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ABSTRACT - In many applications, like hospitals, the reliability of the emergency electrical supply is a critical issue, 

since the continuity has to be guaranteed at any time. The backup system usually consists of gensets and electrical 

starters (DC motors), supplied by lead-acid batteries. It is a fact that the latter are responsible for most genset cranking 

failures occurring in hospitals. Therefore, the reliability of the storage system should be improved to increase the 

Overall Mean Time Between Failures (MTBF) of the whole backup system. In this paper, eight different electrical 

storage systems have been modeled and simulated and they have been analyzed and compared from the point of view of 

reliability; in particular, the possibility of using supercapacitors (together with batteries or even replacing them) has 

been investigated. A huge number of real data regarding genset failures have been used, from both the literature and 

direct measurements made on purpose. An accurate statistical analysis has been performed to evaluate the MTBF for 

batteries, supercapacitors and other components available in the market, considering their actual characteristics. Finally, 

an innovative hybrid energy storage system has been proposed, based on both batteries and supercapacitors, allowing to 

triple the MTBF of the cranking storage system. 

KEYWORDS - Mean Time Between Failures, Statistical data, Genset cranking, Starter motor, Electrical storage, 

Lead–Acid Batteries, Supercapacitors, Hospitals. 

GLOSSARY 

B System with Batteries only 

Bc Battery charger 

BS Battery and Supercapacitor system 

BSE Battery and Supercapacitor system with 

Electronic control 

BSR Battery and Supercapacitor system with 

insertion Resistance 

BI Battery and Inductance system 

BIS Battery, Supercapacitor, and Inductance 

system 

BISE Battery, Supercapacitor, and Inductance 

system with Electronic control 

 

BISR Battery, Supercapacitor, and Inductance 

system with Insertion Resistance 

BSSB Battery Succor System between Batteries 

EPR Equivalent Parallel Resistance 

ESR Equivalent Series Resistance 

MTBF Mean Time Between Failures 

PSE Parallel Supercapacitors system with 

Electronic control 

RBD Reliability Block Diagram 

SC Supercapacitor 

SE Supercapacitor system with Electronic control 

SOC State of Charge 

SOH State of Health 

1. INTRODUCTION 

The continuity of supply is a critical issue in many applications, for which whatever break is not admissible, 

like for instance telecommunications, safety services, healthcare devices, etc. [1,2]. Gensets cranking has a 

fundamental role in hospitals, where a failure in the power supply represents a high-risk condition, implying 

not only economic losses, but also the possible loss of human lives [1]. Indeed, in absence of alternative 

power sources [3], the UPS of the operating rooms is available for no more than one hour. Thus, it is 

essential that the genset starts regularly. A huge number of statistical data have been collected during a 

period of ten years, from 300 gensets for healthcare applications [4]. It can be inferred that most of the 

unsuccessful gensets cranking are due to the failure of lead-acid batteries, quantified in at least 30% of total 

failures [5,6,7]. From the statistics, the percentage of non-functioning of the genset is equal to 7% of the 

interventions in a year. This percentage is subdivided into a 3% of failures in the batteries, a 3% failure in the 

re-fuelling system and a 1% relevant to the failure of the automatic transfer switch [8]. It should be noted 

that in hospitals the maintenance service regarding genset starting has a frequency of about one month. 

ENGIE (Italy) is a maintenance service company in charge of these interventions in hospitals, and thanks to 

its collaboration it was possible to obtain real data for this study from measurements on a 1000 kVA genset 

installed in a hospital in Rome (Italy). In addition, another important source of statistical data comes from the 

world of telecommunications. For instance, 100 gensets were tested by an Italian maintenance company 



every six months for a duration of eight years, and also in this case there are 20% of cranking failures, out of 

which 80% is caused by degraded batteries (not yet published data). Even in large buildings that house 

vulnerable users, it is necessary to create a reliable emergency network to share and exchange energy in 

disaster conditions [9]. The network must be safe and reliable, in all conditions including blackout [10]. 

Through a suitable strategy, a correct energy flow inside a building can be ensured in any conditions, 

allowing the optimization of normal and emergency generation and storage systems [11]. The need to replace 

the lead batteries can be detected instrumentally when they are close to the non-operation limit, but it is 

necessary a system that still allows cranking even with a degraded storage system [12, 13]. In particular, it is 

necessary to have a high reliability of the systems also to guarantee the success of economic investments in 

hospitals [14]. 

In the following, eight different configurations of high-reliability alternative storage systems are 

investigated. Supercapacitors have a higher reliability and better technical performance than batteries, with 

particular reference to the inrush current which is much greater and does not change with time. Therefore, 

the possibility to combine batteries and supercapacitors has been also analyzed. In this work, an accurate 

study is carried out including the evaluation of the reliability of different systems for comparison. Although 

some tests on hybrid systems with batteries and supercapacitors can be found in the literature [15, 16], such 

an investigation, relying on real data from the specific application, represents a novel contribution. Actually, 

Section 2 is devoted to the analysis of the features of supercapacitors for genset cranking applications: 

typical ranges are given for each quantity. The mathematical models of the main components of a genset 

cranking system, to be integrated in the whole model used for the simulations, are described in Section 3. 

Section 4 is devoted to the model validation, by means of experimental data. In Section 5 the reliability 

parameters of each component are given. These parameters are then used to calculate the reliability of all the 

proposed storage systems. For each device configuration (Section 6) the Mean Time Between Failures 

(MTBF) is calculated by means of the Reliability Block Diagram (RBD) method [1]. For the sake of 

simplicity, RBD models are reported only for the main configurations. Finally, the conclusions are outlined 

in Section 7. 

 

2. STATE OF THE ART OF SUPERCAPACITOR MANUFACTURING  

More than 20 suitable supercapacitors by different manufacturers have been analyzed, taking into 

consideration the main electrical parameters and other characteristics. As a result, the average values are 

reported in Table 1. Figure 1 shows the exponential increase of the MTBF of supercapacitors with the 

reduction of the operating temperature [17]. The MTBF values are measured in years as given by the 

manufacturer, and the same unit is used in all the paper for the sake of comparison. On one hand, 

supercapacitors have a power density about 40 times greater than the power density of lead acid batteries; on 

the other hand, the energy density is about 8 times smaller than that of the batteries. Nevertheless, the stored 

energy is sufficient to satisfy the starting conditions of diesel generators. Therefore, the advantage of 

supercapacitors is the capability to quickly deliver a high power during the cranking phase, since no 

chemical conversion is involved like in batteries. Moreover, supercapacitors have a larger number of charge 

and discharge cycles (over 500,000), than batteries (lower than 1,000) [18]. As a result, closed systems for 

generator starting applications with supercapacitors only have been developed, known as GSS (Generator 

Starting System) [19]. The typical parameters of such systems are shown in Table 2. 

Table 1: Average electrical parameters of supercapacitors per volume and weight.  

Rated 

Voltage 

Max. 

Voltage 

Equivalent 

Series 

Resistance 

Rated 

Capacity 

Specific 

Capacity 

Specific 

Energy  

Specific 

Power 

Price per 

liter and 

kilogram 

Volume 

and 

Weight 

Operating 

Temperature 

Range 

2.7 [V] 
2.85 

[V] 
0.289 [mΩ] 3000 [F] 

7140 

[F/L] 

7.184 

[Wh/L] 

14.33 

[kW/L] 

122.3 

[€/L] 

0.44  

[L] [-4065] 

[°C] 5485 

[F/kg] 

5.56 

[Wh/kg] 

11.08 

[kW/kg] 

94.6 

[€/kg] 

0.57 

 [kg] 



 
Figure 1: MTBF of supercapacitors vs. temperature for different voltage levels [17]. 

Table 2: Electrical parameters of GSS. 

Capacity 
Equivalent Series 

Resistance 

Rated 

Voltage 

Minimum 

Voltage 

Maximun 

Voltage 

Cold Cranking 

Amps 

Storage 

Energy 

Maximun 

Power 
Weight 

C [F] ESR [mΩ] Vn [V] Vmin [V] Vmax [V] CCA [A] E [Wh] Pmax [kW] W [Kg] 

300-340 4 24 14.4 27 900 - 1100 30.4 - 38.4 45.6 - 50.8 7.8 - 8.2 

3. MATHEMATICAL MODEL OF THE GENERATOR STARTING SYSTEM 

The mathematical model of each element of the starting system, necessary for the simulations, has been 

developed as follows. 

3.1 Battery model 

The mathematical model of the batteries is based on the Shepherd’s model [20]. The electrochemical 

processes taking place inside the battery are considered during both the charging and discharging phases.  

This model is defined by Equations 1 and 2. 

𝐕𝐁𝐚𝐭𝐭(𝐭) = 𝐄𝟎 − 𝐊 ∙
𝐐

𝐢𝐭−𝟎.𝟏𝐐
∙ (𝐢(𝐭) + 𝐢∗) − 𝐑 ∙ 𝐢(𝐭) + 𝐀 ∙ 𝐞−𝐁∙𝐢𝐭   (1) 

𝐄𝐱𝐩(𝐭)̇ = 𝐁 ∙∣ 𝐢(𝐭) ∣∙ [−𝐄𝐱𝐩(𝐭) + 𝐀 ∙ 𝐮(𝐭)]     (2) 

VBatt(t) is the voltage at the terminals [V], E0 is the no-load voltage [V], K is the polarization constant or 

polarization resistance [V/Ah], Q is the capacity of the battery [Ah], it is its discharged capacity [Ah], A and 

B are parameters obtained from the battery datasheet: A is the amplitude of the exponential area [V], B is the 

inverse of the time constant of the exponential zone [Ah-1]; R is the internal resistance of the battery [Ω]; i(t) 

is the dynamic battery current at time t [A], i∗ represents  the current filtered through polarization resistance 

[A], Exp(t) is the voltage in the exponential zone (discharge characteristic of the battery), u(t) indicates the 

charging mode (when equal to 1) or discharge mode (when equal to 0) of the battery [20]. The 

Matlab/Simulink model is represented in Figure 2. The main battery parameters used in the model are 

summarized in Table 3. 

 
Figure 2: Lead-acid battery model [20]. 

 
Table 3: Characteristics of batteries for starting systems [21]. 

Electrical parameters 

Number of 

series batteries 

Rated 

Voltage 

Rated 

Capacity 

Cold Cranking 

Amps 

Internal 

resistance 

Nº  Vn [V] Cn [Ah] CCA [A] R [m] 

2 12 180 1150 4.17 



3.2 Supercapacitor model 

The equivalent circuit of the supercapacitors consists of a series connection of the equivalent series 

resistance (ESR) and the ideal capacity (C). The effect of the leakage current is represented by the equivalent 

parallel resistance (EPR) [22], considered only in open circuit conditions [18] (see Figure 3). 

A more detailed mathematical model, capable of reproducing both the charging and discharging phenomena 

as a function of the materials and construction characteristics of the supercapacitor is described in [23, 24]. 

𝐕𝐒𝐂 =
𝐍𝐬𝐐𝐓𝐝

𝐍𝐩𝐍𝐞𝓔𝓔𝟎𝐀𝐢
+

𝟐𝐍𝐞𝐍𝐬𝐑𝐓

𝐅
𝐬𝐢𝐧𝐡−𝟏 (

𝐐𝐓

𝐍𝐩𝐍𝐞
𝟐𝐀𝐢√𝟖𝐑𝐓𝓔𝓔𝟎𝐜

) − 𝐑𝐒𝐂. 𝐢𝐒𝐂   (3) 

VSC, ISC and RSC are the voltage [V], current [A] and internal resistance [Ω] of the supercapacitor; Ne is the 

number of layers of the supercapacitor; Ns is the number of supercapacitors in series; Np is the number of 

supercapacitors in parallel; ℰ0 is the electrical permeability in the vacuum [F/m]; ℰ is the dielectric 

permeability of the insulation; d is the distance between the electrodes [m]; Ai is the surface area between the 

electrodes and the electrolyte [m2]; QT is the electric charge [C]; F is the Faraday's constant [C mol-1]; R is 

the ideal gas constant [J/(mol K)]; T is the operating temperature [K]; c is the molar density [mol/m3]. The 

Matlab/Simulink scheme is represented in Figure 4 and rated values used for the simulation are shown in 

Table 4. 

 

Table 4: Parameters of 9 Maxwell supercapacitor modules in series, model BCAP3000 [25]. 

Rated 

Capacity 
Rated Voltage 

Maximun 

Voltage 

Maximun 

Current 

Equivalent Series 

Resistance 
Power Energy 

Specific 

Energy  
Weight 

C [F] Vn [V] Vmax [V] Imax [A] ESR [mΩ] P [kW] E [Wh] ρE [Wh/kg] w [kg] 

333.33 24.3 25.7 1900 2.61 27.08 27.4 5.90 4.59 

3.3 Starter motor model 

The starter motor is a direct current machine with series excitation. The mathematical model is defined by 

electric equation 4 and dynamic equations 5 and 6. 

𝐕(𝐭) = 𝐑𝐞 ∙ 𝐢(𝐭) + 𝐋𝐞 ∙
𝐝𝐢(𝐭)

𝐝𝐭
+ 𝐑𝐚 ∙ 𝐢(𝐭) + 𝐋𝐚 ∙

𝐝𝐢(𝐭)

𝐝𝐭
+ 𝐞(𝐭)    (4) 

j ∙
dω(t)

dt
= Tm(t) − TL(t) − Tf(t)     (5) 

 Tm(t) = Kt ∙ I(t)       (6) 

V(t) is the voltage at the machine terminals [V]; Re and Le are the resistance [Ω] and inductance [H] of the 

excitation circuit; Ra and La are the resistance [Ω] and inductance [H] of the armature circuit; e(t) is the 

back electromotive force; j is the moment of inertia of the motor [kg m2]; ω(t) is the angular speed of the 

motor [rad/s]; Tm(t) is the electromagnetic torque generated by the motor [Nm]; TL(t) is the load torque 

[N m]; Tf(t) is the torque due to friction [N m]; I(t) is the current [A] and Kt is the torque constant of the 

machine [N m/A]. The simulations have been performed with the electrical parameters of a starter motor 

model Prestolite MS7-303P, reported in Table 5. 

4. MODEL VALIDATION 

The model of the starter motor has been validated by comparing the characteristic curves of the Prestolite 

MS7-303P starter motor with the simulations. The error is less than 3%. 

To validate the whole starting system model, the current and voltage values obtained by simulation during 

the genset cranking phase have been compared with the ones experimentally measured by means of probes 

 

 

 
Figure 3: Equivalent circuit of the 

supercapacitor model [22].   

Figure 4: Scheme of the supercapacitor model [22, 23]. 



and acquired through a digital oscilloscope PICOSCOPE 2406B, as shown in Figure 5 and Figure 6, 

respectively. 

Based on the mathematical model of the starter motor and the measurements of voltage and current, it was 

possible to obtain the load torque by the diesel engine. 

𝐓𝐋(𝐭) =  −𝟎. 𝟐𝟔𝛚(𝐭) +  𝟔𝟗. 𝟏𝟕     (7) 

Table 5: Characteristics of Prestolite MS7-303P starter motor. 

Prestolite MS7-303P: Starter motor (DC series excitation) 

Rated 

Voltage 

Rated 

Power 

Moment of 

Inertia 

Time 

constant 

Total 

Resistance 

Total 

Inductance 

Torque 

constant 

BEMF 

constant 

Vn [V] Pn [kW] J [kgm2] τ [ms] Rm [mΩ] Lm [µH] Kt [Nm/A] Ke [V/rpm] 

24 9 0.0785 20 10 20 0.094 0.0094 

 

 
Figure 5: Measured (blue line) and simulated (red line) 

voltage at the battery terminals during start-up.  

 
Figure 6: Measured (blue line) and simulated (red line) 

current drawn by the batteries during start-up. 

5. SYSTEM RELIABILITY EVALUATION METHOD 

The reliability of a system can be evaluated calculating the global MTBF through an RBD model [1]. The 

MTBF parameters of all the components are necessary for the evaluation of the global MTBF of each 

proposed system. They have been obtained performing an accurate statistical survey of literature and 

manufacturers’ data. These reliability parameters are referred to a temperature of 40°C and are shown in 

Table 6. For the evaluation of the MTBF of a system composed by more than one component, the RBD 

method can be used. According to this method, the series connection of different components can be 

calculated by equation 8, and the parallel connection by equation 9. 

𝐌𝐓𝐁𝐅𝐬 = 𝟏
∑

𝟏

𝐌𝐓𝐁𝐅𝐢

𝐧
𝐢=𝟏

⁄       (8) 

𝐌𝐓𝐁𝐅𝐏 = ∫ 𝟏 − ∏ (𝟏 − 𝐞−𝛌𝐢𝐭)𝐍
𝐢=𝟏

∞

𝟎
𝐝𝐭       (9) 

MTBFs: is the equivalent MTBF of the components connected in series; MTBFi is the MTBF of i-th 

component, λi is the failure rate of i-th element; MTBFp is the equivalent MTBF of the components 

connected in parallel. 

Table 6: Reliability parameters of each component of the proposed storage systems. 

Parameter 

 

Component 

Failure rate 

λ [F/y](1) 
MTBF [y](2) Reference 

Battery 3.85E-01 2.6 [26] 

Supercapacitor 0.05 20 [17] 

Undervoltage relay 9.43E-03 106 [27] 

Electromechanical contactor 1E-08 1E+08 [8]  

Fuse 8.18E-02 12.22 [28] 

Electronic control (El.Ctrl.) 1.33E-06 7.52E+05 [8] 

Battery charger (Bc) 4.47E-03 223.71 [28] 

(1) F = Failure; (2) y = years. 

 

6. COMPARISON OF DIFFERENT CRANKING STORAGE SYSTEMS 



6.1 System with batteries only (B) 

Current genset cranking systems consist of a set of batteries that provide energy for the starter motor (see 

Figure 7). The speed curves of the starter motor vary according to the State Of Health (SOH) and State Of 

Charge (SOC) of the batteries. The minimum speed of the starter motor to meet the starting conditions is 

1800 rpm [29]. Considering new batteries, a correct start occurs if the SOC is greater than 30%; for degraded 

batteries, the same condition is verified if the SOC is higher than 70%, as shown in Figures 8 and 9, 

respectively, where the dashed line indicates a failed cranking. The RBD of B system is that of Figure 10, 

from which it is possible to obtain: 𝑀𝑇𝐵𝐹𝐵 = 1.3[𝑦]. The advantage of this system is the high rate of correct 

start-ups when the batteries are new. Defects in the system are due to the battery SOH. When batteries are 

degraded, a monthly maintenance program is needed to continuously check the SOC. 

 

 
 

 
Figure 7: Scheme of a system with batteries only (B). 

 
Figure 8: Speed of the starter motor as a function of the 

SOC considering new batteries. 

 
Figure 9: Speed of the starter motor as a function of the 

SOC considering degraded batteries. 

 

 

 

 

 

 
 

 
Figure 10: RBD of the batteries system (B). 

 

 
Figure 11: Scheme of the Batteries Succor System between Batteries (BSSB). 

6.2 Battery Succor System between Batteries (BSSB) 

The BSSB system (shown in Figure 11) provides a parallel connection between the battery systems of two 

adjacent groups B1 and B2. The connection is operated through the closure of electromechanical contactor 

K, which is controlled by the minimum voltage relay Ru, in case the state of the batteries of the main group 

cannot satisfy alone the minimum starting conditions. These two components must be appropriately sized 

and their reliability is fundamental for the correct functioning of the system. Simulations showed that the 

correct starting conditions are satisfied even in the case of degraded batteries, with SOC>30%. The RBD of 

BSSB system is shown in Figure 12; the system reliability is: 𝑀𝑇𝐵𝐹𝐵𝑆𝑆𝐵 = 1.94[𝑦]. Advantages of this 

system are: high percentage of correct start-ups even if the batteries are degraded; starting of the genset even 

with the main battery system completely degraded through the succor system; finally, in case of succor 

between the batteries it detects the degraded state of the storage system for possible extra-ordinary 

maintenance. These features allow BBSB system to be more reliable than the system with only one battery 

group. However, the drawback is the need of a starter system for each side. 



 
Figure 12: RBD of the Batteries Succour System between Batteries (BSSB). 

6.3 Battery and Supercapacitor system (BS) 

The storage system is realized through the parallel connection between batteries and supercapacitors as 

shown in Figure 13. Supercapacitors are protected by a fuse, which is set at the maximum current that the 

SCs can withstand for one second [25]. The supercapacitors are sized by considering the storage system 

voltage of 24 V, the maximum measured starting power equal to 23.3 kW and a third condition imposing the 

capability to supply enough energy for 5 consecutive startups, being the measured energy delivered in a 

cranking phase by the system with batteries equal to 4.55 Wh. The proposed storage system consists of the 

series connection of 9 single Maxwell BCAP3000 cells. The equivalent parameters are reported in  

Table 4. 

If the SCs are completely discharged, the inrush current would damage the entire storage system [30]. Thus, 

two systems are proposed: i. Charging through insertion resistance (BSR); and ii. Charging using electronic 

control (BSE). BSR system can be implemented through a pre-charging circuit with an insertion resistance 

equal to 300 mΩ, keeping the current below limits that do not cause degradation of the batteries. BSE system 

is implemented based on constant current and constant voltage (CCCV), but it is not recommended because 

of the sensitivity to noise, harmonics and failures due to overvoltage. 

During the cranking phase, the starter motor speed reaches start-up conditions 4 times faster than the 

batteries only system. Moreover, as shown in Figure 14, the most significant inrush current is supplied by the 

SCs, while the maximum current provided by the batteries is reduced by 64% in comparison to the B system. 

The successful starting does not depend on the state of charge of the batteries. Neverthless, their role is 

crucial to ensure the full-charge state of SCs. The SC discharge after the event of a correct start, corresponds 

to a SOC decrease of 2.6%. If the batteries are completely discharged, a start-up is verified only if the SCs’ 

SOC is higher than 95%, depending on their voltage drop [13]. Simulations results have shown that the self-

discharge time leading to a SCs’ SOC below 95% is equal to 1.6 days. 

Block 1 in the schemes of Figures 15 and 16 includes a Batt*# value of MTBF that takes into account an 

enhanced value of reliability. Indeed, the presence of supercapacitors determines a lower battery stress and 

consequently a longer battery life [31, 32]. For the BSR system, MTBF is calculated through the RBD model 

shown in Figure 15: 𝑀𝑇𝐵𝐹𝐵𝑆𝑅 = 3.91[𝑦]. For the BSE system, the RBD model is that shown in Figure 16, 

and 𝑀𝑇𝐵𝐹𝐵𝑆𝐸 = 3.9[𝑦]. The advantages of this system are the following ones: the ability to guarantee start-

up even in degraded battery conditions, since it is enough that the batteries keep the SC charged; the battery 

life is increased due to the lower stress during start-ups; BS system reaches the minimum conditions for 

starting more rapidly than the B system; BS system reliability can be considerably increased with the 

insertion resistance (BSR). The system drawback is the possible collapse of SC voltage if batteries are not 

available, compromising the starting process. Thus, a supervision every 1.6 days (38.4 hours) is necessary to 

verify the state of the storage system. 

 

 

 
 

 
Figure 13: Scheme of the BS system. 

 
Figure 14: BS system currents at start-up. A: Max. total 

current (2100 A); B: Max. current supplied by SCs (1580 A); 

C: Max. current supplied by batteries (520 A). 



 
Figure 15: RBD of the battery and supercapacitor 

system with insertion resistance (BSR). 

 

Figure 16: RBD of the Battery and Supercapacitor system 

with Electronic control (BSE). 

6.4 Battery and Inductance System (BI) 

If a limiting inductance is added with batteries only, from simulations MTBF value is 2.18 years. The 

limiting inductance lowers the battery stress during the cranking phase, thanks to the decrease of the peak 

inrush current value to some 300 A as shown in Figure 17, in this way increasing the battery life duration. If 

appropriately sized, the inductance does not affect start-ups in comparison with B system. For the 

simulations, an iron inductance 𝐿 = 1[𝑚𝐻] has been considered, with a resistance 𝑅𝐿 = 3.6[𝑚Ω] [33]. 

 
Figure 17: Comparison of the starting current of B and BI systems considering new and fully charged batteries. A: Max. 

current reached by B system; B: Maximum current reached by BI system. 

6.5 Battery, Supercapacitor, and Inductance System (BIS) 

The BIS system has the same scheme as the BS system of Figure 13, but with the insertion of a limiting 

inductance between the storage components. During the cranking phase, the current supplied by the batteries 

is reduced by about 50% in comparison with the BS system, reaching a maximum value of 280 A. 

The analysis of the reliability has been made considering two possible solutions for the charging phases: i. 

BIS with insertion resistance (BISR),  𝑀𝑇𝐵𝐹𝐵𝐼𝑆𝑅 = 4.11[𝑦] (see Figure 18); ii. BIS with electronic control 

(BISE), 𝑀𝑇𝐵𝐹𝐵𝐼𝑆𝐸 = 4.1[𝑦] (see Figure 19). The inductance limits the current supplied by the battery taking 

advantage from the SC; therefore, the reliability of this system increases even more with respect to BS 

system. 

 
 

Figure 18: RBD diagram of the BISR system. 

 
Figure 19: RBD diagram of the BISE system. 

6.6 Supercapacitor System (SE) 

Storage systems with supercapacitors only (SE) must be charged by an electronic control as shown in 

Figure 20. The corresponding RBD diagram is depicted in Figure 21. The system can ensure up to two 

successful startups only if SOC>95%. To ensure the start-up even for a lower SOC, a second group of 

supercapacitors is connected in parallel to the first one, with the same characteristics and fuse protection 

(PSE system). Both branches are charged by the same electronic control (Figure 22). In this case, a 

SOC>90% is enough to guarantee twice more events than the simple SE system. The high SOC values 

required for a correct start are due to the collapse of the SC voltage after the startup phase [13]. 

The analysis of the reliability is made considering a single or double branch of SCs, through the block 

diagrams shown in Figures 21 and 22, respectively. The results of the RBD analysis are the following. SE: 



𝑀𝑇𝐵𝐹𝑆𝐸 = 1.86[𝑦]; PSE: 𝑀𝑇𝐵𝐹𝑃𝑆𝐸 = 2.8[𝑦]. The advantage of SE system is the increase in reliability 

compared to the system with only batteries. However, it is necessary a high value of SCs' SOC to guarantee a 

successful startup. In case of failure, the start-up is compromised in a very short time due to SC leakage 

currents; moreover, electronic controls are not reliable in abnormal conditions of the powering circuits. 

 

 

 

Figure 20: Scheme of the SC 

system with Electronic Control 

(SE). 

 

 

 

 
 

 
Figure 21: RBD diagram of the 

SC system with electronic control 

(SE). 

 
Figure 22: RBD diagram for the system 

with two equal branches of SCs with 

electronic control (PSE). 

6.7 Discussion. 

A comparison of the above systems through the MTBF parameter is shown in increasing order in Figure 23. 

For each system, the initial cost for implementation is shown in per unit [p.u.], based on the cost of the 

current battery system. From Figure 24, it is then evident that the reliability of systems with supercapacitors 

increases when the operating temperature decreases. For storage systems including supercapacitors it is 

strongly recommended to install them in rooms with temperatures below 25°C or adequately cooled. 

 

 
Figure 23: MTBF and initial costs of each proposal.  

 

 

 
Figure 24: MTBF as a function of temperature, for all the proposed systems. 

7. CONCLUSIONS 

Nowadays the energy storage for emergency genset cranking is provided only by lead-acid batteries: a fail of 

these accumulators could easily lead a hospital to a blackout. Since such occurrence implies high risks for 



human life, the possibility to effectively increase the reliability of genset cranking systems without adopting 

complex and/or expensive configurations is an important issue. 

This work has demonstrated that the use of supercapacitors in starting systems strongly improves the 

reliability of gensets. Eight different innovative solutions to improve the reliability of traditional storage 

systems have been proposed and evaluated. The best solution proposed here (BISR), with an MTBF of 4.1 

years, takes into account a simple series insertion of a limiting inductance in the battery output and of a 

supercapacitor in parallel. With the proposed solution, the MTBF of the cranking storage system is increased 

by three times compared to the standard systems based on batteries only. The cost of such systems are 

absolutely reasonable, being about four times that of traditional systems based on batteries. All 

configurations analyzed here can be easily assembled using components available on the market. Moreover, 

all the proposed systems are characterized by a simple electrical scheme and easy management and 

maintenance. In particular, the proposed solution is based on low-complexity technologies, implicitly more 

reliable and with reduced maintenance needs, differently from other solutions mainly based on additional 

electronic components [6]. 

With the best identified solution (BISR), the risk of cranking failure is strongly reduced with respect to the B 

system, ensuring starting even in degraded battery conditions up to a residual SOC of 10%. Moreover, the 

life of the batteries is extended, avoiding their frequent inspection and replacement [7]. The proposed scheme 

is suitable to many other important stand-alone applications such as civil construction sites, safety systems, 

etc., and can contribute to manage peak demands in any high power device [34]. With the proposed system, 

the storage MTBF is about 50 months, while the frequency of the maintenance start-up test of the genset is 

one month: for this reason, it is certainly possible to identify the state of degraded batteries well in advance, 

preventing from any problem [12]. Finally, the above discussion suggests the need for a new technical 

standard on the subject: all genset manufacturers should be compelled to install an additional succor storage 

or provide a more reliable one. 
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