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Abstract— Pulsed loads are widely diffused on board of the electric vehicles and are related to different devices adopted or to the
propulsion/traction performance of the vehicles (e.g. the power required in a vertical take-off by an UAV). This impulsive behavior
plays a crucial role for the correct management and sizing of energy storage systems: usually, the combination of different type of
storage systems are adopted with the aim to improve the performance of the system, reducing the weight and the occupied volume.
The paper proposes the analysis of different configuration of hybrid storage system, based on lithium-ion batteries and
supercapacitors, able to supply a power pulsed load: the aim is the investigation of the different behavior of the configurations
considering also the dynamic influence of the control in the power supply of the pulsed load. The results are obtained using numerical
simulations.
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L INTRODUCTION

The extensive use of power electronics and electric drives on board of electric and traditional vehicles is constantly growing.
The all-electric aircraft/ship concepts [1,2] have determined the possibility of reducing the size of on-board devices, as well as
improving their performance and reliability. In many applications it is necessary to fed electrical loads with an impulsive time
profile [3,4]. The presence of these loads must be appropriately managed, as they could have an impact on the correct
performance of the equipment and on compliance with the power quality indices of the power system [5]. Pulsed power profiles
are also present in hybrid/full electric propulsion of aircraft [6,7] and in some charging systems of vehicles with electric
propulsion, such as the case of dynamic wireless charging: in fact, the rapid transit of the vehicle on the charging pad reduces
the charging time and therefore, the transferred power profile assumes a typical impulsive behavior [8]. Therefore, it is necessary
to provide of storage systems and power converters capable of managing these power profiles. Focusing the attention on the
storage system, it is well known that lithium electrochemical cells are characterized by high energy density values, while the
power density is limited [9]. These characteristics need the use of a hybrid storage, based on at least one component able to
manage high peak power such as supercapacitors [10] or flywheels [11]. An important role in the sizing of hybrid storage is
strictly related to the type of connection between the different storage devices and the load. In fact, the converter used for the
coupling between the energy storage and the grid of power pulsed load, can influence the entire dynamic of power exchange and
therefore cannot be neglected during the sizing procedure. Besides, the problem of controlling power electronics interfaces plays
an important role because the system dynamic is also dependent by the type of control adopted for the converters. For this reason,
paper [13] proposes a robust model predictive control able to manage and reduce the effects of pulsed load on a naval dc
microgrid. The converters considered in this case are non-isolated DC-DC converters. Instead in [14] always a model predictive
control is proposed, but the adopted converter between the storage system and the pulsed load is a dual active bridge.

Considering the complexity reduction, in the proposed paper the hybrid storage system considered is composed by lithium
cells and supercapacitor. Three selected configurations which differ by the voltage value of storage system and the type of power
converters are analyzed. For each configuration is integrated also the control of pulsed load supply: in this way it is possible to
consider all the effects of the system on the dynamic response. The paper is structured as follows: paragraphs II and III analyze
the proposed configuration and the optimization procedure; the numerical applications are in section IV, instead the conclusive
consideration is in section V.

II.  HYBRID ENERGY STORAGE SYSTEMS FOR PULSED LOADS

The presence of impulsive loads is very widespread on board of aircraft and ships. In fact, the presence of these loads is due to
the normal performance of the systems related to the avionics, the control and navigation, entails the necessity to integrate
storage systems directly into the on-board grid, or sizing the storage systems for the off-grid power supply of the impulsive
load. The recent development of lithium batteries has allowed the introduction into the market of cells with a high discharge
rate, therefore capable of guaranteeing a high-power density value ([kW/kg]). Obviously, operating the cells at maximum
discharge current involves in a rapid degradation and reduction of the cell lifetime, as well as strong thermal stress due to losses.



Due to the rapid variation of a pulsed load, the study of integration between lithium cells and supercapacitors must consider the
transient model of the storage system or using a frequency response model as it is shown in [15].

This analysis can be carried out rapidly considering the first order equivalent circuits of lithium cells and supercapacitor, that
are reported in formula (1) and (2):

ib (t) — ve(t) + Cp dvc(t)
Rp dt (1)
Vo (SOC, 1) = Reip (8) + ve(£) + Voue (8)
{ iy (t) = 222 4 ¢ 2D
lfzak (2)
1]sc(t) = RESLsc(t) + Uout,sc(t)

where:
- SOC is the state of charge of electrochemical cell.
- 1,.(850C,t), v .(t) and v, (t) are the open circuit, parallel branch and output voltage of the battery.
- ip(t) isthe battery current.
- R R, and C, are the parameter of the first order battery model.
- V() and v,y 50 (t) are the open circuit and output voltage of the supercapacitor.
- i4(t) is the supercapacitor current.
- Rgs, Rieqr and Cg. are the series resistance, the leakage resistance, the storage capacitance of the first order
supercapacitor model.

The use of first order dynamic equations gives the possibility to describe the behavior of the storage systems components, even
if it necessary to highlight also the dependence of the frequency response by the SOC, due to the variation of battery parameters.
The integration between supercapacitors and electrochemical cells could requires the use of power electronics converters and
advanced controls. Many approaches [12] proposed in literature are based on a direct coupling between supercapacitor and
electrochemical cells, using the power converters only to control and fed the impulsive load. This kind of configuration is
limited by the impossibility to control in an independent way the two storage sources and this could limit the overall
performances of the systems. Other approaches proposed are completely controllable [13,14].

As previously cited, the use of a power converters and the control affects the entire dynamic of the system and, in particular for
the case of pulsed load, this must be taken into account during the sizing procedure of the hybrid storage. In order to consider
the effect of the control on the storage systems, the proposed paper analyzes different configurations that can be used to supply
a pulsed load. The adopted configurations reported in the following sections are inherent the possibility to use high voltage
battery pack and supercapacitor, with a semi-direct configuration (battery pack directly linked to the loads and supercapacitor
regulated with a dc-dc converter) or a total controlled system with high and low voltage battery and supercapacitor pack.

A. High voltage battery pack supply system without voltage regulation

The first topology consists of a lithium cells battery pack with a high output voltage value, connected directly to the input of
pulsed loads. For high value it is means that the output value of battery pack in full charge conditions is higher respect the
typical value of voltage of power grid adopted in the applications. Also, the supercapacitors pack is selected with a high values
voltage, but due to the rapid variation of its voltage needs to compensate the peak power, a buck converter is connected between
the pulsed load input and the supercapacitor pack. The scheme is depicted in Fig.1.

This kind of configuration is useful when the pulsed load is an electrical drive with a variable input voltage range. In this case
the buck converter is controlled with the aim to follow the output voltage of the battery pack, regulating the power and the
energy provided by the battery based on the opportune choice of the droop control coefficient a (Fig.2).
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Fig.1 Configuration scheme with a direct coupling between the high voltage battery pack and the pulsed power load drive.
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Fig.2 Considered control scheme for the configuration in figure 1.

The coefficient a determines the output voltage variation of the battery and therefore how energy involves from the battery to
the pulsed load.

The error between the output voltage battery and the buck converter voltage is processed inside a PI control, calculating the
reference value of inductance current i, .. which is related to the power and energy provided by the supercapacitor.

B. High voltage battery pack supply system with voltage regulation
The previous configuration has a limitation in the control of battery pack and the power control is performed only by the
supercapacitor and its converter.

In many applications, the pulsed power load is supplied directly on a grid, where the voltage variations are constrained in a
certain limit. In this case, the energy storages are used for the grid main parameters regulation, therefore the control of the
output voltage on both the energy storage system is mandatory. The configuration is depicted in Fig.3:
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Fig.3 Configuration scheme with high voltage battery and supercapacitor pack coupled with the pulsed power load through a grid with fixed voltage.

instead, the Fig.4 shows the control strategy that is used in this paper.
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Fig.4 Considered control scheme for the configuration in figure 3.

With the considered control scheme, the voltage variation is compensated by the battery pack and the supercapacitor using a
different amount between them, determined always by the a coefficient that is calculated using an optimization procedure.

From the error on the grid voltage v, it is calculated a total current that depending by the value of a, is divided into two
amounts (iy prer and iy screr) Which determines respectively the reference current of the two buck converters. In the examined
case, the battery pack and the supercapacitor pack are considered with an output voltage greater than the voltage of the grid (this
assumption is carried out to reduce the output currents that comes directly from the storage elements).

C. Low voltage battery pack supply system with voltage regulation

The last configuration considered in the paper (Fig.5) is like the configuration reported in II.B, but the battery pack and the
supercapacitors are sized with an output voltage below the rated voltage of the grid.

In this case, the two storage systems are connected to the grid with two independent boost converters, and the control depicted
in Fig.6 is like the control used for the case I11.B.

The configuration is proposed to make a comparison with the one of paragraph I1.B.
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Fig.5 Configuration scheme with low voltage battery and supercapacitor pack coupled with the pulsed power load through a grid with fixed voltage.
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Fig.6 Considered control scheme for the configuration in figure 5

III.  OPTIMIZATION PROCEDURES FOR THE CONFIGURATIONS

For each topology presented in paragraph II, an optimization procedure for the sizing of the hybrid storage system is proposed.
The adopted optimization procedures are based on the minimization of a single objective function, which is chosen equals to the
minimization of the total weight of the battery and supercapacitor, as reported in formula (3):

min fobj = min(npnsmb + np,scapns,scapmscap) (3)

with:
- n, is the number of parallel branches in the battery pack.
- ng is the number of series cells in each branch of the battery pack.
- my is the weight of a single electrochemical cells.
- TNy scap 1S the number of parallel branches of the supercapacitor pack.
- Tggcap 1S the number of series cells in each branch of the supercapacitor pack.
- Mgy is the weight of a single supercapacitor.

In formula (3) are presented four unknown variables, that must be determined. These variables can assume only integer
values, influencing the choice of the type of method that must be used to solve the optimization problem. The fifth unknown
variable is related to the control and its determination requires the solution of the system model with the transient simulations of
a fixed pulsed power load. The value of the fifth variable influences directly the objective function, because determines the
amount of power and energy of the two different storage unit which involves in the supply of the pulsed power load. Given the
complexity of the model, in this work a completely numerical approach is adopted, carrying out simulations with Matlab© and
Simulink© as shown in Fig.6.
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Fig.6 Configuration scheme with low voltage battery and supercapacitor pack coupled with the pulsed power load through a grid with fixed voltage.

As previous mentioned, some of variables are integer number, therefore the differential evolution method (DE/best/1/bin) is

adopted for the solution of the optimization problem, that for the three configurations are formulated as follows.
- Problem statement of configuration of fig.1

The optimization problem adopted for the configuration reported in paragraph II.A is the following:

min ( fob j)
Vout (tena) = Vimin,ppL
Vout (tini) < VUmax,PPL
i (t)

np
SOC(teng) = 0.20
vsc(tend) 2 VUmin,PPL
vsc(tini) =< VUmax,sc

= bmax

“

iSC (t) <
— Isc,max
Np,scap
where:

- tini teng are the initial and final time of the series of pulsed loads;

- S0C,pq 1s the final value of the SOC;

- UminppL 1S the minimum value of voltage allowed by the power pulsed load drive;

- Umaxppr i the maximum value of voltage tolerated by the power pulsed load drive;

- Umaxsc 1S the maximum voltage value of the maximum number of supercapacitor that can be connected in series;
- Ipmax 1s the maximum discharge current of one battery cell;

- Iscmax 1s the maximum discharge current of one supercapacitor;

- Problem statement of configuration of fig.3
The optimization problem for the configuration reported in paragraph II.B is the system (5):



min (fobj)
Vout (tend) 2 Ubc,min
ip(t)

np
SOC (teng) = 0.20
vsc(tend) = Ubpc,min

Isc(£)

= Isc,max
Np,scap

Upc(t) = Vpcmin
Upc (t) < UDC,max
with:

< bmax

(&)

- vpc(t) the voltage value of the grid;

- Upcmin Minimum voltage value of the grid;

- Upcmax Maximum voltage value of the grid;
Respect to the previous problem, the examined case introduces the constraints on the grid voltage that must be guaranteed by the
control of both battery and supercapacitor pack.

- Problem statement of configuration of fig.5

The configuration of paragraph II.C is sized using the optimization problem in formula (6):

min (fob ]-)
Vout (tend) = VBoost,min
Vout (tini) = Upc,min
i (t)

np
SOC(teng) = 0.20
vsc(tend) = VBoost,min
vsc(tini) = VUbpc,min

iSC (t)
Np,scap
Vpc(t) = Vpcmin
Vpc(t) < Vpcmax

< Ib,max

A

(6)

- Isc,max

where Vgo0s¢ min 1S the minimum input value of the boost converter. Compared with the problem (5), this configuration needs to
verify the minimum input voltage in the boost converter with the aim to reduce the duty cycle and keep the good performance of
the converter.

IV. NUMERICAL RESULTS

The optimization problems of the three considered configurations are solved using the parameters of battery cells,
supercapacitor and grid reported in tables I, II and III. The parameters of the battery are obtained by experimental test on a fully
charged 18650 lithium-ion cells, instead the parameters of the supercapacitor are estimated from the datasheet [16]. The battery
and capacitor parameters are considered constant during the discharge cycles. The simulation is carried out considering two
profile pulses, that are different only by the pulse slope.

TABLE L PARAMETERS OF LITHIUM ION CELL 18650
Rated voltage (V) 3.6
Maximum Voltage (V) 4.2
Rated Capacity (Ah) 3
Maximum discharge current (A) 20
R, (mQ) 30.5
R, (mQ) 9.3
C,(F) 1800
Mass (kg) 0.048

TABLE II. PARAMETERS OF SUPERCAPACITOR
Rated voltage (V) 16
Rated Capacity (F) 58
Maximum peak current (A) 190
RESR (m.Q) 22




Rieak (Q) 640
Mass (kg) 0.63
TABLE III. GRID PARAMETERS
Rated Voltage (V) 270
Maximum Voltage (V) 290
Minimum voltage (V) 260
TABLE IV. LOAD PROFILE OF PULSE TYPE 1
Peak Power (kW) 50
Pulse period (s) 2.5
Pulse width (%) 40
Pulse slope (KW/s) 500
Load duration (s) 20
Vmax,PPL (V) 800
VmminppL (V) 270
TABLE V. LOAD PROFILE OF PULSE TYPE 2
Peak Power (kW) 50
Pulse period (s) 2.5
Pulse width (%) 40
Pulse slope (kW/s) 1000
Load duration (s) 20
Vmax,PPL (V) 800
Vminppr (V) 270

The results obtained from the optimization procedure are shown in Table VI and in table VII for the pulse of type 1 and 2.

TABLE VL OPTIMIZATION RESULTS WITH PULSE TYPE 1

ns np Rsscap | HMp,scap a (flzg)

Configuration 141 5 47 2 0.54 93.06
of fig. 1
CO’Z%Z "3’50” 175 | 2 | 20 2 0.60 | 42.00
C"’g}z‘;’?‘; “5”"’” 67 | 4 17 2 074 | 343
TABLE VII. OPTIMIZATION RESULTS WITH PULSE TYPE 2

ns | np | Rsscap | Mpgscap a (j;:g)
CO’Z%Z aon | ez | s |4l 2 020 | 908
Coggﬁ“gf aon | ieg | 2 |18 2 027 | 417
C"’g}gﬁg aonl g6 | 3 | om 2 0.66 | 248

In both cases, the results show a similar behavior of the two configurations of fig.3 and fig.5, with a substantial difference of
the total mass respect the configuration of fig.1. Considering the two best configurations, the values of the control parameters
o gives information between the different behavior: in the high voltage configuration, there is a greater contribution of the
battery pack, determining a worse exploitation of the supercapacitors. A similar behavior is highlighted by the simulations for
the case of pulse Type 2. In this case, the dynamic of the higher value of pulse slope is balanced by the supercapacitors; the
energy required during the slope is reduced and this determines also a reduction of the number of supercapacitors required;
while the battery contribution to fed the pulse energy is increased, having a positive effect on the overall weight.

It is necessary to remark that using electrochemical cells and supercapacitor with different parameters and characteristics, some
possible changes of the results can be obtained.

V. CONCLUSIONS

The paper proposed the comparison of different configurations for a hybrid electrochemical cells and supercapacitor for the
supply of a pulsed power load. Using the dynamic model of the circuit and considering the effect of the control of both the
storage devices, different optimization problems are proposed and solved. The aim of the optimization problems is to reduce
the weight of the energy storage, defining also the trade-off usage between the lithium cells and supercapacitors considering
the effect of the control of power converters. Some simulations are carried out, using the data commercial lithium-ion batteries
and supercapacitor and examining two different pulse profile. The results show an appreciable difference respect to the case



without power convert on the battery pack and the case where the battery and the supercapacitor are full controlled by the power
converters.
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