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 In the last years, renewable energy (RE) is increasing widely in the energy 

sector, and microgrid technology is overgrowing. In this paper, stand-alone 

microgrid using solar photovoltaic (PV) energy as a source of renewable 

energy is simulated to provide power for direct current (DC) loads with 

hybrid energy storage system (HESS) which consists of battery and 

supercapacitor bank. The proposed microgrid system is tested under various 

cases of load and variable irradiance to confirm and validate the proposed 

management strategy to remain the DC bus voltage within a stable limit. The 

performance of DC microgrid is comparing with and without supercapacitor 

(SC) bank and notes a desirable decrease in the magnitude of transient 

voltage when using HESS. The sun power SPR-E19-320 standard was 

simulated to analyze system performance taking into account the constant 

load demand. Note that HESS helps reduce transient of DC voltage very 

effectively in all situations. Very large transients arise due to sudden changes 

in load demand is also compensated by HESS. The results obtained indicate 

that the stand-alone DC microgrid with HESS is very beneficial for reducing 

transient of DC-link voltage that occurs due to sudden change in load or 

fault. The proposed system is performed by MATLAB/Simulink 

environment. 
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1. INTRODUCTION 

The transition from the current energy system based on fossil fuels to a new system with 

implantation of renewable energy and electric transport systems requires the development of new control 

algorithms that allow managing the aspects related to both the intermittency and the distribution of the 

generation as well as the new consumption profiles [1], [2]. This leads to new challenges from the point of 

view of control [1], [3]. A microgrid can be considered as a set of loads, generators and storage that can be 

managed in isolation or connected to the rest of the electrical network coordinated to reliably supply 

electricity [4], [5]. Although it was originally associated with electrical networks, the concept has spread to 

any set of loads and generators that operate as a single controllable system that can provide both electrical 

energies as thermal and fuel to a certain area [6]. 

Today, the operation of energy resources distributed energy sources (DERs) along with controllable 

loads such as domestic consumption or electric vehicle and various forms of storage such as batteries, 

supercapacitors, or flywheels, constitute the central core of the microgrid concept [7]-[10]. Controlling 

microgrids presents numerous challenges, as that they can operate both in isolated mode and connected to the 
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main network, through the point of common coupling (PCC) [11]-[14]. The system control must regulate 

frequency and voltage in any of the modes of operation, must distribute the load among the different 

distributed generations (DGs) and the storage, manage the flow with the network main and optimize 

operating costs [15]. The microgrid will switch to isolated mode in case of serious disturbances or failures 

and must then provide power to critical loads and the control system must in this case manage frequency and 

voltage [10]-[16]. In this paper, the direct current (DC) microgrid with hybrid storage elements which 

consists of battery bank and supper capacitor bank has been presented and analysis to overcome the transient 

issue and keep the output dc-link within acceptable limit under condition variations. The simulation result 

shows the proposed system is beneficial for mitigating the transient problem and the system is comparing 

with and without hybrid energy storage system (HESS) to confirm the effective the storage devices with 

microgrid. 

 

 

2. RESEARCH METHOD  

2.1.  Mathematical model of solar cell 

In order to determine the properties of the solar cell, curves of power versus voltage (P-V) and 

current versus voltage (I-V) must be created. The current is measured at the output when the cell is short-

circuited. From these curves, the maximum power point (MPP) can be checked. This model consists of 

photocurrent source, parallel diode, shunt resistance and series resistance. The single cell model was depicted 

in Figure 1 [17]-[22]. 

 

 

 
 

Figure 1. Simple ideal electrical circuit of solar cell 

 

 

The analysis of the circuit in Figure 1 according to Kirchhoff’s law, the output current can be written 

as in (1): 

 

I = IL − ID − Ish   (1) 

 

The light current depends mainly on solar radiation and the cell's operating temperature, which are described 

as in (2): 

 

IL =
GT

GT,ref
 . (IL,ref + μ isc . (Tcell − Tcell,ref))       (2) 

 

The shunt current that runs through a parallel resistance is easily calculated according to the laws of the 

Kirchhoff circuit (3): 

 

Ish =
Vcell+Icell Rs

Rsh
         (3) 

 

The diode current is determined according to the equation of ideal Shockley diode, similar to (4): 

 

I𝐷 = IO [(exp
Vcell+Icell Rs

𝑉𝑇 ) − 1]         (4) 

 

where  

 

𝑉𝑇 =
K T

q
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where constant of the electric charge on the electron with a standard uncertainty and the Boltzmann constant, 

according to the National Institute of Standards and Technology [21], are respectively q=1.602176 X 

10-19 C & K=1.38065X 10-23 
J

K⁄  . The open circuit voltage can be calculated as (5), 

 

Voc = 𝑉𝑇 . ln [
IL

Io
]         (5) 

 

Generally, since we deal with a constant current, the output power of single cell can be depicted as (6):  

 

Pcell = Vcell . Icell      (6) 

 

Therefore, the total power of array PV can calculate as (7): 

 

Ptot = Ns . Vcell . Icell       (7) 

 

The photovoltaic measure of performance is defined as the ratio of electrical energy produced during a solar 

incident (GT is solar radiation) and the efficiency of single cell can be expressed as (8):  

 

η =
 Pcell

Acell .GT
     (8) 

 

2.2.  Maximum power point tracking (MPPT) 

MPPT is one of the essential components in the DC microgrid and also in a hybrid system based on 

renewable energy resources. There are two widely fundamental types used to provide high performance for 

following and tracking the maximum power, which are called perturb and observe (P&O) MPPT and 

incremental conductance (INC) MPPT [17]. Figure 2 exposes the PV Panel block diagram with MPPT 

depends on the control mechanism. The value of the slope is negative [22]-[25]. The mathematically of these 

cases can be expressed as (9): 

 

dP

𝑑𝑉
= {

> 0          𝑉 < 𝑉𝑚𝑝𝑝

= 0        𝑉 = 𝑉𝑚𝑝𝑝

< 0       𝑉 > 𝑉𝑚𝑝𝑝

    (9) 

 

 

 
 

Figure 2. Standalone system with MPPT 

 

 

Figure 3 depicts the algorithm of MPPT (P&O). The first step of this algorithm measured the 

voltage and current of the PV solar energy using sensors. After that, the energy can be calculated the power 

change (dP) can be calculated as the difference between the current capacity and the previous power and also, 

the voltage change (dV) can be calculated as the difference between the current voltage and the previous 

voltage. MPPT efficiency is calculated from (10). 
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η𝑚𝑝𝑝𝑡 =
 Ppv

Pmppt
𝑥 100      (10) 

 

 

 
 

Figure 3. Flow chart of P&O MPPT algorithm 

 

 

2.3.  DC-DC converter 

In general, sustainable energy sources produce a low voltage at the output side. In order to connect 

this resource with the high voltage utility grid, we need to step up this voltage and inverted to AC by inverter 

device. For this intention, the step-up DC-DC converter is required [24]. In this paper, the boost converter is 

using due to it can be become as cascaded, which it enables to lift the voltage by the power of (n). 

 

2.3.1. Boost converter 

The boost converter is providing the output voltage is larger than the input voltage. It consists of two 

storage elements, inductor, and capacitor, and two electronics switching, diode and metal oxide 

semiconductor field effect transistor (MOSFET), as shown in Figure 4. The capacitor, inductor and capacitor, 

and two electronics switching, diode and MOSFET, as shown in Figure 4. The capacitor is used to remove or 

reduce the output voltage ripple, and the inductor is used to reduce the input current ripple. At the 

meanwhile, both of these elements are used to store energy to lift the output voltage. 

 

 

 
 

Figure 4. Boost converter circuit 

 

 

According to the switched mode that explanation above, the output voltage of the boost converter is 

in (11): 

 

Vo =
𝑉𝑖𝑛

1−𝑑
   (11) 
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For the cascaded boost converter, the above circuit in Figure 2 is considering as the first stage, and 

repetition this stage the output formula is increased by one power i.e., if the above circuit is repeated by one 

step the (11) is increased by two power (n=2) and so on. The (11) can be rewritten as (12): 

 

Vo = (
𝑉𝑖𝑛

1−𝑑
)

𝑛

     (12) 

 

In order to design the inductor L and capacitor C, we assume the maximum allowable ripple of the inductor 

current, maximum allowable ripple of the output voltage, and the switching frequency f. the inductor and 

capacitor values can be designed as (13), (14): 

 

L =
𝑉𝑖𝑛 𝐷

𝑓 ∆𝑖𝐿
       (13) 

 

𝐶 =
𝐼𝑜𝐷

𝑓∆𝑣𝑐
        (14) 

 

2.4.  Supercapacitor bank 

The transient issue arising in the system due to sudden change in load or fault occurs of rapid change 

in PV power due to weather conditions cannot solve by only battery bank because of it has slow discharge 

characteristics. The supercapacitor has solved this issue due to having high power density [20], [23], [25]. 

The ratio of the total energy (Qc) to the rated energy (Q0) is called state of charge SOC% and it can be 

calculated as (15), 

 

𝑆𝑂𝐶 =
𝑄𝑐

𝑄𝑜
=

𝐶.𝑉𝑐
2

2

𝐶.𝑉𝑚𝑎𝑥
2

2

     (15) 

 

In order to charge and discharge of the supercapacitor (SC), the bidirectional DC-DC converter is used of this 

task and it is similar to that used in the battery bank. To save the lifetime of SC bank, it is discharged only 

until 20% of its %SOC. 

 

 

3. SIMULATION RESULTS 

To validate the DC microgrid with a hybrid storage device and to make the simulation results more 

realistic, the proposed scheme is tested under various conditions (variable load and irradiance). Sun power 

SPR-E19-320 has been used in this paper due to having excellent specifications. 9 numbers of 320-watt 

panels were used to form a micro grid. 4 of these panels are connected in series to form a chain, and 5 chains 

connected in parallel to complete the array system. The total power produced by this group is 6.8 Kw at  

1000 W/m2 and 25C0. Table 1 shows the main parameters of this type used in MATLAB/Simulink in order 

to extract I-V properties. The test system is implemented in two situations. 

 

 

Table 1. Specification parameters of SunPower SPR-E19-320 
Name Symbol Value 

Rated Power Pmax 320 W 

Rated Voltage Vmpp 54.7 V 

Rated Current Impp 5.86 A 
Open Circuit Voltage Voc 64.8 V 

Short Circuit Current Isc 6.24 A 

Maximum System Voltage VL 600 V 
NOCT  45o C+/-2o C 

Series Fuse Rating  15 A 

 

 

Case 1: In this case, the irradiance is changed as shown in Figure 5 and characteristics of PV as 

shown in Figure 6 and the output load is constant at 4 kW. Figure 6 shows the steps of changing the 

irradiance with respect to time for the P&O test in the maximum power trace. The Figures 7(a) and 7(b) show 

the energy produced by the cells, the load energy, and the work of the storage part in the different phases of 

radiation. Figure 8 shows the output power of PV with load power and the properties of I-V and P-V under 

the change of radiation steps. It can be seen that when the output power of PV larger than the demand power, 
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the battery bank is charged but when the output power of PV smaller than demand power due to irradiance 

variations, the battery bank is converted to discharge mode in fast response and the system is remained in 

stable limit and transient issue is very smaller and quickly die out to return the system to the steady state 

performance. The supercapacitor is very effective to help the battery bank to change from charge mode to 

discharge mode with very little bit of transient. In addition, the output DC voltage of PV is very stable and 

rapid reach to desire value as shown in Figure 9. 

 

 

  
Figure 5. Steps change of irradiance Figure 6. Characteristics of PV pane 

 

 

 

 

 

 
(a) (b) 

 

Figure 7. Performance of proposed system; (a) power variations of load and PV, (b) battery power and SC 

power variation 

 

 

 
 

Figure 8. Voltage waveform of PV 

 

 

Case 2: In this case, the irradiance is constant at 1000 W/m2 and the output load is changed from  

6 Kw to 8 Kw at 1 sec as shown in Figure 9(a). It can see that the output power of battery is changed from 

charge mode to discharge mode at 1 Sec as shown in Figure 9(a) because of the output power of PV does not 
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enough to coverage the demand power. While Figure 9(b) exposed the power of supercapacitor and battery. It 

observes that the supercapacitor is helping the battery bank at moment of change in load and suppression the 

transient issue. The DC link voltage of PV is remaining in acceptable limit even though the change in load is 

large as shown in Figure 10. 

 

 

 
(a) 

 
(b) 

 

Figure 9. Performance of proposed system; (a) power variations of load and PV, (b) battery power and SC 

power variations 

 

 

 
 

Figure 10. Voltage waveform of PV 

 

 

4. CONCLUSION  

This paper suggests and tests a stand-alone energy management strategy DC microgrid with PV 

source system and hybrid storage devises to maintain the DC-link voltage through various simulation case 

within stable limit as well as to reduce the transient oscillation that occurs due to sudden change in load or 

fault. Real solar sun data is used to validate the proposal strategy under irradiance variations. The simulation 

results show the proposed scheme with HESS is very beneficial for reducing the transient oscillation and 

keep the output DC link with stable limit. 
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