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Abstract: The increased interest in space activities, structural health monitoring, and terrestrial monitoring in hostile 

and inaccessible zones places a high demand for energy sources for autonomous systems. Conventional electrochem-

ical batteries that could be used are plagued by low energy storage density, short life, disposal of unwanted batter-

ies, and related undesired recharging or replacement maintenance requirements, which endangers the environment. 

Fuel cells and solar energy sources being exploited to mitigate the adverse effect of environmental threats posed by 

batteries and fossil fuels are costly to acquire and maintain. The availability of energy sources derived from waste 

heat from radioactive decay for domestic appliances and industrial equipment will also help alleviate the effects of 

climate change, which continues to threaten the environment due to fossil fuel energy-based sources that emit harm-

ful carbon monoxide into the atmosphere. A combination of energy from waste heat, harvested via thermoelectricity 

and existing battery technology to produce a hybrid energy source, can guarantee secured energy for an extended 

period. Based on the Seebeck effect, thermoelectric energy generation may considerably contribute to sustainable en-

ergy development and meet the power demand for spacecraft applications. Modeling of the energy from waste heat, 

the Li-ion battery, and a hybrid energy source are considered, and their performances are established using the 

MATLAB/Simulink environment. Results confirmed the comparative advantage of the hybrid energy source over 

and above the respective electrochemical batteries and waste heat energy sources regarding effectiveness and per-

formance efficiency. Since batteries are required to operate in a constantly changing environment, the effects of tem-

peratures on batteries were investigated. The results show that the performances of batteries decrease with a de-

crease in ambient temperature and that the higher the maximum operating capacity, the higher the battery's internal 

temperature. 
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1. Introduction 

The growing interest in earth monitoring, satellite activity, space exploration, and structural health monitoring in 

extreme and inaccessible environments has increased the demand for power sources for autonomous systems. Auton-

omous systems are designed to operate in known or unfamiliar environments for as long as possible for processing, 

providing, and storing data without being connected to an electrical grid. Without human intervention, the system 

may operate in an external natural or industrial environment for long periods.  

Autonomous space exploration missions might require several years before accomplishing the objectives they are 

sent to do, but they still shall be nevertheless continuously powered. This is to ensure the control of navigation and 

communication; therefore, it is necessary to have a long-life power source accompanied by an energy storage unit ca-

pable of storing the excess energy. Moreover, a single power source system usually must feed or absorb power peaks 

to or from the load; this mixed operation can be disadvantageous, resulting in an overweight energy source with a 

shorter life span. Furthermore, some situations might require additional power. Meanwhile, a single source system 

only provides average power, ensuring the primary function of the spacecraft. Batteries in spacecraft have been main-

ly for load leveling and supplying considerable power for some time. Such situations can be solved by adding a re-

chargeable battery to provide power during high demands [1,2]. Thus, combining an electrochemical battery with a 

radioisotope thermoelectric energy source to create a hybrid power source would result in a highly efficient and relia-

ble energy source. 
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Figure 1. Hybrid energy source configuration. 

The adopted hybrid system shown in Figure 1 combines a multi-mission radioisotope thermoelectric generator 

(MMRTG), an electrochemical battery (Li-ion), and complementary components, including a DC-DC boost converter, 

a half-bridge converter, and a load.  

Radioisotope thermoelectric generators (RTGs) are increasingly being used in space mission power systems [3,4]. 

RTGs are nuclear power generators that generate energy from radionuclide spontaneous decay, as opposed to nuclear 

fission energy from reactor power systems [5]. Since they do not necessitate as much shielding as gamma emitters, 

alpha, and beta emitters are the most used radioisotopes. The main elements of such power units are a radioisotope 

heat source and an energy conversion system. Within the heat source, heat escapes during the decay process. This 

heat can be used by radioisotope thermoelectric generators (RTGs) to produce hundreds of watts of electrical power 

through either a static or dynamic energy conversion mechanism employing the Seebeck effect [6], and the waste heat 

is dissipated into space or the surrounding areas. The military [7], gas and heat sensors [8], remote telephony, naviga-

tion, and instrument protection are some fields where RTGs have found their use [9]. 

The United States National Aeronautics and Space Administration (NASA) initially developed the general-

purpose heat source-radioisotope thermoelectric generators (GPHS-RTGs) [10], and in support of NASA, the US De-

partment of Energy (DOE) developed the multi-mission radioisotope thermoelectric generators (MMRTGs) [11]. The 

advantages of MMRTGs include a longer life, a higher power density, and a lower weight when compared to other 

power sources, such as solar energy. They also perform well in adverse weather conditions, varying temperatures and 

pressures, dense atmospheres, and vacuums. As a result, their applications are becoming more diverse. 

Despite their advantages, thermoelectric generators generally have a low efficiency of less than 10%. Because of 

this limitation, thermoelectric generators have been limited to specialized military, medical, and aerospace missions, 

such as radioisotope power for deep space probes and remote power such as oil pipelines and sea buoys, where safety 

and reliability are more important than cost [12]. 

On the other hand, the choice of Li-ion battery over other electrochemical batteries, such as lead-acid, NiCd, and 

NiMH, is because of their relative advantages as Li-ion batteries provide significant weight and volume benefits, good 

low-temperature performance, low self-discharge, high energy density, and high efficiency compared with other elec-

trochemical batteries [13–15]. The current Li-ion batteries used for most of the NASA-JPL missions were developed by 

a NASA consortium, including Yardney Technical Products (YTP) and Jet Propulsion Laboratory (JPL) [16].  

Currently, two different kinds of Li-ion batteries are used: those built with small-capacity cylindrical Li-ion cells 

and those made with large-capacity prismatic or cylindrical Li-ion cells [17]. Large-capacity prismatic Li-ion cell bat-

teries were a key enabler on the Mars Exploratory Rovers (MER) missions [18].  

The excellent performance of the MER mission in 2003 encouraged NASA to further the development of a new 

battery for their Mars Science Laboratory (MSL) mission in 2011. The "Curiosity" rover landed on Mars on August 06, 
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2012, to study the planet's ability to support microbial life; because of the requirements of the mission necessity 687 

Martian Solar days instead of 90 in the previous missions. The battery used for the mission was two 8-cell strings of 

43Ah prismatic cells manufactured by EaglePicher-Yardney Division. Similarly, extensive ground testings were run 

on the battery cells under various conditions, including charge-discharge cycle rate testing, life cycle estimation under 

extensive full discharge, and battery simulation under Mars surface operation.   

The disadvantages of Li-ion batteries outweigh their benefits since they have low specific energies (100Wh per 

kg) and poor energy densities (< 200Wh per l). Other drawbacks of Li-ion batteries include their poor abuse tolerance 

(during accidental overcharge/over-discharge and short circuit as well as incompatibility with conventional planetary 

protection techniques), limited resilience to high-temperature exposure (>60°C), limited low-temperature operational 

capability (<−30°C), and limited resilience to low-temperature exposure. 

This investigation's main problem is exploring a power unit that improves the limitations of MMRTG and Li-ion 

batteries to achieve a highly efficient and reliable power supply with an increased lifespan for autonomous systems 

such as spacecraft. 

Thus, this study aims to model and simulate a hybrid energy storage system combining electrochemical and nu-

clear batteries. The Modeling and simulation are carried out using Matlab/Simulink environment. The study's specific 

objectives include developing the Simulink of the integrated energy storage combining electrochemical and nuclear 

batteries and auxiliary components and assessing the effect of temperature on the hybrid battery system. 

The upcoming sections of the paper are organized as follows: Section 2 provides a brief literature review on pow-

er sources employed in spacecraft; Section 3 deals with the research design used in this study; Section 4 analyzes the 

simulation results, and the final section summarizes the findings by making relevant contributions to the research 

problem investigation and making recommendations for future research. 

2. Literature review 

Several articles dealing with spacecraft power sources can be found. Johnson [19] states that spacecrafts have 

used various power sources, including electrochemical batteries, solar panels, fuel cells, and radioisotope generators. 

Radulovic [20] asserts that solar panels have some drawbacks, such as the fact that they must be pointed at the sun, 

rendering them ineffective when planetary systems or other objects obstruct the sun. Furthermore, they are relatively 

expensive to construct, massive and fragile structures prone to damage from environmental factors such as solar 

flares and meteorites, or even mechanical issues, and the amount of sunlight diminishes with the square of the dis-

tance between the sun and the satellite. As a result, the greater the distance between the satellite and the sun, the less 

energy the solar panel produces. 

On the other hand, fuel cells have a longer lifespan than electrochemical batteries and can be refueled without re-

charging. They may also operate at extremely high temperatures (400-10000F), and dealing with waste heat is fre-

quently a major issue [21,22]. Fuel cells are used to power space shuttles and are very effective for other near-Earth 

missions. Despite their advantages, fuel cells are relatively expensive due to the high fuel costs associated with long 

flights [23]. 

Electrochemical batteries have a short lifetime and require recharging from other power sources, such as photo-

voltaic panels [24]. Additionally, electrochemical batteries can be bulky; in some applications, these batteries add ap-

proximately 40% to the size of a small device required to be powered. Furthermore, electrochemical batteries are also 

plagued with a tendency to degrade under harsh environmental conditions [25]. Batteries include chemicals damag-

ing to the environment, such as cadmium, lead, mercury, sulfuric acid, zinc, and lithium. As a result, batteries exhibit 

toxicity that can harm humans and the environment. This challenges disposing of used and unneeded batteries [26]. 

Thermoelectric generator advantages include the absence of toxic residuals, compact, extremely reliable, simple, 

independent of position, scalable, running silently, and practically maintenance-free. Sethumadhavan & Burger states 

that [27], despite the merits above, a thermoelectric generator exhibits a relatively low efficiency, typically less than 

10%. This drawback has limited the application of thermoelectric generators to specialized military, medical, and aer-

ospace missions, including radioisotope power for deep space probes and remote power such as oil pipelines and sea 

buoys, whereby safety and reliability are more important than cost. Since the sources of heat for a thermoelectric gen-

erator is almost free, as in the case of waste heat, where the comparatively low efficiency of the thermoelectric genera-

tion is not an overriding consideration, the running cost of a thermoelectric generator compensates for the relatively 

high construction cost [12]. 
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Jaziri et al. [28] state that radioisotope thermoelectric generators (RTGs) are commonly used in aerospace applica-

tions such as spacecraft, satellites, and space probes to convert the heat produced by the natural decay of some radio-

active materials into electricity. The isotope used as primary energy sources must exhibit characteristics such as low 

radiation emission, acceptable fuel half-life with the mission duration, high melting point, high power density, and 

safety in all conditions. In Table 1, Stres [29] provides the characteristics of five isotope materials for RTGs developed 

by the US Department of Energy (DoE) and the US space mission. Of these isotope materials, Ce-144, Po-210, Sr-90, 

and Pm-147 exhibit significant limitations during testing, while Ce-144 has a half-life of 285 days and is only suitable 

for a 6-month space mission.  

Table 1. Characteristics of isotope materials used to generate electricity for spacecraft [29]. 

Isotope 

Isotope 

fuel 

from 

Watts 

cm3 Half-life 
Melting 

point oC 

Weight 

density 

g/cm3 

Specific 

activity 

W/Kc 

Decay 

particle 

Po-210 Metal 1210 138 days 254 9.3 31.7 Alpha 

Pm-147 Pm2O3 1.5 2.6 years 2300 5.55 0.37 Beta 

Sr-90 SrO2 0.93 28 years 2430 2.65 6.5 Beta 

Pu-238 
PuO2 5.0 89.6 

years 
2250 11.46 34.5 Alpha 

Ce-144 CeO2 13.8 285 days 2680 7 7.9 Beta 

 

The assessment of power sources using these isotope materials reveals that the Ce-144 was designed to operate in 

orbit with the SNAP-1 [30]. The power system produces a large amount of beta/gamma radiation and fails reentry 

tests from orbit. On the other hand, the Po-210 had been designed for the SNAP-3. It emitted the least radiation and 

required the least shielding. Nevertheless, for working on space missions, the power system had a very short half-life 

of 138 days.  

Furthermore, the Sr-90 had a long working half-life of 28 years but emitted a lot of radiation, necessitating a lot of 

shielding. Contrary to isotope materials mentioned above, the Pm-147 had an extremely long half-life of 2.6 years. 

Additionally, it emitted little beta radiation but a lot of gamma radiation. 

Of all the five isotope materials, the Pu-238 stands as the most appropriate isotope fuel despite its high price. It 

has a high melting point, low gamma radiation, and a long half-life of 89.6 years, allowing it to be used in long-term 

missions without a power-fluttering device. Jaziri et al. [28] assert that since 1961, the DOE and US space missions 

have focused on developing the Pu-238 for use in space programs. 

Innovative methods for energy conversion into useful forms can considerably enhance the growth of sustainable 

energy sources and satisfy the increasing demand for electricity for space applications. Compact power units with a 

high-power density and a long lifetime are necessary to operate space systems.  

The underlined merit of this research is that it will provide a ground for alternative power to electrochemical bat-

teries, fuel cells, and solar and wind energy sources with inherent limitations. Electrical energy derivable from radioi-

sotopes has an energy density that can be about a hundred times higher than electrochemical batteries and ten times 

higher than hydrogen-based fuel cell fuels. Based on the spontaneous decay of readily available radioisotopes, micro-

nuclear generators will produce a completely 'green' energy that is reliable and cheaper to operate and maintain. The 

possibility of having the radioisotope-based power source on a micro-scale will be a breakthrough for autonomous 

systems that can function over a considerable life span. Furthermore, combining an electrochemical battery with a 

radioisotope thermoelectric energy source to form a hybrid power source would create a highly efficient and reliable 

energy source. 

3. Research design 

The first phase entails a literature review of power sources used in space exploration missions, including their 

benefits and drawbacks. The next research stage consists of modeling the radioisotope thermoelectric energy source, 

the electrochemical battery (Li-ion), and the complementary components based on the design specification. After this 
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phase, the next step is integrating all the hybrid battery's components and performing simulations to assess the devel-

oped system's performance. 

3.1. Modeling of hybrid electrochemical-nuclear battery 

3.1.1. Modeling of the Li-ion battery 

The behavior of a Li-ion battery is defined by two sets of equations given as follows [31]: 

For the charging: 

Vbatt=Eo-K
Q

Q-it
(it+i*)+Ae-Bit-R.i 

(1) 

For the discharging: 

Vbatt=Eo- K
Q

it-0.1Q
(i*)-K

Q

Q-it
(it)+Ae-Bit-R.i 

(2) 

where Eo is the constant voltage, 𝑅 is the internal resistance, 𝑖 is the current, K is the polarization coefficient of the 

electrodes, i* is the low-frequency current dynamics, it is the extracted capacity, Q is the amount of active material in 

electrodes, A is the exponential voltage, and B is the exponential capacity.  

MSL mission space battery LP 33450 (3.6V, 43Ah) is used in this investigation, and the values of relevant parame-

ters are given in Table 1, and  Figure 2 illustrates the discharge characteristics of the developed Li-ion battery model at 

different operating temperature. 

 

Table 1. Battery characteristics [32]. 

Specifications 

Part Number LP33450 

Nominal Cell Weight 1.27 kg 

Voltage Range 3.0 to 4.1V 

Nominal Voltage 3.6V 

Nominal Capacity 43Ah at C/5 at 20oC (68oF) 

Energy Density 378 Wh/L 

Specific Energy 153 Wh/kg 

Discharge Rates 
Max constant current 200A 

Max pulse current (<1 sec) 400A 

Nominal Cell Impedance 2mΩ at 20oC (68oF) 

Cycle Life (80% capacity measured at 0.5C discharge current at 20oC (68oF)) >2000 at 100% DOD 

Standard Charging Method 
Constant current 21.5A (0.5C) to 4.1V 

Constant voltage 4.1V to 0.86A (C/50) 

Operating Temperature -20 to 60oC (-4 to 140oF) 

Storage Temperature -40 to 60oC (-40 to 140oF) 
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. 

Figure 2. Li-ion battery discharge behavior. 

 

Furthermore, the performance of a battery is affected by the temperature (either low or high) under which they 

operate as it affects the internal chemical reaction. At low temperatures, ionic diffusion and migration from one elec-

trode to the other can be difficult, causing side effects in the long term, while high-temperature operations might 

make the battery deliver better performance, with long-term side reactions such as corrosion and thermal run-away. 

The case study of Li-ion batteries that have been found to have operating temperatures ranging from 20oC and 60oC 

are considered in this section. Jaguemont & Jow [33] established that a Li-ion battery would show signs of defect at a 

temperature under 10oC. The low temperature also has effects on the SoC. It was found that the Soc of a Li-ion battery 

operating at 10oC decreased considerably by 23% compared to a battery operating at the ambient temperature of 20oC. 

The primary source of this degradation is due to the electrolyte's property, which increases its viscosity and reduces 

ionic conductivity.  

Low temperature resists the charge transfer, thereby adversely affecting the battery kinetics. Gao et al. [34] re-

ported that the charge transfer resistance of a battery operating at 10oC is twice higher as the battery operating at the 

ambient temperature.  

In addition, low temperature affects the battery electrodes through a phenomenon known as lithium plating [35], 

which triggers the polarization of the anode, thereby creating residual lithium ions that get deposited on the surface of 

the electrodes with the overall effect reduction in the capacities of the battery [36].  

On the other hand, high a temperature due to heat generation yields improved performance. However, exposure 

of batteries to high temperatures over a long period will produce a negative impact. Indeed, heat generation is a criti-

cal factor that must be understood.  

Masih-Tehrani et al. [37] proposed a modified set of equations that consider the battery's temperature by making 

each parameter temperature dependent. Therefore, equations 1 and 2 can be expressed respectively as equations 3 and 

4:  

Vbatt(T) = E0(T) −  K(T)
Q(Ta)

Q(−it
(it + i∗) + A𝑒−Bit − R(T) 

(3) 

Vbatt(T) = E0(T) −  K(T)
Q(Ta)

it−0.1Q(Ta)
(i∗) − K(T)

Q(Ta)

Q(Ta)−it
(it) + A𝑒−Bit − R(T). i   (4) 

Where: 

E0(T) = E0
ref +

∂E

∂T
(T − Tref) 

(5) 

Q(Ta) = QTa +
∂Q

∂T
(Ta − Tref) 

(6) 

K(T) = KTref × e
[α(

1
T

−
1

Tref
)]

 
(7) 
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R(T) = RTref × 𝑒
[β(

1
T

−
1

Tref
)]

 
(8) 

  

R is the internal resistance 

Tref is the nominal ambient temperature 

T is the cell temperature or internal temperature  

Ta is the ambient temperature  
E

T
 is the reversible voltage temperature coefficient  

∆Q

∆T
 is the Maximum capacity temperature coefficient  

α is the Arrhenius rate constant for polarization resistance  

β is the Arrhenius rate constant for internal resistance 

 

3.1.2. Modeling of MMRTG 

The proposed model of the MMRTG is based on the work of Tsai & Lin [38] and is subject to the following as-

sumptions:  

• Steady-state radioisotope thermoelectric module (the temperature distribution of 

the air gap is the same as the thermoelectric elements; hence heat transfer of the 

thermoelectric device can be treated as approximately one-dimensional heat trans-

fer)  

• Identical configurations of the p-type and n-type thermoelectric element (equal 

lengths, widths, thicknesses) 

• Materials with a similar thermal coefficient of expansion must be chosen for the 

thermoelectric elements because different materials will bring about a thermal ex-

pansion mismatch of the materials, which will lead to severe stress, leading to the 

degradation and breaking of the contacts between the thermoelectric elements (p-

type and n-type semiconductors) and the ceramic substrate. When using similar 

materials is impossible, the thermoelectric module must be designed to minimize 

thermal stresses. 

• Thermoelectric elements are connected electrically in series and thermally in paral-

lel. 

• The thermoelectric elements' material properties (Seebeck coefficient, thermal con-

ductivity, and electrical conductivity) are temperature dependent. 

• Uniform heat from the heat source 

• Radioisotope thermoelectric module is thermal insulation packaged; hence the heat 

leakage through the lateral surface is negligible. 

 

The modeling equations of the MMRTG are as follows: 

The Seebeck coefficient 
S=Vmax/TH 

S=2Vm/ΔT 

(9) 

Where Vmax is the maximum voltage, Vm is the load voltage t the matched load, and ∆T= TH-TC. 

RTGs manufacturers provide parameters including the (hot temperature) TH, (cold temperature) TC, (matched 

power) Wm, (matched voltage) Vm, and (maximum efficiency) ηmax. 

The Figure of Merit 
𝑍=S2/R.𝐾𝑡ℎ 

Z=(mopt
2 -1)/Tave 

(10) 

Where R is resistance, mopt is the resistance ratio m that maximizes the efficiency, and Kth and  Tave are given as: 

Kth=S2/RZ (11) 
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Tave=0.5(TH+TC) (12) 

The Resistance 
R=Vmax(1-ΔTmax/TH)/Imax 

Rth=VmaxImax(TH-ΔTmax)/(2THΔTmax) 

R=RL=Vm
2 /Wm 

(13) 

The Current 
I=SΔT/[(1+m)R] (14) 

Where m is the resistance ratio 

The Matched load current 
Im=SΔT/2R (15) 

The Thermal efficiency 
ηth=I2RL/QH (16) 

Where QH is the thermal power input to the hot side 

The Max Thermal efficiency 
ηth

max=(mopt-1)(ΔT/TH)/(mopt+TC/TH) (17) 

The Matched load efficiency 
ηth.m=ZΔT/[4+Z(1.5TH+0.5TC) (18) 

The optimal resistance ratio 
mopt=(1+ZTave)0.5 

mopt=(∆T+ηth
maxTC)/(ΔT-ηth

maxTH) 

(19) 

Where ηth
max is the maximal efficiency 

The Short circuit current: 
ISC=2Im=2 Wm Vm⁄  (20) 

The modeling parameters of a typical MMRTG used in the 2011 Mars Science Laboratory mission and other used 

parameter values are given in Table 2. 
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Table 2. MMRTG modeling equations and parameter values [39]. 

Design parameters MMRTG 

No. of GPHS bricks 

TE materials 

No. of couples 

Design-point QHS 

TE hot-side temp 

TE cold-side temp 

BOL power (WE) 

Est. EOL (14 years) power 

BOL system efficiency 

Specific power (WE kg-1) 

Containment system 

Mission usage 

Addressed program 

8 

PbTe(TAGS 85, PbSnTe) 

768 

1984 WTh @ BOL 

525oC 

100-200oC 

̴120 

60 

6.0% 

2.8 

Argon overpressure 

Multi-mission 

MSL and Mars 2020 

Parameter Value 

Efficiency (Thermal to Electrical conversion) 

Thermal Power 

Electrical Power 

Specific power  

Output voltage 

Hot-side temperature 

Cold-side temperature 

Figure of merit, Z  

Seebeck coefficient, S  

Thermal Conductivity, Kth 

Resistance, R 

6.3 % 

2000 W 

110 W 

2.8 We/Kg 

28-32 V dc 

525oC (798.15oK) 

100-200oC 

0.001032 Z-1 

0.1818 V/K 

4.271 W/K 

7.5 Ω 

 

To validate the developed model of MMRTG, a simulation was carried out using the Matlab/Simulink tool, and 

Figure 3 depicts the MMRTG voltage versus current (Figure 3a) and the power versus current (Figure 3b). It can be 

observed that the maximum efficiency of 6.3% is achieved when the current is at 4.2 A. 
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(a) 

(b) 

Figure 3. (a) Voltage versus Current and (b) Power versus Current of the modeled 

MMRTG. 

3.1.3. Modeling of auxiliary components 

The auxiliary components include the boost converter, half-bridge converter, and the DC electric motor serving 

as the load. The parameters of the DC motor are given in Table 3. Whereas the design features of the boost and half-

bridge converters are provided in Table 4. 
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Table 3. Motor parameters [40]. 

Description Value 

Armature Resistance Ra (Ω) 1 

Armature Inductance La (H) 0.5 

Torque Constant Kt 0.01 

Moment of Inertia J (Kgm2S-2) 0.01 

EMF constant 0.01 

Friction Coefficient B 0.1 

 

 

Table 4. Power converters designed parameters. 

Boost converter 

Description Value 

MMRTE voltage (V) 34.25 

Motor voltage (V) 60 

Switching frequency (kHz) 25 

Voltage ripple 1% 

Minimum inductance (μH) 7 

Minimum capacitor (mF) 1.72 

Duty cycle 43% 

Half-bridge converter 

Battery voltage (V) 30 

Duty cycle 57% 

Minimum inductance (μH) 15 

Load capacitor (mF) 5 

Minimum battery capacitor (mF) 2.3 

4. Results and Discussion 

The simulation results are shown in  Figures 4 and 5. It can be seen that the voltage at the output reaches a max-

imum value of 60 V when the battery voltage discharges. However, when the output voltage drops to 40 V, it is due to 

increased battery voltage during charging (Figure 4a). Therefore, the system, if subjected to appropriate development 

and the right conditions, is capable of power leveling (supply additional power), battery charging, and recovery 

mode. 

Figure 4b shows that the current through the motor increases considerably during battery discharge and decreas-

es when the battery charges. It could be seen that the current ripples are unstable. Thus, the system might operate on 

high power demand but only for a limited time. It can be observed that during the transient regime, the initial current 

is zero when the motor is connected to the output terminals of the boost converter, and it takes some time for it to at-

tain the nominal current because of the inductance in the armature circuit. The motor reaches its steady state once the 

current settles around 47 A, which is its final value. However, this current is subjected to ripples, making the final 

value of the current oscillate between 45  and 50 A. These ripples originate from the boost converter's output as the 

motor receives its supply. When the converter's inductor stores energy, the output voltage decreases and rises when 

the energy is released. 

Figure 4c shows that the rather unstable power behavior from the battery does not affect the power stability of 

the motor. Thus the arrangement of the hybrid system provides a viable and relatively stable power at its output, re-

gardless of the input power behavior. 

The above hybrid system, however, can be compared to the result obtained from a single supply RTG connected 

to the motor (Figure 5). The comparison in Figure 5a shows that the voltage of 48 V boosted from the RTG single sys-

tem is inferior to that of the voltage delivered by the hybrid system when charged by the battery of 60 V.  

Figure 5b suggests that the current through the motor is higher when connected to the hybrid system than when 

powered by a single RTG.  
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Therefore, the hybrid system can deliver better performance when additional power is needed, recharging the 

battery if necessary, and it can also solely rely on the MMRTG power, making it more advantageous.  

 

(a) 

(b) 
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(c) 

Figure 4. (a) Output voltage, (b) Load current, and (c) Input and output power of the 

hybrid battery. 

 

(a) 
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(b) 

Figure 5. (a) Output voltage, (b) Load current,. 

5. Assessment of the effect of temperature 

Figure 6a and Figure 6b show the charge and discharge cycles of batteries at three different ambient temperatures 

(253 oK, 293 oK, and 313 oK). It is evident that throughout the 5 hours of operations, the battery tends to charge and 

discharge more often at a lower temperature (253 oK) than at a higher temperature (293 oK). This is because the charge 

delivered by the battery at a low temperature is poor. Consequently, more charge-discharge is needed to compensate 

for the load of the hybrid system. The hybrid battery system operates optimally at high temperatures.  

Additionally, the assessment showed that at the same temperature, the output voltage of a hybrid battery is 

higher than a single battery, but it is interesting to note that a change in temperature does not affect the output voltag-

es of the hybrid battery. It could be seen that the hybrid system output voltage at temperature T =253 oK and the hy-

brid system output voltage at T=293 oK are relatively equal. However, it could be observed that the power cycle (when 

the hybrid voltage is at maximum) is wider and takes a long time before dropping. Also, the number of charge-

discharge cycles is less at high temperatures than at low temperatures. Indeed, A charge-discharge cycle refers to 

charging a battery and discharging it into a load. Charge-discharge cycles are also used to describe the lifespan of a 

battery. Since all chemical reactions are affected by temperature and because batteries rely on chemical reactions to 

generate power, the change in temperature affects the battery power. Batteries operate best at room temperature. A 

battery's capacity and expected life can fluctuate with a small temperature change. Because of reduced internal re-

sistance and increased chemical metabolism, batteries' capacity rises as the temperature rises. However, if such condi-

tions persist for a long duration, the battery's expected life shortens.  

These results should not be overlooked in the design of an appropriate Battery Management System. By and 

large, while the performance of a battery improves as temperature increases, it should be noted that prolonged expo-

sure to high temperatures could shorten the battery's life span.  
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(a) 

 

(b) 

Figure 6. Performances of hybrid batteries (a) 253oK & 293oK, and (b)  at 253oK & 313oK. 

6. Conclusions 

As concerns over clean power generation grow, it is a relief that a considerable quantity of underutilized waste heat 

could provide clean power for hundreds of years. The increased interest in space research, satellite operations, struc-

tural health monitoring, and terrestrial monitoring in hostile and inaccessible zones places a high demand for energy 

sources for autonomous systems. Similarly, there is a growing interest in reliable and low-cost power sources for 

utility applications. Conventional electrochemical batteries that could be used are plagued by low energy storage 

density, short life, disposal of unwanted batteries, and related undesired recharging or replacement maintenance re-

quirements, which endangers the environment. Fuel cells and solar energy sources being exploited to mitigate the 

adverse effect of environmental threats posed by batteries and fossil fuels are costly to acquire and maintain. The 

availability of energy sources derived from waste heat from radioactive decay for domestic appliances and industrial 

equipment will also help alleviate the effects of climate change, which continues to threaten the environment due to 

fossil fuel energy-based sources that emit harmful carbon monoxide into the atmosphere. A combination of energy 

from waste heat, harvested via thermoelectricity and existing battery technology to produce a hybrid energy source, 
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will guarantee secured energy for an extended period. Based on the Seebeck effect, thermoelectric energy generation 

may considerably contribute to sustainable energy development and meet the growing demand for power in utility 

applications. Mathematical Modeling of the energy from waste heat, existing battery technologies, and a hybrid en-

ergy source are considered, and their performances are established using the MATLAB/Simulink environment. Re-

sults confirmed the comparative advantage of the hybrid energy source over and above the respective electrochemi-

cal batteries and waste heat energy sources regarding effectiveness and performance efficiency. Since batteries are 

required to operate in a constantly changing environment, the effects of temperatures on batteries were investigated. 

The results show that the performances of batteries decrease with a decrease in ambient temperature and that the 

higher the maximum operating capacity, the higher the battery's internal temperature. 
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