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Abstract:  Due to the widespread integration of renewable energy sources in DC microgrids, these 

microgrids are highly vulnerable to fluctuations in power generation, particularly concerning voltage stability. 

To mitigate these fluctuations, a Hybrid Energy Storage System (HESS) comprising both a battery and a 

supercapacitor (SC) is employed. The distinct characteristics of batteries and supercapacitors make them an 

ideal combination for applications in HESS. The HESS is connected to the DC microgrid through a double-

input bidirectional converter, offering decoupled control of battery and supercapacitor power, along with 

facilitating energy exchange between the storage components. This paper introduces a modeling approach for 

the double-input bidirectional converter and designs a controller for voltage regulation in a DC microgrid. 

The modified operation of the converter enables the use of the same controller for both HESS charging and 

discharging operations, creating a unified controller. The designed controller proves effective in rejecting 

disturbances from both the source and load sides while ensuring the voltage stability of the DC microgrid. 

The proposed modified operation of the bidirectional converter maintains the State of Charge (SOC) of the 

low Equivalent Series Resistance (ESR) supercapacitor within the desired range. Simulation results validate 

the operation of the modified converter and the performance of the designed controller in maintaining voltage 

stability. 

Index Terms - Bi-directional converter, Battery, SC, HESS and PI Controller. 

 

Introduction 

Due to the seamless integration with renewable energy sources and the proliferation of DC-compatible loads, 

DC microgrids are becoming increasingly popular [1], [2]. The high penetration of intermittent renewable 

energy sources into DC microgrids creates a power mismatch between the generation and load sides, resulting 

in variations in DC bus voltage. Various Energy Storage Systems (ESS) with diverse characteristics are 

employed to address this issue, with batteries being the most commonly used ESS. Batteries are preferred for 

their high energy density, while supercapacitors are favored for their high power density [3], [4]. Intermittent 

renewable energy sources necessitate an ESS with high energy density, whereas loads with high-pulse 

requirements demand an ESS with high power density. Consequently, a Hybrid Energy Storage System (HESS) 

is formed by combining batteries and supercapacitors, meeting the aforementioned requirements of a DC grid 

[5]-[8]. Furthermore, HESS enhances the stability of power converter-based microgrids, which would 

otherwise be low due to low rotational inertia [9]. 
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(a)                                                                              (b) 

Figure 1.  Various configurations of Hybrid Energy Storage Systems (HESS) involving batteries and 

supercapacitors interfaced with a DC microgrid are presented. (a) Two distinct bidirectional converter 

modules are employed. (b) A single double-input bidirectional converter is utilized. 

To harness the benefits of both batteries and supercapacitors, various topologies of Hybrid Energy Storage 

Systems (HESS) were presented in [10]. The most widely utilized configuration of HESS, allowing 

independent control over both the battery and supercapacitor, is depicted in Figure 1(a). In this active parallel 

configuration of HESS, there is the capability to transfer energy between the component Energy Storage 

Systems (ESSs), such as charging the supercapacitor ESS using the battery ESS and vice versa. However, the 

energy exchange process occurs through the DC microgrid, potentially pushing the grid operating limits beyond 

the desired range. Alternatively, multiple-input bidirectional converters, as illustrated in Figure 1(b), exhibit 

superior energy exchange performance between input sources compared to employing multiple single-input 

bidirectional DC-DC converters in an active parallel configuration. 

 
Figure 2.  The DC microgrid is energized by a PV source and complemented by a Hybrid Energy Storage 

System (HESS). 

 

The main contributions of the paper are: 

1. A DC microgrid voltage stabilization system is proposed, utilizing a multi-input converter. 

2. The chapter includes a detailed controller design and analysis for a Hybrid Energy Storage System 

(HESS) based on the multi-input bidirectional converter (MIBD).  

3. An energy management system (EMS) for the MIBD with HESS is implemented, accommodating 

various Photovoltaic (PV) and load conditions. The EMS effectively tracks the state of charge (SOC) 

of the supercapacitor (SC) and facilitates different modes for safe operation. 

4. The designed double-input bidirectional converter offers advantages in energy exchange, allowing 

independent charging of the SC from the battery. Additionally, the converter provides benefits such as 

efficient power allocation among different Energy Storage Systems (ESSs), rapid control of DC link 

voltage in response to PV power fluctuations and load disturbances. 

5. The proposed modification in the converter's operation enables the use of the same controller for both 

HESS charging and discharging operations, resulting in a unified controller. 
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II.  TWO INPUT BIDIRECTIONAL DC-DC CONVERTER OPERATION 

 

Figure 2 illustrates the two-input bidirectional converter, and its various operational modes are detailed in 

[27]. The modified operation of the converter is outlined here, comprising three switch-legs. The battery (VB) 

and supercapacitor (VS) modules are linked to legs 2 and 3, respectively, while the DC microgrid (VDC) is 

connected to leg 1. In this converter topology, the battery voltage is chosen to be lower than the DC grid 

voltage but higher than the supercapacitor voltage. High-frequency inductors LB and LS are interconnected 

between legs 1, 2, and 1, 3, respectively. The subsequent sections elaborate on different modes of operation. 

2.1 HESS Discharging Mode 

When there is a disparity between the PV output and the load power, the DC microgrid voltage deviates 

from its steady-state value. If the load exceeds the PV generation capability or the PV-generated power 

decreases due to reduced solar irradiation, the DC microgrid voltage decreases. During this period, deficient 

power needs to be supplied by the HESS. Power flows from the HESS to the DC microgrid in this mode, 

controlled by the bidirectional converter. 

The operation of the converter in this mode can be segmented into three time intervals, as shown in 

Fig. 2. Switch pairs S1/S2, S3/S4, and S5/S6 always operate complementarily. Switch pairs S2/S5 and S1/S6 

switch together, and their gating pulses are complementary. At time instant t0, switches S2, S3, and S5 are 

turned on, increasing inductor currents iB and iS linearly with slopes VB/LB and VS/LS, respectively. At t1, 

switch S3 is turned off to provide a free-wheeling path for current iB through the body diode of S4. After the 

dead time interval for switch pairs S3/S4, switch S4 is turned on. Since the body diode of S4 is already 

conducting when the gating signal was given, S4 turns on with Zero Voltage Switching (ZVS). 

At t2, switches S2 and S5 are turned off, causing inductor current iL2 to flow through the body diodes 

of switches S1 and S6 with a negative slope of VDC/LS. Inductor current iB also flows through the body diode 

of S1 with a negative slope of VDC/LB. Switches S1 and S6 are gated on after the dead time interval of switch 

pairs S2/S1 and S5/S6. Similar to the turn-on of S4, switches S1 and S6 are also turned on with ZVS since the 

body diodes of the respective switches are already in conduction. 

At t3, switches S1, S4, and S6 are turned off. Consequently, the body diodes of switches S2, S3, and S5 will 

conduct to maintain the flow of inductor currents. Currents, iB and iS, flow with positive slopes of VB/LB and 

VS/LS, respectively. After the dead time interval, gating pulses are given to switches S2, S3, and S5, which 

turn on with ZVS. If dB is the duty cycle of the gating pulse given to switch S3, and dS is the duty cycle of the 

gating pulse given to switches S2 and S5, applying volt-second balance to inductors LS and LB gives: 
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Since VB is greater than VS, dB will always be lesser than dS. Therefore, by controlling dB and dS, power 

flow from battery and supercapacitor to dc grid can be controlled independently.  

 

2.2 HESS Charging Mode 

 

When the generated power from photovoltaic (PV) sources surpasses the load demand or when the load 

diminishes, surplus power accumulates in the DC microgrid, leading to an elevation in the DC microgrid 

voltage. This excess power is then utilized to charge both the battery and supercapacitor. Consequently, in 

this operational mode, power flows from the DC microgrid to the Hybrid Energy Storage System (HESS). 

 

The operation of the converter in this mode can be segmented into three distinct time intervals, as illustrated 

in Fig. 2. Switch pairs S1 and S6 are concurrently activated, while switch pairs S2 and S5 receive 

complementary pulses relative to S1 and S6. Similarly, switches S4 and S3 are also activated in a 

complementary manner. At the initial time, t0, switches S1, S4, and S6 are turned on to linearly increase the 

inductor currents, iB and iS, in the negative direction with slopes VDC/LB and VDC/LS, respectively. Inductors 

LB and LS store energy during this interval until time t1. At t1, switch pair S1/S6 is turned off, and to sustain 

inductor current iS, the body diodes of switches S2 and S5 are activated.  

 

The energy stored in inductor LS is then used to charge the supercapacitor, while inductor current iB freewheels 

through the body diode of switch S2. Following the dead time interval for switch pairs S1/S6 and S2/S5, gating 

pulses are applied to S2 and S5, turning them on with zero voltage switching (ZVS) since the body diodes of 
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the respective switches are already conducting. At time t2, switch S4 is turned off, and inductor current iS 

increases linearly with slope VS/LS through the body diode of switch S3. After the dead time interval of switch 

pair S4/S3, a gating pulse is applied to S3 to turn it on with ZVS. The energy stored in inductor LB is now used 

to charge the battery. At time t3, switches S2, S3, and S5 are turned off, and as a result, the body diodes of 

switches S1, S4, and S6 turn on to maintain the flow of inductor currents. Gating pulses are then applied to S1, 

S4, and S6 after the dead time interval to turn them on with ZVS. If dS is the duty cycle of the gating pulse for 

switch pair S1/S6, and dB is the duty cycle of the gating pulse for switch S4, applying the volt-second balance 

to inductors LS and LB yields. 
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2.3 HESS Energy Exchange Mode 

 

The supercapacitor within the Hybrid Energy Storage System (HESS) serves as a unit with high power 

density. However, it lacks the capability to provide energy continuously for extended durations, as it 

experiences a substantial self-discharging effect. In the context of dc microgrid applications, it is imperative 

for the energy storage components (ESSs) of HESS to maintain sufficient stored energy for optimal operation. 

 

To ensure the effective functioning of HESS, it becomes essential to charge the supercapacitor from the 

energy-dense battery whenever necessary. This operational mode involves the flow of power from the battery 

to the supercapacitor. The corresponding circuit topology for this mode is depicted in Figure 2. 

 

In this operational mode, the first switch leg remains inactive, with switches S1 and S2 turned off, effectively 

isolating the dc microgrid from the Hybrid Energy Storage System (HESS) during the charging process of the 

supercapacitor. Switch pairs S5/S6 and S3/S4 operate in a complementary manner. Switch S5 remains in the on 

state throughout this mode, resulting in switch S6 being consistently off. Switch S3 is modulated with a duty 

cycle denoted as d, and the corresponding waveforms are illustrated in Figure 2. The power flow from the 

battery to the supercapacitor involves the buck operation of switch S3. Inductors LB and LS are connected in 

series, significantly reducing current ripple. By controlling the duty cycle, d, the power flow from the battery 

to the supercapacitor can be regulated. Applying a volt-second balance to the equivalent series inductor L 

(where L = LB + LS) yields. 

BS VdV .  

2.4 Mode Transitions 

 

The operational mode is determined based on the current state of the dc microgrid and continuous monitoring 

of the State of Charge (SOC) of the supercapacitor. For the purposes of this study, the State of Charge of the 

battery is not considered, as it is assumed that the battery's energy depletion rate is comparatively slow 

compared to that of the supercapacitor.  

If the dc microgrid voltage surpasses the predefined reference value and the supercapacitor SOC is within the 

specified limits, the Hybrid Energy Storage System (HESS) is switched to charging mode. Conversely, when 

the dc microgrid voltage falls below the set reference value, and the supercapacitor SOC is within safe limits, 

HESS transitions to discharging mode. In cases where the supercapacitor SOC exceeds or violates the 

prescribed limits, HESS shifts to an energy exchange mode, effectively electrically isolating the dc microgrid 

from the HESS. 
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III. HESS CONTROL SCHEME 

 The control block diagrams for both the suggested and conventional control techniques are depicted in 

Figures 3 and 4, respectively. In both systems, a comparison is made between the grid's reference voltage 

(VDC,ref) and the actual voltage (VDC). The difference between these two voltages is then input into the 

Proportional-Integral (PI) scheduler. The processor receives the necessary total reference current (itot) from the 

Hybrid Energy Storage System (HESS), aiming to minimize voltage variations. In the conventional method 

illustrated in Figure 3, the overall current is divided into low and high-frequency components, which are then 

assigned as the respective reference currents for the battery and the supercapacitor (SC). Conversely, in the 

proposed control method, elaborated upon below, the battery current includes an error component, while the 

SC reference current comprises a high-frequency component. 

 
Figure 3 Conventional Control Scheme 

 
Figure 4 Proposed Control Scheme 

 

3.1 Conventional Control Scheme 

 

The schematic representation of the conventional control method employed for Hybrid Energy Storage 

System (HESS) control is presented in Figure 3. This conventional control method utilizes a dual-loop voltage 

control technique to manage the DC link voltage, comprising an inner control loop and an outer control loop. 

The inner control loop regulates the current from the HESS, while the outer control loop determines the current 

reference for the current control loop. The total current reference is generated to balance the overall power flow 

in the DC link during load and generation variations. 

 

In the conventional method depicted in Figure 3, the DC link voltage (vdc) is compared with the DC link 

voltage reference value (vref). The resultant error voltage is fed into the voltage control loop. The voltage loop 

Proportional-Integral (PI) compensator produces the total current reference (itot) to be supplied/absorbed by the 

HESS. itot is then divided into average current demand and transient current demand using a Low-Pass Filter 

(LPF), as illustrated in Figure 3. The average current (iavg) and transient current (itran) serve as current references 

for the battery and supercapacitor (SC), respectively. It's important to note that the controller bandwidth of the 

voltage and current PI compensator must be judiciously selected to prevent conflicts within the converter 

controller. Furthermore, these controllers are designed to operate at specific operating points, and their 

http://www.ijcrt.org/


www.ijcrt.org                                                 © 2023 IJCRT | Volume 11, Issue 12 December 2023 | ISSN: 2320-2882 

IJCRT2312077 International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org a673 
 

performance may degrade if the operating points change. Notably, the conventional control method tends to 

overlook the battery error current generated by the battery controller and the slow dynamics of the battery. 

 

3.2 Proposed Control Scheme 

 

The integrated control strategy addresses the aforementioned issues encountered in the conventional control 

method. The primary objectives of the proposed control strategy are to (i) improve battery lifetime, (ii) enhance 

DC link voltage regulation, and (iii) reduce stress on the battery system. The representation of the joint control 

strategy is depicted in Figure 3.5(b). This strategy is applied for controlling Hybrid Energy Storage Systems 

(HESS) with a Photovoltaic (PV) system in standalone DC microgrid applications. Similar to conventional 

control methods, the power required to balance the overall power flow in the DC link during load and 

generation variations is categorized into two components: (i) average power component (Pavg), and (ii) 

transient power component (Ptran). 

The component (ilfc) with low frequency is derived from itot as derived as follows,  

                                                             𝑖𝑙𝑓𝑐 = 𝑓𝑙𝑓𝑐(𝑖𝑡𝑜𝑡)                                                                          

Where, low pass filter function is represented as (.)lfcf . A rate limiter (𝑓𝑟𝑙) is introduced for battery 

current charge/discharge rate limit which is depicted in Figure 3. The current signal reference of rate limiter 

output is formulated by,      

                                                             𝑖𝐵𝐴𝑇,𝑟𝑒𝑓 = 𝑓𝑟𝑙(𝑖𝑙𝑓𝑐)                                                                   

     The difference in currents (𝑖𝐵𝐴𝑇,𝑒𝑟𝑟) is given to the PI controller after the battery current with reference 

and actual are contrasted with each other. The controller generates the control signal (𝑑𝐵) to minimize the 

dissimilarity in the currents. The pulse width modulated (PWM) pulses are generated to the switches (Sb1, Sb2) 

in the converter of battery to the PWM generator, this duty ratio which is shown in Figure 3. In DC-DC 

converter due to the electrical inertia and slow dynamics of battery system the converter may not follow 

instantly with battery reference current (𝑖𝐵𝐴𝑇,𝑟𝑒𝑓). Therefore, the uncompensated power is observed in battery 

system is given by 

𝑖𝑡𝑟𝑎𝑛 = 𝑖𝑡𝑜𝑡 −  𝑖𝐵𝐴𝑇,𝑟𝑒𝑓                                                                                                                            

𝑃𝐵_𝑈𝑛𝑐𝑜𝑚𝑝 = (𝑖𝐵𝐴𝑇,𝑟𝑒𝑓 − 𝑖𝐵𝐴𝑇) · 𝑉𝐵 

Where 𝑖𝑡𝑟𝑎𝑛: transient component of current,  𝑃𝐵_𝑈𝑛𝑐𝑜𝑚𝑝:  battery uncompensated power. In the 

proposed control strategy 𝑃𝐵_𝑈𝑛𝑐𝑜𝑚𝑝 used to enhance the performance of SC. Therefore, the supercapacitor 

reference current (𝑖𝑆𝐶,𝑟𝑒𝑓) is formulated as follows,     

                                               𝑖𝑆𝐶,𝑟𝑒𝑓 =  𝑖𝑡𝑟𝑎𝑛 + (𝑖𝐵𝐴𝑇,𝑟𝑒𝑓 − 𝑖𝐵𝐴𝑇)
𝑉𝐵

𝑉𝑆𝐶
                                      

    The error is passed to the controller after the actual and references of supercapacitor currents are 

contrasted with each other. The error is minimized when the PI controller generates the control signal 𝑑𝑆𝐶 . To 

generate the pulses of PWM corresponding to SC switches such as Sc1, Sc2 this control signal is given to the 

PWM generator which is shown in Figure 3.    

                                               𝑖𝑆𝐶,𝑟𝑒𝑓 =  𝑖𝑡𝑟𝑎𝑛 +  𝑖𝐵𝐴𝑇,𝑒𝑟𝑟 ·
𝑉𝐵

𝑉𝑆𝐶
                                                 

Where  𝑖𝐵𝐴𝑇,𝑒𝑟𝑟: battery error current is the difference between actual and references of battery is 

given by 

                                         𝑖𝐵𝐴𝑇,𝑒𝑟𝑟 =  𝑖𝐵𝐴𝑇,𝑟𝑒𝑓 −  𝑖𝐵𝐴𝑇 

 

IV. SIMULATIONS RESULTS AND DISCUSSION  

 

In this section, the outcomes of both the conventional and proposed control schemes are showcased. The 

nominal parameters utilized for the simulation study are outlined in Table 1. The entire model is implemented 

using MATLAB. The model comprises two bidirectional converters one dedicated to the battery and the other 

to the supercapacitor (SC). The Photovoltaic (PV) array is unidirectional, connected to the boost converter. 
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The following sections present the four operating cases, each involving a step change in PV generation and 

load demand. 

 

4.1 Conventional Control Scheme 

The simulation results for traditional control schemes are depicted in Fig 5, Fig 6, and Fig 7. Owing to 

atmospheric variations, the power generated by the Photovoltaic (PV) panel increases from 96W to 192W and 

then returns to 96W. Throughout this scenario, the load power requirement remains constant at 96W. Since the 

PV power exceeds the load power requirement, the DC grid voltage rises beyond 48V. To address this, the 

Supercapacitor (SC) promptly absorbs the excess power of 96W in a short duration, allowing the battery 

sufficient time to regulate the grid voltage back to 48V. Consequently, the battery and SC charge in accordance 

with the energy management strategy to sustain the DC grid voltage at a constant 48V. 

 

 

                                           Table 1 Rated parameters for simulation Analysis 

S. 

NO 
Speciicat

ion 

Value 

1 
Peak Power (Pmppt) 96 W 

2 
       DC microgrid voltage 

(VDC) 

48 V 

3 
Maximum Peak Power 

Current (Imppt) 

4 A 

4 
Battery Voltage (VB) 24 V 

5 
Maximum Peak Power 

Voltage (Vmppt) 

24 V 

6 
SC Voltage (VSC) 32 V 

7 
Resistanc

e (R) 

24 Ω 

8 
Battery inductance 

(LB) 

0.4 

mH 

9 
SC inductance (LS) 0.355

mH 

 

 

Fig 5 step change in conventional control scheme 
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Fig 6 DC grid voltage change in conventional control scheme  

 
Fig 7 DC grid power change in conventional control scheme  

 

 

4.2 Proposed Control Scheme 

 

The simulation results for proposed control schemes are depicted in Fig 8 and Fig 9. Owing to 

atmospheric variations, the power generated by the Photovoltaic (PV) panel increases from 96W to 192W and 

then returns to 96W. Throughout this scenario, the load power requirement remains constant at 96W. Since 

the PV power exceeds the load power requirement, the DC grid voltage rises beyond 48V. To address this, 

the Supercapacitor (SC) promptly absorbs the excess power of 96W in a short duration, allowing the battery 

sufficient time to regulate the grid voltage back to 48V. Consequently, the battery and SC charge in 

accordance with the energy management strategy to sustain the DC grid voltage at a constant 

 
Fig 8 DC grid voltage change in proposed control scheme  
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Fig 9 DC grid power change in proposed control scheme  

4.3 Comparative Analysis 

 

The performance of the proposed control scheme is evaluated in comparison to the conventional control 

scheme with step change in PV generation as well as load demand as shown in Fig 10, Fig 11 and Fig 12. 

 
Fig 10 DC grid voltage change in Conventional vs proposed control scheme  

 
Fig 11 Battery current change in Conventional vs proposed control scheme  
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Fig 12 SC current change in Conventional vs proposed control scheme  

 

V. CONCLUSION 

A controller was devised for the bidirectional converter in the Hybrid Energy Storage System (HESS) to 

regulate its operation. The performance of the designed controller was evaluated under various scenarios with 

a focus on voltage regulation in the DC microgrid. The controller demonstrated effectiveness in stabilizing 

the DC microgrid against disturbances arising from both the source PV generation and load variations. 

Leveraging the inherent fast dynamics of the supercapacitor, the controller efficiently absorbed incoming 

transients to the microgrid. This unified controller proved capable of handling both the charging and 

discharging operations of the HESS. Furthermore, it achieved decoupled, separate, and independent control 

of supercapacitor and battery power, facilitating power flow between them. The versatility of this controller 

extends to applications such as hybrid electric vehicles, where two or more sources supply power. The 

operational mode of the HESS converter, ensuring the State of Charge (SOC) of the supercapacitor always 

remains within the desired limit, was also demonstrated. 
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