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Abstract–This paper deals with the design of a Hybrid Energy 

Storage System (HESSs) for electric transportation such as 

Electric/Hybrid Vessel and Electric/Hybrid Train. The 

association of more than one Energy Storage Systems (ESSs) 

e.g., batteries which have different dynamics permit to take 

the advantages of the characteristics of both ESSs obtaining 

simultaneously a high energy density and high power density. 

This yields to a decrease in terms of the size of the main ESS 

and the total cost and an increase in terms of life span. The 

emulation of the batteries and with required control algorithm 

for the HESS are proposed. The design and the control of the 

HESSs is validated with the simulation in 

MATLAB/SIMULINK® environment and also with the real-

time emulation of batteries in a laboratory setup of a HESS. 

The real-time experimental results have been validated 

against PC simulations showing full consistency. The setup of 

the hardware of HESS can be used to test any technologies of 

batteries, being a low cost solution for testing and 

benchmarking. 

 
Keywords–Energy Storage Systems, Hybrid Energy Storage 

Systems, Bidirectional Boost Converter, Electrical 

Transportation. 

 

I. INTRODUCTION 

 

The main purpose of Energy Storage Systems (ESSs) in 

applications such as electric transportation as well as 

microgrids or smart grids is to provide a temporary energy 

buffer between electrical power generators and loads or to 

provide a permanent energy to the loads in case of islanding 

mode [1]. These ESS, together with Power Electronic 

Converters (PECs) and required control algorithms provide 

the needed power flow versatility in the system. In the case 

of electrical transportation such as electric vehicles, electric 

vessel, electric train, etc., the power flow changes very fast 

depending on the operation mode of motors, generators and 

ESSs [2].  

 

Hybrid ESS (HESS) provide a solution to obtain a joint 

enhanced performance of the global ESS with respect to the 

individual ESS constrained due each individual storage 

technology. On the other hand in applications of power 

system related to electric transportation (Electrical 

Charging Station, Vehicle to Grid (V2G), Power System 

Operation), the main purpose of ESS is to increase the 

power quality of the grid in case of line contingencies such 

as voltage transients, current distortions, phase unbalances, 

load fluctuations, islanding modes, etc [3]. Unfortunately, 

as mentioned previously, most current ESS ratings do not 

allow simultaneously a large energy capability and a fast 

response. This yields to the need for hybridization of at least 

two technologies of ESS with different characteristics, one 

with a high energy density and slow dynamics and other 

with a high power density and fast dynamics [3-8].  

 

II. DESIGN SPECIFICATIONS 

 
The system designed will be more suitable for 

Electric/Hybrid vessel and Electric/Hybrid train. It has the 

following operating conditions: Lithium Ion Battery (LIB) 

is selected for high power and Fast Dynamics ESS (FDESS) 

and Vanadium Redox Flow Battery (VRFB) is selected for 

high energy and Slow Dynamics ESS (SDESS). The control 

of VRFB is mainly to maintain the DC bus voltage constant 

and the control of the LIB is to provide or absorb transient 

power during load variations. This yields to a decrease in 

the power ratings of the main ESS (VRFB in this design). 

 

The interface of both ESS is carried out by means of 

bidirectional boost converter as shown in Fig. 1. With this 

topology, the power flow of each storage device can be 

controlled independently thanks to the two DC/DC 

converters offering a high flexibility to manage the HESS 

[2], [9-16]. 

 

 
Fig. 1. The power circuit of the designed system. 

 

III. DESIGN METHOD 

 

The selection of the two batteries technologies was 

according to their advantages over other batteries 

technologies. The main advantages of VRFB are as 

following [4], [14-19]: 

 It is an energy storage device which intended for 

energy rather than for power. 

 Its storage efficiency is high as it can work for hours. 

 It has a high scalability and is suitable for large scale 

storage applications because of electrolyte tanks. 

 Instant recharge by electrolyte exchange. 
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 Long life cycle up to 10 000 charge/discharge cycles 

leads to lower through life costs. 

 Low maintenance requirements because it uses 

pumps to circulate the electrolytes from the tanks to 

the cell. 

 

Also, LIB has a lot of advantages as following [20], [21]: 

 It is a power storage device compared to the VRFB. 

 It has quick response than the VRFB. 

 It operates through a wide range of temperatures 

and it has high efficiency. 

 Easy charge controllability and low self-discharge. 

 Suitable for short term applications. 

 No pollution compared to other battery technologies. 

 

Table 1 shows the parameters of VRFB and LIB used in the 

designed HESS system. 

 
Table 1: Parameters of VRFB and LIB 

VRFB LIB 

Parameters Values Parameters Values 

E 50 KWh E 13.2 KWh 

P 25 KW P 15 KW 

Vnominal 302.4 V Vnominal 311.6 V 

Vmin 150 V Vmin 252 V 

Imax 166.7 A Imax 50 A 

Operating 

region 

20-80% Operating 

region 

20-80% 

No. of cells 230 No. of 

batteries 

6 

 

IV.  EMULATION OF THE BATTERIES 

 

Before Implementing the HESS with real batteries, 

which might be expensive, the control can be validated 

through the emulation of the batteries. Several options can 

be used to obtain the behavior of batteries.  

 The first option is a real time simulation [14], 

however the equipment associated with this solution 

is very expensive. 

 The second option consists on the emulation of the 

batteries by hardware construction by their 

equivalent circuit, nevertheless, if the battery 

parameters are changed, the hardware components 

should be modified as well.  

 The third option is the emulation of the battery 

dynamics through real-time software running on a 

Digital Signal Processing (DSP) to get the virtual 

battery voltage. This last has the lowest cost and is 

the one analyzed in this paper. 

 

1. Software part 

 

The dynamic behavior of any battery can be modeled, 

among other options, by a simple circuit [1], [22], 

consisting of a series resistor (Rse) standing for the internal 

resistance of the battery, a capacitor (CSOC) representing the 

state of charge (SOC) and a parallel capacitor (CD) with a 

parallel resistance (RD) representing the dynamics of the 

battery as shown in Fig. 2. 

 

 
Fig. 2. Dynamic behavior equivalent circuit of any battery. 

 

After some algebraic manipulations, the transfer 

function of the dynamic equivalent circuit is expressed as 

following: 
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where:  

 Vt(s)   : is the terminal voltage of the equivalent 

circuit,  

 I(s)    : is the current flowing in the equivalent 

circuit, 

 VBat. init : is the initial battery voltage, 

 s          : is the Laplace transform. 

 

The current is considered positive flowing out of the 

battery (Discharging mode), thus a negative sign appears in 

(1). The virtual voltage of the battery is calculated in (2) 

from the transfer function. Also, the initial conditions of the 

battery voltage are included in the virtual voltage. Equation 

(2) is implemented in the DSP to get the virtual battery 

voltage which presents the same dynamics as the real 

battery voltage. The parameters of the dynamic equivalents 

circuit of both batteries are shown in table 2. 

 

𝑉𝐵𝑎𝑡.  𝑣𝑖𝑟𝑡𝑢𝑎𝑙 (𝑠)  =  𝑉𝑡(𝑠) 

                              =  𝑉𝐵𝑎𝑡.  𝑖𝑛𝑖𝑡. + 𝐼(𝑠) ∗ 𝐺(𝑠)                           (2) 

 
Table 2: Parameters of the dynamic equivalent circuits of 

VRFB and LIB 

VRFB  LIB  

Parameters Values Parameters Values 

CSOC 7594.9 Farads CSOC 0.0127 Farads 

Rse 0.06826 Ohms  Rse 0.0628 Ohms 

CD 0.025 Farads CD 0.0127 Farads 

RD 0.0996 Ohms RD 0.1181 Ohms 

 

2. Hardware part 

 

To obtain the initial battery voltage in (2), a three phase 

uncontrolled rectifier as in Fig. 3. Capacitors are intended 

to decrease the ripples and smoothing the DC voltage. A 

charging resistance is used to initially charge the capacitor 

smoothly and then the bypass switch is closed. A blocking 

diode is used to prevent power return back to the three phase 

uncontrolled rectifier. A burning resistance is used to 

discharge the capacitor and in case of the power flowing 

from the DC bus through the bidirectional boost converter 

to the three phase rectifier, the burning resistance will 



 

dissipate the power flowing back like in case of 

regenerative applicants. For this system, the two circuits of 

the FDESS and SDESS are similar, but with different initial 

voltage values. 

 

 
Fig. 3. Emulation of the battery to obtain the initial voltage of the 

battery and behaves as a battery. 

 

V.  CONTROL SCHEME OF THE CONVERTERS 

 

As mentioned, the system consists of two bidirectional 

DC-DC boost converters. Each converter is connected to 

one battery and has its own control. One converter controls 

the DC link voltage to avoid stability problems, while the 

other converter delivers the peak transient power during 

load variations. 

 

As discussed in the previous section, the virtual voltage 

of each battery will be calculated from (2) as in Fig. 4, 

however, each equivalent circuit has its own parameters. As 

the control of SDESS bidirectional boost converter is to 

maintain the DC link voltage constant. A typical cascaded 

control scheme is used, being the outer loop the DC link 

voltage control and the inner loop the inductor current 

control [6], [23]–[27] as shown in Fig. 5. 

 

The control aim of the FDESS bidirectional boost 

converter is to provide the peak transient power when the 

load varies. This control will accelerate the recovery of the 

DC link voltage variations. Also cascaded control scheme 

is proposed, being the outer loop the power control and the 

inner loop the inductor current control as shown in Fig. 6. 

 

The power reference is calculated by subtracting to the 

SDESS measured power its low frequency component by 

using a Low Pass Filter (LPF) to get the high frequency 

component.  

 

To assure that the power of LIB is providing transient 

power during load variations, a PI controller is implemented. 

To increase the amount of power provided by the LIB, a 

gain K is multiplied by the power measured of the LIB. This 

means that more power will be released under sudden load 

variations, as the power error tends to increase the FDESS 

current reference. This will be helpful for the fast 

recovering of the DC link voltage. The value of the gain K 

goes from 0.1 to 1.0 and it depends on the maximum power 

of FDESS and the load variations. Table 3 shows the 

parameters of the control scheme of both converters.  

 

 
Fig. 4. Virtual voltage calculation for VRFB and LIB to get the 

battery dynamics. 

 

 
Fig. 5.  SDESS converter control scheme to maintain the DC link 

voltage constant. 

 
Fig. 6. FDESS converter control scheme to provide transient 

power during load variations. 

 
Table 3: Parameters of the control scheme 

Parameters Values Parameters Values 

VVRFB init. 302.4 V VLIB init 311.6 V 

SDESS converter control parameters 

VDC ref 600 V Fs 10 KHz 

Kpv 0.19 Kpi 79.16 

Tiv 0.3 Tii 0.042 

SDESS converter control parameters 

FLPF 10 Hz Fs 10 KHz 

Kpp 1.56 Kpi 79.16 

Tip 1 Tii 0.042 

 

  



 

 

IV. VERIFICATION OF THE DESIGNED SYSTEM WITH 

SIMULATIONS  

 

The simulations will consist on applying load variations 

upon the system once the demanded power has reached the 

steady state, with different values of gain K, using as a 

metric the DC link voltage variations.  

A voltage reference of 600 V is used to validate the 

proposed control scheme for the designed HESS. The load 

is varied from 1.2 KW to 2.4 KW and again to 1.2 KW. The 

system is tested for two cases to check the effect of 

connecting LI-IB to VRFB. 

 Case 1. Only VRFB is used, being connected to the 

DC link through the bidirectional boost converter. 

 Case 2. Both VRFB and LI-IB are connected to the 

DC link by means of two bidirectional boost 

converters.  

 

In Case 1, as shown in Fig. 7 that the DC link voltage 

drops 18 V when load varies from 1.2 KW to 2.4 KW and 

increases 19 V when load varies from 2.4 KW to 1.2 KW. 

These changes in the DC link voltage will increase if the 

load power is increased as the system designed for 25 KW. 

 

 
Fig. 7. Simulation Results at VRFB only: a) DC link voltage 

versus time b) VRFB power versus time. 

 

In case 2, the gain K in Fig. 6 is changed to check the 

effect on the DC link voltage and the LI-IB current. As 

starting value, K = 1.0 is selected, the DC link voltage 

variations already exhibit a decrease, this is due to the 

power delivered by the LI-IB when load varied. By further 

decreasing K, the maximum voltage variations also 

improves, as it is shown in table 4, thus minimizing the 

effect of the load variations in the DC link voltage. The 

selected optimal value for K is 0.3 and the results are shown 

in Fig. 8. 

 
Table 4: Simulation Results 

 K VDC_min 

(V) 

VDC_max 

(V) 

PLIB max 

(W) 

PLIB min 

(W) 

Case 1  581.9 619.1   

Case 2 1.0 587.9 612.7 465.8 -463.1 

0.7 588.5 612.2 531.3 -529.1 

0.5 588.8 611.2 581.8 -552.3 

0.3 589.9 610.4 655.7 -580.7 

 

 
Fig. 8. Simulation Results when VRFB and LIB are connected at 

K = 0.3: a) DC link voltage versus time. b) VRFB power versus 

time. c) LIB power versus time.  

 

VI. VERIFICATION OF THE DESIGNED SYSTEM 

WITH EXPERIMENTAL SETUP 

 

As it has been mentioned, the dynamic behavior of both 

the LDESS and FDESS will be implemented in real time 

software with parameters in Table 2, and the power will be 

absorbed or delivered to a dedicated DC bus. This scheme 

can be replicated for any ESS technology, provided that the 

dynamic behavior is known or can be calculated.  

 

The experimental results in Fig. 9 and table 5 are to 

validate the emulation of the batteries and the proposed 

control scheme. 

 

 
Fig. 9. Experimental Results when VRFB and LIB are connected 

at K = 0.3: a) DC link voltage versus time b. VRFB power versus 

time. c) LIB power versus time. 

 
Table 5: Experimental Results 

 K VDC_min 

(V) 

VDC_max 

(V) 

PLIB max 

(W) 

PLIB min 

(W) 

Case 1  583 619   

Case 2 1.0 587.7 612.7 454.9 -442.5 

0.7 588.3 611.6 502 -503.2 

0.5 589.1 611.1 567.7 -523.8 

0.3 590.6 610.6 644.3 -565.6 

 



 

 

V. CONCLUSION AND FUTURE WORK 

 

The designed HESS system for electric transportation 

decreases the total cost as there is no need to have a main 

ESS with a high energy density and a high power density 

simultaneously. Also it increases the life span of the main 

ESS. 

 

The designed system with the proposed control scheme 

is validated by simulation and experiments. The simulation 

results are validated with the experimental results from 

emulation of the batteries. This emulation of batteries 

provide a low cost solution to test any technology of 

batteries and can validate any new control scheme before 

implementing HESS. 

 

The technique used for emulation can be extended to 

different battery technologies, only requiring software 

changes. Further, the proposed control scheme can be used 

for any ESS technology such as supercapacitors, regular 

capacitors, etc. 

 

Moreover, future developments of this work would 

include: increasing the number of ESS in the hybrid system 

and explore the applicability to other PEC topologies, such 

as isolated, multilevel, etc. 
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