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Resume
In this paper, the focus is given on the potential use of the supercapacitor 
component for peak power delivery, required during operation. Potential 
application use considered here is electric drive for robotic arm motorization. 
Automatization of industrial and manufacturing processes requires 
increasing demands on the use of industrial robots. The motion profiles of 
such system, requires within the operation peak power demand. The supply 
system can be composed from DC bus power supply, or combined with energy 
storage system. Combination with proper energy storage component, can 
improve energy efficiency and provide peak power for the requirements of 
the system operation. In this paper, design approach for supercapacitor (SC) 
module is presented for certain motion profile, which is defined by power 
requirement here. SC module design reflects input to output electrical 
specifications, while the most optimal configuration is being identified 
according to SC operation. This approach refers also to the identification of 
the operational performance of DC-DC bidirectional converter and its proper 
topological configuration.
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is growing [3-6]. The benefits of the SCs are their 
extended lifetime, high power density, short charge-
discharge time, low input resistance, and environmental 
friendliness. Energy density is not comparable to the 
conventional and modern electrochemical cells on 
the other side, therefore combination of these two 
technologies represents attractive solutions for many 
applications whose operation scenarios requires the 
potential use of hybrid energy storage system (HESS) 
[7-8].

A  hybrid energy storage system (HESS), which 
complements the beneficial qualities of each module, 
is the combination of the battery and SC. In this 
configuration, the battery’s operating time is increased 
while the negative effects of current fluctuation are 
reduced. This is a  crucial component for using HESS. 
Practically the main task of the capacitor is to cover 
and absorb peak power demands during the system 
operation. It means, that the design of supercapacitor 
must meet power profile of the application [9-11]. 

In this paper the focus is given on the optimal 
design of supercapacitor module for hybrid energy 

1	 Introduction 

Energy efficiency and its optimal utilization are 
coming more and more important, thus representing 
interesting point of the scientific interest. Energy sources 
are converted into different forms and partially stored 
in the grid system for power shaping or peak demand 
covering. There are various possibilities how to design 
energy storage system, while hybridization is coming 
more popular. Here it means, that the use of combination 
electrochemical cells with various properties are used 
for potential optimization of the operational scenarios 
of target application system. Each of the energy storage 
technology has its properties, which can be recognized 
also within lifetime or the value of the capacity. Even 
iron-based electrochemical cells have long operational 
life and are environmentally friendly, the energy density 
is not as high as for other perspective technology [1-2]. 
Research in this field of technology brought development 
of supercapacitors, which are characterized by long life 
operation and very high-power density. The usage of SCs 
as temporary energy storage for regenerative braking 
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electrical part. As a  main source is used a  battery to 
maintain a  constant power to the load or to charge 
a  supercapacitor. A  supercapacitor is used to deliver 
peak power. The bidirectional DC/DC converter connects 
the supercapacitor to the battery and to the inverter. 
The design of supercapacitor bank and selection of 
a bidirectional DC/DC converter topology is part of the 
optimization proposal of this paper.

The load is formed by the inverter and the robotic 
arm. The input parameters for the designing of power 
converters and supercapacitor bank are stated in 
a following Table 1.

The voltage of 40 V  is for fully discharged and 
54.4 V is for fully charged battery pack. The maximum 
voltage of the VSC supercapacitor is set to 32 V. For 
efficient utilization of the supercapacitor bank, when 

supply/storage system. The input to output parameters 
of the bidirectional DC-DC power converter are defined 
initially, and are reflecting application properties 
of HESS. According to the optimization of the 
supercapacitor module operation, the analysis on the 
potential topological solution of the DC-DC converter 
and its duty cycle working range are presented at the 
end of the paper. 

2	 System specifications on power electronic 
circuit

The basic block diagram of the considered system 
is shown in Figure 1. It consists of a  mechanical 
part, which is formed by a  robotic arm, and an 

Battery

Supercapacitor

DC

DC

DC

AC

Robotic arm

Electrical part Mechanical part

Figure 1 Block scheme of the electrical and mechanical system

Table 1 Input parameter specification

Input Parameters

Electrical Parameters minimum maximum

VB Battery voltage 40 V 54.4 V

VSCmodule Supercapacitor voltage 16 V 32 V
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Figure 2 Time waveform of the power for the working profile  
(one operational interval)
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•	 Heat dissipation and operational temperature.
The first criterion is affected by the supercapacitor 

itself, i.e. it is defined by the manufacturer. Optimization 
regarding maximal current can be later optimized 
by paralleling cells. Second criterion can be affected 
by selection of proper converter topology. The third 
criterion is a  matter of design specifications of the 
supercapacitors bank. These parameters are considered 
within calculations regarding operational profiles.

Speaking about searching the optimal settings 
of the bank of supercapacitors, initial focus is given 
on the possibilities of the ripple current cancelation. 
Perspective topologies have been developed for this 
purpose, while interleaving of the power stage of the 
converter is main approach how to reduce ripple current. 
From Figure 3 is seen, that with the increase of 
converter stages, for certain values of the duty cycle, the 
ripple current reduction is possible.

Presented design approach considers that the sizing 
of the bank of SC is made in terms of defining the voltage 
variation during power delivery (Table 1). This operation 
refers to duty cycle variation during DC-DC converter 
operation, thus duty cycle range from Figure 3 can be 
found thus defining the current ripple amplitudes.

Two alternatives are presented here, while it is 
considered, that during discharging process, after the 
end of motion profile the voltage on the bank of SC will 
be 50% from VSCmax. The maximum voltage level VSCmax is 
32 V. The voltage at the end of discharging process will 
be half of the voltage VSCmax, i.e. VSCdisch = 16 V. 

The calculation of the energy for the delivering of 
the peak power to the load is as follows:

A. 	 Calculation based on average power value criterion
The formula for average power calculation 

considering rectangular waveform is given by next 
equation:

P T P t W1
AV ) )= 6 @ .	 (1)

For 1st and 3rd interval, triangular waveform is 
characterized, so the Equation (1) is then modified

75% of the energy is assumed to be drawn, the minimum 
voltage value will be half of the maximum. Then the 
minimum value is 16 V. 

The calculation of the supercapacitor capacity 
CSC depends on the power profile of the load. The 
power profile is dependent on the working mode of the 
mechanical movement of the robotic arm. The profile 
of the mechanical quantities of the working cycle are 
shown in Figure 2. This cycle corresponds to the specific 
requirement during the operation of the mechanical 
system. It is expected here that the power delivery for 
this time interval (6 seconds) will be covered by the 
supercapacitor itself. Therefor the design must meets 
this power requirements.

3	 Analysis of supercapacitor module 
configuration 

The power profile specified in Figure 2 is being 
considered and is used for the determination of the 
supercapacitor parameters. From Figure 2 is seen that 
peak power demand is 512 W within 6 s time interval, 
then steady operation is expected, while required power 
delivery is supported by the battery system (Figure 
1). Based on this, we can calculate the energy that 
needs to be supplied for a given peak power and will be 
sourced from supercapacitor module. According to the 
physical interpretation, the energy is an area covered 
by time waveform of the power profile. Therefore, when 
approximation of defined profile (Figure 2), we obtain 
two triangular time waveforms of power for the duration 
of 1.5 s  and one rectangular waveform lasting for 3 
seconds. After the peak power demand, the constant 
power is delivered to the load. This power is drawn from 
the battery. 

Considering operational and lifetime conditions for 
the bank of supercapacitor (SC), the key optimization 
parameters are related to the:
•	 Maximal current of the supercapacitor cell.
•	 Ripple current of the supercapacitor cell (during 

charging and discharging periods).

Figue 3 Magnitude of input ripple as a function of duty cycle for different number  
of interleaved stages of the DC-DC converter
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Here it is seen, that considering the parameters 
defined in Table 1, the energy stored within the 
supercapacitor module must be at least 2304 J.

C.	 Corresponding capacity of SC module
Continuing design of SC module, the series - parallel 

configuration targeting properties of the module (energy 
and voltage) will be analyzed. 

*
* J

FC
V
E

3
8

3 32
8 2304

6_mod
max

SC ule
SC

SC
2 2= = = .	 (10)

According to the current rating of the SC module, 
the maximum power rating simultaneously with 
minimal voltage of the module during operation shall 
be considered. Then for maximal current value, next 
equation is valid:

AI V
P

16
512 32_mod

min
SC uleMAX

SC

peak
= = = .	 (11)

D.	 SC module configuration
Important design issue for supercapacitor module 

configuration is related to power loss minimization, 
thus minimization of parasitic ESR of SC module. For 
prototyping purposes, the SC cell from Vishay series 
MAL2220 is considered as an example for module 
configuration. Parameters of single SC cell - series MAL 
2220 [12].

Table 2, shows the main parameters of one cell 
from MAL2220 series, while these are key inputs for 
SC module configuration, i.e. capacitance, ESR and 
maximum current of one cell. 

To achieve the required voltage of the SC module 
(32V), it is necessary to configure 12 SC cells in series 
even any of the component from MAL2220 series is 
considered. On the other side, if required value of the 
capacity of SC module (6F) must be met, the situation 
differs for individual single cell components from Table 
2. These variations are summarized in Table 3.

From the available combinations of SC modules 

WP T
P T P1
2 4 8 64AVtriangle
peak peak

$ $= = = .	 (2)

For 2nd interval (rectangular waveform) the average 
power is

WP T P T P1
2 2 256AVconst peak

peak
# #= = = .	 (3)

Then the total power for defined time waveform from 
Figure 2 is given by Equation (4).

WP P P2 384AVtot AVtriangle AVconst#= + = .	 (4)

Corresponding energy of SC module is then 
calculated by next formula:

JE P t 2304SC AVtot#= = .	 (5)

B.	 Calculation based on energy criterion
Previous procedure considers average power 

calculation, while in this procedure bit different approach 
is presented, while it is expected that the results would 
be the same. General formula for energy calculation is 
given by Equation (6).

JE P t#= 6 @ .	 (6)

Then the required energy for 1st and 3rd interval 
refers to triangular waveform in Equation (7), while 
rectangular part (2nd interval) of the waveform is 
characterized by energy requirement described by 
Equation (8).

. JE P t2
1

2
1 512 1 5 384triangle peak# ) # #= = = ,	 (7)

JE P t 512 3 1536const peak# #= = = .	 (8)

Total energy of SC module is:

JE E E2 2304SC triangle const#= + = .	 (9)

Table 2 Possible SC module configurations

USC [V] CSC [F] ESR [mΩ] ISCmax [A]

2.7 5 35 10

2.7 7 31 10

2.7 8 28 12

2.7 10 27 12

2.7 12 26 14

2.7 15 23 17

2.7 20 24 20

2.7 25 20 20

2.7 30 19 25

2.7 35 20 25

2.7 40 18 30

2.7 50 15 30

2.7 60 13 30
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within voltage drop of module itself in Equation (17). 
Calculation of voltage drop considering ESR effect:

,

ESR Nr
Nr ESR

m m15
12 35 28

SC
paralel

serial cell1
module

#

# X X

= =

=
	 (16)

. . .A V

V ESR I

m28 30 24 0 847

modESR SC SC ulemodule MAX#

#

T

X

= =

=
	  (17)

Now, with regard to evaluated voltage drop 
reflecting module operation, the minimal voltage on the 
supercapacitor is given by Equation (18).

. . . .

V V V

V16 933 0 847 16 086

_ _mod modminSC SC uleule ESR ESR#T= =

- =
	 (18)

Based on this analysis, it is seen, that considering 
all critical aspects which can affect minimal value of the 
voltage of SC module, its voltage shall not drop below 
16 V. 

Finaly power losses can be evaluated using Equation 
(19).

. . W.

SC I ESR

30 24 0 028 25

_ _ _modmod loss SC ule MAX SC
2

2

module#

#

= =

=
	 (19)

4	 Evaluation of the operational region 
regarding ripple cancelation of interleaved 
bidirectional converter

As was mentioned within introductory part of this 
paper, the use of proper topology of bidirectional converter 
(Figure 4) may affect operational life of supercapacitor. 

(Table 3), we consider the SC module solution with the 
lowest ESR to achieve minimal losses (12S15P with total 
capacity 6.25F and ESR 28mΩ).

Now, knowing the module configuration, the 
maximum available energy considering capacity of the 
module should be recalculated Equation (12) together 
with minimum available energy calculation referring 
defined minimal voltage value of SC module in Equation 
(13). It is a starting point for maximum power loss value 
identification of the SC module operated under power 
profile defined by Figure 2.

.

,J

E C V2
1

2
1 6 25

32 3200

_ _mod max maxSC ule SC
2

2

# # # #

#

= =

=
 	 (12)

.

J.

E C V2
1

2
1 6 25

16 800

_ _modSC ule min SCmin
2

2

# # # #

#

= =

=
	 (13)

Because maximum current of SC module will be 
sourced at minimum voltage value, then considering 
result from Equation (12) and Equation (9) and by 
reinterpretation of the capacitor energy formula, the 
Equation (14) identifies the minimum voltage, which 
will be reached during module operation under defined 
power profile.
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V
E

C
E2

6
2 3200 2304

16 933

_ _mod max
SC

SC ule SC
modulemin

#

#

=
-

=

-
=

^

^

h

h

	  (14)

Maximum current of SC module (max power/ voltage 
of SC module minimal) during operation will be:

. . AV
P

I 16 933
512 30 24_ _mod

min
SC ule MAX

SC

peak
= = = .	 (15)

The existence of the ESR parameter will reflect 

Table 3 Parameters of different SC modules	

Cell capacity [F] Nr. of parallel cell Final capacity [F] ESR [mΩ] ISCmoduleMAX [A]

5 15 6.25 28 150

7 11 6.41 33.8 110

8 9 6 37.33 108

10 8 6.66 40.5 96

12 6 6 55.2 84

15 5 6.25 55.2 85

20 4 6.66 72 80

25 3 6.25 80 60

30 3 7.5 76 75

35 3 8.75 80 75

40 2 6.66 108 60

50 2 8.33 90 60

60 2 10 78 60
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states is established. The SC module voltage VSCmodule 
serves as the boost converter’s input voltage, while 
VDCbus serves as the device’s output voltage.

Considering boost mode, the duty cycle can vary 
within the values, which are affected by the maximum 
and minimum voltages at the input and output of the 
converter. For values indicated in Table 4, duty cycle is 
within interval:
•	 Low limit of D = from 32 V to 40 V (D = 0.2),
•	 High limit of D = from 16.09 V to 54.4 V (D = 0.7).

Summarizing achieved results, it is now possible to 
indicate what would be the ripple current cancelation 
possibility, when calculated duty cycle values are 
considered (Figure 5). The results shown below, are 
clearly indicating that the possibility for SC module 
operation is possible by using interleaved bidirectional 
DC-DC converter, while for certain duty cycle range 
3-leg and 4-leg represents the best possibility.

Interleaved topologies enable to reduce current ripple, 
which is one of the parameters that markedly affects 
lifetime of capacitors [13-15]. At this point, the analysis 
of operational properties of SC module (voltage levels vs. 
Power demand) will be provided according to duty cycle 
variation, which results in current ripple cancelation 
possibilities of interleaved converters (Figure 3). Because 
DC bus voltage from Figure 1 is higher than voltage of 
the SC module, the boost topology operation will be 
considered for bidirectional DC/DC converter. 

For the standard boost type of converter (including 
interleaved), the relationship between input (SC module 
voltage) to output voltage (DC bus voltage) ratio is 
defined by duty cycle as follows:

V
V

D D V
V

1
1 1

in

out

out

in"= - = - .	 (20)

The operational duty cycle (D) range for boundary 

Figure 4 Principal schematic of bidirectional boost converter

Table 4 Defined operational voltage ranges for bidirectional boost converter

Input/output voltages Profile 1

VSCmodule 32 V - 16.09 V

VDCbus 40 V - 54.4 V

Operational range

Figure 5 Operational range of the duty cycle for n-interleaved boost converter
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bidirectional converter have been mentioned in regard 
to the current ripple reduction on SC module. The 
analysis of duty cycle operation range was performed 
and ripple current reduction was represented by the 
operational characteristics of interleaved bidirectional 
converters. The study shows several outcomes, i.e. it 
represents the idea of optimal SC module sizing, while 
the possibility for lifetime optimization is given as well 
through duty cycle range identification. 
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5	 Conclusion

In this paper, the hybrid energy storage system 
was introduced as a  potential solution for peak power 
demands. The target application here was focused 
on possible use of such concept within the electric 
drive systems for robotic arm motorization. The input 
to output parameters specification is referring to 
standard industrial use, while power profile defining 
the peak demands was defined as well. The main aim 
of the study was to find optimal solution of design of 
supercapacitor module, which is responsible for covering 
energy demands during peak power operation. It refers 
to proper sizing according to energy, and minimal 
voltage requirement during discharging process. This 
is important when we are speaking about effective 
utilization of supercapacitor module designed from 
single cells. After energy sizing, the sample part of 
single cell was defined, while optimal configuration 
of series and parallel strings have been evaluated 
according to parasitic resistance reduction. When the 
proper configuration was selected, the analysis on the 
operational properties was performed, while power loss 
generation was calculated as well. Finally, in order 
to present possible solution to optimize operational 
performance of the SC module targeting improvements 
related to operational life, interleaved solution of 
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