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Abstract

:

This study focuses on the development of a hybrid battery-supercapacitor system aimed at enhancing energy efficiency and autonomy in electromobility. The energy supply system of an electric vehicle must ensure high performance and autonomy, even after numerous battery life cycles. Previous approaches to hybrid systems that combine batteries and supercapacitors focus on reducing power losses by relying on controllers that evaluate the state of charge (SOC) of the energy sources to determine which one should provide power at any given time. These systems typically use a controller that monitors only the SOC of the battery and supercapacitor. In contrast, our study introduces an innovative controller that not only evaluates the SOC of both energy sources but also incorporates the current of the electric motor, taking into account its operational state. This approach allows for a more accurate representation of energy consumption and motor performance, providing significant advantages in terms of energy efficiency, extended battery life, and improved performance under high motor loads, which are characteristic of modern electric vehicle requirements. The current paper encompasses both experimental and simulated results, indicating that the hybrid approach provides significant advantages, such as improved energy autonomy, extended battery life as the primary energy source, and enhanced performance at high motor speeds that stress the battery.
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1. Introduction


One of the most critical systems of an electric vehicle is the power supply for the electric motor, with batteries being the primary source. The performance of an electric vehicle largely depends on the efficiency of its batteries, making their operation vital. A significant issue affecting battery efficiency is the reduction of capacity over time. Battery aging has attracted the attention of automotive manufacturers and researchers, as understanding and identifying the causes of this process is essential for developing improvement strategies [1].



The main causes of battery aging include the number of life cycles, temperature, state of charge (SOC) level, load type, charging rate, and usage conditions [1]. Each time the battery is charged and discharged, it experiences minor wear, and extreme temperatures can accelerate this aging process. To address battery aging, various methods have been implemented in modern automotive engineering, including the use of supercapacitors as a secondary power source. These innovations aim to enhance battery performance and longevity, ensuring more efficient energy management in electric vehicles.



In conclusion, the causes of battery aging are numerous and vary in significance. The following sections will focus on life cycles, SOC levels, and the load current demand [1]. One promising method for reducing battery fatigue is the introduction of supercapacitors as a secondary power source. Supercapacitors, or electrostatic capacitors, are energy devices that store electrical energy through electrostatic fields, offering numerous advantages over traditional batteries. They have a high-power density, allowing for rapid energy supply to the motor during peak demand periods, such as starting and acceleration [2,3]. Furthermore, supercapacitors exhibit excellent resistance to temperature variations and can operate effectively across a wide range of temperatures.



Supercapacitors offer significant advantages, such as high-power density and the ability to charge and discharge quickly. This technology is ideal for situations with increased power demands, like vehicle starting and acceleration. However, despite their development, batteries remain a crucial energy source, offering high energy density, which is essential for long-term energy storage and the autonomy of electric vehicles [4].



The purpose of this article is to analyze the collaboration between batteries and supercapacitors in a hybrid energy system, focusing on improving energy efficiency and autonomy in electric mobility through the simulation of a controller that manages both energy sources. The controller will consider parameters, such as battery cycles, SOC levels, and load current, to ensure appropriate energy distribution and maximize the power supply system’s performance.




2. Simulation of Power Sources


The simulation of the elements of the hybrid energy storage system we have developed through Matlab/Simulink 10.7 will focus on the collaboration of two main sources: batteries and supercapacitors [5]. This approach allows for a comprehensive analysis of their behavior and electrical characteristics, as well as the evaluation of their interaction under various load conditions. In Simulink, 10.7 the simulation of batteries includes the modeling of critical parameters such as capacity, discharge voltage, and internal resistance. These simulations facilitate the analysis of battery performance under different scenarios, including charging and discharging. The ability to simulate battery aging provides valuable insights into the prediction of capacity degradation over time.



The simulation of supercapacitors in Simulink requires detailed modeling. The platform enables the creation of models that examine the unique response of supercapacitors to high currents and transient states.



The combined analysis of batteries and supercapacitors through Simulink will allow us to create the hybrid energy storage system we have designed, offering advantages such as improved performance and increased system operation.



2.1. Battery Model Overview


The battery model contains a battery, a controlled current source, and a battery cycle generator. The parameters used for the battery model refer to each cell individually, not the pack of three batteries that outputs 12 volts, as described in the experimental measurements (Figure 1). The battery is designed with a nominal voltage of 3.7 volts, which provides a stable power output during operation. When fully charged, the voltage reaches 4 volts, allowing for optimal performance. Its capacity is rated at 2900 mAh, enabling it to store a significant amount of energy for extended use. Additionally, the cut-off voltage is set at 2.775 volts, ensuring that the battery is protected from deep discharging.



2.1.1. Charging and Discharging Behavior of Battery


The cycle generator model processes the charging and discharging currents of the battery, effectively determining whether the battery is in a charging or discharging state [6]. Experimental measurements indicated that the motor consumes a current of 0.2 A, while its nominal load is 1.2 A. The simulation explored a range of currents from 0.2 A to 1.2 A, as illustrated in Figure 2.



The battery completely discharges in approximately 14.5 h, exhibiting a voltage decline during the first 14 h, followed by a sharp drop in the final 30 min. When simulating higher currents, the battery voltage decreases more rapidly, as anticipated. Additionally, simulations examined the relationship between battery voltage and capacity in ampere-hours (Ah), revealing minimal differences in current (Figure 3). This similarity resulted in nearly indistinguishable voltage-capacity curves.




2.1.2. Cycle and Battery Capacity Decreases


Further simulations were conducted to evaluate the battery’s performance after multiple cycles [6]. In these simulations, the charging current was fixed at 1 A, while the discharging current remained at 0.2 A, replicating the laboratory procedures. The full charging process typically takes around 2.5 to 3 h, whereas full discharging requires about 14.5 h. Consequently, each complete charge–discharge cycle lasts approximately 17 h.



After 36 cycles, the capacity reduces to about 2.4 Ah, reflecting a decline of approximately 0.5 Ah. After 72 cycles, this capacity further decreases to around 1.9 Ah. By the time the battery has completed 144 cycles, its capacity falls below 1 Ah, rendering it inadequate for our intended application (Figure 4).



After reaching a specific number of cycles (135 cycles), and when the capacity drops below 1 Ah, supercapacitors should be employed to assist in delivering power during normal operational conditions as well.





2.2. Supercapacitor Simulation


The supercapacitor model was created in LT-Spice, and two simulations were conducted. The first simulation corresponds to charging the supercapacitor with a constant voltage of 5 volts and a constant current of 0.1 A [7,8,9]. The second simulation pertains to discharging it with a current of 0.33 A, as shown in Figure 5. This discharge current was chosen based on experimental measurements where the current started from 0.4 A and decreased to 0.25 A, resulting in an average current of approximately 0.33 A.



The supercapacitor used in this study has a capacitance (Csc) of 100 Farads and a self-discharge resistance (Rsd) of 5 kΩ. The equivalent series resistance (ESR) is 2 mΩ. Initially, the supercapacitor was fully discharged, and its starting voltage during charging was 0 volts. During discharge, the initial voltage was about 2.4 volts when the discharge started.



2.2.1. Simulation Results


The time required to fully charge the supercapacitor to 2.7 volts at a constant current of 0.1 A is 2700 s, or 45 min, as shown in Figure 6.



On the other hand, the time required for total discharge from 2.4 volts is 730 s, or 12 min (Figure 7). It is evident that discharging occurs much more rapidly than charging.




2.2.2. Load Current and Supercapacitor Discharge Time


To examine the behavior of the supercapacitor under various load current values, tests were performed in LT-Spice across a range of currents from 0.05 A to 1.5 A, with a step of 0.05 A. For a load current of 0.05 A, the discharge time is 89.5 min. As the current increases to 0.5 A, the discharge time significantly decreases to 9 min. Further increasing the current to 1.5 A reduces the discharge time to 2.9 min. Figure 8 represents the dependence of current on the discharging current.



These tests are important because supercapacitors are used in hybrid systems to power electric motors during start-up and acceleration, times when the demand for current is high.






3. Experimental Analysis of Battery and Supercapacitor Performance


3.1. Experimental Analysis of Batteries as Main DC Motor Power Sources


For the experimental measurements, three Li-ion batteries with a capacity of 2900 mAh and a nominal voltage of 3.7 volts were utilized. These batteries were connected in series to power a 12 volt, 1.2 A DC motor. A PWM microcontroller was installed between the batteries, allowing the motor speed to be controlled. The microcontroller has a switch that makes it easy to adjust the motor speed from 10% to 100% of maximum speed. The experimental setup is illustrated in Figure 9.



Prior to commencing the steady-state measurements, three starting tests were conducted to capture the maximum starting current of the motor. The recorded values were as follows: during the first start, the voltage was 12.01 volts with a maximum current of 0.3 A; during the second start, the voltage reached 12.02 volts with a maximum current of 0.27 A; and during the third start, the voltage increased to 12.04 volts with a maximum current of 0.43 A.



After approximately 25 h of measurements in steady-state operation at maximum speeds, the results for the current and voltage of the batteries revealed that the voltage across the battery pack initially started at 12 volts and gradually decreased until around 24 h, where a sharp decline in performance was observed (Figure 10). Correspondingly, the current supplied to the motor decreased as the voltage dropped.



When the voltage across the pack fell below 7 volts, the motor’s rotor began to spin at a noticeably lower speed. When the voltage dropped below 6 volts, the rotor struggled to turn, and at a voltage of 5.75 volts, the motor completely stopped. At the conclusion of the experiment, the final voltage at the terminals of each battery was measured. The final voltage for the first battery was 2.27 volts, for the second battery it was 1.678 volts, and for the third battery it was 2.939 volts.



3.1.1. Battery Voltage and Capacity Relationship


The Li-ion battery has a nominal voltage of approximately 3.6 V to 3.7 V, reaching up to 4.2 V when fully charged. As the battery discharges, the voltage drops below 3 V. During experiments with a constant load current of 0.2 A, it was observed that the motor stopped functioning after 25.67 h, while the voltage dropped below 3 V after 23 h (Figure 11). When the total voltage of the three-battery pack reached 9 V, it was concluded that each battery had dropped to 3 V at that point, resulting in a calculated capacity of 4600 mAh. Laboratory measurements confirmed that the discharge time was around 23 h, with the capacity remaining above 4000 mAh, exhibiting slight fluctuations due to variations in current (ranging from 0.17 A to 0.2 A). A simulation in LT-Spice and Simulink, with a load current of 0.2 A and a capacity of 4600 mAh, yielded expected results (Figure 12). Figure 13 represents experimental results that align with the Simulink results.




3.1.2. Battery State of Capacity (SOC)


The correlation between the battery voltage and its state of charge (SOC) will be established using the integral method [10,11]. The SOC is calculated using the following formula:


  S O C   %   =    Q     Q   m a x      × 100 ,  



(1)




where Q is the estimated charged energy quantity and Qmax is the maximum possible charged energy quantity. To calculate Q, the following equation is used:


  Q =   ∫  t 0   t      ( I   i n     −   I   o n   ) d t .  



(2)







In our case, Iin is zero. Therefore, the negative sign does not affect the calculation, as the absolute value will be taken. Thus, Q is computed as


  Q =   I   o u t   x ( t −   t   0   ) .  



(3)







This procedure was applied to the measurements obtained from the laboratory, where each measured current value was multiplied by the time interval of 10 min and subsequently converted to Coulombs. For the calculation of Qmax, the first measurement, where the current was 0.21 A (i.e., at its maximum), was considered. Thus, we have


    Q   m a x   = 2.1 A x m i n  = 126 .   



(4)







Finally, by applying the relationship (1), it is observed that the SOC follows the behavior of the battery current, experiencing a sharp decline at 23 h, when the battery voltage drops to 3 volts (Figure 14).





3.2. Experimental Analysis of Supercapacitor as Main DC Motor Power Source


For the laboratory measurements, 100 Farad supercapacitors were utilized. These supercapacitors are known for their ability to store and discharge energy rapidly, making them ideal for applications that require quick bursts of power. Their high capacitance allows for significant energy storage, which is essential in experiments involving energy transfer and efficiency assessment.



3.2.1. Parameters of Supercapacitor Charging


The two supercapacitors were connected to the generator, which was set to supply a current of 0.1 A with a constant DC voltage of 5 volts [9,12]. The measurement results for the charging of the two supercapacitors are shown in Figure 15. The initial voltages of the supercapacitors before charging were 0.455 V and 0.502 V. As shown by the resulting curves, each supercapacitor took approximately 40 min to reach a terminal voltage of 2.5 V.



In the LT-Spice simulation, the time required for the supercapacitor to fully charge was 45 min, starting from 0 V. The laboratory measurements are very close to the simulation results, both in charging time and in the shape of the curve, as the increase in voltage was exactly as expected, that is, nearly linear.




3.2.2. Parameters of Supercapacitor Discharging


For discharging, a smaller motor was used compared to the one used for discharging the batteries, because the previous 12 V motor could not start due to the low voltage provided by the supercapacitors, which have a maximum voltage of 2.8 V. Therefore, we used a 1.5 V motor. The supercapacitors were connected directly to the motor without a PWM microcontroller, resulting in the motor running at maximum speed depending on the voltage, which initially was 2.4 V and decreased as the supercapacitor discharged (Figure 16 and Figure 17 show voltage and current dependence based on time, respectively).



For discharging, a smaller motor was used compared to the one used for discharging the batteries, as the previous 12 V motor could not start due to the low voltage provided by the supercapacitors, which have a maximum voltage of 2.8 V. Therefore, a 1.5 V motor was used. The supercapacitors were connected directly to the motor without a PWM microcontroller, causing the motor to run at maximum speed depending on the voltage, which initially was 2.4 V and decreased as the supercapacitors discharged (Figure 16 and Figure 17 show the voltage and current dependence based on time, respectively).



The measurement results for each supercapacitor show that the first supercapacitor discharged in nearly 15 min, while the simulation indicated 12 min. This small difference may be due to the current not being constant at 0.33 A but rather starting at 0.4 A and then decreasing to 0.25 A. The sharp drop in current around 14 min indicates the stalling of the motor, as the voltage from the supercapacitor dropped below 0.5 V, which is insufficient to drive the rotor [9].






4. Hybrid Power Supply System


The importance of the energy supply system in an electric vehicle lies in achieving high autonomy and efficiency, especially as batteries wear out. A hybrid system that combines the strengths of batteries and supercapacitors can provide the best response to the changing needs of the electric motor.



In X.D. Xue’s study, the operation of such a hybrid system is discussed, which is controlled by a device based solely on the SOC (state of charge) of the batteries and supercapacitors [13]. Our system’s controller considers both the SOC and the current of the electric motor, meaning the current operating state. This makes the system more modern and adaptable to the demands of today’s electric vehicles.



The implementation of the hybrid energy supply system is based on simulations in the Matlab/Simulink environment [5,14], as illustrated in Figure 18. The system includes a pack of three batteries providing 12 volts when fully charged, along with a supercapacitor, working together with a DC electric motor through a controller. Measurements showed that the motor works as expected, drawing 0.2 A under normal operation and 0.5 A at startup.



The behavior of the battery voltage follows the typical discharge curve of Li-ion batteries, with a nearly vertical drop below 9 volts. This drop reflects how the batteries respond to loads, where the SOC decreases more quickly with an increasing load (Figure 19).



In the supercapacitor system, a voltage converter keeps the output voltage at 12 volts. The simulations conducted for the supercapacitor are like those for the batteries. However, in the case of the supercapacitor, a minimal load is applied to the motor to ensure it operates at 0.33 A. Subsequently, a simulation is performed with an additional load (Figure 20).



The current, as in the case of the battery source, follows the behavior of the motor current; it shows a rise at start-up and then receives the value for the permanent state of the machine’s operation. Its voltage and SOC decrease linearly, as expected, and reach zero in 12.5 min.



4.1. Simulation of HESS Controller


The controller simulation is based on both the results of the simulations as well as the results of the laboratory experiments of each search of the hybrid system, and it is adapted to improve the operation of the power system. The results of the simulations and laboratory tests drew the following conclusions:




	
In permanent operation, the motor draws 0.2 A, while in the starting tests, the current requested by the motor increases by 0.3–0.5 A;



	
It was observed that when the voltage of the pack of three batteries was below 6 volts, the motor has difficulty turning and stops constantly. That is when the batteries can no longer power the motor. According to the simulations, when the battery voltage is equal to 2 volts, its SOC is 21%.








According to the above information of the laboratory and the simulations, the states of the controller are obtained as shown in Table 1 and Figure 21.



	
State A: If the SOC and voltage of the battery pack are above 80% (10.14 volts), and the motor current is below 0.5 A, the motor is powered by the batteries. This applies both in steady-state and during startup;



	
State B: If the SOC/voltage is above 80% (10.14 volts), and the motor current is above 0.5 A, the motor is powered by the supercapacitors. This condition applies during higher current demands, such as startup or when load is added to the motor shaft;



	
State C: When the SOC/voltage is between 80% (10.14 volts) and 20% (6 volts), and the current is below 0.21 A, the batteries are used. In this case, the batteries do not provide power during startup but only in steady-state operation;



	
State D: If the SOC/voltage is between 80% (10.14 volts) and 20% (6 volts), and the current is above 0.21 A, the supercapacitors are used;



	
State E: If the SOC/voltage is below 20% (6 volts) and the SOC of the supercapacitors is positive, the supercapacitors will be used regardless of current;



	
State F: If the motor current is above 0.5 A, the supercapacitors are used regardless of the SOC of the batteries;



	
State G: If the SOC/voltage is below 20% (6 volts), and the SOC of the supercapacitors is zero, the batteries will be used regardless of current;



	
State H: If the motor current is negative (indicating generator mode), the current will return to the supercapacitors [15].






For the supercapacitors to be used in all the above states, their SOC must be greater than zero.



The controller has three inputs:




	
Motor Current: Measures the current required by the motor;



	
Battery SOC: Represents the state of charge of the batteries;



	
Supercapacitor SOC: Represents the state of charge of the supercapacitors.








The output of the controller is the voltage supplied to the motor, which can come from either the batteries or the supercapacitors.



The application of the controller is completed using logic gates and is divided into two sections:




	
The first section handles the states where the motor is powered by the batteries (States A, C, G);



	
The second section manages the states where the motor is powered by the supercapacitors (States B, D, E, F, H).








From these two sections, two control signals emerge: “bat” and “sc.” When the “bat” = 1, the motor is powered by the batteries; when “sc” = 1, the motor is powered by the supercapacitors. On the second part of the controller, a switch has also been added on the right side of the system, which decides which voltage will be input to the motor, that is, what the basic output of the controller will be (Figure 22 and Figure 23 represent the battery pack and supercapacitor control condition, respectively).




4.2. Simulation Results


4.2.1. First Simulation (Operational States: A, B, C, D, F)


In this case, the motor current starts at approximately 0.9 A. Initially, the supercapacitors are activated until the current drops to 0.45 A, at which point the batteries are activated. When the state of charge (SOC) of the batteries reaches 80% and the current exceeds 0.21 A, the supercapacitors reactivate until they are depleted, after which the batteries continue to operate until the end of the simulation. This behavior is depicted in Figure 24 and Figure 25 for the battery and supercapacitor, respectively.




4.2.2. Second Simulation (Operational States: A, C, E, G)


The motor’s current remains steady at 0.2 A throughout the simulation. The batteries discharge until the SOC reaches 20%, activating the supercapacitors. Supercapacitors discharge quickly compared to batteries, which re-power the motor until they are fully discharged (Figure 26 and Figure 27 represent the second battery and supercapacitor simulation results, respectively).




4.2.3. Third Simulation (Operational States: F, H)


In this case, the batteries remain inactive. The current initially rises to approximately 0.9 A. Shortly thereafter, the motor switches to generator mode, charging the supercapacitors as the current turns negative. This simulation effectively demonstrates the concept of regenerative braking. Figure 28 and Figure 29 represent the third battery and supercapacitor simulation results, respectively.





4.3. Improvement in Battery Autonomy Performance with Use of HESS


In Table 1, the functional states of the hybrid system controller illustrated that the battery is protected during instances of high-power demand from the motor as well as when the charge level is low. These conditions correspond to functional state G of the controller, where the state of charge (SOC) of the batteries is below 20%. In these cases, the supercapacitors will discharge fully before the batteries, which will only discharge completely under very specific circumstances.



The conclusion is that while the supercapacitors will routinely discharge fully and will recharge through the reverse flow of power during braking, the batteries will rarely reach low charge levels (SOC below 20%). This results in increased battery longevity, as seen with more frequent drops in SOC to critically low levels (Table 2).



The simulations examined indicate that in the hybrid system, the battery capacity decreases at a slower rate. As shown in Table 2, after 50 charge–discharge cycles, the capacity of the battery in the simple system as the main power source is 2.2151 Ah, and while it is in the hybrid system, its capacity is 2.2947 Ah. After 100 cycles, the capacities have reduced to 1.4946 Ah and 1.6515 Ah, respectively. Finally, after 145 cycles, the capacities are 0.8478 Ah and 1.0739 Ah, respectively.



As previously mentioned in the preceding section, the autonomy of the system during the first cycle of the battery with a load current of 0.2 A is 14.5 h. The autonomy of the hybrid system during the 100th life cycle of the battery is 8.25 h, while in the simple power system, it is 7.5 h (Figure 30).



This leads us to conclude that by utilizing supercapacitors and developing the hybrid power system for the motor, we have improved the system’s autonomy during the 100th charge-discharge cycle by 45 min.



Therefore, the improvement in battery performance with the incorporation of supercapacitors and the establishment of the hybrid power system is significant.





5. Conclusions


The simulations conducted for the battery cells demonstrated that discharge is directly related to the load current. Specifically, at a current of 0.2 A, the battery discharged fully in 14.5 h, with a slow initial decline in voltage followed by a sharp drop in the last 30 min of the process.



On the other hand, in the case of multiple charge–discharge battery cycles, it was observed that with a constant discharge current of 0.2 A and a charge current of 1 A, the battery capacity decreased from 2.9 Ah to 0.8 Ah after 145 cycles. This reduction renders the battery insufficient for powering the motor, highlighting the necessity of supercapacitors as a supplementary energy source.



The experimental results from testing a pack of three 2.9Ah batteries confirmed the predictions of the simulations, revealing a sharp decrease in voltage around the 24 h operating mark. Specifically, when the voltage at the battery pack terminals fell below 7 volts, the rotational speed of the motor significantly decreased, and when it dropped below 6 volts, the motor ceased operation. The 100 Farad supercapacitors, according to the simulations, fully charged in 45 min and discharged in 12 min, with discharge time significantly decreasing as the load current increased. This behavior is critical during startup and acceleration conditions for the motor, where the demand for high power is imperative.



The operation of the hybrid system relies on the controller, which determines which source will power the motor in each operational state. The controller not only monitors the status of the power sources but also collects data from the electric motor, adjusting its operation accordingly. As mentioned, the higher the motor’s speed, the greater the current required. Specifically, during startup, the current is high. If the controller only considered the status of the energy sources, the system would be “blind” to such transient phenomena. Simulations demonstrated that the primary energy source for the motor is the batteries, with the supercapacitors primarily activating during transient operational events. This scenario enhances efficiency by allowing optimal use of the available resources, leveraging the advantages of both power sources. In conclusion, the hybrid system offers significant benefits in increasing the efficiency and autonomy of the power supply system while simultaneously reducing battery aging, thereby enhancing the sustainability of electric vehicles. Furthermore, future research could focus on adding battery thermal management technology as a parameter in the controller. This would help improve performance and further reduce battery aging, leading to better efficiency and sustainability of the hybrid system [16].
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Figure 1. The Li-ion Battery Model in Simulink. 
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Figure 2. Battery behavior for various load current (0.2–1.2 A). 
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Figure 3. Voltage and capacity of battery for various load currents. 
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Figure 4. Behavior of battery cell capacity and voltage for 36 (left), 72 (middle), and 144 (right) cycles. 
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Figure 5. The supercapacitor LT spice model for the charging (left circuit) and discharging process (right circuit). 
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Figure 6. Supercapacitor charging time. 
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Figure 7. Supercapacitor discharging time. 
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Figure 8. Supercapacitor discharge time for values load current up to 1.5 A. 
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Figure 9. Experimental setup of batteries pack, PWM controller, and DC motor. 
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Figure 10. Voltage of the battery pack. 
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Figure 11. Voltage of the battery pack. in LT-Spice simulation. 
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Figure 12. The voltage of the battery for a simulation with load currents from 0.2 A to 1.2 A and a capacity of 4600 mAh on Simulink. 
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Figure 13. The capacity of the batteries during the laboratory measurements. 
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Figure 14. The SOC of the batteries during laboratory measurements. 
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Figure 15. The charging voltage of supercapacitor of 100 Farads versus time. 
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Figure 16. Discharge voltage of the 100 Farad supercapacitor versus time. 
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Figure 17. Discharge current of the 100 Farad supercapacitor. 
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Figure 18. Increase of motor current at start-up. 
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Figure 19. SOC and battery pack voltage for a constant current of 0.2 A. 
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Figure 20. The supercapacitors’ voltage and SOC with added motor load. 
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Figure 21. The HESS controller block in Simulink. 
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Figure 22. The battery pack with the control condition at its input. 
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Figure 23. The supercapacitors with the control condition at its input. 
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Figure 24. First battery simulation results: (a) Load current, (b) <<sc>> signal, (c) Signal <<bat>>, (d) Battery current, (e) Battery voltage, and (f) Battery SOC. X-axis represents time (s). 
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Figure 25. First supercapacitor simulation results: (a) Load current, (b) <<sc>> signal, (c) <<bat>> signal, (d) Supercapacitor current, (e) Supercapacitor voltage, and (f) Supercapacitor SOC. X-axis represents time (s). 
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Figure 26. Second battery simulation results: (a) Load current, (b) <<sc>> signal, (c) Signal <<bat>>, (d) Battery current, (e) Battery voltage, and (f) Battery SOC. 
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Figure 27. Second supercapacitor simulation results: (a) Load current, (b) <<sc>> signal, (c) <<bat>> signal, (d) Supercapacitor current, (e) Supercapacitor voltage, and (f) Supercapacitor SOC. 
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Figure 28. Third battery simulation results: (a) Load current, (b) <<sc>> signal, (c) Signal <<bat>>, (d) Battery current, (e) Battery voltage, and (f) Battery SOC. 
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Figure 29. Third supercapacitor simulation results: (a) Load current, (b) <<sc>> signal, (c) <<bat>> signal, (d) Supercapacitor current, (e) Supercapacitor voltage, and (f) Supercapacitor SOC. 
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Figure 30. Battery discharging in its 100th cycle (The red curve corresponds to the hybrid system with a supercapacitor, and the blue curve corresponds to the simple system without a supercapacitor). 
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Table 1. States of HESS controller operation.
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	State
	Motor

Current (A)
	Battery

SOC (%)
	Supercapacitors SOC (%)
	Motor

Power Source





	A
	<0.5
	>80%
	-
	Battery Pack



	B
	>0.5
	>80%
	>0
	SC Pack



	C
	<0.21
	20% < SOC < 80%
	-
	Battery Pack



	D
	>0.21
	20% < SOC < 80%
	>0
	SC Pack



	E
	-
	<20%
	>0
	SC Pack



	F
	>0.5
	-
	>0
	SC Pack



	G
	-
	<20%
	=0
	Battery Pack



	H
	<0
	-
	-
	SC Pack










 





Table 2. The capacity of the battery with the increase of its cycles compared as a main load source and a source in a hybrid system with supercapacitor.
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	Battery Cycles
	Capacity (Ah), Battery as Main Source
	Capacity (Ah), Battery as Part of Hybrid System





	1
	2.9133
	2.9228



	10
	2.7891
	2.8080



	36
	2.4167
	2.4746



	50
	2.2151
	2.2947



	72
	1.8972
	2.0108



	100
	1.4946
	1.6515



	120
	1.2080
	1.3936



	145
	0.8478
	1.0739
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