safety of the hardware, input constraint was
considered to be 0 ≤ I ≤ 10A. Since the MPC model allows
the implementation of hard constraint and soft constraint, the
hard constraint on temperature was considered to be 328K
and soft constraint was assumed to be 318K.

Figure.16a and Fig.16b, depicts improved control response
of the MPC with disturbance and reduction of energy

FIGURE 17. Comparison of temperature drop variation for different
cooling methods.

FIGURE 18. Energy cost comparison for different cooling methods.

consumption. Both the analyses, with and without the distur-
bance has demonstrated better performance from the control
as well as energy point of view. Another major advantage
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associated with the use of MPC has been realized to be the
ease of use. Although theoretically MPC pose significant
challenges, from the point of view of use, MPC is quite con-
venient. Moreover, the tuning process in MPC is significantly
convenient when compared with PID tuning which is a trivial
process.

The analysis regarding the trend of cooling across different
methods has been illustrated in Fig.17. The initial system
temperature of 335 K, which is deemed detrimental for the
robotic system, is decreased with the implementation of TEC.
Without any consideration for the control system, the temper-
ature was observed to be gradually reaching the safe zone.
However, when control system such as MPC and PID were
implemented, the temperature quickly reached the safe level.
Moreover, the steady state temperature for controlled cooling
was lower when compared with the uncontrolled cooling.
This analysis highlights the requirement of appropriately con-
trolling the TEC. The comparison is further explored through
Fig.18, where energy cost of cooling is compared across the
controlled and uncontrolled cooling systems. The energy cost
normalized by dividing with h*area, which is common for all
the methods, is plotted for various methods. This comparison
highlights the justification for the use of MPC method, since
it was observed to consume the least energy. For systems of
this kind, energy consumption is crucial and optimum energy
consumption with effective cooling is certainly a major crite-
rion for selection.

IV. CONCLUSION
The simulation results has demonstrated promising prospect
of using thermoelectric cooling with MPC based controller
in robots that travel in rough environment. Since these
robots suffer primarily with two constraints: limited energy
availability and hazardous ambient condition, conventional
cooling method is ineffective if not detrimental. This paper
explored this problem and analyzed the proposed solution
through CFD method and simulation methods. The CFD
simulations provided substantial ground to use thermocou-
ple along with natural convection as a cooling alternative.
This contention was further corroborated by MPC analysis,
which harnesses the performance and apparently facilitates
the reduction in energy consumption when compared to other
methods. Undoubtedly, this conclusion would still be inad-
equate without the physical experimentation. However, the
results from the analysis is the initial step which has showed
enough potential to be tested within the physical system.
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