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Abstract

The presence of renewable energy sources in hybrid renewable energy systems is considered a significant challenge since the generation 

mainly depends on meteorological conditions. Hence, employing a robust and flexible energy storage system is, therefore, a crucial 

solution in such circumstances. This paper investigates the performance evaluation of both batteries and superconducting magnetic 

energy storage (SMES) systems integrated with hybrid solar-wind DC-bus microgrid. The study focuses on enhancing the system 

stability using both storage technologies during normal and extreme renewables instabilities like wind gusts and shadows, and sudden 

load variations. Moreover, the load voltage/frequency were preserved constant during the distinct instabilities using the  inverter 

control system. Productive findings showed the superior performance of utilizing the SMES over the batteries and its potential to 

enhance the system power-quality.
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1 Introduction
Recently, exploiting the distinct renewable energy 
resources (RERs) has been industrialized to become one 
of the most significant energy sources for numerous num-
bers of applications due to their crucial role in reduc-
ing the need to the fossil fuels, lessening the greenhouse 
gases, keeping the global warming below the limits, and 
alleviating the climate change effects [1]. RERs have been 
extensively engaged to support the traditional energy 
resources for supplying domestic [2, 3], commercial [4] 
and industrial loads [5] in a microgrid (MG) structure. 
The MG conception, which is offered by the Consortium 
for Electric Reliability Technology Solutions [6], can be 
described as a local structure which comprises both con-
ventional and RERs, controllable electrical and thermal 
loads, and an energy storage element. These microgrids 
are classified based on their structure to AC-bus MGs, 
DC-bus MGs, and hybrid MGs [7]. The DC-bus struc-
ture eliminates the complexity drawbacks and challenges 
of frequency stability and reactive power control in the 
AC-bus type. Also, the dc system losses are decreased 

due to the absence of skin effect, therefore, cables of 
smaller cross section area can be utilized. Moreover, 
the DC-bus MG offers straightforward management and 
coordination among system elements in the grid-tie oper-
ation as there is no necessity for synchronization with 
the main grid [8]. Unluckily, the major challenges of the 
DC-bus MGs are associated to grounding and protection 
system. The main features, limitations, and applications 
of each configuration can be found in [7, 9, 10]. MGs inte-
grating energy storage systems (ESSs) have been grown 
to be an auspicious element for smart grids implementa-
tion [11]. Nevertheless, owing to the intermittent nature of 
RERs and the unpredictable load profiles, the MG every 
so often fails to alleviate the load demands and produces 
undesired instability [12]. Consequently, ESSs are uti-
lized to smooth out the unpredictable behavior of renew-
able energy sources (RESs) to provide a robust and high-
power quality supply. ESSs are exceedingly demanded 
with the developments of electrification using RESs in 
both grid-connected and standalone MGs to alleviate the 
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energy transfer during normal and abnormal operation 
conditions; hence, the system steadiness has a substantial 
impact on the whole energy system through saving the 
extra energy during off-peak periods [13]. 

A diversity of energy storage technologies are 
employed currently in the energy market such as flywheel, 
pumped-hydro storage, battery storage systems (BSSs), 
superconducting magnetic energy storage (SMES), fuel 
cells, and supercapacitors (SCs) [13, 14]. Electrochemical 
energy storage such as BSSs are extensively relevant for 
numerous applications in energy sector since they have 
high energy density and available in different capacities, 
which is the major merit of this technology [15]. Various 
drawbacks of the BSSs incorporate voltage, current, and 
life-cycle limitations [16]. Mechanical storage systems 
such as flywheels, comprised-air, and gravity energy stor-
age systems can operate adroitly to transform and con-
serve energy from resources, also they can provide the 
stored energy when needed for mechanical work [17]. 
In electrical storage technologies like SCs and SMES, 
energy can be stored by adjusting electric field using 
capacitors or magnetic fields by superconducting mag-
nets [18]. These kinds of ESSs are characterized by the 
fast response, high efficiency, and long life-cycle [19]. For 
the SMES system, energy is kept in the form of magnetic 
field using the current circulation in a superconducting 
coil, and released back when necessary using a particular 
power converter [13]. To lessen the coil's ohmic loss, it is 
retained in a superconductive state, thus, SMES systems 
are classified into two types; high-temperature systems 
that operate at around −203 °C and low-temperature ones 
that operates at around −266 °C [13].

Numerous investigations have addressed the performance 
of different ESSs in different MG systems, however, to the 
best of authors knowledge, limited studies were carried 
out to evaluate the ESSs integration in standalone DC-bus 
MGs. In [3], authors mitigated the impact of RERs intermit-
tency on the performance of a wind turbine (WT)-PV-BSS 
DC-bus MG using maximum power point tracking (MPPT) 
approaches, a DC-bus controller, and a fixed modulation 
index control. In [20], the performance of lithium-ion bat-
teries integrated with a wind-PV energy system to supply 
inductive loads in a DC-bus MG was investigated, however, 
the impact of intermittent RERs was not addressed. Authors 
in [21] presented a global regulation control for both DC-bus 
and load voltages and a MPPT approach for a PV-BSS MG 
system to supply constant power loads, however, they stud-
ied only single type of RERs and ESSs. In [2, 8], authors 

integrated a controlled BSS in a PV-wind DC-bus MG and 
a PV-wind-diesel MG, respectively to enhance the system 
stability against the unpredictable behavior of RERs and 
loads. They also proposed a variable modulation index con-
trol method to mitigate the effect of rapid unbalanced load-
ing. A voltage stabilization model of a wind-SMES DC-bus 
MG was presented in [22] to mitigate the impact of variable 
wind speeds by controlling the charging/discharging of the 
SMES unit. Another study was presented in [23] for smooth-
ing the load Power and alleviating the DC-bus voltage of 
a PV-SMES-diesel DC-bus MG using load power track-
ing, fuzzy logic and model predictive control approaches. 
To merge the merits of each ESS, different studies have 
addressed the hybridization between different ESSs such as 
BSS-SMES [24], BSS-SC [25], and fuel cell-BSS-SC [26]. 

From the insights of the literature, the key contributions 
of this study can be condensed as follow:

• Improve the productivity of both PV and wind sys-
tems by employing robust MPPT techniques to assist 
the operation of both BSS and SMES systems.

• Mitigating instabilities of DC-bus voltage, and load 
voltage/frequency and power to their desired values 
during the different fluctuations in RERs and load.

• Highlighting the superiority of SMES system over 
BSS during the above-mentioned instabilities to 
enhance the overall system stability.

The rest of the paper is organized as follows. Section 2 
and Section 3 illustrate the problem statement and the 
employed methodology, respectively. Section 4 shows the 
system structure and components modeling while Section 5 
reveals the proposed control techniques. Section 6 depicts 
the obtained results with corresponding discussion. Finally, 
conclusions are summarized in Section 7.

2 Problem statement
Since the operation of both PV and wind systems depends 
on the alternating nature of RERs, exploiting the maxi-
mum allowable power from these resources became a 
challenge. Thus, MPPT techniques are employed to con-
tinuously adapt the operating point of PV and wind sys-
tems to acquire the highest accessible power. Also, this 
unpredictable behavior of RERs cause instabilities in the 
generated powers which vary with respect to the RERs 
variations. Besides, the accidental variabilities of the load 
demand pose a poor behavior in the power exchange 
among the MG components. Hence, MPPT techniques and 
ESSs perform a crucial task to reinforce the MG stability 
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during different variations of RERs and load power. BSS 
and SMES system are considered two preferred types 
of ESSs especially when the MGs comprise only RESs. 
Robust controllers are engaged with the ESSs to control 
the duty cycle (DuC) of the bi-directional converter to 
swiftly manage the charging/discharging process to mit-
igate any disturbances.

3 Methodology
A variation-finding comparative methodology was chosen 
to explore and evaluate the stability performance of renew-
able DC-bus MGs integrating two different ESSs (i.e., BSS 
and SMES) separately. Firstly, preliminary assessment was 
accomplished to identify the integrated ESSs, the addressed 
instabilities, and the employed control techniques. It was 
found that the performance evaluation of two different ESSs 
has not been compared under the same circumstances for 
a single MG system. Also, the extreme variations of load 
demand and wind gusts have not been emphasized. Secondly, 
robust controllers were designed for each system element to 
ensure exploiting the maximum possible energy from RERs, 
supervising, enhancing, and alleviating instabilities of sys-
tem active power, preserving the MG stability, and uphold-
ing the load voltage/frequency constant during various cir-
cumstances. Thirdly, by integrating both BSS and SMES 
system individually into the MG, the impact of intermedi-
ate and extreme variations in renewable resources and load 
demand were inspected. Finally, the performance of both 
ESSs were analyzed and compared to reveal the effective-
ness of each ESS in boosting the MG overall performance.

4 System structure and specifications
A hybrid PV-wind generation scheme integrated with ESS 
is considered in the study, see Fig. 1. Each component of the 
system is described and modelled as follows.

4.1 The PV system
A PV array of 6-kW capacity is utilized to convert the 
solar energy directly to electricity, the array terminals 
are connected to a boost converter that matches the volt-
ages of the array and the DC-bus. Besides, it executes the 
employed MPPT using the control approach discussed in 
Subsection 5.1. The utilized PV array is a SunPower SPR-
305-WHT type which has the parameters listed in Table 1.

4.2 The wind system
The employed WT is a vertical-axis type coupled with 
a permanent magnet synchronous generator (PMSG). 

The generated three-phase voltage is rectified through 
a three-phase uncontrolled rectifier and then regulated 
using a boost converter to match the dc-bus voltage. This 
boost converter is also responsible to acquire the maxi-
mum power from the wind energy in the permissible wind 
speed the WT can work through. The utilized wind system 
parameters are listed in Table 2.

4.3 The energy storage systems
Since the studied system is entirely sustainable, incor-
porating energy storage device become essential to mit-
igate the instabilities of RERs and supervisor the energy 
exchanging in the system. In this study, both BSS and 
SMES systems are integrated individually in the DC-bus 
MG to highlight the substantial features and downsides of 
each device in this kind of MGs structure.

4.3.1 Battery storage system
A generic model of the battery is employed in this study in 
which the battery state of charge (SOC) is deemed as a state 

Fig. 1 Structure of the examined DC-bus MG system

Table 1 Specifications of the utilized PV module

Parameter Value

OC voltage and SC current 321 V − 18.4 A

Max. PowerPoint parameters (Vmp– Imp) 273.5 V – 22.32 A

Parallel strings - Series modules/string 4 – 5

Table 2 Specifications of the utilized wind system

Wind turbine PMSG

Parameter Value Parameter Value

Nominal power 7.5 kW Nominal power 6 kW

Cut-in speed 4 m/sec Nominal speed 153 rad/sec

Cut-off speed 12 m/sec Nominal current 12 A

Blade Radius 3.2 m Nominal torque 40 N∙m

Inertia 7.5 kg∙m2 Stator inductance 8.4 mH

Friction coeff. 0.06 N∙m∙s/rad Armature resistance 0.4 Ω
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variable to forestall the arithmetic loop difficulty and enable 
signifying four kinds of batteries involving the lead-acid 
type [27]. The battery representation uses a controlled volt-
age source with a constant resistance as depicted in Eqs. (1) 
and (2) [27] where E is the no-load voltage, E0 is the battery 
constant voltage, Pv is the polarization voltage, CBSS is the 
battery capacity, ∫iBSSdt is the actual battery charge, A is the 
exponential zone amplitude, B is the exponential zone time 
constant inverse, VBSS is the battery voltage, Ri is the internal 
resistance, and iBSS is the battery current.
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A 50 Ahr lead-acid battery is integrated with the PV-wind 
system to supply a 6-kW load demand. The battery capac-
ity can be determined using Eq. (3) [28] where (Ed/hr ) is 
the energy delivered to the load demand in one hour, and 
( DoD) is the battery depth of discharge. In the current study, 
VBSS = 200 V and DoD = 0.6.
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V DoDBSS

d hr

BSS

= /

*
 (3)

4.3.2 SMES system
A typical SMES unit consists of three basic elements: 
a superconducting coil, a power conditioning system, and 
a refrigeration and vacuum system [28]. The coil is fab-
ricated using a superconducting material like Mercury 
or Niobium–Titanium. By keeping the coil at a very low 
temperature, its resistance become nearly zero, hence, the 
energy can be stored with almost zero losses [28]. In this 
study, a small-scale SMES unit of 120 kJ with an initial cur-
rent of 350 A, 2 H inductance is connected to the DC-bus 
through a bi-directional dc-dc converter (Bi-DConv). The 
stored energy in Joules is explained in Eq. (4) while the 
stored/released power in Watts is presented in Eq. (5) [29]:

E I LSM SM SM= 0 5
2

. ,  (4)

P dE
dt

V ISM
SM

SM SM= = .  (5)

5 Proposed control techniques
The employed controllers play a curial rule in the overall 
system performance which significantly impacts the antic-
ipated seeks. The distinct control methods applied for the 
system components are discussed as follows.

5.1 The PV system controller
The incremental conductance method (ICM) utilizes the 
critical set rule of derivatives on the PV output power. The 
description of the ICM is illustrated by Eqs. (6) and (7).
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PV
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I
V
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PV

PV
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To acquire the maximum power from the PV, both the 
terms of Eq. (7) must have the same magnitude with a dif-
ferent sign. The PV array voltage and current are mea-
sured continuously and then differentiated to the time as 
shown in Fig. 2. Considering a typical P-V curve of a PV 
module, if Eq. (6) = zero, hence, the operating point of the 
PV system is exactly at the top of the P-V curve (i.e., at the 
maximum power point). In this case, the PV voltage and 
current are recorded as the maximum power point parame-
ters (Vmp and Imp respectively), see Table 1. If Eq. (6) ≠ zero, 
this implies that the PV voltage is higher/lower than Vmp , 
hence, the controller decides the direction of internal per-
turbation to push the operating point in the direction of the 
top of the P-V curve. Therefore, the sign of Eq. (6) deter-
mines the location of the operating point. If the sign is pos-
itive, hence, the operating point located on the right of the 
maximum power point (the PV voltage is greater than Vmp  ). 
If the sign is negative, hence, the operating point located 
on the left of the maximum power point (the PV voltage 
is lower than Vmp  ). Therefore, the MPPT controller start 
adjusting the DuC of the boost converter, till satisfying 
Eq. (6), to drive the operating point in the direction of the 
maximum power point. Fig. 2 describes the MPPT con-
troller of the PV system.

5.2 The wind system controller
A typical wind system delivers a no-load rated output power 
as in Eq. (8) [2]. The generation from the wind energy 

Fig. 2 MPPT of the PV system
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depends on the air density (  ρ), the rotor swept area (A), the 
cubic wind speed ( V  3w ), and the wind power-coefficient (Cp  ) 
which is attained by Eq. (9) [30]. The coefficients ca–cg can 
be found in [2]. 
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A MPPT based on the wind speed measurement 
method [2] is engaged in this study in which the wind 
power-coefficient is defined by Eqs. (9) and (10). The pow-
er-coefficient mainly depends on the tip-speed ratio (λ) 
and the pitch angle (β). The (Cp–λ)|β = 0 is displayed in Fig. 3 
in which it can be remarked that there is a certain value 
of λ at which the power-coefficient is maximum (Cpopt  ); 
this value is defined as the optimum tip-speed ratio (λopt  ). 
Hence, to preserve the tip-speed ratio at its optimum 
value, the rotor speed (ωr  ) should be adjusted together 
with the wind speed variation. Once the maximum power 
coefficient is obtained, optimal (maximum) power can be 
obtained from the wind turbine (Pwmax  ).

The MPPT of the wind system is shown in Fig. 4 in 
which the optimal wind power Pwmax is compared with the 
actual power produced by the wind turbine (Pw  ). The con-
troller determines the DuC of the boost converter under 
distinct wind speeds. In order to handle the maximum 
value of the PMSG current, specific limiters are employed 
in the control system.
5.3 The BSS controller
The BSS controller has two key functions; to alleviate 
the DC-bus voltage during the operation instabilities and 

to control the power flow in the system. The behavior of 
the load rms voltage follows the behavior of the DC-bus 
voltage, therefore, it is essential to maintain the bus volt-
age constant during the operation. The operation mode of 
the BSS is decided based on how far the DC-bus voltage 
from the reference value is. When the generated power 
become greater than the load demand, the DC-bus voltage 
surpasses the reference value. The control system begin 
to reduce the voltage through the DuC of the buck-boost 
converter and the BSS start charging. Conversely, in the 
discharging operation, when the generated power become 
not adequate to fulfil the load demand, the DC-bus volt-
age drops below the reference value. Therefore, the control 
system start to boost the voltage by controlling the DuC, 
and the battery begins to discharge to overcome the occur-
ring deficiency. The BSS controller is illustrated in Fig. 5 
in which the battery current is measured and compared 
with the reference current which is determined depends 
on the behavior of the DC-bus voltage. The control system 
generates the DuC required to buck or boost the DC-bus 
voltage to its reference value.

5.4 The SMES system controller
The SMES coil is charged or discharged using the Bi-DConv 
which is moderated to supply positive or negative voltage 

Fig. 3 The Cp–λ characteristics of a wind turbine at β = 0

Fig. 4 MPPT of the wind system

Fig. 5 Control system of the BSS
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to the SMES coil as illustrated in Fig. 6. When S1 and S2 
are turned ON, positive voltage is then supplied from the 
MG to the SMES coil (charging mode). When S1 and S2 are 
turned OFF, negative voltage is applied on the SMES coil 
which means that the stored energy is discharged from the 
coil to the MG through diodes D1 and D2. Changing the 
average voltage across the SMES coil is defined by DuC 
of the Bi-DConv. When the DuC is greater than 0.5 and 
less than 1, energy is stored into the coil while for DuC 
less than 0.5, the stored energy is released to the dc-bus. 
When the DuC exactly equal 0.5, the stored energy circu-
lates in either (S1-D2-coil ) or ( D1-S2-coil ) loops and hence, 
the SMES stays in a stand-by mode. The previous control 
sequence is moderated via two consecutives PI-controllers 
as displayed in Fig. 7. The first one handles the DC-bus 
voltage error and defines the SMES reference current for 
the second PI-controller. To generate the gate signals of S1 
and S2, the DuC is compared with a triangular signal.

5.5 The inverter system controller
Since it is essential to isolate the load voltage/frequency away 
from instabilities caused by RERs or load demand as pos-
sible, a typical 3-phase, 3-legs inverter is utilized and con-
trolled in a way to simultaneously achieve this target. The 
line voltages of the load can be calculated using Eq. (11) [2] 
which indicate that the line voltages can be regulated based 

on the DC-bus voltage and the phase modulation index mph,x 
where the subscript x refers to the phases (a, b, or c). The 
control circuit of the inverter is shown in Fig. 8. The rms 
value of each phase is compared with the reference value; 
based on the behavior of each phase, a particular modula-
tion index is generated from the multipliers stage. Based on 
the modulation index, proper switching pulses are created 
to keep the load voltage/frequency constant. The employed 
control method has the advantage of handling instabilities 
caused by the sudden loading-unbalance.

V m VL L ph x DC bus− −= 0 6123.
,

  (11)

6 Results and discussion
Based on the main focus of this study, a comparison between 
the SMES and the BSS has been conducted under the same 
operating conditions. It is worth to mention that, in all the 
investigated cases, the wind turbine is connected to the MG 
system at t = 5 s to examine the performance of the two ESSs 
in alleviating the WT connection consequences. The differ-
ent instabilities are examined and analyzed as follows.

6.1 Case-1: Moderate variation of RERs
In this case, the system performance is examined by vary-
ing both wind speed and solar radiation as shown in Fig. 9. 
Firstly, the MPPT control methods of both PV and wind 
systems are efficiently executed during the variations of 
wind speed and solar radiation as indicated in Fig. 10 and 
Fig. 11, respectively. It can be recognized from Fig. 12 
that the proposed control systems effectively upheld the 
DC-bus voltage during the variations. It was observed 
that the proposed control systems using SMES is superior 
compared to the BSS which is reflected also on the load 

Fig. 6 Different modes of operation of the SMES

Fig. 7 The SMES control unit Fig. 8 Control circuit of the 3-phase, 3-leg inverter
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rms voltage, load instantaneous voltage and frequency, 
and load power as illustrated in Figs. 13 to 16.

6.2 Case-2: Loading variation
In this case, the load profile is changed as follows: 8.54 kW (0 
s to 8 s), then decreased to 5.8-kW (8 s to 15 s), and finally 

increased to 10.37 kW (15 s to 20 s). During the load varia-
tion, both wind speed and solar radiation are assumed con-
stant at 8.5 m/s and 1000 w/m2, respectively. In Fig. 17, it 
can be seen that the response time and the capability to miti-
gate the load instabilities of the SMES is superior compared 
to the BSS. Moreover, the proposed control methods using 

Fig. 9 Variation of RERs in case-1

Fig. 10 The PV generated power during case-1

Fig. 11 The wind generated power during case-1

Fig. 12 The DC-bus voltage during case-1

Fig. 13 Load rms voltage using BSS during case-1

Fig. 14 Load rms voltage using SMES during case-1
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SMES efficiently retained the DC-bus voltage, load rms 
voltage constant compared to the BSS as shown in Figs. 18 
to 20. The power-sharing in the MG during this case is also 
illustrated in Fig. 21 which verifies the effectiveness of the 
control methods using both the SMES and BSS. Besides, the 
behavior of both the SMES and BSS in terms of energy, cur-
rents and SOC is displayed in Figs. 22 and 23.

6.3 Case-3: Extreme variations of RERs
This case is considered as the worst-case where a wind 
gust and shadow are occurring simultaneously while the 
load power remains constant at 8.5 kW. The RERs pro-
file which depict this case is illustrated in Fig. 24. The 
proposed control methods magnificently maintained the 
DC-bus and load rms voltages steady with a superior 

Fig. 15 Instantaneous load voltage using SMES during case-1

Fig. 16 The delivered load power during case-1

Fig. 17 The delivered load power during case-2

Fig. 18 The DC-bus voltage during case-2

Fig. 19 Load rms voltage using BSS during case-2

Fig. 20 Load rms voltage using SMES during case-2
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accomplishment of the SMES compared to the BSS which 
has a large undershoot during disturbances as seen in 
Figs. 25 and 26. Moreover, the comportment of both the 
SMES and BSS in terms of energy, currents and SOC is 
displayed in Figs. 27 and 28.

Finally, the instantaneous load voltage using both SMES 
and BSS is displayed in Figs. 29 and 30 in which the effec-
tiveness of using SMES system over BSS is clearly indicated.

7 Conclusion
This work examined a comparison between the perfor-
mance of the BSS and SMES technologies integrated with 

Fig. 21 Powe and energy sharing during case-2

Fig. 22 Battery SOC and current during case-2

Fig. 23 SMES energy and current during case-2

Fig. 24 RERs profile during case-3

Fig. 25 The DC-bus voltage during case-3

Fig. 26 The load rms voltage during case-3
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hybrid renewable DC-bus microgrid system. Developed 
control approaches for acquiring the maximum power 

from both solar and wind energies were presented. These 
MPPT approached strengthened the performance of the 
proposed control methods of BSS, SMES, and the inverter 
for regulating voltages and power exchange during the 
wind gusts and load variations. The power transferred 
between the DC-bus and BSS or SMES coil was con-
trolled with the proposed control circuit of the bi-direc-
tional DC-DC converters. The controllers were designed 
to facilitate both the BSS and SMES to efficiently charge/
discharge power to reimburse the instability of DC-bus 
voltages, load voltage and frequency, and load power. 
The acquired findings demonstrated the usefulness of 
the SMES overall performance over the BSS during the 
distinct instabilities in the system. The proposed control 
methods succeeded in alleviating both the DC-bus and 
load voltages and enhancing the power exchange among 
the PV, wind generators and load side during the extreme 
wind gusts and random load instabilities. The superior 
SMES performing transmuted the control objectives to 
swiftly charge/discharge energy all through the moder-
ate and extreme wind and radiation variations and the 
unintentionally load variations. This, in turn, facilitated 
in enhancing the DC-bus and load voltages to the toler-
able boundaries which validates the support of the pro-
posed control methods. The outlook work of this study 
will investigate the effectiveness of employing hybrid 
ESSs comprises BSS and SMES or SCs. Besides, enhanc-
ing the MPPT and ESSs control techniques by applying 
the fuzzy environment to enhance the accuracy of con-
trollers' outcomes.

Fig. 27 Battery SOC and current during case-3

Fig. 28 SMES energy and current during case-3

Fig. 29 Instantaneous load voltage using the BSS during case-3

Fig. 30 Instantaneous load voltage using the SMES during case-3
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