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Abstract

:

This work is concerned with the use of the engine start module (ESM) ULTRA 31/900/24V ultracapacitor in specific hybrid systems consisting of a photovoltaic (PV) module, battery, and internal combustion engine (ICE). The test bench research on the ESM cooperating with the photovoltaic module to prevent its self-discharge has been tested, analyzed, and discussed. Moreover, the power distribution between electrochemical batteries and the ultracapacitor is shown. The potential application of the ultracapacitor connected with batteries for the start-up of an ICE engine is also presented. Furthermore, we analyze the possible application of the ultracapacitor plus battery system in heavy transport vehicles and buses. The main advantages and disadvantages of the system consisting of an ultracapacitor and a battery is presented along with the problem of self-discharge and the conditions of ultracapacitor and battery cooperation. This work also features the assumptions made for the conducted tests, selected accordingly for nominal current values of typical starter motors available on the market.






Keywords:


battery; PV module; ultracapacitor; ICE engine start-up












1. Introduction


Much attention is presently being given to low-emission and zero-emission technologies based on distributed energy generation devices [1], in particular, renewable energy sources [2,3,4] and hybrid cogeneration systems [3]. The key elements used for the start-up of large-scale cogeneration systems based on internal combustion engines are batteries [5] and ultracapacitors [5,6]. Ultracapacitors and batteries are also used in heavy vehicles with conventional drivetrains [7] as well as in trucks and electric vehicles [8,9,10,11,12]. In the case of batteries, during operation in difficult conditions, i.e., low ambient temperature, their operational parameters significantly decrease [6] because the internal resistance of the battery increases (in particular, the resistance of the electrolyte) and the electromotive force and voltage at the connection points decrease. In such conditions, the mechanical resistance in the internal combustion engine is higher too, which is caused by the higher density of engine oil. This, in conjunction with the decreased available electric power, results in a higher load on the battery, leading to a decrease in its expected lifetime [13].



In order to increase energy and power, start-up batteries of greater capacity or a greater number of batteries connected in parallel are used, which increases costs. One of the possible solutions to this problem is the implementation of a hybrid energy storage method based on the parallel connection [14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39] of a battery and an ultracapacitor.



The article is organized as follows. In Section 2, the application of hybrid energy storage based on the ultracapacitor and battery is presented. Section 3 describes the research on the Engine Start Module (ESM) ULTRA 31/900/24V ultracapacitor in a hybrid system with the battery, external current load, and photovoltaic (PV) module. In Section 4, the potential use of the ultracapacitor to start-up an internal combustion engine (ICE) and the research on this hybrid energy storage solution are analyzed and discussed. In Section 5, the main concluding remarks are given.




2. Application of Hybrid Energy Storage for Combustion Engine Start-Up in Difficult Conditions


The following section focuses on the start-up of a Volkswagen 1.9 TDI 107 BHP internal combustion engine for passenger vehicles. The maximum current peak during cranking is 900 A. In Table 1, the main parameters of the tested engine are given.



During cranking of the combustion engine, the starter motor draws a high current from the battery, with peak values reaching hundreds to even thousands of amperes [5], depending on the displacement of the combustion engine. Figure 1a presents the cranking current signal waveform during start-up of a Volkswagen 1.9 TDI 107 brake horse power (BHP) internal combustion engine.



During cranking, the battery voltage (Figure 1b) dropped to 8.5 V (a drop of 4 V). The engine cranking test was conducted in standard conditions (ambient temperature of 293 K).



The advancement in battery technology has made the start-up of combustion engines in standard operating conditions an easy task, with batteries being cheap, effective, and relatively durable [40]. It is worth pointing out that operation in difficult conditions can occur as well, where the high cranking current causes an overly deep drop in battery voltage, a decrease in the power of the starter motor, and combustion engine start-up difficulties. Examples of such difficult conditions are low ambient temperature, long time gaps between engine operation phases, significant power draw from vehicle onboard electrical appliances (i.e., the dashboard), and in the case of vehicles featuring start–stop systems [13], high frequency of system operation (frequent combustion engine start-ups and short periods of battery charging—dynamic conditions that cause the battery to lose charge at a faster rate, decreasing the usable capacity and durability [40]). Additional drawbacks of batteries are self-discharge and difficulty in detecting the discharge point of the battery (often, full discharge occurs suddenly, with no warning [41]).



According to the scientific literature [42,43,44,45,46,47,48,49,50], the rate of self-discharge can range from 5% to even 30% SOC over one month, depending on the type of battery and storage conditions (i.e., ambient temperature) [51,52,53]. Use of a parallel connection of a battery and ultracapacitor allows for availability of stored energy (see Figure 3a) even if the voltage of the hybrid system drops to a value indicating a discharged battery (equivalent to SOC = 0). The amount of energy stored at that voltage in the ultracapacitor still allows for start-up of an internal combustion engine [5]. This situation may occur for vehicles that are used sporadically or in cold climates (i.e., service and military vehicles) [6] as well as vehicles with an increased load present on the DC electric installation [54,55]. An example of this could be city buses which are required to remain stationary at line endpoints with the engine turned off [56], while a significant power load is still present (i.e., LCD screens, lighting, heating, and air conditioning). It is worth mentioning that the process of self-discharge [9,57] can be limited by addition of PV modules to the system. However, adding PV modules is not always possible (i.e., in vehicles stored in closed garages).



The elimination of the described drawbacks can be achieved by a parallel connection of the battery and the ultracapacitor.




3. Characteristics of Energy Storage Solutions


3.1. General Characteristics of Battery and Ultracapacitor


In the following section, we present the open circuit voltage plots (OCV) as the function of state of charge (SOC) for a battery (Figure 2a) and ultracapacitor (Figure 2b).



In the case of the battery (Figure 2a), the plot features a flat, slightly sloping shape. It is advantageous, considering the amount of the accumulated energy around the operation point, as the amount of energy is maximized. The energy stored in the battery, by definition, is an integral of OCV in respect to accumulated charge Q. Charge Q is proportional to SOC, therefore the energy stored in the battery can be expressed as


   E  b a t   =   ∫  O C V d  Q  | S O C = Q  Q  n o m   − 1   ⇒ d Q =  Q  n o m   d S O C   =     Q  n o m     ∫  O C V d S O C       



(1)







At voltage OCV, which is almost constant through the entire range of SOC, the amount of energy stored is almost linear to the increase of SOC value. It is worth noting that OCV changes slightly due to SOC change, and the waveform is flat. As a result, even a small error in OCV measurements results in significant SOC estimation error (dOCV/dSOC ≈ 0 which means dSOC→∞). While estimating OCV during load, the following dependence can be used:


  O C V = U − R i    



(2)







It is worth noting that the error of SOC estimation is significant because no dynamic processes are taken into account, such as voltage relaxation. For more precise OCV estimation methods, such as electrochemical impedance spectroscopy [58] and the Kalman filter [21,59,60,61], which estimate the SOC using the voltage and charge Q measurements simultaneously, charge Q is determined as an integral of load current. Despite the Kalman filter method giving the best SOC estimation results, it is still subject to some error [62].



In the case of the ultracapacitor, the energy stored (Figure 2b) is an integral of OCV in respect to accumulated charge Q. Charge Q is proportional to SOC and the OCV voltage increases almost linearly with SOC increase. Therefore, the energy stored in the ultracapacitor can be approximated as a second power function of SOC. Therefore, the equation for stored energy can be written as


     E  U C   =  Q  n o m     ∫  O C V d S O C    =  Q  n o m     ∫  Q  C  − 1   d S O C    ≅      Q  n o m    C  − 1     ∫  S O C ⋅  Q  n o m   d S O C    =  1 2  S O  C 2   Q  n o m    U  n o m   =  1 2  S O  C 2  C  U  n o m  2     



(3)







It should be emphasized that ultracapacitors, in contrast to batteries, store energy even at low voltages (even close to 0 V) [63,64,65,66,67,68]. On the contrary, the amount of energy stored is lower compared to batteries. The increasing shape of OCV = f (SOC) characteristics for an ultracapacitor is beneficial for the possibility of estimating the SOC and assessing the amount of energy stored in the ultracapacitor. In the simplest case, the SOC of the ultracapacitor is estimated based on OCV measurement and knowledge of function OCV = f (SOC), presented in Figure 2a. The OCV changes significantly with SOC change. Therefore, even a significant OCV measurement error does not result in a notable error in SOC estimation, which can be written as


  d O C V / d S O C ≈  U  n o m   ⇒ d O C V ≈  U  n o m   d S O C    



(4)







As with the battery, the OCV can be estimated during load using Equation (3). It is worth remembering that the SOC estimation error is significant because dynamic processes are taken into consideration, such as voltage relaxation. More accurate SOC estimation (even during load) can be achieved through tools, such as various combinations of the Kalman Filter [21,59,60,61] and other prediction methods [69] based on recurrent neural networks [41,70].




3.2. Hybrid Energy Storage Based on Battery and Ultracapacitor


Properties of ultracapacitors and batteries are often complementary to each other. It can be seen especially when a parallel connection of the two components into a system that combines the benefits of both energy storage solutions can be achieved. In particular, the parallel configuration of ultracapacitors and batteries will simultaneously have high energy (effect of batteries) and high power (effect of ultracapacitors) [5,11], even at very low ambient temperatures (effect of ultracapacitors) and at a low SOC. Figure 3a shows relationships between energy stored in the battery, ultracapacitor, and ultracapacitor–battery system as a function of voltage.



These plots clearly present the benefits of the parallel connection of the aforementioned elements. On the one hand, the system offers high amounts of energy in the higher voltage range (provided by the battery); on the other hand, it stores energy even at low voltages (effect of the ultracapacitor). For the accordingly large capacity of the ultracapacitor, the amount of energy it stores can be sufficient for combustion engine start-up [5], even with a discharged battery (that is, at very low voltages of the system). Discharge of the battery can be caused by low ambient temperature or power draw from onboard electrical appliances and devices.



Figure 3b presents the relationship between the OCV of the ultracapacitor–battery system and its SOC. This characteristic shows another benefit resulting from the parallel connection of those elements—a strong curvature of the waveform at the low SOC range. This shape indicates that low SOC causes a faster and more visible OCV drop in comparison to the battery. The state of approaching the full discharge can be detected earlier and with greater certainty, without the risk of a sudden lack of the required power.



Currently available on the market are single ultracapacitor cells and modules with the serial or serial-parallel connection of several cells. Modules are equipped with electronic control systems, such as a battery management system (BMS), that ensure an equal charge level in all cells and overcharge protection. With such a module, parallel connection with batteries is relatively simple if the required “soft start” system for limiting the amount of current equalizing the voltages at the moment of connection of a discharged ultracapacitor with the battery is kept in mind. To ensure protection against deep discharge of the batteries, a DC/DC converter [17,36,37,39] is required for raising the ultracapacitor output voltage to a level safe for the battery.



Ultracapacitor modules featuring these kinds of electronic systems (BMS, “soft start”, and DC/DC converter) in a single case are similar in size to a starter battery and are available on the market in 24 V versions (such as the ESM, manufactured by Maxwell [7]). The research results of this hybrid configuration are presented in Section 4.





4. Description of the Test Stand and Research on Hybrid Energy Storage


4.1. Test Stand—Hybrid Energy Storage


In the following section, a diagram of the stand is presented (Figure 4a) and there are photographs shown of the hybrid energy storage solution (Figure 4b) based on an ultracapacitor and battery. The ESM, manufactured by Maxwell (version ESM ULTRA 31/900/24V), was connected with a 24 V battery (two 12 V and 80 Ah batteries, connected in series) and a programmable electronic load that was capable of creating a current load of up to 150 A.



The presented system is dedicated for use in trucks, buses, and other heavy vehicles, which in Europe commonly feature a 24 VDC [71] electric installation instead of 12 VDC used in passenger vehicles. In other regions, e.g., Australia, commercial heavy vehicles may feature a 12 VDC electric installation [72,73]. The system is supposed to provide conditions for a trouble-free start-up of heavy vehicle engines (such as trucks, special service vehicles, military vehicles, etc.) and city buses used in specific conditions. These conditions occur very rarely in operation of passenger vehicles (featuring a 12 VDC electric installation). Furthermore, a 12 VDC variant of the system was not considered, as it would be expensive to implement in heavy-duty vehicles [72].



In the test presented in Figure 1a, the peak value of the start-up current (current peak of about 900 A) occurs briefly at the very beginning of the start-up process, when the starter motor is still stationary or is already rotating at a very low speed. This indicates a condition close to a short-circuit of the starter motor. The starter motor that has reached a nominal rotational speed exerts a current load on the battery of the nominal value, much less than the current value of a shorted circuit. Based on the subject literature [5], the time of engine start-up in difficult conditions may reach several to several dozen seconds. During this time, the starter motor rotates at nominal speed until the combustion engine starts. The current value of 150 A shown in Figure 7a,b represents a nominal current value typical for starter motors [74].



Time of start-up of about 1 s represents engine start-up in typical conditions with use of a well-charged battery. However, in certain conditions, i.e., in low temperatures or if the vehicle has not been started for a long period of time and the self-discharge causes a drop in voltage of the DC installation, the start-up may occur after several attempts, and the total time of start-up may reach several dozen seconds. Hence, the test conditions presented in Figure 7a,b.



The test presented in Figure 5 shows charging of the ultracapacitor with energy from the battery and PV module. Before start-up of the combustion engine, the ultracapacitor has to be charged. An assumption was made here that the battery was already mostly discharged while connecting the ultracapacitor and thus it could not be loaded with high currents. This is the reason for the gently increasing the current charge profile from 0 to about 8 A over at least 1000 s.



Various standards describe methods of start-up battery testing [75,76,77], which show that the discharging current is constant or periodically constant and is a given multiple of the nominal current. The load current is applied until the state of charge of the battery drops from 100% SOC to a desired level (i.e., 50% SOC).



The stand was equipped with: four current sensors for the battery, ESM module, photovoltaic panel, and electronic load; two voltage sensors for the battery and ESM module; and a measurement data acquisition system. The stand was completed with a photovoltaic panel (connected through a step-down DC/DC converter), the purpose of which was to supply electricity to compensate the natural effect of self-discharge in the battery and ultracapacitor. The photovoltaic panel was not required for the system to operate, but it expanded its functionality.



The external dimensions of the ESM ULTRA 31/900/24V ultracapacitor module meet the standards for BCI Group 31 start-up batteries (330 mm L × 173 mm W × 240 mm H) [7,78], which allows placing the module inside spaces dedicated for vehicle batteries. The mass of the ESM ULTRA 31/900/24V module is only 7.3 kg. Often, in trucks and buses, several batteries can be used in a parallel and/or series configuration to achieve sufficient power for start-up. Exchanging one of the batteries with the ESM ULTRA 31/900/24V module allows for achieving higher start-up power while lowering the weight of the system without increasing the volume of the system.




4.2. Results of Test Stand Research


In the following section, the results of research conducted on the test stand are presented. The ultracapacitor ESM module was charged from the battery with a low-value current that was gradually increased from 0 to 8 A (Figure 5). The charge current was controlled by a DC/DC buck-boost-type converter built into the ESM module. The time of charging ranged from 15 to 20 m, until the desired voltage between B− and S+ terminals of the ESM was reached (during the test, the value was 25 V). The desired output voltage value of the ESM was automatically controlled and was dependent on ambient temperature according to the characteristics presented in Figure 6. The lower the ambient temperature, the higher the ESM output voltage grew, which was meant to compensate for the increase of internal resistance and the voltage drop associated with it.



Based on the analysis of Figure 5, it can be concluded that the current required to charge the ESM module was drawn mainly from the battery but also partly from the photovoltaic panel (in time range 920–1090 s). The main purpose of the photovoltaic panel was to prevent self-discharge of the battery and ESM module.



In Figure 7a,b, the plots of the battery and ultracapacitor ESM module voltage are presented, as well as load current during the heavy load test of the ESM. In the test presented in Figure 7a, the ESM module was fully charged at the beginning, while for the test shown in Figure 7b, the ESM module was partially discharged at the beginning (to about 40% SOC). The load test consisted of discharging the ESM with 150 A current during several-second intervals.



Intensive, several-second discharging caused a gradual decrease of voltage on the terminals of the ESM module, as low as one-fifth of the initial voltage. Despite the gradual decrease of voltage from 25 to 6 V, the module reliably delivered the desired current of 150 A. At the same time, the battery voltage was stable, at a value of around 24.5 V, since only a current of about 8 A (used to charge the ESM module) was drawn from it.





5. Conclusions


The experiments have shown that the ultracapacitor start-up module ESM ULTRA 31/900/24V can be extensively loaded with high current values for several-second intervals, similar to conditions during start-up cranking of high-displacement internal combustion engines.



The extensive load can be applied almost to complete discharge of the ESM module (practically to the voltage of 0 V). High voltage changes help to estimate the state of charge of the ultracapacitor module and prevent the risk of a sudden loss of power of the starter motor. The voltage drop of the ESM module below a certain level can be used as a trigger signal to initialize the combustion engine start-up and start of battery charging.



The proposed addition of a photovoltaic panel reduces the load on the battery during ESM charging, but most importantly, it prevents the system from the self-discharge during long nonoperational periods, where it performs the “stand-by” function in the system.



During operation, only a small amount of current (several amperes) is drawn from the battery, which greatly extends the durability, lifetime, and usable capacity of the battery. Low current draw from the battery allows the system to operate in states of significant battery discharge. Therefore, the system can provide power over a long time to the electric installation, such as the vehicle onboard electronics (from the battery, with the nonoperating combustion engine), without the risk of combustion engine start-up difficulties. A reliable start-up is ensured by the ultracapacitor ESM module.



It is worth emphasizing that the ESM module can be used either for the start-up of large gas engines or cogeneration systems. The parallel connection of the battery and the ESM module increases the energy of the energy storage as well as its power density. The solution presented in this work can be implemented as a start-up solution for other types of distributed generation systems [1] as well as vehicles such as trucks, special service vehicles, military vehicles, and city buses operating in particular environmental conditions. The research presented in the paper was conducted according to assumptions of cooperation of the elements of the PV module plus battery and ultracapacitor system for an external load of 150 A, which corresponds to the nominal value of current for typical heavy vehicle starter motors found on the European market [71] that are equipped with a 24 VDC electric installation. The paper also highlights the main advantages of an ultracapacitor plus battery system, such as:




	
A greater power density of the hybrid system in comparison to a battery-only system.



	
The energy is available in a wider range (ultracapacitor effect). So, even if the battery is completely discharged (SOC = 0), the ultracapacitor can still deliver energy to the starter motor system, which allows for engine start-up, especially in difficult conditions (such as low ambient temperature, infrequent start-up, very high momentary current peaks, etc.).



	
The reduction of costs related to the replacement of the battery (extension of the battery lifetime). In the considered system, the ultracapacitor takes over the larger part of the load, which means the battery is not loaded with high current values (maximal current values are not exceeded), which directly influences the extension of the battery lifetime [40].



A disadvantage of this system is:



	
Self-discharge. For the battery, the rate of self-discharge ranges from about 5% up to even 30% SOC over a one-month period depending on the type of battery and the storage conditions (e.g., ambient temperature). In the case of the ultracapacitor, the rate of self-discharge is about 6.25% per month (75% per year) [53].
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Figure 1. Diagram of: (a) cranking current; (b) battery voltage during Volkswagen 1.9 TDI 107 BHP start-up in standard conditions; T = 293 K. 
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Figure 2. Plots of the open circuit voltage (OCV) = f (SOC) and the stored energy as the function of state of charge for: (a) battery; (b) ultracapacitor. 
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Figure 3. Plot (a)—energy stored in: battery, ultracapacitor, and ultracapacitor–battery system as a function of OCV. Plot (b)—open circuit voltage as function of state of charge OCV = f (SOC) for ultracapacitor–battery system. 
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Figure 4. (a) The test stand connection diagram, which includes: the ESM module, 24 V battery with electronic load, and a photovoltaic panel; (b) photographs of the test stand components. 
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Figure 5. Voltages and currents during ESM charging in standard conditions (ambient temperature 20 °C). The positive current value means current drawn, the negative is the current delivered. 






Figure 5. Voltages and currents during ESM charging in standard conditions (ambient temperature 20 °C). The positive current value means current drawn, the negative is the current delivered.



[image: Energies 11 02551 g005]







[image: Energies 11 02551 g006 550] 





Figure 6. The dependency between the target output voltage between B− and S+ terminals of the ESM module and ambient temperature. Informational material provided by the manufacturer, Maxwell [7]. 
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Figure 7. Voltages and currents during load: (a) fully charged ESM module; (b) partially discharged ESM, in standard conditions (ambient temperature 293 K). 
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Table 1. The main parameters of the tested engine: 1.9 turbocharged direct injection (TDI) diesel engine with direct injection.
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	Parameter Name
	Parameter Value/Attribute





	Displacement
	1896 cm3



	Cylinder diameter
	79.5 mm



	Piston stroke
	95.5 mm



	Compression ratio
	19.5



	Configuration
	In-line 4-cylinder



	Number of cylinders
	4



	Number of valves
	8



	Injection system
	fuel injection pump



	Maximum power
	77 kW/4000 rpm



	Maximum torque
	250 Nm/1900 rpm



	Version
	BXE
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