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Abstract

Nowadays there are 3 % of missed start-ups of emergency gensets in Italian hospitals every year. The subject of this work is the analysis
of the failure to start an emergency genset due to the failure of the batteries. The work is based on ten years statistics of maintenance
on hospital facilities. A real case study is here described; measurements were made on a 1000 kVA genset of a hospital to study
the real operating conditions of the system. The whole electrical, mechanical and dynamic model of the starter system of a genset is
studied. Computer simulations for this study are based on the Matlab/Simulink model of the considered starter system. An automatic
system of parallel between the batteries of different generators is presented as a solution to the problem. This system can also
indicate to the maintenance technician the need to replace a partially deteriorated battery in a timely manner. It is also proved that
it is possible to succor the failed battery instantly without losing the first part of the starting transient. The work demonstrates that

the failure to start, due to a fault in the batteries, can be significantly reduced by using the proposed solution. With this technical

proposal the risk of blackouts and relative human losses are largely reduced.
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1 Introduction

Generator sets play a fundamental role in all the structures
that require continuity of power supply, for example hos-
pitals and data centers. The redundancy offered by two (or
more) gensets connected in parallel or in any configura-
tion that allows mutual succor is the basis of this work [1].

In such environments, a possible lack of electricity rep-
resents a high-risk condition with economic or human
losses, also for stand-alone micro grids, prosumers [2] and
networks with unpredictable distributed production from
intermittent renewable sources [3].

Smart building technology must also be applied to hos-
pitals to allow the use of medical technology and reduce
the energy impact [4]; all smart systems are based on a
reliable power supply. The no-break feeding systems are
generally composed of UPS and diesel gensets; UPSs can-
not guarantee power supply for long periods of time, no
more than one or two hours, and therefore a particularly
reliable diesel generation system is required [5].

In addition to the loss of human lives, the economic
loss that a blackout can give cannot be neglected [6];
numerous methods are used to predict these losses [7].

The safety of people and civil protection organizations
must be carefully assessed for the design of an emergency
power generation system [8].

Generally, in every building a single genset is installed;
it is shown that it is necessary to design electrical systems
with a double genset to guarantee a basic redundancy [9].

Nowadays technical components used to realize emer-
gency generation systems are all valid and denote good
reliability, whereas there are some deficiencies in the
design of the systems that cause a decrease in power net-
work's resilience. The design of the no-break systems
must carefully forecast every disastrous event by choos-
ing the best operating strategies, also integrating the pro-
duction from renewable sources as a source of energy [10].

This work is based on a statistic analysis performed
on data of 300 gensets in a period of ten years. It is noted
that the most frequent failure on gensets is the failure
of starter batteries, quantified at least 30 % of total fail-
ures [11]. From this statistic, it is obtained a percentage
of non-functioning of the genset equal to 7 % of the inter-
ventions in a year. This percentage is divided into 3 %
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of failures in the batteries, a 3 % failure in the refueling
system and a 1 % relevant to the failure of the automatic
transfer switch (network-genset) [9].

The aim of this work is to present a technical solution
in order to prevent the failure in starting an emergency
genset due to the failure of the batteries. We propose
an automatic system of parallel between the batteries of
different diesel generators and we demonstrate that it is
possible to succor the failed battery instantly without los-
ing the first part of the starting transient.

The mutual succor system between different batteries
can be constructed using common components available
on the market; moreover, the proposed system is feasible
with an estimated low cost of around 1.500 euros.

The proposed model could be used to improve the sus-
tainability of investment projects in the field of energy
efficiency [12], positively affecting their riskiness.

This system can also facilitate maintenance operations,
by indicating to the technicians the need to replace a par-
tially deteriorated battery in a timely manner.

For this study, data were available of a 1000 kVA genset
of a hospital in Rome (Italy).

It is highlighted that the use of the proposed system is
not obliged by any technical regulation, however in this
study there are good reliability results that justify a possi-
ble request for a standardization.

2 Tested emergency genset
The tested genset is equipped with a Perkins 4008TAG2A
diesel engine, shown in Fig. 1, coupled to a Marelli Generator
MIJB 400MB4-B alternator.

In Table 1 the main mechanical characteristics of inter-
est of the diesel engine are reported.

Fig. 1 Genset of the site under investigation
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Table 1 Perkins 4008 TAG2 diesel engine parameters

Ne° of crown teeth starter motor coupling 180

Minimum starting speed 120 rpm

Fig. 2 shows the DC starter motor; Table 2 reports
its main mechanical and electrical characteristics.

Fig. 3 shows the starter batteries, Table 3 lists their
main electrical characteristics.

»

Fig. 2 Prestolite MS7-303P starter motor

Table 2 Prestolite MS7-303P starter motor characteristics

Type DC. Series
Rated power 9 kW
Rated voltage 24V
Moment of inertia 0.0785 Kg m?
Time constant 20 ms

Ne of pinion teeth diesel motor coupling 12

Fig. 3 Lowen Stark 12V 180 Ah starter batteries and 2000 mA
PICO TA167 electromagnetic current transducer
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Table 3 Lowen Stark starter batteries and connection cable

Table 4 Prestolite MS7-303P starter motor electromechanical

characteristics characteristics
Ne of batteries 2 Variable Symbol Value
Connection Series Rated voltage Vn 24V
Rated voltage 12V Power Pn 9 kW
Rated capacity 180 Ah Moment of inertia J 0.0785 kgm?
CCA 1150 A Time constant T 20 ms
Connection cable section 70 mm? Total resistance 10 mQ
Connection cable maximum length (installation manual) 6m Total inductance L 20 uH
Torque costant Kt 0.094 Nm/A
CEMF costant Ke 0.0094 V/rpm

3 Experimental data and Matlab/Simulink model

Electrical measurements have been performed to obtain
the necessary parameters for the construction of the
model. A PICO 2000 oscilloscope with a 50 MHz pass-
band and a sampling rate of 1GS/s was used; a 2000 A,
PICO TAL167, electromagnetic current transducer with an
adequate bandwidth of 20 kHz has been added to the mea-
surement device. Subsequently, the starter motor, the bat-
teries and the motor-generator unit were modelled.

Based on the components datasheets, the literature infor-
mation and the measured data during the start-up phase,
it was possible to determine the electrical and mechanical
characteristics of the starter motor shown in Fig. 4.

Table 4 shows the necessary parameters to describe
the dynamic of the DC motor used in the starter system.
These quantities are necessary for the model implemented
through Matlab/Simulink shown in Fig. 5 [13, 14].

Lead-acid batteries, widely used for starting diesel
engines [15], are generally characterized by the Shepherd
model, which describes the electrochemical behavior of
a battery in terms of voltage, internal resistance, dis-
charge current and charge state [16, 17]. These parame-
ters can be obtained from the technical sheets supplied
by the manufacturer [18].
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Fig. 5 Starter motor Matlab/Simulink model

In order to implement the battery simulation model, it is

necessary to state the following assumptions:

» the internal resistance of the battery is supposed
constant during the discharge cycles and does not
vary with the amplitude of the current;

 the battery capacity does not vary with the ampli-
tude of the current (no Peukert effect);

* the temperature does not influence the phenomenon;

* the phenomenon of battery self-discharge is not
considered;

» the memory effect of the battery is not considered.

The Shepherd model implies:

“E _Rxils)— KxQ
v, (t)=E,—Rxi(t) (e (i+7) +Exp(1), (1)
Exp (1) = Bx|i ()| x[~Exp () + Axu(2)]. (@)

In Egs. (1) and (2), V, ,
nals [V], £, is the no-load voltage [ V], K is the polarization
constant or polarization resistance [ V/Ah], O is the capacity
of the battery [Ah], it is the discharged capacity [Ah], R is

the internal resistance of the battery [Q2]. In addition, i(f) is

(¢) is the voltage at the termi-

the dynamic battery current at time "¢" [A], i* represents
the current filtered through polarization resistance [A],
Exp(f) is the voltage in the exponential zone (discharge



characteristic of the battery), u(f) indicates the charging
mode (when equal to 1) or discharge mode (when equal
to 0) of the battery [19]. 4 and B are parameters obtained
from the battery datasheet (charge and discharge charac-
teristics of lead-acid batteries): 4 is the amplitude of the
exponential area [V], B is the inverse of the time constant
of the exponential zone [Ah™]). Fig. 6 shows the starter
battery model section in the Matlab/Simulink framework.

The diesel engine and the alternator are considered
only with reference to their contribution to the starting
system. Their torques and moments of inertia are consid-
ered by means of the transmission ratio of the crown-pin-
ion unit, which is equal to 15.

The starter motor behaves according to Eq. (3):
chji—(;)zTM—TL, 3)
where J represents the moment of inertia of the rotat-
ing mass, o the angular velocity, T, the electromagnetic
torque generated by the motor itself and 7, the resistant
torque applied to the motor shaft [20].

It is worth noting that the resistant torque 7', , which the
internal combustion engine exhibits when it is started, is
a parameter characterized by a non-linear behavior, which
in the starting phase can be expressed through:
TLzTC+TF+Jx‘2_‘t", o)
where T, is the total resistant torque of the diesel engine,
T,.is the torque of the cylinder-piston system, 7, is the fric-
tion torque and J represents the moment of inertia of the
diesel engine and the alternator coupled to its engine shaft.

The resistant torque of the diesel engine - alternator
group, in absence of the necessary technical data, is eval-
uated by means of experimental measurements of current,
time and speed, directly on the starter motor.
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The torque, that must be contrasted by the starter motor
through a transmission ratio equal to 15, is represented
in Fig. 7 as a function of the speed.

Fig. 8 shows the Matlab/Simulink model of the whole
genset starting system.

4 Model validation

Through the measurement instrumentation, the voltage
at the battery terminals and the current absorbed by the
starter motor during the diesel engine starting phase are
determined; their values as a function of the time are
shown in Fig. 9.

The Matlab/Simulink model is validated by direct com-
parison with the performed measurements. In Fig. 10 and
Fig. 11 the simulation results in comparison with experimen-
tal results are shown, for voltage and current respectively.

Comparing the measured data and the data provided
by the simulation model, it is possible to observe that
the maximum percentage difference between the curves is
less than 10 %. This is due to the non-linearity of the real
system, not simulated in the model.

5 Simulation results

5.1 Starting without battery succor system

According to the datasheet, the minimum starting speed
of the diesel engine is 120 rpm [21]; this speed value refers
to the case of a good state of maintenance and preheated
engine. Therefore, by considering the transmission ratio
equal to 15, the diesel engine starts when the starter motor
reaches 1900 rpm. All the simulations are performed
by considering the exceeding of this rotation speed as sat-
isfactory for motor start-up. The degradation of the bat-
teries is simulated by increasing appropriately the internal
resistance corresponding to the state of each test condition.
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Fig. 6 Starter batteries in Matlab/Simulink model



416 | D'Orazio et al.
Period. Polytech. Elec. Eng. Comp. Sci., 64(4), pp. 412-421, 2020

80
70

60

0 50 100 150 200 250 300
w [rad/s]

Fig. 7 Starter motor resistant torque by angular speed

Thus, new batteries can be compared with degraded bat-
teries (at the end of its useful life).

Table 5 summarizes the results, obtained from the
simulations of the starting system without a battery suc-
cor system, for different State of Charge of the batteries
(SOC), in case of new and degraded batteries. The condi-
tions for successful start-up are shown in green, while the
failed start-up events are highlighted in red.

From the performed simulations, the voltage variation
of the batteries is obtained according to their state [22].
The chart in Fig. 12 shows the trends of the battery voltage
according to the SOC and degradation state; the cases of
failed start-up are highlighted in red, the cases of success-
ful motor start-up in green.

From tests and measurements, it is defined a threshold
value of the voltage below which the motor starting fails.
This critical voltage is equal to 12.6 V, corresponding to a
new battery with SOC equal to 40 % and to a degraded
battery with SOC equal to 100 %.
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5.2 Starting with battery succor system

Once the threshold voltage that defines the failed startup
status is determined, an alarm can be activated. Our pro-
posal is that the alarm signal could be used to instantly
activate a succor system, obtained by means of a parallel
connection between the batteries of two different gensets;
if another genset is not present, a spare battery pack can be
used to start the genset anyway on the first attempt.

The succor between the batteries occurs by closing
a contactor (K) that connects the positive contacts of the
two starting systems, as shown in Fig. 13. Each genset
has an auxiliary circuit (powered for improving reliabil-
ity by the other group in a crossed manner) which acti-
vates the contactor (K) in case of battery voltage below
the threshold value by means of a minimum voltage
relay (RM). To further improve the reliability of the suc-
cor system a reliable electromechanical minimum volt-
age relay, immersed in insulating oil, has been specially
designed [23, 24]. Furthermore, each auxiliary system
has an additional relay (BIA and B2A) which remains
in self-excitation with the light on (Al or A2), in case of
activation, to indicate the failure event. This indication is
important in order to understand which of the two groups
has the battery that needs to be replaced. The alarm is
deactivated by pressing the reset switch (R1 or R2). It is
highlighted that the succor system also presents a manual
switch (MC1 and MC2).

Fig. 14 shows the Matlab/Simulink model of the start-
ing system of two gensets and the set of functional com-
ponents designed to simulate the operation of the battery
succor system. It can be noticed that the parallel battery
contactor has been simulated as an ideal switch of zero
internal resistance.
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Using the Matlab/Simulink model, the numerical value
of the resistance of the succor cable was determined, when
a single battery (new, with SOC = 40 %) would be able to
autonomously start both gensets. The limit value is equal
to 0.002 Q, which is necessary for the sizing of the parallel
cable section. This resistance value of the cable was used
in the simulations to consider the worst case.

Afterwards, the start-up simulations of the two gensets
were performed. Considering for each battery the two
extreme cases of degradation (new battery and totally
degraded battery), and by varying the State of Charge,
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Table 5 Genset starting without the mutual battery succor system
SOC [%]
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Fig. 12 Battery voltage as a function of the SOC and degradation

the outcomes of the simulations were obtained as success-
ful start-up events or failed ones. In the look up tables
of Fig. 15, Fig. 16 and Fig. 17, the green cells are linked
to the success of the succor system while the red cells
to the missed succor. The yellow cells represent events
for which the start-up of the gensets can be verified but
not guaranteed.

From the figures, one can see that the event of failed
start-up with the succor system has a non-negligible prob-
ability if both batteries are at the same time degraded and
discharged. This combination is very rare, since in the
periodic test the first of the two batteries that is degraded
indicates preventively via the mutual succor system
the need for replacement.

6 Conclusions

The analysis of the genset cranking phase was carried
out thanks to the implementation of a specially designed
mathematical model of the entire starting system.

This was also possible thanks to the collection of
technical data by maintenance technicians, which lasted
a good ten years, and a field measurement campaign.

This essential model has been exploited to perform all
the tests here described and to verify the validity of the
proposed technical solution.



4 8 | D'Orazio et al.
Period. Polytech. Elec. Eng. Comp. Sci., 64(4), pp. 412-421, 2020

Starter System Genset 1 K Starter System Genset 2
-\ P1 s1 E—-W Mmc1 W RM1 W B1A W B2A WRMZ E—_\W Mmc2 s2 [\ P2
— D ¢ ——
— B D1 D2 B2 —
E-7 R1 E-7 R2
[‘351 Qm rRm1 B1A A1 A2 B2A [RM2f, sz ﬁjsz

Fig. 13 Mutual succor system

Continuous
Ideal Switch
Alibber, Ren,

powergui

Batiry parameters A

<S0C (%>

<Speed n(rpmp

o N N semmiers l
Te (nmi> »
At

e
<Current (4> @
m

<Voltage (V>

Battery parameters A1

<S0C (%>

|
<Current (4> @
m

<Voltage (V>

I_p A
TSt [ SEe
<Power (kwj
e Starter motor A Starter motar output A

Battery parameters A2
= pe Battery A2

Contactar

]

Betiery perameters B1

et ==t T
Ly "
"] i D/D-A—“%'—ﬂ 00—+ L i o
Starter motor B

<Spesd n(rpmi>1

<Elecerical torque Te (nmp>
F At A lg—

<Power (w1

Starter motr cupul B

Batiery B1
vl
ohege (Vi1
et ==t
l:l w-ul
m
<Voltage (V)
Batter rameters B2 T
e Batiery B2

]

Batery prsmeters B

Fig. 14 Simulink model of the complete succor system

The model is implemented on the Matlab/Simulink
platform for ease of use and divulgation possibilities.

Deterioration of the batteries and variation of the State
of Charge have been taken in account; the cases in which
the batteries are able or not to start the genset have been
precisely determined.

The proposed battery succor system instantly connects
in parallel two battery packs of two different gensets,
during the cranking phase, only when one of them is dam-
aged or discharged. In this way, it is shown that a failed
start-up is possible only if both batteries are strongly dis-
charged and degraded. In the limit case of both degraded
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Fig. 17 Starting simulation with battery succor system, both
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batteries, with SOC equal to 40 %, the genset start-
ing is however guaranteed and the low-battery alarm is
also activated.
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