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Abstract: Competition in the aircraft industry market and global warming has driven the industry to think along economic and
environmental lines. This has resulted in the emergence of more electric aircraft (MEA). The increase in the power demand of
aircraft, especially in the last two decades, coupled with advancement in battery materials and technology has led to the
development of many high energy density batteries. This study presents an overview of the battery systems for MEA. In this
paper, a study on the battery technologies used in aircraft in the last five decades is being done. A general background of the
battery system is presented and the performance of the batteries based on energy densities and low temperature capabilities
are evaluated and discussed. Evolution of MEA with its power system architecture and load profile is presented to understand
the requirements of the battery system. Weight saving and cost analysis is done for the Li-ion and Ni–Cd batteries with respect
to the requirement of an MEA ‘Aircraft X’. Battery management system (BMS) for Li-ion batteries is also explored and
discussed. Based on the analysis, Li-ion battery is selected and integrated with the power distribution DC network for future
MEA.

1 Introduction
The aircraft industry's contribution to a sustainable environment
has been understood and widely appreciated. A resolution has been
made by the Advisory Council for Aviation Research and
innovation in Europe (ACARE) that by 2020, aircraft should be
made cleaner and quieter. Greater emphasis on using technologies
which can influence the overall cost as well as fuel consumption
has led the designers/engineers to design a more electric aircraft
(MEA) replacing conventional devices by electrical systems [1].
The development and operation of MEA will help in reduction of
emission and fuel burn, reduction in aircraft noise and so on [2, 3].
It has been reported in the year 2008, that civil aviation releases
around 2% of carbon dioxide emission into the environment/
atmosphere [4]. The key trades for aircraft grade batteries are

• To deliver power reliably and be certifiably safe.
• To be lightweight, i.e. a high premium on weight.
• To have a consistent power output over their operating

environment.
• To have a reasonably long life.

Every sector (electric vehicle, marine and aerospace) seeks to have
the above four listed points, but reliability/safety and lightweight
are still the critical features related to aircraft grade equipment. The
small size, high energy density battery is the need of the aircraft
industry as a 10 kg decrease in the weight of aircraft will result in
the saving of 17,000 tonnes of fuel and 54,000 tonnes of carbon
dioxide emission per year for all air traffic worldwide [5, 6]. The
reduction in battery weight is also profitable in terms of cost as it is
reported in [7, 8], the saving in lifetime fuel burn cost/kg of an
airliner in the A330 class and based on today's fuel price would be
US $ 840/kg.

The last five decades have seen a tremendous growth in the
power demand of aircraft, owing to more electric load in MEA [9–
16]. There are four core areas of MEA, namely: internal engine
starter generator (ESG) set, auxiliary power unit (APU) which
includes battery and super/ultra-capacitor, flight control actuation,
and a fault tolerant Power Management And Distribution (PMAD)

and motor drive system [17, 18]. Of the above four core areas
mentioned, the battery system is an essential component. Batteries
have several functions in the aircraft like starting of engines,
APUs, maintaining the electrical AC/DC bus at constant voltage
under dynamic conditions, powering up the necessary avionic
equipment in case of emergency and so on [19, 20]. The growth in
power demand and the importance of the battery system persuaded
the aviation industry to explore the use of high energy density
batteries. Advancement in battery materials contributed to the
development of several high energy density batteries [21]. Many
research works are reported in the literature on the aircraft power
distribution architecture systems, electrical machines and suitable
power electronic converters, but a work on the selection of a
suitable battery and its integration with power distribution network
of MEA is not available in the existing literature. This paper
presents an overview of the battery system with focus on its
evaluation, suitability for MEA and cost–weight analysis for the
aircraft ‘X’ having similar feature to a B-717 aircraft, but with
more electric power.

2 Background of aircraft battery system
Batteries that combine high energy density (more than 100 Wh/kg),
high charge/discharge cycles (more than 1000) and low cost are
difficult to find. Much research has been done to increase the
energy density [22–24], but such efforts typically results in cost
increase. Batteries are rated in terms of their ampere hour capacity
(Ah) and their nominal voltage. Nowadays, many types of battery
chemistries are available which make the selection dependent on
the requirements. Different types of battery chemistries available in
the market are presented in this section with their advantages and
disadvantages, respectively. At the end of the section, a comparison
has been made based on cost, specific energy and so on. In Table 1,
the battery cost is given for the general purpose batteries whereas
the cost for aircraft grade batteries is given in Table 4.

a. Lead acid (Pb-acid): The Pb-acid battery was invented by
Gaston Plante in 1859. It is the oldest rechargeable battery. It
uses one 12-cell or two 6-cell to give a nominal voltage of
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24 V. Presently, valve regulated lead acid battery (VRLA)
batteries are in use. VRLA are primarily designed to
maximise oxygen recombination, by promoting oxygen
transfer. They use high pressure valves. In VRLA batteries,
the oxygen and hydrogen largely recombine into water, and
are hence called maintenance-free batteries. Pb-acid in
comparison to other batteries has the lowest cost and can
supply high surge currents. Among its disadvantages, it has
low energy-to-weight ratio and low energy-to-volume ratio
[28, 29].

b. Nickel–cadmium (Ni–Cd): The nickel–cadmium battery was
invented by Waldmar Jungner in 1899. For many years, Ni–
Cd was the preferred choice of battery. In the late 1980s, the
ultra-high-capacity Ni–Cd was developed with 60% higher
capacity than the standard Ni–Cd. However, this was
possible with higher internal resistance and a reduced cycle
count. In comparison to other batteries, Ni–Cd has simple
and fast charging rate even after long storage. Ni–Cd has a
high number of charge/discharge cycles (generally about
1000 cycles) and hence is one of the lowest in terms of cost
per cycle. Nevertheless, it has disadvantages, such as the
‘memory effect’ (to periodically discharge it to its full
capacity). In comparison to Li-ion batteries, it has a low
specific energy density. It also has a high self-discharge rate
and disposal of cadmium remains a problem as it is a toxic
metal [30].

c. Lithium-ion (Li-ion): Li-ion batteries are the fastest growing
battery system in terms of new research and development. It
is used for the systems where a battery with low weight and
high energy density is required [31]. The availability of non-
rechargeable lithium batteries started in the early 1970's.
Since metal-based lithium batteries have had many safety
problems especially during charging, researchers shifted
focus to non-metallic Li-ion batteries. Li-ion batteries have
slightly less energy density in comparison to lithium metal
batteries, but they are safer [32]. The first commercial battery
in a standardised format was the well-known 18,650
cylindrical cell, which was released in the year 1991 by Sony
Corporation. Li-ion's energy density is twice to that of Ni–
Cd. It has no memory effect, low self-discharge and low
maintenance. Despite all these advantages, it is fragile and
requires a protection circuit for safe operation and is
relatively expensive in comparison to other batteries.

3 Evaluation of the battery system
Specific energy (Wh/kg) ‘defined as the watt-hour per kg’ and
volumetric energy density (Wh/L) ‘defined as the watt-hour per
litre’ are important parameters for determining the weight and size,

respectively. Specific energy is the measure of the weight of the
battery system. Whereas, the volumetric density is the measure of
the size of the system. Specific power (W/kg) ‘defined as the watt
per kg’ is also an important criterion for selecting the battery when
high starting current is required for electrical motor. The effect of
temperature is an important parameter considering the fact that
aircraft flies at high altitude with instances having low pressure and
low temperature. Battery performance degrades at high altitude due
to low temperature operation.

a. Specific energy and volumetric energy density: Li-ion has the
highest energy density amongst all available batteries in the
market. As shown in Fig. 1, the specific energy (Wh/kg) of
Pb-acid, Ni–Cd and Li-ion are 40, 65 and 135 Wh/kg,
respectively. As Li-ion has the highest specific energy, hence
it has the least weight for same amount of energy stored. As
shown in Fig. 1, the volumetric energy density (Wh/L) of Pb-
acid, Ni–Cd and Li-ion are 70, 105 and 200 Wh/L,
respectively. As Li-ion has the highest volumetric energy
density, hence it is the smallest in size (volume) for same
amount of energy stored.

b. Specific power: Li-ion battery has the highest specific power
in comparison to Pb-acid and Ni–Cd batteries. As shown in
Fig. 1, the specific power of Pb-acid, Ni–Cd and Li-ion are
450, 1000 and 2000 W/kg, respectively. Power density is
most important for applications in which fast charge or
discharge is important such as starting of engine/APU in the
aircraft. High power density battery will allow a higher rate
(high C) of transfer of energy into (charging) or out of
(discharging) the cells. As discussed in Section 6.1 of this
paper, at the start of the engine higher C rate (8C) is required.

c. Effect of temperature: Low temperature operation of the
battery increases its internal resistance, which in turn lowers
its capacity [34]. The nominal capacity versus temperature
curve is shown in Fig. 2, wherein the three types of batteries
namely Pb-acid, Ni–Cd and Li-ion are plotted. It can be
observed from Fig. 2 that Ni–Cd has a higher lower
temperature capability at −40°C. The profiles are plotted at a
discharge rate of 1C. In [35], the authors discussed the
reasons for the low capacity at lower temperature for Li-ion
battery and they reported that out of the three resistance
{bulk resistance (Rb), surface layer resistance (Rsl) and
charge-transfer resistance (Rct)}, the Rct increased most
significantly and it becomes the most dominant as the
temperature goes to below −10°C.

Table 1 Comparison of different types of battery
chemistries [25–27]
Serial
no.

Criteria Li-ion Ni–Cd Pb-acid

1 nominal cell voltage,
V

3.20 1.20 2.00

2 typical battery cost in
US$, V, Ah, Wh

207 (12,
21, 252)

100 (12, 20,
240)

67 (12, 20,
240)

3 cost per Wh in US$ 0.82 0.42 0.28
4 cycle life (no.) 3000 1500 250
5 cost per cycle in US$ 0.069 0.067 0.268
6 cost per Wh per

cycle in US$
0.00027 0.00028 0.00112

7 specific energy
density, Wh/kg

135 65 40

8 operating
temperature, °C

−20 to 60 −30 to 60 −20 to 60

9 self-discharge/month 2–3% 4–6% 15–20%
10 overcharge tolerance very low moderate high
11 maintenance not

required
1–2 months 3–6

months
 

Fig. 1  Specific energy density (Wh/kg), volumetric energy density (Wh/L)
and specific power (W/kg) of Li-ion, Ni–Cd and Pb-acid batteries [33]
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4 Batteries employed in aircraft
Batteries are used on board Aircraft ‘X’ as essential components,
since their function is to start the engines and to supply the
emergency power. Batteries are required to provide emergency
backup power for the essential avionics equipment/instruments. A
minimum emergency power requirement of 30 min has been
imposed by Federal Aviation Administration (FAA) regulations.
Due to the critical function of batteries, their reliability and
performance are of considerable importance [36].

Vented lead-acid (VLA) batteries were in use until 1950 in
aircraft. In the late 1950s, the aircraft started using vented Ni–Cd
(VNC) batteries [37]. From late 1960s, sealed Ni–Cd (SNC)
batteries were developed extensively for military and commercial
applications [38]. Then again in the late 1970s, the development of
sealed lead acid (SLA) batteries was started for aircraft
applications [39]. Significant maintainability and reliability
improvement were noticed in SLA in comparison to VLA and
VNC [40]. As a result, SLA batteries were installed in several
aircraft, namely C-130, C-141, F-4, F-117, F-16 fighter jets,
Boeing 777 and so on [41, 42]. ‘Low maintenance’ or ‘ultra-low
maintenance’ Ni–Cd batteries were developed as a direct
replacement of the traditional/conventional VNC batteries [43].The
most common voltage rating for aircraft batteries is 24 V. A 24 V
Ni–Cd batteries has either 19 or 20 cell in series connected to
achieve the nominal voltage, whereas for the case of Pb-acid
batteries 12 cell are connected in series. A detailed study has been
made on different battery systems and additional data such as
aircraft name, battery manufacturer name, type of battery used,
model no. of battery, capacity and voltage rating have been
collected [44–50] and are presented in Table 2. 

5 Evolution of more electric aircraft, its power
architecture and load profile
Powering primary flight control with electrical powers dates back
to 1940's during World War II. Many aircrafts on both sides of
World War II used electrical power for several functions. Until
1970, electrical power was used for supplying electronic and utility
functions. In the late 1970's only, increased functionality of
electrical power started gaining ground [51, 52]. Fig. 3 shows the
evolution of electrical power requirement in aircraft (Airbus and
Boeing) over the last 50 years. As can be seen from Fig. 3, in 1967
B-737 was launched/ started its operation with a power capacity of
80 kVA only [53]. In the next 35 years, there was not much focus
on more electricity in the air, as can be observed from Fig. 3 that
power demand in aircraft was only 200 kVA in the year 2000 [54].
In the last decades, much effort has been done on increasing the
aircraft electrical power and in 2011 Boeing 787 (an MEA) was
launched with main power generation capacity of 1000 kVA.
Boeing 787 has 450 kVA auxiliary power generation unit also,
which make the total power of the aircraft to 1450 kVA [55]. 

The advisory council for aeronautics research in Europe has set
the following goals by year 2020 [56]:

i. To reduce CO2 emission by 50%, by reducing fuel
consumption.

ii. To reduce NOx emission by 80% and a 50% reduction in
external noise.

To achieve these goals, it was necessary to replace the pneumatic
and mechanical system with an electrical system, leading to the
development of MEA. These loads have created an increase in the
electrical power capacity of the aircraft, as seen in the case of
B-787 (Fig. 3). As shown in Fig. 3, the MEA (Aircraft ‘X’) for an
aircraft having features comparable to B-717 will be having 300 
kVA of electrical power in comparison to 80 kVA of B-717.
Almost quadrupling of electrical power is due to the more electric
load in ‘Aircraft X’ in comparison to B-717. The battery selection
for more electric aircraft applications requires the detailed
knowledge of its several requirements namely: its ESG starting
profile, its emergency load profile, its transient profile, the
environmental factors and the effect of increasing weight. These
characteristics have to be matched with the batteries available
today. In this section, the details of 270 V DC bus power
distribution architecture are presented to understand the

Fig. 2  Nominal capacity versus temperature [35]
 

Table 2 Details of batteries used in different aircrafts [44–
50]
Serial
no.

Battery
manufacturer
(model no.)

Type of
battery

Aircraft Volt and
Ah

1 Saft – (2758) Ni–Cd A 320 24, 23
2 Saft – (4059) Ni–Cd A 340 24, 40
3 Saft – (405 CH) Ni–Cd A 330 24, 40
4 Acme Aerospace Inc

(263BA101-2)
fibre Ni–Cd

(FNC)
B-777 24, 47

5 Saft – (539 CH1) Ni–Cd B-737NG 24, 53
6 Saft – (539 CH1) Ni–Cd B-767-400 24, 53
7 Saft – (505 CH2) Ni–Cd A 380 24, 50
8 GS Yuasa

LVP-400-8-65
Li-ion B- 787 28.8, 75

9 Saft – (40176-7) Ni–Cd B-747 X 24, 40
10 Concorde (RG150-1) VRLA, lead

acid
B-717 24, 3.5

Marathon Narco
(7-75M3-120)

Ni–Cd 8.4, 75

11 Concorde (D8565/5-1) SLA, lead
acid

C-130 24, 30

12 Concorde
(D8565/11-1)

SLA, lead
acid

C-141, F-4 24, 10

 

Fig. 3  Airbus and Boeing aircraft electric power generation capacity
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functionality of the battery systems, followed by the profiles of
different load requirements for battery systems.

5.1 Power distribution architecture of MEA Aircraft ‘X’

In the literature, it has been reported that 270 V DC bus
architecture for power distribution has several advantages over
other architectures [57–59]. 270 V DC voltage can be achieved
directly by rectifying 115 V AC voltage [57]. Fig. 4 shows a
simplified single 270 V DC transmission system used in MEA
Aircraft ‘X’. It consists of battery energy storage system (BESS),
270 V DC power distribution bus, DC–DC converter (one
unidirectional and one bidirectional), DC–AC converter (one
unidirectional and one bidirectional), AC and DC loads. The DC
power distribution systems with voltage level of 270 V DC are
being used in military aircrafts in platforms like F-22 or F-35. As
shown in Fig. 4, BESS is very critical in its application since it has
to start the ESG besides providing emergency loads such as avionic
control and so on. In the new architecture presented here, first the
ESG will be started with the power supply from the BESS and after
the ESG has functioned as the starter it contain a second series of
windings that allow it to switch to a generator after the engine has
reached a self-sustaining speed. The ESG, once it started
functioning as the generator will start the main generator which
will supply most of the loads in the aircraft. It is to be observed that
the BESS has been connected to the 270 V DC bus instead of 28 V
DC bus because the main operation of the BESS is to start the ESG
and the ESG is connected to the 270 V DC bus. The BESS
connection with the 28 V DC distribution bus will increase the cost
of the system, increase the power loss because of more number of
switches, decrease the reliability of the system with the higher
number of components and so on, as two (2) bidirectional DC–DC
converters will be required instead of one (1) and high cross-
sectional area of copper wire will be required for higher current
flow due to low DC voltage. Hence, connecting the BESS to the
270 V DC bus will result in the saving of cost and power loss in the
extra DC–DC converter can be avoided. 

5.2 Battery load profile in MEA

As discussed in Section 5.1, the most promising power distribution
architecture of MEA is a 270 V DC bus system. Hence, we need to
analyse the load profile to be powered by battery system in MEA

for the 270 V DC bus architecture. The battery has to perform the
following functions:

i. To start the ESG set.
ii. To boost up the low voltage generation by ESG, i.e. to

maintain the 270 V DC bus within the steady-state voltage
range (250–280 V) set by the MIL STD –704 F.

iii. To meet the emergency load requirement.

Mostly we have seen MEA coming up in large aircraft with seating
capacity of 240–850 passengers and flight distance range of
15,000 km. Here, the battery requirements are given for the MEA
‘Aircraft X’, the details of which are given in Table 3. The reason
of selecting a low flight distance range, low seating capacity MEA
is that in intra country/intra continental service small aircraft are
used. In the selected Aircraft ‘X’, the seating capacity has been
chosen as 100, whereas the flight distance range is selected as
5000 km. The ESG (APU) rating is selected to be 50 kVA whereas
the main engine generator rating is 100 kVA. Two APUs and two
engine generators are employed in Aircraft ‘X’ which makes the
total electrical power rating 300 kVA which qualifies it to be an
MEA in comparison to B-717 which has an electrical power
capacity of 60 kVA of APU generation and 80 kVA of main engine
generation for 3800 flight distance range.

i. ESG starting profile: The starting profile of ESG for ‘Aircraft
X’ is shown in Figs. 5a and b. As can be seen, the required
time for starting is 27 s. Sizing requirements need to handle the
worst-case conditions where up to three start attempts are
possible for ESG. Hence, as a matter of safety battery system is
designed for powering it up to 5 min. The starting power of
ESG as seen from Figs. 5a and b is about 22.5 kW, hence for
two ESG, the starting power required is 45 kW. Considering
the losses in the converter and so on, the battery system is
designed for 50 kW power rating. Hence the minimum energy
rating of battery should be 4.17 kWh ({50/60} × 5 = 4.17).

ii. Transient profile: The transient profile of MEA ‘Aircraft X’ is
shown in Fig. 6. MILSTD-704F (released on 12 March 2004)
has specified a steady-state voltage allowance of 30 V, i.e.
from 250 to 280 V [60]. If the DC bus voltage is below 250 V
then it has to be boost up to 250 V within 40 ms. Moreover, if
the DC bus voltage is above 280 V then the extra power has to

Fig. 4  270 V DC bus power distribution architecture of a MEA ‘Aircraft X’ including the proposed Li-ion BESS
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be regenerated to the battery through a bidirectional converter
[61].

iii. Emergency load profile: The emergency load profile of MEA
‘Aircraft X’ is shown in Fig. 7. The mandatory minimum time
for powering the emergency load is 30 min per FAA [62]. In
Fig. 7, two situations are described, i.e. 100% loading for full
30 min in the first case and 50% loading after 10 min in the

second case. The battery has to be designed/selected in such a
way so as to power the MEA emergency load of 10 kVA for
30 min which makes an approximate rating of 5 kWh.

6 Cost and weight factor analysis of Li-ion and
Ni–Cd battery system with respect to MEA
As discussed in the previous sections, it is evident that to match the
load profile in MEA, a high energy density battery has to be
chosen. Since Pb-acid battery has a very low energy density, it is
not suitable for this application. Ni–Cd and Li-ion batteries are
selected to be analysed in terms of weight and cost. Moreover,
presently most aircraft utilise either Ni–Cd batteries or Li-ion
batteries. Recently, the focus has shifted towards the use of Li-ion
batteries as it has been used in B-787 and A-350. Initially A-350
planned to use Li-ion batteries, but following the reporting of a few
accidents in B-787 due to Li-ion batteries, Airbus decided to use
Ni–Cd batteries for A-350. However, after considering the safety
issues and other factors once again in detail, the aircraft
manufactures (A-350) is now installing Li-ion batteries in A-350.
So, the new A-350 aircraft will use Li-ion batteries [63]. Hence, for
a comparative analysis, only Li-ion and Ni–Cd batteries are taken
into consideration. In this section, first the cost and weight factor
analysis of the battery alone is done in Section 6.1 followed by the
cost and weight factor analysis of charger, battery casing and
sensing circuitry in Section 6.2.

6.1 Cost and weight factor analysis of the battery alone

The calculations are performed based on energy requirements. In
Section 5, the energy requirement for battery of MEA has been
calculated as 5 kWh. Hence, the design constraints are that the
battery should supply 50 kW of power for 5 min (4.2 kW/h) at start
and its depth of discharge (DOD) should not be less than 30% as a
matter of safety. Whereas during emergency landing the battery can
be discharged 100%, considering the fact that it is the case of safe
landing. Equations used in the calculation for deciding suitable
number of batteries are listed in the following equations:

Watt hour rating of a battery (Wh) = Volt ∗ Ah (1)

Power delivered by a battery(Pdel){Wh ∗ h/Time}

= Wh ∗ 1 hour
Time of operation

(2)

Total power delivered by a battery(Ptot){W} = No . of
batteries ∗ Pdel

(3)

Total voltage of a strings of a battery(V tot) = Volt of a
battery ∗ No . of batteries (4)

Total current(A) = Ah ∗ Rate of discharge (i . e . C rate) (5)

Status of charge (SOC) = 1 − Power required
Ptot

∗ 100 (6)

Depth of discharge (DOD) = 100 − SOC (7)

Output current of battery = Power required
V tot

(8)

6.1.1 Typical Li-ion battery (aircraft grade): As Li-ion
technology has matured, lithium–iron phosphate ‘LiFePO4’
cathodes have gained wide acceptance in many applications.
Batteries made with LiFePO4 cathodes operate within a lower
voltage range and have slightly less charge storage capacity than
batteries with LiCoO2 cathodes but LiFePO4 batteries are safer. As
safety is the most important parameter while deciding on the type
of Li-ion battery to install in an aircraft, hence the analysis of

Fig. 5  Starting profile of ESG of ‘Aircraft X’
(a) Rotor speed, (b) Electromagnetic torque as a function of time during start

 

Fig. 6  Transient profile of MEA ‘Aircraft X’ (MILSTD-704F)
 

Fig. 7  Two distinct load profiles for emergency landing [62]
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LiFePO4 (LFP) based Li-ion battery is presented here for Aircraft
‘X’. From (1), it can deliver 1280 W for 1 h (25.60 × 50 = 1280 
Wh). The power delivered in 5 min by a battery is given by (2),
power delivered =1280 × (60/5) = 15.360 kW. From (3), the total
power delivered for the configuration of Fig. 8 is 76.800 kW (5 × 
15.360 = 76.800 kW). 

Hence, five batteries connected in series as shown in Fig. 8 will
give a nominal voltage of 128 V. The current rating of the
configuration of Fig. 8, as calculated from (5), 50 Ah (discharged
at 8 C) will give 400 A (50 × 8 = 400 A). Fig. 9 shows the available
voltage and operating area under different discharge rate. As shown
in Fig. 9, discharging at 8 C rate is feasible. It should be sufficient
with SOC = 34.90%. Equation (6) gives SOC, (1 − 50/76.80) × 100 
= 34.90%. DOD, from (7) is 100 − 34.90 = 65.10%, which is fair
enough. Output current requirement of the battery from (8), is

390.62 A (50,000/128). The cost of five batteries is US $ 105,000.
The weight of five batteries is approximated to (23.5 × 5 = 117.5 
kg). 

6.1.2 Typical Ni–Cd battery (aircraft grade): It can deliver 552 
W for 1 h (24 × 23 = 552 Wh). The power delivered in 5 min by a
battery is given by (2), power delivered =552 × (60/5) = 6.624 kW.
If 12 batteries are connected in a fashion that 6 set of two parallel
connected batteries are connected in series as shown in Fig. 10,
from (3), total power delivered =79.488 kW (12 × 6.624 = 79.488 
kW). 

Hence, 12 batteries connected in series and parallel in the
discussed configuration will give 144 V and 46 Ah. The current
rating of the configuration discussed, as calculated from (5), 46 Ah
(discharged at 8 C) will give 368 A (46 × 8 = 368 A). Fig. 11 shows
the available voltage and operating area under different discharge
rate. As shown in Fig. 11, discharging at 8 C rate is feasible and
discharging at greater C rate will make the output voltage of the
battery to dip further. It should be sufficient with SOC = 37.06%.
Equation (6) gives SOC, (1 − 50/79.488) × 100 = 37.10%. DOD,
from (7) is 100 − 37.10 = 62.90%, which is fair enough. Input
current requirement from (8), is 347.22 A (50,000/144). The cost
of 12 batteries is US $ 78,000. The weight of sixteen batteries is
further approximated to (26 × 12 = 312 kg). 

Hence, the calculated data based on the information given in
Table 4 are tabulated in Table 5. 

The dip in voltage of Li-ion and Ni–Cd batteries are simulated
in MATLAB® Simulink based on the following equations:

Vact . = Voc − Q ⋅ k
Q − it ⋅ it − Q ⋅ k

Q − it ⋅ i∗ + A ⋅ exp( − B ⋅ it) (9)

Vact . = Voc − Q ⋅ k
Q − it ⋅ it − Q ⋅ k

it + 0.1Q ⋅ i∗ + A ⋅ exp( − B ⋅ it) (10)

Q = it = ∫ idt (11)

where Vact. is the battery actual voltage at different C rate, Voc is
the battery open circuit voltage, Q represents the maximum battery
capacity, K is the polarisation constant, it denotes the extracted
capacity, i* is the filtered battery current, A and B represents
exponential voltage and capacity, respectively [66].

6.2 Cost and weight factor analysis of charger, battery casing
and sensing circuitry

In Section 6.1, cost and weight factor analysis of Li-ion and Ni–Cd
has been performed for battery alone, i.e. without considering the
cost and weight of charger, casing for batteries and sensing
circuitry. In this section, the analysis of cost and weight has been
done for charger, casing for batteries and sensing circuitry so that
the exact impact of using Li-ion batteries instead of Ni–Cd
batteries can be found. Some of the manufacturers of Li-ion
batteries of aircraft grade provides an integrated BMS [64], hence
weight and cost of BMS is already included in the cost of the
battery system:

i. Charger (bidirectional DC–DC converter): Integration of
battery system to the 270 V DC power distribution network
will require bidirectional power flow capability as battery will
be charged and discharged over a period of time. A
bidirectional converter with isolation is required to function as
a charger to provide additional safety to the Li-ion batteries.
The isolation is needed so as to keep the batteries isolated and
safe in case of any fault on 270 V DC power distribution
network. To meet and fulfil the above challenges and the
requirements, phase shifted high power bidirectional (PSHPB)
DC–DC converter (also known as dual active bridge ‘DAB’
topology has been selected. DAB topology shown in Fig. 12,
was originally proposed and published in 1991 by De Doncker
et al. [67]. The key feature of PSHPB is bidirectional power
flow capability. In the literature many other bidirectional

Table 3 Aircraft details with seating capacity and distance
range
Aircraft APU/ESG power Seating

capacity
Flight distance

range, km
Boeing 787 225 kVA*2 = 450 

kVA
242–335 15,190

Airbus 380 120 kVA 525–853 15,700
Airbus 350 150 kVA 280–366 15,100
Boeing 767 120 kVA 245 10,418
Boeing 717 60 kVA 117 3815
Aircraft ‘X’ 50 kVA 100 5000
 

Fig. 8  Five Li-ion battery connected in series
 

Fig. 9  Li-ion current discharge characteristics at 0.5C (25 A), 1C (50 A)
and 8C (400 A)
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isolated DC–DC converter topologies have been proposed [68–
70], but PSHPB has a symmetrical structure and simple control
mechanism which make it unique over other bidirectional DC–
DC converter. Over the last two decades, the PSHPB topology
has been popular among researcher for DC–DC conversion
because of galvanic isolation and its high performance with
high efficiency. PSHPB topology has inherent soft-switching
property [71]. In Table 6, the maximum current rating of the
IGBT switches required, weight and cost of the intelligent
power module for Li-ion battery system is given. Fig. 12
shows that two H-bridge inverter and rectifier, a high
frequency transformer and filter elements are required. It is to
be noted here that the Intelligent Power Module (IPM) selected
as given in Table 6 has three legs (six switches) hence two
switches are additional for safety purpose. In the event of fault,
these additional switches can be used. The total weight and
cost of the charger for Li-ion batteries are found to be ∼3.5 kg
and US $ 2500, respectively. Whereas, the total weight and
cost of the charger for Ni–Cd batteries are found to be ∼3.5 kg
and US $ 2000, respectively.

ii. Container/casing of the battery: After the famous fire
accidents in Li-ion batteries on board Boeing-787 in 2013,
FAA has mandated to install a casing for the battery to contain/
extinguish the fire. Boeing-787 redesigned its Li-ion battery
system with the new design, adding an extra weight of 68 kg to
the weight of the airplane [75]. The box is not simply designed
to contain a fire, it prevents it from starting. Regarding the
material of the container, steel is inexpensive, but it is heavy.
Whereas aluminium is lighter, but needs additional thermal
insulation layers [76]. Hence, for the ‘Aircraft X’ putting an
inexpensive steel container around the battery will increase the

weight and the cost of the battery system by 90 kg and US
$ 3000.

iii. Sensing circuitry, bus bars and so on: The connection of the
battery in series/parallel requires additional elements such as a
Hall effect current sensor for current monitoring of each
battery, battery monitoring unit (BMU), bus bars (a metallic
copper strip that electrically connects the terminals of each
battery in series/parallel), sense wires, connector and so on. In
Section 6.1, 5 Li-ion batteries are proposed to be connected in
series, whereas 12 Ni–Cd batteries are connected in series and
parallel to meet the energy and power requirement of Aircraft
‘X’. The weight and cost of additional elements are
approximated to 25 and 10% of the battery weight and cost,
respectively [77] (Table 7).

Hence, total saving in weight and extra cost needed in using Li-
ion =395.5 − 241.0 = 154.5 kg and US $ 33,000, respectively.
Moreover, as per the data available in [5–8], 1 kg saving in weight
will result in saving of US $ 840 on aircraft systems besides
reducing CO2 emissions, hence total saving in cost while using Li-
ion battery is estimated to US $ 96,780. Besides the reduction in
weight and cost, some other advantages in the proposed Li-ion
battery system include zero memory effect and better shelf life.

7 BMS and safety issues associated to Li-ion
battery
With the Li-ion battery selected, its management system, reliability
and safety issues are discussed here with respect to the latest
technologies and developments. In aviation applications, the size
and weight of a BMS are a concern and hence the manufacturers
manufactures BMS that adds a negligible volume to the battery
pack, and little weight. Although, many manufacturers
manufactures the Li-ion with integrated battery management
system [64], but a discussion is made here for BMS for better
understanding of the subject. Li-ion based batteries are more
volatile which encourages researchers to perform extensive
research on the development of battery management and safety
monitoring subsystems [78–80]. Especially since 2006, Li-ion

Fig. 10  Twelve Ni–Cd battery connected in series and parallel
 

Fig. 11  Ni–Cd current discharge characteristics at 0.5C (23 A), 1C (46 A)
and 8C (368 A)

 

Table 4 Comparison of Li-ion and Ni–Cd aircraft grade
batteries [64, 65]
Serial no. Criteria Li-ion Ni–Cd
1 nominal cell voltage, V 3.20 1.20
2 battery voltage 25.60 24.00
3 capacity, Ah 45–55 23
4 watt-hour 1280 552
5 typical battery cost in US $ 21,000 6500
6 battery cost/Wh in US $ 16.41 11.11
7 specific energy density, Wh/kg 110.00 21.65
8 weight, kg 22–25 26

 

Table 5 Cost and weight analysis of Li-ion and Ni–Cd
aircraft grade batteries
Serial no. Criteria Li-ion Ni–Cd
1 watt-hour rating, Wh 1280 552
2 power delivered in 5 min, kW 15.360 6.624
3 total power delivered in 5 min by the

proposed configuration, kW
76.800 79.488

4 total voltage of a strings of a battery, Vtot 128 144
5 max. current rating 400 368
6 status of charge (SOC) 34.90% 37.10%
7 DOD 65.10% 62.90%
8 output current of the battery, A 390.62 347.22
9 total cost of the batteries, US $ 105,000 78,000
10 total weight of the batteries, kg 117.5 312
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batteries have achieved great improvement in technology with new
emerging solutions [78]. The BMS has the following functions:

• To prevent cells from unbalancing (i.e. to prevent individual
cells inside the battery from having different voltages with
respect to each other).

• To prevent a cell in battery packs to become over/under charged
or/and over/under discharged.

• To enable the operation of the batteries within the recommended
temperature and voltage range.

• To improve the safety and increase the life as long as possible.
• To maintain the operation of batteries in a condition so that the

batteries can meet the aircraft power requirements.

Special balancing circuits are generally used to prevent the cells
from becoming unbalanced. A BMS is typically employed for
battery operation within a proper temperature range through
thermal management. Redundant (extra) cells to the battery pack
are added for improving the safety and reliability of a battery pack.
Addition of new battery cells to the battery pack in the production
stage improves its reliability and safety, but also results in
increased cost. In order to improve the reliability of the battery
packs, different configurations of cells and the use of cell
redundancy, integrated with appropriate designs of DC–DC
converters are proposed [79, 80].

As far as the safety issues are concerned, it has to be given
utmost importance in aviation sector. Multi-fold approach need to
be formulated for the safety of Li-ion battery in the case of internal
short circuit, fault on DC distribution network and so on. The Li-
ion battery system with integrated BMS has to pass several
certification processes to be regarded as safe for operation in
aircraft. Some of the certifications are the Explosion Containment

test requirements as defined in the Radio Technical Commission
for Aeronautics (RTCA) DO-311standards, DO-165, DO-178B and
DAL B. Three actions (listed below) are required for good safety:

i. To reduce the probability of fault occurrence: The following
steps have been taken to reduce the occurrence of faults.

• Selecting a safe chemistry: LFP batteries are known to be
safer than Li–cobalt batteries. Moreover, LFP batteries can
deliver discharge current at 35 C whereas Li–cobalt batteries
can deliver discharge current generally 1C or at most 5C in
few cases.

• Selection of isolated charger: An isolated bidirectional
converter is selected to isolate the battery from any faults
occurring at power distribution DC network.

ii. To minimise the level of fault: To prevent propagation within
the battery in the event of a cell internal short failure, advanced
battery packaging materials and proper cell mechanical and
electrochemical design has to be used.

iii. To limit the consequences of the fault: In case the fault
happened, then the utmost concern regarding safety is to limit
the consequence. The case of the battery should be designed in
such a way so that there should not be sufficient amount of
oxygen to ‘contribute to combustion’ should the battery
overheat or experience a short circuit. In case of rupturing of
cell and subsequently release of gases, the gases should open a
pressure release disc, a valve of sorts, which would vent the
electrolyte mixture through a one-inch titanium tube to the
exterior of the aircraft. The system should be designed in a
way to eliminate the chance of gasses or smoke emanating
from a failed battery entering the aircraft.

To conclude this section, Li-ion battery systems along with a
proper BMS can be employed in aircraft. Despite previous Li-ion
battery mishaps new advances are made in evolution of safe
chemistry of Li-ion and BMS. Time is matured now, to take a step
forward towards using Li-ion batteries in MEA and the same is
evident from the decision of Airbus to include Li-ion batteries in its
new aircraft (A-350).

8 Selected Li-ion battery integration with 270 V
DC distribution network
The integration of the selected Li-ion battery storage system with
270 V DC distribution network shown in Fig. 13 is verified
through MATLAB® Simulink based simulation. In the control of

Fig. 12  Schematic of phase shifted high power bidirectional DC–DC converter
 

Table 6 Cost and weight analysis of charger for Li-ion and Ni–Cd batteries [72–74]
Parameter Input side (Li-ion) Input side (Ni–Cd) Output side
voltage, V 128 144 270
average current, A 390.62 347.22 185.19
maximum current, A {design current of module} 507.81 451.39 240.74
intelligent power module (IPM) PM600CLA060 PM450CLA060 PM300CL1A060
weight, kg 1.250 1.250 0.800
cost, US $ 1170 880 500
 

Table 7 Total weight and cost of the battery system
Component Li-ion Ni–Cd

Weight, kg Cost, US $ Weight, kg Cost, US $
battery and BMS 117.5 105,000 312 78,000
charger 3.5 2500 3.5 2000
casing and
venting

90.0 3000 not mandated by FAA

addition
equipment

30.0 10,500 80.0 8000

total 241.0 121,000 395.5 88,000
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PSHPB DC–DC converter, the switches on the primary side of the
H-bridge are given a square wave with a fixed duty ratio of 50%.
The secondary side of the H-bridge is also given a fixed duty ratio
of 50%, but with a finite phase shift (dTs/2) with respect to the
primary side switches wherein d is calculated from the following
equation:

d =
1 ± 1 − 4(Io(actual)/Io(rated))

2 (12)

The operating condition for simulation is specified in Table 8.
The rated power of complete system is 50 kVA. The integration of

battery is tested under different load conditions as discussed in
Section 5.2. The load is changed from 100% rated load (50 kVA) at
starting to 20 and 10% rated load (10 and 5 kVA) for emergency
operation as shown in Fig. 7. The requirement is to regulate the
power distribution DC bus voltage at 270 V in all of the above
cases. Fig. 14 showing the output and input voltages and currents
has six zones marked as zone 1 (0–0.008 s), zone 2 (0.008–0.02 s),
zone 3 (0.02–0.04 s), zone 4 (0.04–0.06 s), zone 5 (0.06–0.08 s)
and zone 6 (0.08–0.1 s). Zone 1 corresponds to the transient
conditions. As shown in Fig. 14, the settling time of the control
algorithm is less than 10 ms. Zone 2 shows the steady-state voltage
at full load, i.e. at 50 kVA. The voltage at 270 V DC bus is 269.8 V.
The output and input currents are 184.9 and 380.0 A, respectively.
Zone 3 shows the steady-state voltage at 20% of the rated load, i.e.
at 10 kVA. The voltage at 270 V DC bus is 272.4 V. The output and
input currents are 37.3 and 74.4 A, respectively. Zone 4 shows the
steady-state voltage at 10% of the rated load, i.e. at 5 kVA and the
voltage at 270 V DC bus is 272.1 V. The output and input currents
are 18.7 and 37. 1 A, respectively. The battery will give less output
voltage if discharged at higher C rate (high currents) as shown in
Fig. 10. To incorporate this effect into the system, the control
algorithm is verified with low battery voltage (100 V) in zones 5
and 6. The output voltage in zones 5 and 6 are 271.8 and 271.4,
respectively. The output and input currents in zone 5 are 37.1 and
102.9 A, respectively, whereas the output and input currents in
zone 6 are 18.6 and 52.3 A, respectively. Although the voltage of
270 V DC bus can be in between 250 and 280 V (the steady-state
allowance range of MILSTD-704F), but in Fig. 14, the voltage is in
between 269 and 273 V only, which can be termed as a very good
voltage regulation. This shows that the integration of battery has
been successfully done. The voltage change during transients due
to load change is almost negligible in comparison to the steady-
state voltage. The steady-state voltage in zone 3 is 272.4 V and the
transient and steady-state voltages in zone 4 are 273.0 and 272.1 V,
respectively. Hence the voltage change at the boundary of zones 3
and 4 is from 272.4 to 273.0 V. This shows that the simple control
algorithm has a very low/negligible voltage disturbance during the
transient process. Figs. 15 and 16 show the ripple in output voltage
and current respectively. As can be observed from Fig. 14, the
maximum ripple in output voltage and current is in zone 2, hence
Figs. 15 and 16 show ripple in zone 2 period. The ripple in output
voltage is 1.8 V (268.9–270.7 V) which is 0.67% (<1% given in
Table 8). The ripple in output current is 1.2 A (184.3–185.5 A)
which is 0.65% (<1% given in Table 8). 

9 Conclusions
In this paper, current trends of battery selection and a shift in its
application for more electric aircraft have been reviewed with
prime focus given to the Li-ion and Ni–Cd battery systems.
Batteries used in some major aircraft of Airbus and Boeing have
been reviewed from the perspective of finding the trends of battery
selection and it was discovered that most of the civil aircrafts have
used Ni–Cd batteries but recently the trend is shifting towards Li-
ion batteries with two latest aircraft (B-787 and A-350) using Li-
ion batteries. Evaluation of different battery systems with respect to
specific energy and specific power reveals that Li-ion battery has

Fig. 13  Schematic of integration of Li-ion battery storage system with 270 V DC distribution network
 

Fig. 14  Input and output voltages and currents in six different zones
 

Fig. 15  Ripple in output voltage zone 2
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tremendous opportunities to be employed in MEA. From the cost
and weight analysis of Li-ion and Ni–Cd battery systems for MEA
‘Aircraft X’, it can be concluded that using Li-ion battery in the
future MEA will not only result in the reduction of net weight of
the aircraft, but will also lower cost. Five Li-ion batteries have
been connected in series to give a nominal voltage of 128 V. The
current rating of the configuration has been calculated as 400 A
(50 × 8 = 400 A). The total saving in weight in using Li-ion battery
system is reported to be 154.5 kg, which in turn results in savings
of US $ 96,780 per aircraft. The selected Li-ion battery system has
been successfully integrated to the power distribution network of
MEA Aircraft ‘X’. A simple control algorithm based on direct
estimation of phase shift using quadratic solver has been proposed
and used for integration. The simulation results shown in this paper
have a very low/negligible voltage disturbance during the transient
process as well as have a ripple of less than 1% in the output
voltage and output current. The top most precaution associated
with a Li-ion battery system is that none of its cells should be
charged more than 3.6 V, otherwise it can lead to thermal runaway.
Hence, a proper BMS as discussed in Section 7 with features
including state of charge estimation, health monitoring and so on
need to be placed in conjunction with the Li-ion battery system.
Many advanced technologies for BMS are commercially available
as products, hence these systems will be able to meet today's
technological constraints and achieve the goals to lessen the weight
and size of battery system, and, in turn, improve aircraft efficiency
even further.
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