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ABSTRACT 

The increasing penetration of renewable energy technologies causes major problems in the power 

network, as their generation cannot be totally predicted. Along with fluctuations in Renewable 

Energy Sources (RES) production due to weather uncertainties, storage is very important for 

mitigating several problems that may arise, affecting the stability and reliability of the grid. Thus, 

storage technologies have gained an increased attention in recent years. In particular, there has 

been an emphasis on residential storage applications (behind-the-meter storage), with the aim of 

increasing the energy self-consumption and therefore reducing electricity bills. 

A model containing a 3 kWp rooftop solar photovoltaic (PV) system connected to the grid through 

converters and a battery-supercapacitor hybrid energy storage system is proposed. The storage 

devices are connected to the common 400 V DC-bus in a fully active parallel configuration 

through two bidirectional DC-DC converters. This configuration allows the battery and 

supercapacitor to have different voltages and their power flow to be controlled separately. A 

small-signal stability analysis is considered for the design of the current controllers for both the 

bidirectional converters of the battery and supercapacitor. Moreover, the small-signal stability 

analysis of the voltage source inverter (VSI) is considered in order to design the DC-bus voltage 

controller, from which a reference output current is extracted using a phase-locked loop (PLL) 

for grid synchronization. A new filtration-based power management algorithm (PMA) is 

proposed, which prioritizes the utilization of the PVs and battery-supercapacitor instead of the 

grid, thus increasing the self-consumption and self-sufficiency of the building. A comparison 

between a battery-only and a battery-supercapacitor storage application is performed in long-term 

operation (24 hours), verifying the effectiveness of the integration of the supercapacitor. In 

addition, the dynamic performance of the proposed model is verified through several simulations 

for different scenarios over short time periods (10–30 seconds). The results show that the model 

works properly and responds extremely fast during different mode transitions, exhibiting a fast 

DC-bus voltage regulation with a very low ripple voltage (a maximum of ± 0.625%). Also, the 

supercapacitor handles rapid changes that occur within 0.2 seconds, which can relieve the battery 

stress and, hence, extend the battery lifetime. Finally, an effective power sharing is achieved 

between the PV, the battery-supercapacitor storage, the building load and the grid. The proposed 

model is developed and simulated in the MATLAB/Simulink software environment, based on 

mathematical analysis and average modeling. 

 

Keywords: grid-connected photovoltaics, battery, supercapacitor, hybrid energy storage, 

modeling, control, filtration-based power management 



ix 

 

TABLE OF CONTENTS 

PUBLICATIONS ......................................................................................................................... vi 

ABSTRACT ............................................................................................................................... viii 

TABLE OF CONTENTS ............................................................................................................. ix 

LIST OF TABLES ...................................................................................................................... xii 

LIST OF FIGURES ................................................................................................................... xiii 

LIST OF ABBREVIATIONS .................................................................................................... xix 

NOMENCLATURE ................................................................................................................... xxi 

1 Introduction .......................................................................................................................... 1 

1.1 General Overview/Problem statement .............................................................................. 1 

1.2 Literature review on PV systems with energy storage ..................................................... 3 

1.3 Objectives and contributions of the Thesis ..................................................................... 13 

1.4 Outline of the Thesis....................................................................................................... 14 

2 Theoretical Background ..................................................................................................... 16 

2.1 Renewable energy .......................................................................................................... 16 

2.1.1 Solar Energy ............................................................................................................. 16 

2.1.2 Photovoltaic Module ................................................................................................ 19 

2.2 Energy Storage  .............................................................................................................. 20 

2.2.1 Pumped Hydro Storage (PHS) ................................................................................. 23 

2.2.2 Compressed Air Energy Storage (CAES) ................................................................ 25 

2.2.3 Batteries ................................................................................................................... 27 

2.2.4 Hydrogen Energy Storage - Fuel Cells .................................................................... 38 

2.2.5 Thermal Energy Storage (TES) ................................................................................ 40 

2.2.6 Superconducting Magnetic Energy Storage (SMES) ............................................... 42 

2.2.7 Flywheel Energy Storage (FES) ............................................................................... 43 

2.2.8 Supercapacitors/Ultracapacitors ............................................................................... 44 

2.2.9 Comparison of all storage methods .......................................................................... 46 

2.3 Energy Storage Applications  ......................................................................................... 49 

2.4 Hybrid Energy Storage (HES)  ....................................................................................... 55 

2.5 Configurations of a grid-connected PV system with hybrid energy storage (HES) ....... 58 



x 

 

3 Grid-connected PV system in buildings: mathematical analysis and simulation modeling 64 

3.1 PV array  ......................................................................................................................... 67 

3.1.1 Theory and mathematical analysis ........................................................................... 67 

3.1.2 Modeling and simulation ......................................................................................... 69 

3.2 Maximum Power Point Tracking (MPPT)  .................................................................... 72 

3.2.1 Theory and mathematical analysis ........................................................................... 72 

3.2.2 Modeling and simulation ......................................................................................... 78 

3.3 DC-DC Boost Converter  ............................................................................................... 84 

3.3.1 Theory and mathematical analysis ........................................................................... 84 

3.3.2 Modeling and simulation ......................................................................................... 86 

3.4 Battery storage  ............................................................................................................... 86 

3.4.1 Theory and mathematical analysis ........................................................................... 86 

3.4.2 Modeling and simulation ......................................................................................... 90 

3.4.3 Battery pack sizing ................................................................................................... 94 

3.5 Supercapacitor Storage  .................................................................................................. 95 

3.5.1 Theory and mathematical analysis ........................................................................... 95 

3.5.2 Modeling and simulation ......................................................................................... 97 

3.5.3 Supercapacitor pack sizing ....................................................................................... 99 

3.6 Bidirectional DC-DC Converter  .................................................................................... 99 

3.6.1 Theory and mathematical analysis ........................................................................... 99 

3.6.2 Modeling and simulation ....................................................................................... 110 

3.6.3 Transfer functions and parameters of the bidirectional converter .......................... 110 

3.7 DC-AC Inverter  ........................................................................................................... 112 

3.7.1 Theory and mathematical analysis ......................................................................... 112 

3.7.2 Modeling and simulation ....................................................................................... 113 

3.8 System control and stability analysis  ........................................................................... 114 

3.8.1 Battery-supercapacitor hybrid storage system: Design of current controllers and 

stability analysis ..................................................................................................... 115 

3.8.2 DC-link: Capacitance calculation and dynamics ................................................... 120 

3.8.3 Inverter control: Design of DC-bus voltage controller and calculation of inverter 

reference current .................................................................................................... 123 



xi 

 

3.9 Power management algorithm (PMA) .......................................................................... 125 

3.9.1 Battery-only algorithm  .......................................................................................... 126 

3.9.2 Battery-supercapacitor hybrid energy storage algorithm  ...................................... 129 

4 Complete Model Results .................................................................................................. 141 

4.1 Results for the PV system with battery-only storage in long-term operation ............... 144 

4.2 Comparison between the battery-only and the battery-supercapacitor hybrid storage 

system ........................................................................................................................... 146 

4.3 Results for the PV system with battery-supercapacitor hybrid storage in short-term 

operation ....................................................................................................................... 148 

4.3.1 Excess Power Mode (EPM) ................................................................................... 148 

4.3.2 Deficit Power Mode (DPM) ................................................................................... 161 

5 Conclusions ...................................................................................................................... 174 

5.1 Summary ....................................................................................................................... 174 

5.2 Future directions ........................................................................................................... 175 

REFERENCES.......................................................................................................................... 177 

  



xii 

 

LIST OF TABLES 

Table 1.1: Summary of related work in the literature ................................................................... 9 

Table 2.1: Comparison of the various storage methods (except batteries) ................................. 47 

Table 2.2: Comparison of various battery storage technologies ................................................. 48 

Table 3.1: Electrical characteristics of photovoltaic module ...................................................... 69 

Table 3.2: Fuzzy logic rules base table ....................................................................................... 77 

Table 3.3: Comparison table of studied MPPT methods ............................................................ 82 

Table 3.4: System parameters for the simulation of the battery and supercapacitor converters 111 

Table 3.5: Transfer functions of the battery and supercapacitor converters ............................. 111 

Table 3.6: Table of all possible cases with their corresponding modes’ and reference currents’ 

setting ........................................................................................................................................ 133 

Table 4.1: Simulation results of proposed PV system with battery-only storage in long-term 

operation (24 hours) .................................................................................................................. 145 

Table 4.2: Simulation results of proposed PV system with hybrid storage in EPM (Scenario 1)

 ................................................................................................................................................... 150 

Table 4.3: Simulation results of proposed PV system with hybrid storage in EPM (Scenario 2)

 ................................................................................................................................................... 156 

Table 4.4: Simulation results of proposed PV system with hybrid storage in DPM (Scenario 3)

 ................................................................................................................................................... 162 

Table 4.5: Simulation results of proposed PV system with hybrid storage in DPM (Scenario 4)

 ................................................................................................................................................... 169 

 



xiii 

 

LIST OF FIGURES 

Figure 1.1: Typical example of a nZEB building.......................................................................... 3 

Figure 2.1: Solar PV Global installed capacity, by country [47] ................................................ 17 

Figure 2.2: CSP Global installed capacity, by country [47] ........................................................ 18 

Figure 2.3: Solar water heating collectors Global installed Capacity [47] ................................. 19 

Figure 2.4: Structure of a silicon PV cell [54] ............................................................................ 20 

Figure 2.5: Global energy storage power capacity by technology group until 2017 .................. 21 

Figure 2.6: Global energy storage power capacity shares in MW of several storage technologies 

until 2017 .................................................................................................................................... 22 

Figure 2.7: Classification of energy storage technologies by the form of stored energy ............ 23 

Figure 2.8: A typical diagram of PHS system ............................................................................. 24 

Figure 2.9: A typical diagram of a CAES system ....................................................................... 26 

Figure 2.10: Lead–acid battery storage with chemical reactions during discharge .................... 28 

Figure 2.11: Schematic of the advanced lead-acid battery (ultra-battery) .................................. 28 

Figure 2.12: NiMH battery storage reaction diagram during discharge...................................... 29 

Figure 2.13: Schematic of a NaS battery .................................................................................... 30 

Figure 2.14: Schematic of a lithium-ion battery ......................................................................... 32 

Figure 2.15: Metal-air (Zn-air) battery storage during discharge ............................................... 34 

Figure 2.16: Schematic of a flow battery .................................................................................... 35 

Figure 2.17: Topology of fuel cell and hydrogen storage ........................................................... 38 

Figure 2.18: CSP plant with thermal energy storage .................................................................. 42 

Figure 2.19: SMES system .......................................................................................................... 43 

Figure 2.20: The flywheel storage system .................................................................................. 44 

Figure 2.21: Supercapacitor cell ................................................................................................. 45 

Figure 2.22: Energy Storage Applications by the needs in energy, power and discharge time 

duration ....................................................................................................................................... 49 

Figure 2.23: Energy Storage Technologies by power capacity and discharge time .................... 50 

Figure 2.24: Energy storage load profile in peak shaving ........................................................... 52 

Figure 2.25: Energy storage load profile in load leveling ........................................................... 52 

Figure 2.26: Classification of PV systems .................................................................................. 59 

Figure 2.27: Block diagram of a basic grid-connected rooftop PV system ................................ 60 



xiv 

 

Figure 2.28: Passive topology of the rooftop PV system with HES ........................................... 61 

Figure 2.29: Battery semi-active topology of the rooftop PV system with HES ........................ 62 

Figure 2.30: Supercapacitor semi-active topology of the rooftop PV system with HES ............ 62 

Figure 2.31: Fully active topology of the rooftop PV system with HES .................................... 63 

Figure 3.1: Block diagram of the proposed grid-connected PV system with battery-

supercapacitor hybrid storage ..................................................................................................... 65 

Figure 3.2: Architecture of the proposed grid-connected PV system with battery-supercapacitor 

hybrid storage .............................................................................................................................. 65 

Figure 3.3: Equivalent circuit of the one-diode PV cell .............................................................. 67 

Figure 3.4: Output characteristics of a PV module [226] ........................................................... 68 

Figure 3.5: Inside the PV array subsystem .................................................................................. 69 

Figure 3.6: Calculation of output current of PV module Ipv ........................................................ 70 

Figure 3.7: I-V curve with varying irradiance at 25ºC ................................................................ 71 

Figure 3.8: P-V curve with varying irradiance at 25ºC ............................................................... 71 

Figure 3.9: I-V curve with varying temperature at 1000 W/m2 .................................................. 72 

Figure 3.10: P-V curve with varying temperature at 1000 W/m2 ............................................... 72 

Figure 3.11: Characteristic P-V curve of a photovoltaic array .................................................... 73 

Figure 3.12: Flowchart of the P&O algorithm ............................................................................ 74 

Figure 3.13: Characteristic P-V curve of a photovoltaic array .................................................... 74 

Figure 3.14: Flowchart of the Incremental Conductance algorithm ........................................... 75 

Figure 3.15: Fuzzy Logic controller diagram.............................................................................. 76 

Figure 3.16: Membership function for inputs and output of fuzzy logic controller .................... 76 

Figure 3.17: Characteristic P-V curve of a photovoltaic array, showing the nine regions 

according to voltage and power variation ................................................................................... 77 

Figure 3.18: PV system with P&O control in Simulink .............................................................. 78 

Figure 3.19: PV system with Fuzzy logic control in Simulink ................................................... 78 

Figure 3.20: Fuzzy logic designer and membership function editor ........................................... 79 

Figure 3.21: Fuzzy logic rule editor ............................................................................................ 79 

Figure 3.22: Surface viewer for the fuzzy logic controller ......................................................... 79 

Figure 3.23: PV array voltage for P&O (blue), incremental conductance (red) and fuzzy logic 

(black) control ............................................................................................................................. 80 



xv 

 

Figure 3.24: PV array current for P&O (blue), incremental conductance (red) and fuzzy logic 

(black) control ............................................................................................................................. 81 

Figure 3.25: PV array power for P&O (blue), incremental conductance (red) and fuzzy logic 

(black) control ............................................................................................................................. 81 

Figure 3.26: P-V curve (dashed line) and MPPT P-V curve (solid line) for different values of 

irradiance ..................................................................................................................................... 83 

Figure 3.27: P-I curve (dashed line) and MPPT P-I curve (solid line) for different values of 

irradiance ..................................................................................................................................... 83 

Figure 3.28: I-V curve (dashed line) and MPPT I-V curve (solid line) for different values of 

irradiance ..................................................................................................................................... 84 

Figure 3.29: Circuit of a DC-DC boost converter ....................................................................... 85 

Figure 3.30: Averaged model of DC-DC boost converter .......................................................... 86 

Figure 3.31: Dual polarization battery cell circuit ...................................................................... 87 

Figure 3.32: Battery characteristic curves of usable capacity with respect to: (a) cycle number, 

(b) temperature, (c) battery current, (d) storage time, as well as (e) open-circuit voltage Voc 

versus SOC, and (f) transient response to a step load current event [257] .................................. 88 

Figure 3.33: Battery cell 2nd-order RC model ............................................................................. 91 

Figure 3.34:  Subsystem calculation of series voltage and RC parallel networks voltages ........ 91 

Figure 3.35: Varying curve of Voc with SOC .............................................................................. 92 

Figure 3.36: Battery pulse discharging/charging current with time ............................................ 93 

Figure 3.37: Battery SOC with time ........................................................................................... 93 

Figure 3.38: Battery voltage during discharging/charging with time ......................................... 93 

Figure 3.39: Usable Capacity vs. cycle number .......................................................................... 94 

Figure 3.40: Battery pack subsystem in Simulink....................................................................... 95 

Figure 3.41: Two branches equivalent circuit of a supercapacitor cell ....................................... 95 

Figure 3.42: Simulink model of supercapacitor pack ................................................................. 97 

Figure 3.43: Supercapacitor charging/discharging current with time ......................................... 98 

Figure 3.44: Supercapacitor charging/discharging voltage with time ......................................... 98 

Figure 3.45: Supercapacitor SOC with time ............................................................................... 98 

Figure 3.46: Bidirectional DC-DC converter circuit ................................................................. 100 

Figure 3.47: Steps of power stage modeling ............................................................................. 101 

Figure 3.48: Circuit of the boost-mode converter ..................................................................... 102 



xvi 

 

Figure 3.49: Circuit of the buck-mode converter ...................................................................... 106 

Figure 3.50: Battery bidirectional converter in Simulink ......................................................... 110 

Figure 3.51: Full-bridge grid-side voltage-source inverter circuit ............................................ 112 

Figure 3.52: Averaged model of single-phase DC-AC inverter ................................................ 114 

Figure 3.53: Block diagram of the (a) supercapacitor current controller, (b) battery current 

controller ................................................................................................................................... 115 

Figure 3.54: Small-signal Simulink model for boost-mode operation for the (a) supercapacitor 

current controller, (b) battery current controller ....................................................................... 116 

Figure 3.55: Open-loop Bode plot of the supercapacitor current control loop (boost-mode) ... 117 

Figure 3.56: Open-loop Bode plot of the battery current control loop (boost-mode) ............... 118 

Figure 3.57: Small-signal Simulink model for buck-mode operation for the (a) supercapacitor 

current controller, (b) battery current controller ....................................................................... 118 

Figure 3.58: Open-loop Bode plot of the supercapacitor current control loop (buck-mode) .... 119 

Figure 3.59: Open-loop Bode plot of the battery current control loop (buck-mode) ................ 119 

Figure 3.60: Currents balance at DC-link and AC-link ............................................................ 120 

Figure 3.61: DC-link subsystem in Simulink ............................................................................ 121 

Figure 3.62: Schematic of the inverter control which consists of the DC-bus voltage control and 

the PLL for the calculation of the inverter reference output current ......................................... 123 

Figure 3.63: Block diagram of the DC-bus voltage control loop .............................................. 124 

Figure 3.64: Simulink model for the DC-bus voltage control and the reference inverter current 

calculation ................................................................................................................................. 124 

Figure 3.65: Small-signal Simulink model of the DC-bus voltage control loop ....................... 124 

Figure 3.66: Open-loop Bode plot of the DC-bus voltage control loop .................................... 125 

Figure 3.67: Block diagram of the grid-connected PV system with battery-only storage ........ 126 

Figure 3.68: Power management flowchart of the battery-only operation ................................ 127 

Figure 3.69: PMA for the battery-only operation in Simulink .................................................. 129 

Figure 3.70: Block diagram of the grid-connected PV system with battery-supercapacitor energy 

storage ....................................................................................................................................... 130 

Figure 3.71: Control block diagram of the battery and supercapacitor current calculation through 

the PMA .................................................................................................................................... 131 

Figure 3.72: PMA system for the charging and discharging process of the hybrid battery-

supercapacitor storage system in Simulink ............................................................................... 139 



xvii 

 

Figure 3.73: PMA for the charging and discharging process of the hybrid battery-supercapacitor 

storage system ........................................................................................................................... 140 

Figure 4.1: Complete model of the grid-connected PV system with battery-only storage in 

Simulink .................................................................................................................................... 142 

Figure 4.2: Complete model of the grid-connected PV system with battery-supercapacitor 

hybrid storage in Simuli ............................................................................................................ 143 

Figure 4.3: PV power (blue), Load power (red), Battery power (green) and Grid power (purple) 

in long-term operation (24 hours) ............................................................................................. 146 

Figure 4.4: Battery SOC and battery current in long-term operation (24 hours) ...................... 146 

Figure 4.5: Battery SOC for the battery-only (blue) and the hybrid (red) storage application . 147 

Figure 4.6: Battery current for the battery-only (blue) and the hybrid (red) storage application

 ................................................................................................................................................... 147 

Figure 4.7: PV power (blue), Load power (red), Battery power (green), Supercapacitor power 

(yellow) and Grid power (purple) (Scenario 1) ......................................................................... 151 

Figure 4.8: Mode of the battery converter, and availability modes of the battery and the 

supercapacitor (charging and discharging), respectively (Scenario 1) ...................................... 151 

Figure 4.9: Battery current and supercapacitor current (Scenario 1) ........................................ 152 

Figure 4.10: PV current, battery current and supercapacitor current on DC-link side (Scenario 1)

 ................................................................................................................................................... 152 

Figure 4.11: Battery SOC and battery voltage (Scenario 1) ..................................................... 153 

Figure 4.12: Supercapacitor SOC and supercapacitor voltage (Scenario 1) ............................. 153 

Figure 4.13: DC-bus voltage and duty cycle for the battery and the supercapacitor bidirectional 

converters, respectively (Scenario 1) ........................................................................................ 154 

Figure 4.14: Inverter output current, load current and grid current (Scenario 1) ...................... 155 

Figure 4.15: PV power (blue), Load power (red), Battery power (green), Supercapacitor power 

(yellow) and Grid power (purple) (Scenario 2) ......................................................................... 157 

Figure 4.16: Mode of the battery converter, and availability modes of the battery and the 

supercapacitor (charging and discharging), respectively (Scenario 2) ...................................... 157 

Figure 4.17: Battery current and supercapacitor current (Scenario 2) ...................................... 158 

Figure 4.18: PV current, battery current and supercapacitor current on DC-link side (Scenario 2)

 ................................................................................................................................................... 158 

Figure 4.19: Battery SOC and battery voltage (Scenario 2) ..................................................... 159 

Figure 4.20: Supercapacitor SOC and supercapacitor voltage (Scenario 2) ............................. 159 



xviii 

 

Figure 4.21: DC-bus voltage and duty cycle for the battery and the supercapacitor bidirectional 

converters, respectively (Scenario 2) ........................................................................................ 160 

Figure 4.22: Inverter output current, load current and grid current (Scenario 2) ...................... 160 

Figure 4.23: PV power (blue), Load power (red), Battery power (green), Supercapacitor power 

(yellow) and Grid power (purple) (Scenario 3) ......................................................................... 163 

Figure 4.24: Mode of the battery converter, and availability modes of the battery and the 

supercapacitor (charging and discharging), respectively (Scenario 3) ...................................... 164 

Figure 4.25: Battery current and supercapacitor current (Scenario 3) ...................................... 164 

Figure 4.26: PV current, battery current and supercapacitor current on DC-link side (Scenario 3)

 ................................................................................................................................................... 165 

Figure 4.27: Battery SOC and battery voltage (Scenario 3) ..................................................... 165 

Figure 4.28: Supercapacitor SOC and supercapacitor voltage (Scenario 3) ............................. 166 

Figure 4.29: DC-bus voltage and duty cycle for the battery and the supercapacitor bidirectional 

converters, respectively (Scenario 3) ........................................................................................ 167 

Figure 4.30: Inverter current, load current and grid current (Scenario 3) ................................. 167 

Figure 4.31: PV power (blue), Load power (red), Battery power (green), Supercapacitor power 

(yellow) and Grid power (purple) (Scenario 4) ......................................................................... 169 

Figure 4.32: Mode of the battery converter, and availability modes of the battery and the 

supercapacitor (charging and discharging), respectively (Scenario 4) ...................................... 170 

Figure 4.33: Battery current and supercapacitor current (Scenario 4) ...................................... 170 

Figure 4.34: PV current, battery current and supercapacitor current on DC-link side (Scenario 4)

 ................................................................................................................................................... 171 

Figure 4.35: Battery SOC and battery voltage (Scenario 4) ..................................................... 171 

Figure 4.36: Supercapacitor SOC and supercapacitor voltage (Scenario 4) ............................. 172 

Figure 4.37: DC-bus voltage and duty cycle for the battery and the supercapacitor bidirectional 

converters, respectively (Scenario 4) ........................................................................................ 173 

Figure 4.38: Inverter current, load current and grid current (Scenario 4) ................................. 173 

 



xix 

 

LIST OF ABBREVIATIONS 

BW Bandwidth 

CAES Compressed Air Energy Storage 

CCM Continuous Conduction Mode 

CCVSI Current Controlled Voltage Source Inverter 

CES Cryogenic Energy Storage 

CSP Concentrated Solar Power 

DoD Depth-of-Discharge 

DPM Deficit Power Mode 

EES Electrical Energy Storage 

EPM Excess Power Mode 

FES Flywheel Energy Storage 

GM Gain Margin 

HES Hybrid Energy Storage 

LPF Low Pass Filter 

LTI Linear time-invariant 

MPP Maximum Power Point 

MPPT Maximum Power Point Tracking 

nZEB Nearly Zero Energy Building 

P&O Perturbation and Observation 

PCM Phase Change Materials 

PHS Pumped Hydroelectric Storage 

PI Proportional Integral 

PLL Phase-Locked Loop 

PM Phase Margin 

PMA Power Management Algorithm 

PSB Polysulfide bromide battery 

PV Photovoltaic 

PWM Pulse Width Modulation 

RES Renewable Energy Sources 

RHP Right Half Plane 

SISO Single-input single-output 



xx 

 

SMC Sliding Mode Control 

SMES Superconducting Magnetic Energy Storage 

SOC State of Charge 

TES Thermal Energy Storage 

UPS Uninterruptable Power Supply 

VRB Vanadium Redox flow Battery  

VSI Voltage Source Inverter 

V2H Vehicle-to-Home 

ZBR Zinc-bromine Battery 

  



xxi 

 

NOMENCLATURE 

Section 3.1 

𝐴 Diode ideality factor 

𝐺 Solar irradiation on PV module [W/m2] 

𝐺𝑟𝑒𝑓  Reference irradiation on PV module (𝐺𝑟𝑒𝑓 = 1000 W/m2) 

𝐼𝑜 Reverse saturation current of PV module [A] 

𝐼𝑝ℎ Photocurrent of PV module [A] 

𝐼𝑝𝑣 Output current of PV module [A] 

𝐼𝑠𝑐 Short-circuit current of PV module [A] 

𝑘 Boltzmann’s constant (𝑘 = 1.381x10–23 J/K) 

𝐾𝑖 Temperature coefficient of the short-circuit current of PV module [A/K] 

𝐾𝑣 Temperature coefficient of the open-circuit voltage of PV module [V/K] 

𝑁𝑠 Number of cells in series connection in a PV module 

𝑞 Electron charge (𝑞 = 1.602x10–19 C) 

𝑅𝑝 Shunt resistance of PV module [Ω] 

𝑅𝑠 Series resistance of PV module [Ω] 

𝑇𝑐 Temperature on PV module [K] 

𝑇𝑟𝑒𝑓 Reference temperature on PV module (𝑇𝑟𝑒𝑓 = 298 K) 

𝑉𝑜𝑐 Open-circuit voltage of PV module [V] 

𝑉𝑝𝑣 Output voltage of PV module [V] 

Section 3.2 

IMPP  Current at maximum power point [A] 

PMPP Maximum power point [W] 

VMPP Voltage at maximum power point [V] 

Section 3.3 

𝐶 Capacitance of the DC-DC boost converter [F] 

D Duty cycle of the DC-DC boost converter 

𝐼𝐿 Inductor current of the DC-DC boost converter [A] 

𝐼𝑜 Output current of the DC-DC boost converter [A] 



xxii 

 

𝐼𝑠𝑤 Switching loss current parameter [A] 

𝐿 Inductance of the DC-DC boost converter [H] 

𝑅 Output (Load) resistance [Ω] 

𝑅𝐿 Inductor winding resistance [Ω] 

𝑉𝑖𝑛 Input voltage of the DC-DC boost converter [V] 

𝑉𝑜 Output voltage of the DC-DC boost converter [V] 

Section 3.4 

𝑎0, 𝑎1, 𝑎2, 

𝑎3 

Constant parameters of the third-order polynomial relationship between 𝑉𝑜𝑐 

and SOC 

𝐶𝑖𝑛𝑖𝑡 Nominal capacity of the battery [Ah] 

𝐶𝑝1 Capacitance on the first RC network of the battery cell [F] 

𝐶𝑝2 Capacitance on the second RC network of the battery cell [F] 

𝐶𝑢𝑠𝑎𝑏𝑙𝑒 Usable capacity of the battery [C] 

𝑓1(𝑁) Battery cycle number-dependent correction factor 

𝑓2(𝑇) Battery temperature-dependent correction factor 

𝐼𝑏 Battery current [A] 

𝑘1 Capacity loss correction coefficient due to aging effect 

𝑁 Battery cycle number 

Rs Series resistance of the battery cell [Ω] 

Rself-discharge Self-discharge resistance of the battery cell [Ω] 

𝑅𝑝1 Resistance on the first RC network of the battery cell [Ω] 

𝑅𝑝2 Resistance on the second RC network of the battery cell [Ω] 

𝑆𝑂𝐶𝑏 State-of-charge of the battery 

𝑆𝑂𝐶𝑏,0 Initial state-of-charge of the battery 

𝑉𝑏 Battery voltage [V] 

𝑉𝑜𝑐 Open-circuit battery voltage [V] 

𝑉𝑝1 Voltage of the first RC network [V] 

𝑉𝑝2 Voltage of the second RC network [V] 

Section 3.5 

ηsc Efficiency of the supercapacitor 



xxiii 

 

𝐶0 Constant capacitance of the supercapacitor cell [F] 

𝐶1 Capacitance on the supercapacitor main cell [F] 

𝐶2 Capacitance on the supercapacitor slow cell [F] 

𝐶𝑒𝑞 Equivalent capacitance of the supercapacitor pack [F] 

𝐶𝑠𝑐 Rated capacitance of the supercapacitor cell [F] 

𝐶𝑠𝑐,𝐴ℎ Capacity of the supercapacitor [Ah] 

𝐶𝑣   Constant parameter of the supercapacitor [F/V] 

𝐸𝑠𝑐 Energy stored in the supercapacitor [J] 

𝑖2 Current on the supercapacitor slow cell [A] 

𝐼𝑠𝑐 Current of the supercapacitor pack [A] 

𝑁𝑝 Number of supercapacitor strings in parallel connection 

𝑁𝑠 Number of supercapacitor cells in series connection 

𝑄1 Instantaneous charge of 𝐶1 [F.V] 

𝑅1 Series resistance on the supercapacitor main cell [Ω] 

𝑅2 Series resistance on the supercapacitor slow cell [Ω] 

Rf Parallel resistance describing the self-discharge losses on the supercapacitor [Ω] 

SOC𝑠𝑐 State-of-charge of the supercapacitor 

SOC𝑠𝑐,0 Initial state-of-charge of the supercapacitor 

𝑈𝑠𝑐 Voltage of the supercapacitor cell [V] 

𝑉1 Voltage across the capacitor 𝐶1 on the supercapacitor main cell [V] 

𝑉2 Voltage across the capacitor 𝐶2 on the supercapacitor slow cell [V] 

𝑉𝑚𝑎𝑥 Maximum voltage of the supercapacitor (i.e., the rated voltage) [V] 

𝑉𝑚𝑖𝑛 Minimum voltage of the supercapacitor [V] 

𝑉𝑠𝑐 Voltage of the supercapacitor pack [V] 

Section 3.6 

A, B, C, D State equation matrices 

C1 Capacitance on the boost-mode operation [F] 

C2 Capacitance on the buck-mode operation [F] 

C Capacitance of the DC-DC bidirectional converter [F] 

D1 Duty cycle of the DC-DC bidirectional converter for boost-mode operation 

(steady-state) 



xxiv 

 

𝑑1 Duty cycle of the DC-DC bidirectional converter for boost-mode operation 

(large signal) 

�̂�1(𝑡) Duty cycle of the DC-DC bidirectional converter for boost-mode operation 

(small-signal) 

D2 Duty cycle of the DC-DC bidirectional converter for buck-mode operation 

(steady-state) 

𝑑2 Duty cycle of the DC-DC bidirectional converter for buck-mode operation (large 

signal) 

�̂�2(𝑡) Duty cycle of the DC-DC bidirectional converter for buck-mode operation 

(small-signal) 

𝐺𝑖𝑑
𝑏𝑜(𝑠) Control-to-input current transfer function for boost-mode operation (small-

signal) 

𝐺𝑣𝑑
𝑏𝑜(𝑠) Control-to-output voltage transfer function for boost-mode operation (small-

signal) 

𝐺𝑣𝑖
𝑏𝑜(𝑠) Input current-to-output voltage transfer function for boost-mode operation 

(small-signal) 

𝐺𝑖𝑑
𝑏𝑢(𝑠) Control-to-input current transfer function for buck-mode operation (small-signal) 

𝐺𝑣𝑑
𝑏𝑢(𝑠) Control-to-output voltage transfer function for buck-mode operation (small-

signal) 

𝐺𝑣𝑖
𝑏𝑢(𝑠) Input current-to-output voltage transfer function for buck-mode operation 

(small-signal) 

𝐼𝑏 Battery current (steady-state) [A] 

𝐼𝑑𝑐 Output current for boost-mode operation (steady-state) [A] 

𝑖𝑑𝑐 Output current for boost-mode operation (averaged large signal) [A] 

𝑖�̂�𝑐(𝑡) Output current for boost-mode operation (small-signal) [A] 

𝐼𝐿 Inductor current (steady-state) [A] 

𝑖𝐿 Inductor current (averaged large signal) [A] 

𝑖�̂�(𝑡) Inductor current, in time-domain (small-signal) [A] 

L Inductance of the DC-DC bidirectional converter [H] 
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𝑖𝐿,𝑠𝑐
∗  = 𝑖𝑠𝑐
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1 Introduction 

1.1 General Overview/Problem statement 

In March 2007, the European Council set a list of goals for 2020 in order to face the 

problems of the environment; the 20% improvement in energy efficiency, the 20% 

contribution of Renewable Energies to total energy production and the 20% reduction of 

greenhouse gases below 1990 emissions (20-20-20 targets) [1]. Cyprus has been 

considering renewable energy policy during the past few years. Specifically, the Cyprus 

action plan included a 16% contribution of renewable energies to total energy production 

by 2020, which was successfully achieved [2]. In October 2014, the European Council 

set new targets at European Union (EU) level for 2030 for the energy and climate policy 

framework, namely a 32.5% improvement in energy efficiency, a 32% contribution of 

Renewable Energies to total energy production and a 40% reduction of greenhouse gas 

emissions compared to 1990 levels [3]. Specifically, Cyprus set local targets towards 

2030 in order to achieve a share of at least 23% of RES in final energy consumption, 

while the transport target was set at 14% in final energy consumption by 2030 [4]. Finally, 

the vision for an EU long-term strategy includes net-zero emissions of greenhouse gases 

by 2050 [5], [6]. 

Renewable Energy Sources (RES) have been growing rapidly over the last few years. The 

spreading of renewables has become stronger due to the increased air pollution, which is 

largely believed to be irreversible for the environment [7]. Moreover, the depletion of 

fossil fuel resources, the increased oil prices and the growth in electricity demand are 

important factors for the growing attention in RES. In addition to that, buildings in Europe 

are responsible for the 40% of the total EU energy consumption, and as a result they 

contribute to greenhouse gas emissions and, possibly, to climate change. Therefore, the 

reduction of the energy consumption and the use of RES in buildings are believed to have 

a positive impact on climate and gradual independency on conventional fuels [8], [9].  
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In addition, through the integration of renewable technologies, all EU member States shall 

ensure that all new buildings in EU have to be nearly zero energy building (nZEB)1 by 

the end of 2020, according to EU directive 2010/31/EU, Article 9 [1]. The aim of a nZEB 

is not only to minimize the energy performance of the building with the above methods, 

but to integrate renewable technologies to balance the energy requirements of the 

building. 

On the other hand, the increasing penetration of renewable energy technologies causes 

major problems in the power network, as their generation cannot be totally predicted. 

Along with fluctuations in the generation of renewables due to weather uncertainties, 

storage is very important for mitigating several problems that may arise, affecting the 

stability and reliability of the grid. Specifically, over the last years there has been an 

emphasis on residential storage applications and behind-the-meter storage. Behind-the-

meter storage for residential customers allows prosumers2 to decrease their electricity 

bills, reducing peak demand charges and increasing local self-consumption [10]. 

Statistically, in Germany the 40% of recent rooftop solar PV systems have been installed 

with behind-the-meter batteries. In addition, 21000 behind-the-meter batteries were 

installed in Australia by 2017, with the government aiming to reach 1 million by 2025. 

Finally, the installation of 500 kW behind-the-meter batteries for Morgan Stanley in the 

US resulted in a 20% reduction of peak demand [11].  

Figure 1.1 shows an example of a nZEB building that includes behind-the-meter battery 

energy storage [12]. Rooftop solar PVs are used for supplementary generation. Also, solar 

energy is utilized for water heating (solar water collectors) or HVAC (heating, ventilation 

and air conditioning). All devices and lighting are energy efficient. In addition, an electric 

vehicle can be charged by the household charging station. A substantial device is the 

home energy manager device, in which the owner of the building can control and optimize 

 

1 ‘Nearly zero-energy building’ means a building that has a very high energy performance. The nearly zero 

or very low amount of energy required should be covered to a very significant extent by energy from 

renewable sources, including energy from renewable sources produced on-site or nearby; (from EU 

directive 2010/31/EU, Article 2 [1]) 

2 Prosumer, in the energy field, denotes consumers who both produce and consume electricity. They 'self-

consume' some of the electricity they produce and sell the excess to the grid. But when their production 

falls short, they also buy power from the grid, which makes them both producers and consumers [313]. 
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energy consumption. Real-time communication between the smart grid and the building 

can be achieved using a smart meter. Finally, energy storage is the key factor in increasing 

RES self-consumption and self-sufficiency, providing backup power and meeting 

electricity demands [13]–[15]. 

It should be noted here that RES self-consumption can be defined as the share of the 

produced electricity that is directly consumed or used for energy storage charging, while 

self-sufficiency is defined as the share of total load demand supplied directly from 

generated RES or energy storage discharging [16], [17]. 

 

 

Figure 1.1: Typical example of a nZEB building 

 

1.2 Literature review on PV systems with energy storage 

In recent years, there has been increasing attention to power management and control 

between a PV system, a load and a storage method, either on DC or AC microgrids. Some 

publications refer to the different methods that can be applied to the control and 

management of PV systems connected to microgrids using energy storage. Other studies 

focus on storage sizing, technical or economic aspects, scheduling, and optimization of 

certain system parameters. This Thesis focuses on the technical aspect and the filtration-

based power management and control of a grid-connected system. Next, a literature 

review of different systems is presented, focusing on their advantages and limitations. 
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Zhou et al. [18] implemented a composite battery-supercapacitor hybrid storage with 

dynamic energy management. The research focused on the DC side and voltage and 

current control of the modular battery and supercapacitor, where the corresponding 

reference currents were calculated using a low pass filter (LPF). The low-frequency 

current corresponds to the battery current and the high-frequency current fluctuations in 

the supercapacitor. It should be noted that in that study the DC-bus voltage control was 

implemented by the supercapacitor converter. The proposed modular topology for the 

battery-supercapacitor hybrid storage requires a large number of converters, and therefore 

there is a considerable increase in cost and power loss. 

Kollimalla, Mishra and Narasamma [19] improved the above research in order to avoid 

the problems of the high charging/discharging rates that may arise. Hence, they added a 

rate limiter after the LPF of the total current, to control the charging/discharging rates of 

the battery current and reduce the battery stresses by increasing the battery lifetime. In 

addition, a compensator was added to the supercapacitor current calculation to 

compensate for the slow dynamics (regarding battery, controller and converter operation) 

that the battery may not track instantly. The study focused on the design of voltage and 

current controllers for the battery and the supercapacitor converters. The design was made 

for a standalone PV system with DC load, where the DC-bus voltage control was 

implemented by the supercapacitor converter. Manandhar et al. [20] used the same 

configuration in performing a stability analysis and the controllers design. A 

comprehensive stability analysis was performed where all the required transfer functions 

were given. However, the authors did not consider the state-of-charge (SOC) of the 

battery and the supercapacitor, but assumed that the battery and supercapacitor operated 

within their acceptable limits. This can cause deep charging/discharging cycles and affect 

the battery lifetime. 

Kotra and Mishra [21] proposed a new configuration for a residential grid-connected and 

islanded PV system with hybrid energy storage, containing both DC and AC loads. The 

control algorithm maintained the DC-bus at 200 V for high power DC loads and 48 V for 

low power DC loads. Moreover, the real power between the DC grid and the utility grid, 

as well as the required local AC load power, were transferred through a single-phase 

voltage source converter. The study considered the SOC limits of the battery and the 

supercapacitor for the charging/discharging power management algorithm (PMA), 
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including detailed diagrams for calculating the reference currents for the battery, 

supercapacitor, PV and grid. However, the stability analysis and the control design of the 

controllers for battery, supercapacitor and PV converters are missing. The same authors 

later proposed an advanced power management algorithm in which a peak pricing mode 

was considered [22].  

Hajiaghasi, Salemnia and Hamzeh [23] proposed a standalone PV system with hybrid 

storage and DC and AC loads. The authors investigated a design for the voltage and 

current controllers of the converters. For the current control of the battery and 

supercapacitor converters, PI controllers were used. Also, regarding the DC-link voltage 

control, a fuzzy controller was chosen. The results showed that the PI-fuzzy control 

strategy improved the dynamic stress and the peaks and ripples in the current of the 

battery. 

Singh and Lather [24] proposed a combined PI and SMC (Sliding mode control) method 

for a DC microgrid application that included PVs and battery-supercapacitor hybrid 

storage. A power management algorithm (PMA) was presented, where the SOC of the 

battery and the SOC of the supercapacitor were considered, so that the storage 

technologies were utilized within their minimum and maximum limits. DC-bus voltage 

control and battery current control were performed by PI controllers, while supercapacitor 

current control was performed by a SMC. Also, for the design of the controllers, a stability 

analysis was conducted using the appropriate small-signal transfer functions. The same 

authors extended their aforementioned work by proposing a modified control structure 

that included a rate limiter (for reducing the high charging/discharging rates), a PI 

controller for the DC-bus voltage control and two SMCs for controlling the currents of 

the battery and the supercapacitor, respectively [25]. The same power management as in 

[24] was used to calculate the required reference currents. The results showed lower DC-

bus voltage overshoot and faster voltage regulation of the proposed strategy. 

Vieira, Moura and Almeida [26] proposed a battery energy storage system for self-

consumption of PV generation in residential zero energy buildings. In their work, they 

presented a 2.4 kWp PV system with a 10.2 kWh lithium-ion battery storage, for increased 

matching between local generation and demand and reduced electricity bill. The correct 

battery sizing was calculated on the basis of average consumption, battery efficiency and 

SOC limits of the battery. Also, the incremental conductance algorithm was chosen for 
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MPPT (Maximum Power Point Tracking), while the dual polarization battery model was 

employed for the battery modeling. A hysteresis controller was used for the regulation of 

the output current of the grid inverter. A management strategy, considering the SOC limits 

of the battery, was proposed for the battery charging/discharging process, where a 

reference battery current was extracted. A current control was then performed by the 

bidirectional battery converter using a PI controller. However, the stability analysis and 

the design of the controllers were not analyzed in detail. Finally, an economic assessment 

was carried out and showed that there was a decrease of 87.2% in the annual electricity 

bill. 

Cabrane, Ouassaid and Maaroufi have done several studies on modeling and control of 

standalone PV systems with hybrid energy storage. In [27], a detailed mathematical 

analysis was performed on the PV system, the battery (CIEMAT model) and the 

supercapacitor (two branches model) storage, where the SOC limits of the supercapacitor 

and battery were considered. The DC-bus voltage and the battery and supercapacitor 

currents were controlled by PI controllers. In a similar study [28], a comparative 

simulation was presented for both a battery-only storage system and a battery-

supercapacitor storage system. The results showed that supercapacitors can reduce the 

battery stress by reducing battery current peaks, and hence can increase battery lifetime. 

Finally, in [29] the same authors suggested the integration of a fuzzy logic supervisor for 

the energy management of the system. The fuzzy logic strategy was used for managing 

the power flow, while maintaining at the same time the SOC limits of the battery and 

supercapacitor. The simulation results demonstrated the effectiveness of the suggested 

method by requiring the DC-bus voltage to be stable at 400 V and keeping the SOC of 

the battery and supercapacitor within their acceptable limits. 

Saxena, Singh and Vyas [30] proposed a grid-connected PV system with battery energy 

storage. The authors presented a mathematical model for the PV array, where a P&O 

algorithm was used for the MPPT. In addition, the required transfer functions related to 

PV voltage control, DC-bus voltage control, battery converter current control and voltage 

source inverter (VSI) current control, were also presented. However, the authors did not 

consider the SOC limits of the battery. 

It must be stressed here that all the above studies, which include research in stability 

analysis, have assumed a unified controller for the design of the bidirectional DC-DC 
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converters, in which the two modes (boost and buck) were controlled in a complementary 

fashion. Therefore, the design concerned the boost-mode operation of the converter. On 

the contrary, the following studies made a different control structure for each mode of 

operation (boost and buck). 

Song et al. [31] proposed an algorithm for a grid-connected residential 10kWh battery, 

considering the daily load profile, PV generation and the SOC of the battery. The authors 

presented the required system controllers (MPPT, inverter current control and 

charging/discharging mode controllers for the bidirectional converter). The design of the 

controllers was not presented, and the PI tuning parameters were not given or explained. 

However, their aim was to present the power management of the charging/discharging 

mode of the battery, where the battery was charged overnight and discharged during the 

day. 

Aktas et al. [32] proposed a grid-connected PV system with hybrid energy storage. A 

limitation in this work is that the storage topology was semi-active, where the 

supercapacitor was passively connected to the DC-bus, while the battery was connected 

to the DC-bus through a bidirectional DC-DC converter. Thus, the battery was allowed 

to have different voltage levels from the DC-bus, resulting in reduced size and higher 

flexibility and adjustability of the battery. On the other hand, the supercapacitor was 

required to be relatively large to keep DC-bus voltage levels stable, resulting in higher 

cost requirements. Moreover, the control structure of the battery bidirectional converter 

was made according to the mode of operation (boost or buck). Finally, a proposed smart 

energy management algorithm introduced some limitations on battery SOC, the lowest 

battery power level, the lowest acceptable PV power produced level, and the lowest power 

level at which a load can receive energy from the battery and the PVs. An extended 

version of the previous work was presented in [33] by the same authors. The same semi-

active system topology was examined for the battery and supercapacitor. A 

comprehensive explanation was given of the proposed operation modes for the energy 

management of the system. However, the same limitations on the size and use of the 

supercapacitor remain as in [32]. 

From the above literature review, one can clearly state that, depending on the application 

and the system configuration and complexity, there is a plethora of power management 

and control methods that can be developed. In Table 1.1, the above as well as other 
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published studies related to our research are summarized. It is worth noting that none of 

these studies consider the self-consumption and/or self-sufficiency factor of the building 

together with the utilization of the hybrid storage, in contrast to the present study. Here, 

a novel dynamic PMA is proposed for such a model to make better use of the generated 

PV power, the battery-supercapacitor storage, the building load and the grid. A detailed 

small-signal analysis is performed for the bidirectional DC-DC converter and the single-

phase inverter. Note that the stability analysis is done for both the boost and the buck 

modes of operation of the battery and the supercapacitor converters, which can lead to 

more accurate tuning of the controllers. The DC-bus voltage is regulated by the single-

phase inverter, where a reference output current is extracted using a phase-locked loop 

(PLL) for grid synchronization. Also, the battery and the supercapacitor charging/ 

discharging currents are controlled by the battery and the supercapacitor bidirectional 

converters, respectively, by consideration of the battery SOC and the supercapacitor SOC. 

Finally, it should be noted that none of the tabulated studies below contain the complete 

set of features and functions that the present Thesis deals with.
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Table 1.1: Summary of related work in the literature 

Ref. 

 

System Topology Control strategy MPPT Storage 

modeling 

Stability 

analysis 

Key points 

[18] PV/battery/ 

supercapacitor 

Grid-connected 

DC load 

AC load 

PI (voltage & current control) 

with LPF 

N/A – – - Increased cost and power loss due to large number of 

converters required for the modular topology of battery-

supercapacitor 

[19] PV/battery/ 

supercapacitor 

Off-grid 

DC load 

PI (voltage & current control) 

with LPF + rate limiter + 

compensation factor 

 –  - No consideration of the SOC of the battery and 

supercapacitor  

- Better control of the charge/discharge rates of the battery 

current due to rate limiter 

[20] PV/battery/ 

supercapacitor 

Off-grid 

DC load 

PI (voltage & current control) 

with LPF + compensation 

factor 

 –  - No consideration of the SOC of the battery and 

supercapacitor  

- Better control of the charge/discharge rates of the battery 

current due to rate limiter 

[21] PV/battery/ 

supercapacitor 

Grid-connected 

Islanded 

DC load 

AC load 

PI (voltage & current control) 

with LPF 

Hysteresis (current control) 

 – – - The control algorithm maintained the DC-bus at 200 V 

(for high power dc loads) and at 48 V (for low power dc 

loads) 

- PMA for grid-connected and islanded mode 

[22] PV/battery/ 

supercapacitor 

Grid-connected 

Islanded 

DC load 

AC load 

PI (voltage & current control) 

with LPF + rate limiter 

Hysteresis (current control) 

 –  - PMA for grid-connected and islanded mode based on the 

peak pricing mode 

[23] PV/battery/ 

supercapacitor 

Off-grid 

DC load 

AC load 

PI (current control)  

Fuzzy (voltage control) with 

LPF 

 –  - PI/fuzzy control strategy improved the dynamic stress 

and the peaks in current of the battery 
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Ref. 

 

System Topology Control strategy MPPT Storage 

modeling 

Stability 

analysis 

Key points 

[24] PV/battery/ 

supercapacitor 

Off-grid 

DC load 

PI (voltage & battery current 

control) with LPF 

Sliding mode (supercapacitor 

current control) 

 

 

  - PMA includes off-MPPT mode if battery is fully 

charged for DC-bus voltage control 

 

[25] PV/battery/ 

supercapacitor 

Off-grid 

DC load 

PI (voltage control) 

Sliding mode (current control) 

with LPF + rate limiter + 

compensation factor 

 

 

  - PMA includes off-MPPT mode if battery is fully 

charged for DC-bus voltage control 

- Battery and supercapacitor models from Simulink library 

[26] 

 

PV/battery Grid-connected 

AC load 

PI (current control) 

Hysteresis (current control) 

Incremental 

conductance 

 – - Calculation of proper battery size, based on the average 

consumption, efficiency and SOC limits 

- Dual polarization model for battery modeling 

- Economic assessment showed 87.2% reduction in the 

annual electricity bill 

[27] PV/battery/ 

supercapacitor 

Off-grid 

DC load 

PI (voltage & current control) 

with LPF 

  – - Modeling of battery (CIEMAT model) and 

supercapacitor (two branches model) 

[28] PV/battery/ 

supercapacitor 

Off-grid 

DC load 

PI (voltage & current control) 

with LPF 

  – - Modeling of battery (CIEMAT model) and 

supercapacitor (two branches model) 

- Comparative simulation of battery-only and battery-

supercapacitor system. Results shown that supercapacitors 

reduce battery stress by reducing peaks in battery current 

[29] PV/battery/ 

supercapacitor 

Off-grid 

DC load 

PI (voltage & current control) 

Fuzzy logic + LPF 

  – - Modeling of battery (CIEMAT model) and 

supercapacitor (two branches model) 

- Fuzzy logic for managing the power flow keeping the 

SOC limits of battery and supercapacitor 
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Ref. 

 

System Topology Control strategy MPPT Storage 

modeling 

Stability 

analysis 

Key points 

[30] PV/battery 

 

Grid-connected 

AC load 

PI (voltage & current control) 

 

P&O   - Modeling of battery (Thevenin equivalent) 

- No consideration of the SOC of the battery 

[31] PV/battery Grid-connected 

AC load 

PI (voltage & current control) P&O – – - Different control structure for boost and buck mode 

- Battery is charging during the night and discharging 

during the day 

[32] 

& 

[33] 

PV/battery/ 

supercapacitor 

Grid-connected 

AC load 

PI (voltage & current control) 

Hysteresis (current control) 

P&O – – - Different control structure for boost and buck mode  

- Passive connection of supercapacitor (size must be large 

to keep the DC-bus voltage levels stable) 

[34] PV/battery Grid-connected 

AC load 

PI (voltage control) 

K factor (current control) 

PR (voltage & current control) 

   - Different control structure for boost and buck mode  

- Generic battery model from Simulink library 

- Floating interleaved buck-boost converter model 

[35] PV/battery/ 

flywheel 

Grid-connected 

AC load 

N/A N/A  – - Battery as primary storage system and flywheel for 

peak-shaving, power peaks and fluctuations 

[36] PV/battery Grid-connected 

Islanded 

AC load 

N/A P&O – – - PMA considering the load power, PV power, battery 

SOC, grid availability and peak load period 

[37] PV/battery Grid-connected 

Islanded 

DC load 

AC load 

PI (voltage & current control) Incremental 

conductance 

– – - Comprehensive control and power management system 

(CAPMS) with both DC and AC buses, in grid-connected 

and islanded mode 

[38] PV/ 

supercapacitor 

Grid-connected 

 

PI (voltage & current control) Incremental 

conductance 

– – - Fault ride through and power fluctuation minimization 

using supercapacitors 
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Ref. 

 

System Topology Control strategy MPPT Storage 

modeling 

Stability 

analysis 

Key points 

[39] PV/battery Grid-connected 

AC load 

PI (power, voltage & current 

control) 

Lead-lag compensator (PV 

voltage control) 

Incremental 

conductance 

  - Generic battery model from Simulink library 

- Residential battery for potential participation in primary 

frequency regulation of grid 

 

[40] PV/battery/ 

supercapacitor 

Grid-connected 

Islanded 

DC load 

AC load 

PI (power & voltage control) 

Hysteresis (current control) 

Incremental 

conductance 

– – - No consideration of the lower SOC limit of the battery 

[41] Wind turbine/ 

battery/ 

supercapacitor 

Off-grid 

DC load 

PI (voltage & current control) 

+ LPF 

 –  - Supercapacitor absorbs abrupt increase of wind power 

during gust period 

  

[42] PV/ wind 

turbine/ 

battery/ 

supercapacitor 

Off-grid 

DC load 

PI (voltage & current control) P&O – – - PMA keeps DC-bus voltage constant and power balance 

by off-MPPT and dump load methods 

This 

study 

PV/battery/ 

supercapacitor 

Grid-connected 

AC load 

PI (voltage & current control) 

with LPF + rate limiter + 

compensation factor 

P&O   - Modeling of battery (dual polarization model) and 

supercapacitor (two branches model) storage 

- Average modeling approach (for converters and inverter)  

- Different control structure for boost and buck-mode  

- Comparative simulation of battery-only and battery-

supercapacitor system. Results showed that 

supercapacitors can reduce battery stress by reducing 

peaks in battery current 

- Novel local PMA for increased PV & storage self-

consumption and self-sufficiency of the building 
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1.3 Objectives and contributions of the Thesis 

Energy storage is the key element in regards to the distributed renewable generation. 

Specifically, residential storage can increase PV self-consumption, manage peaks on 

demand and reduce electricity bills. Moreover, residential storage may solve several 

problems related to the stability, quality and reliability of the grid. In addition, battery-

supercapacitor hybrid storage comprises both high-power and high-energy technologies, 

resulting in extended battery lifetime because the supercapacitor is utilized for high-

frequency variations and this relieves battery stress. Therefore, a major challenge is the 

management of the generated and demanded power, ensuring an effective power sharing 

between the PV, the hybrid storage, the load and the grid. 

The main contributions of this Thesis can be summarized as follows:  

• A novel and customized dynamic filtration-based PMA for the building is 

developed. Specifically, the proposed algorithm prioritizes the utilization of the 

generated PV and battery-supercapacitor instead of the grid, reducing the peaks 

in generation or demand, and increasing the PV self-consumption and the self-

sufficiency of the building. For instance, the grid supplies power only if the PVs 

and the battery are insufficient to cover the load needs, and it absorbs power only 

if the produced PV power is larger than the load power, and the battery is fully 

charged. 

• Each part of the model is fully analyzed and developed from the ground up, with 

no black boxes. Specifically, the PV array is mathematically analyzed based on 

the equivalent circuit of the one-diode PV cell. Also, three different Maximum 

Power Point Tracking (MPPT) methods are examined and compared. Moreover, 

each converter is mathematically modeled based on the averaged model. In 

addition, the battery is modeled based on the dual polarization (2nd-order RC) 

battery cell circuit. The supercapacitor model is developed based on the two 

branches equivalent circuit of the supercapacitor cell.  

• A fully active parallel configuration is used for the battery-supercapacitor hybrid 

storage, where the battery is the main storage technology. The supercapacitor 

provides a supportive function to the battery by handling rapid changes occurring 

within 0.2 seconds. 
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• A detailed small-signal ac analysis is considered for the design of the controllers 

for the two bidirectional converters of the battery and supercapacitor. Stability 

analysis is performed for both the boost and the buck mode of operation for the 

battery and supercapacitor converters, resulting in more accurate tuning of the 

controllers. 

• A detailed small-signal ac analysis is performed for the design of the DC-bus 

voltage controller, where a reference output current is obtained for the current 

controlled voltage source inverter (CCVSI). 

• The proposed model is developed and simulated using the MATLAB/Simulink 

software based on mathematical analysis and average modeling. The 

mathematical modeling approach provides flexibility and adjustability to the 

parameters of a model. Despite examining the averaged model of the converters, 

the system dynamics and the small ripple signals that occur are captured as well. 

The switching ripple can be negligible in a well-designed converter. It is also 

worth noting that the simulation time of the system with the averaged model is 

dramatically decreased compared to the switching model.  

 

1.4 Outline of the Thesis 

Chapter 2 presents an extensive review with regard to renewable energy (Section 2.1), 

energy storage technologies (Section 2.2), grid-scale storage applications (Section 2.3), 

hybrid storage technologies (Section 2.4) and different configurations of a grid-connected 

PV system with hybrid energy storage (Section 2.5).  

In Chapter 3, the mathematical analysis and modeling of each part of the proposed system 

is presented. Each Section is divided into two sub-Sections, namely the mathematical 

analysis part and the modeling part, where at first sight the theory is analyzed and then 

the Simulink model is presented. First, the mathematical analysis and modeling behind 

the PV array is examined in Section 3.1. After that, three different MPPT techniques are 

compared in Section 3.2, concluding with the best choice for our needs. Section 3.3 

includes the mathematical analysis of the DC-DC boost converter. Furthermore, Sections 

3.4 and 3.5 examine the battery and supercapacitor mathematical models, respectively, 

whereby the proper sizing of each storage technology is calculated.  The bidirectional 
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DC-DC converter investigation is presented in Section 3.6, where a detailed small-signal 

analysis of the converter is examined. In Section 3.7, the DC-AC voltage source inverter 

is studied, where the impact of the output current variation on the DC-bus voltage is 

determined by the small-signal analysis of the inverter. Moreover, Section 3.8 presents 

the system controllers and the stability analysis of each controller. Specifically, the 

stability analysis and design of the controllers for the battery and supercapacitor 

converters are performed in sub-Section 3.8.1, while the calculation of the DC-link 

capacitance and the DC-bus voltage is done in sub-Section 3.8.2. Sub-Section 3.8.3 

examines the design of the DC-bus voltage controller and the phase-locked loop (PLL) 

for the calculation of the reference output current of the inverter, so that the output current 

injected into the grid is in phase with the grid voltage (unity power factor). Section 3.9 

deals with the PMA for battery-only (sub-Section 3.9.1) and battery-supercapacitor 

storage (sub-Section 3.9.2), for increasing the PV self-consumption and self-sufficiency 

of the building. Specifically, for the battery-supercapacitor PMA, twelve (12) different 

cases are identified, depending on the amount of generated PV power, the amount of the 

required load power and the availability of energy in the battery and the supercapacitor. 

Chapter 4 presents the results of the complete proposed model in long-term and short-

term operations. Specifically, the PV system with battery-only application is examined in 

Section 4.1, in long-term operation of 24 hours. For the same scenario, a comparison of 

the performance of the battery-only and the battery-supercapacitor application is 

performed in Section 4.2. Also, in Section 4.3, the short-term operation (10–30 seconds) 

is studied for the PV system with hybrid storage application under Excess Power Mode 

(EPM) and Deficit Power Mode (DPM), in order to investigate the dynamic response of 

the system and verify all possible cases of PMA. Finally, conclusions and possible future 

directions are given in Chapter 5. 
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2 Theoretical Background 

2.1 Renewable energy 

Renewable Energy is essentially the energy that comes from natural resources, which are 

non-depletable and free, and they do not pollute the environment and can replace the 

conventional fuels to produce electricity, heat water or an area, or replace fuel to off-grid 

energy service. Examples of the renewable energy sources are the sunlight, the wind, the 

tides, the waves and the geothermal heat. Typical examples of renewable technologies 

that are applicable for building design are photovoltaics (PVs) and solar thermal 

collectors for hot water (from sunlight), wind turbines (from wind) and geothermal heat 

pumps. 

2.1.1 Solar Energy 

Solar energy, among all RES, can be considered as the most promising, widely available 

and essential resource for countries like Cyprus, especially for domestic applications. 

Most of RES come directly or indirectly from the sun. There are currently three ways to 

use the energy from the sun: passive heat, solar thermal and photovoltaic energy. 

Generally, solar energy can be converted easily into heat via solar thermal systems or into 

electricity via PVs and concentrated solar power (CSP) systems. 

2.1.1.1 Solar Photovoltaic Energy 

Solar photovoltaic is one of the most growing technologies in the world with a growth 

rate of 35–40% per year. The first use of solar PV cells was in the 1950s, when these were 

first developed in the space industry to be used on satellites. In the 1970s, applications 

for PV cells started the off-grid use for rural electrification and for communications. The 

first steps for domestic and industrial installation followed in the 1990s [8], [9], [43]–

[46]. 

As seen in Figure 2.1, by the end of 2017, the global installed PV capacity was 409 GW. 

In 2018, the global installed PV capacity was 512 GW and by the end of 2019 the capacity 

reached 627 GW. The top countries in relation to installed PV cumulative capacity in 

2019, were China, the United States, Japan, Germany and India [47], [48]. 
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Due to the rapid increase in manufacturing scale in the past decade, solar PV technology 

costs have drastically decreased. Consequently, in sunny countries the solar thermal 

electricity is competitive against oil-fueled electricity production. Some recent research 

studies on PV systems focus on thin-film solar cells, which are composed of thin layers 

of photovoltaic material on glass or stainless-steel substrates. The common disadvantage 

of the thin-film modules is the low efficiency [8], [9], [43]–[46]. 

 

 

Figure 2.1: Solar PV Global installed capacity, by country [47] 

 

2.1.1.2 Concentrated Solar Power (CSP) 

Concentrated Solar Power (CSP) technologies produce electricity by concentrating 

direct-beam solar irradiance to heat liquid, solid or gas, which are then used for electricity 

generation. The first steps in developing CSP plants were made near 1984 in the USA 

with solar energy generating systems. Currently, the majority of the installed CSP plants 

are based on parabolic trough systems. CSP systems use lenses or mirrors to concentrate 

sunlight into a smaller area. Parabolic trough solar thermal systems use mirrors to focus 

sunlight on thermally efficient tubes that contain a heat transfer fluid. Once the fluid 

reaches the temperature of 390ºC, it pumps through the heat exchangers to produce 

superheated steam that drives a conventional turbine generator to produce electricity [9], 

[43]–[46].  

In 2018, the global installed capacity for CSP plants reached 5.5 GW, with Spain being 

the global leader in existing CSP capacity with 2.3 GW, followed by the United States 
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with just over 1.7 GW. These two countries accounted for about 75% of the global 

installed capacity in 2018 [48]. In 2019, the global installed capacity for CSP plants 

reached 6.2 GW (Figure 2.2), where five countries added new capacity during 2019: Israel 

(242 MW), China (200 MW), South Africa (100 MW), Kuwait (50 MW) and France (9 

MW) [47]. 

 

 

Figure 2.2: CSP Global installed capacity, by country [47] 

 

2.1.1.3 Solar thermal heating and cooling 

Solar heating and cooling technologies utilize the sunlight to collect thermal energy for 

residential, commercial or industrial applications, such as providing hot water, cooling 

and heating an area, or heating a pool. Solar energy collectors are the major component 

of any solar thermal system. These collectors transform solar radiation into internal 

energy of the transport medium [43], [44].  

As seen in Figure 2.3, in 2019 the global capacity of glazed (flat plate and vacuum tube 

technology) and unglazed collectors was decreased for the first time to 479 GWth. This 

happened because China did not meet the capacity of the systems that were retired during 

2019. China again led the world for new installations of glazed and unglazed collectors, 

accounting for 73% of cumulative world capacity. Not including China, global capacity 

increased 3% to an estimated 148 GWth in 2019, up from 144 GWth in 2018 [47]. 
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Figure 2.3: Solar water heating collectors Global installed Capacity [47] 

 

2.1.2 Photovoltaic Module 

Photovoltaic module is a technology for the conversion of sunlight into electricity. In 

other words, when a PV module is exposed to solar radiation, it generates direct current 

without any noise or impact to the environment. PV modules can be connected in series 

and/or in parallel, forming photovoltaic arrays. Additionally, PV modules contain series 

and/or parallel connections of PV cells. These cells are basically semiconductor diodes 

whose p-n junction is exposed to sunlight, as seen in Figure 2.4 [49], [50]. The photons’ 

energy from sunlight breaks the bond of the electron, forcing it to pass its bandgap and 

moving it to the conduction band [51]. The n-type layer can emit electrons while the p-

type layer can absorb electrons. At the interface of the two layers (p-n junction) there is 

electric field. This potential difference is created by the excited electrons.  

There are many photovoltaic materials used at present, such as monocrystalline, 

polycrystalline and amorphous silicon, cadmium telluride and copper indium/gallium 

selenide/sulfide. Among all the above, silicon-based systems are the most commonly used 

and established materials. Monocrystalline silicon cells, which are the most commercially 

used, have higher efficiency than polycrystalline silicon cells. The efficiency of 

monocrystalline silicon cells is about 14–19% compared to that of polycrystalline silicon 
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cells which is about 11–13%. However, monocrystalline silicon cells have a slower 

production process and are costlier compared with polycrystalline silicon cells. 

Amorphous silicon cells are used in thin film technologies and they have very low 

efficiency (about 8%) [46], [52], [53]. 

 

 

Figure 2.4: Structure of a silicon PV cell [54] 

 

2.2 Energy Storage 3 

The penetration of renewable energy technologies causes major problems to the stability 

of the electrical grid. This happens because renewable energy production cannot be 

predicted accurately, as it relies on weather conditions such as sunlight and wind. For 

instance, when the clouds suddenly appear or the wind stops blowing then the energy 

production from photovoltaics and wind turbines will be decreased dramatically. Thus, 

energy storage can allow energy to be stored during high renewable generation or low 

demand periods, and to be used during low renewable production or high demand periods 

[55]. Along with the fluctuations of the renewable energy technologies production, 

storage is important for power and voltage smoothing. Energy storage is also important 

for energy management, frequency regulation, peak shaving, load leveling, seasonal 

storage and standby generation during a fault. Thus, storage technologies have currently 

gained an increased attention and have become more than a necessity [43].  

 

3 Section 2.2 contains material from published paper [56] 
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The various storage technologies are in different stages of maturity and are applicable in 

different scales of capacity [56]. Pumped Hydro Storage is suitable for large-scale 

applications and accounts for 96% of the total installed capacity in the world, with 169 

GW in operation (Figure 2.5). Following, thermal energy storage has 3.2 GW installed 

power capacity, in which the 75% is deployed by molten salt thermal storage technology. 

Electrochemical batteries are the third most developed storage method with 1.63 GW 

global power capacity, followed by electromechanical storage with 1.57 GW global 

installed power capacity. Finally, a promising energy storage technology is that of 

hydrogen, which accounts for a small share compared to the above storage groups, with 

almost 15 MW global installed storage capacity [10], [57]–[59].  

 

 

Figure 2.5: Global energy storage power capacity by technology group until 2017 

 

Figure 2.6 presents the current global storage shares of electrochemical and 

electromechanical technologies. Regarding the electromechanical storage, flywheels and 

compressed air are the most developed storage technologies with storage capacities of 

930 MW and 640 MW respectively. However, the storage capacity of flywheel and 

compressed air storage is concentrated in only three large projects. Lithium-ion batteries 

account for the largest share of the installed power capacity, with 1.12 GW in operation. 

The remaining electrochemical technologies are the sodium-based batteries (220 MW), 

capacitors (80 MW), the lead-acid batteries (80 MW), the flow batteries (47 MW) and the 

nickel-based batteries (30 MW) [10], [57]–[59].  

This Section analyses all storage technologies, particularly those for electricity 

generation. Specifically, an updated overview of Pumped Hydro Storage (PHS), 
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Compressed Air Energy Storage (CAES), several types of batteries (lead-acid, nickel-

based, sodium-based, lithium-ion, metal-air, redox flow), Hydrogen Storage, Thermal 

Energy Storage (TES), Superconducting Magnetic Energy Storage (SMES), Flywheel 

Energy Storage (FES) and Supercapacitors is performed. The following review presents 

an updated comprehensive overview of the above storage technologies, focusing on their 

functionalities and characteristics with graphical representation of their operation.  

 

 

Figure 2.6: Global energy storage power capacity shares in MW of several storage technologies 

until 2017 

 

For clarity, a brief explanation of several key terms regarding the characteristics of energy 

storage technologies is given in the sequel. Firstly, the self-discharge rate indicates the 

percentage of discharge during a period that a storage method is either not in use or in an 

open-circuit condition. The response time of a storage method is the duration of time for 

the transition from no discharge state to full discharge state. Furthermore, the cycle life 

of a storage method is the total number of charge-discharge cycles before it becomes 

unusable for an application (e.g., when its capacity is reduced dramatically). Additionally, 

the Depth-of-Discharge (DoD) is the amount (or percentage) of rated capacity that has 

been used from a battery. On the other hand, the State-of-charge is the complement of 

Depth-of-Discharge and represents the percentage of the remaining capacity in the battery 

[60], [61]. Finally, a Control and Power Conditioning System (C-PCS) is presented in 

most of the figures of the energy storage technologies. A Power Conditioning System is 

a bi-directional system for conversion of power between the grid side and the storage 
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side. The current produced by most of the storage technologies is direct (DC), thus a 

conversion to alternating current (AC) is necessary to follow the grid requirements 

(voltage value, phase, frequency) for connection to the grid [62], [63].  

Electrical Energy Storage (EES) is a process of converting electrical energy into other 

forms of energy that can be stored for converting back into electrical energy when needed. 

One can categorize the storage technologies by storage duration (long-term, short-term 

storage), by the kind of storage (electrical, mechanical, chemical, thermal, etc.) or by 

other criteria like capital cost, capacity, efficiency and environmental impact. Figure 2.7 

shows a classification of Energy Storage technologies by the form of stored energy. 

 

 

Figure 2.7: Classification of energy storage technologies by the form of stored energy  

 

2.2.1 Pumped Hydro Storage (PHS) 

Pumped Hydro Storage (PHS) is one of the most popular, common and mature methods 

of storage. PHS is considered as a large-scale energy storage. The first large-scale station 

for PHS was built in 1929, in Hartford, USA [55]. Currently there are globally over 300 

PHS plants with a total installed capacity of 169 GW. The largest PHS plant has a capacity 

of 3 GW and duration of 10 hours at rated power. It was built by the end of 1985 at 

Virginia, USA [58]. The functionality of PHS is simple. A quantity of water is stored with 

a large difference in water level (hence, potential energy is present). The water can either 

flow from upper to lower level or be pumped from the lower to the upper level. During a 

period of electricity demand, water from the upper reservoir is released and activates the 

turbines for electricity generation. When there is no need for electricity, the water is 

pumped to the upper reservoir [64].  
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As shown in Figure 2.8,  the PHS system consists of two reservoirs in different levels and 

a unit to pump water to the upper reservoir in order to convert electricity to potential 

energy, as mentioned above. Also, there is a turbine to generate electricity when needed. 

The amount of stored energy is proportional to the quantity of water that can be stored 

and the height difference between the two levels (E=mgh). The lower reservoir can be the 

open sea or a lake, but it must be near a hill, natural or man-made [55], [65]. Poullikkas 

[66] states that in order for a PHS to become economically viable, there is a rule of thumb 

that requires the head to be in excess of 300 m. 

 

 

Figure 2.8: A typical diagram of PHS system 

 

Among the advantages of PHS are the relatively high efficiency (65–85%), the long 

lifetime (30–60 years) and the fast response time (< 1 min). In addition, there can be large 

power capacity (100–1000 MW), long storage period and low cycle cost ($0.1–

1.4/kWh/cycle). The drawbacks include long project lead time (around 10 years), large 

land area, high capital cost ($500–4600/kW) and environmental impact (due to the cutting 

of trees). Finally, the difficulty of finding a topographically suitable area with large water 

capacity is a major disadvantage [55], [66]–[68]. 

Morabito et al. [69] examined a set-up of a pump as turbine (PAT) in micro-PHS. PAT is 

a pump in reverse mode and can replace the pump and turbine into a single device [70]. 

Regarding the maintenance, it is mentioned that PAT has many advantages compared to 

custom-made turbines. Also, regarding the economic side, PATs are profitable in the 
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power range of 1 to 500 kW and perform capital payback periods of about two years or 

less. In the same study, a pilot project of a micro-PHS plant using PAT in Froyennes, 

Belgium is simulated [69]. 

 

2.2.2 Compressed Air Energy Storage (CAES) 

In CAES systems the excess energy is stored mechanically by compressing air in natural 

or mechanically formed caverns. In the most usual designs the air from the atmosphere is 

used [71]. CAES is classified as a long-term energy storage method because it can reserve 

or supply power for days. It is not an independent system and has to be associated to a 

gas turbine plant. When there is excess energy, or the electricity demand is low, the 

compressor stores air into a sealed volume to a high pressure. During peak loads or when 

the electricity price is high, the high-pressured air goes through a turbine to generate 

power [72]. A typical power capacity of CAES plant ranges between 100–300 MW. 

Currently, there are only two large-scale CAES plants in operation: one in Huntorf, 

Germany, since 1978 (290 MW) and one in Alabama, USA, since 1991 (110MW) [73]–

[75]. The total global deployment of CAES has currently reached 640 MW, however it is 

expected that by the end of 2020 two large-scale CAES plants will be operated with total 

capacities of 317 MW (Tennessee Colony, Texas, United States) and 300 MW (San 

Joaquin County, California, United States) [10], [58]. 

Figure 2.9 presents a schematic diagram of a basic CAES system. Firstly, it consists of a 

motor (for charging) and a generator (for discharging). Furthermore, there is an air 

compressor with an air cooler for economic compression and reduction of moisture 

content of the compressed air. Next, there is a recuperator (to preheat the air from cavern) 

and a low and a high-pressure turbine. The container for storing compressed air is located 

underground, as mentioned above. Finally, there are equipment controls and auxiliaries, 

i.e., fuel storage and heat exchanger units [55], [65]. Although the equipment used in 

CAES plants is mature and well proven, CAES plants lack the maturity of some other 

EES systems. 

Some benefits of this system are similar to PHS systems; high power capacity, long 

energy storage duration (> 1 year), relatively quick start up and high efficiency (70–80%). 

Additionally, it requires a significant low capital cost ($400–800/kW), it has 
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approximately 40 years lifetime and it creates little surface environmental problems due 

to the underground storage. Also, the self-discharge rate of the system is very low 

(0.5%/day). On the other hand, CAES systems have low energy density (12 kWh/m3) 

[67], [68], [76]. 

 

 

Figure 2.9: A typical diagram of a CAES system 

 

An improvement of CAES technology has been proposed over the last years, attracting 

research attention. The Advanced Adiabatic CAES (AA-CAES) is operated at the 

expansion mode, by integrating thermal storage. The stored energy in the cavern is 

converted into electrical energy with no need of a combustion process. In other words, 

the heat created from compression process is stored and used to reheat the air during 

expansion. Thus, the overall efficiency of the system is higher than the conventional 

CAES and fuel consumption is eliminated. An AA-CAES system is considered a 

promising technology because of its higher efficiency, the environmental friendliness and 

its reduced costs [10], [72], [77]. The first AA-CAES plant was built in 2016 in the Swiss 

Alps near the city of Biasca with a 500 kW capacity and autonomy of 4 hours. An unused 

tunnel is used as the air storage cavern and a packed bed of rocks is used for thermal 

storage, placed inside the pressure cavern. The overall efficiency of the plant is estimated 

at about 63–74% [58], [78]. 
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2.2.3 Batteries 

Batteries are the most popular and mature energy storage devices. They are classified as 

long-term energy storage devices. They can connect in series and/or parallel combination 

to increase their power capacity to be compatible with different applications. There are 

two main categories of batteries: electrochemical and redox flow batteries. 

Electrochemical batteries can store energy by creating electrically charged ions using 

chemical reactions between positive and negative plates. In other words, during charging 

the electricity (direct current) is converted to chemical energy, and during discharging the 

chemical energy is converted back to electricity (flow of electrons in direct current form) 

[79]. 

2.2.3.1 Lead-acid batteries 

Lead-acid batteries are the most mature (invented in 1859) and widely used rechargeable 

electrochemical devices in vehicles and in stationary equipment. The anode is made of 

metallic lead (Pb), the cathode is made of lead dioxide (PbO2) and the electrolyte is 

sulfuric acid (H2SO4) (Figure 2.10). The chemical reactions at the anode and cathode of 

lead-acid battery are: 

Anode: Pb + SO4
2− ⇌ PbSO4 + 2e

−  

Cathode: PbO2 + SO4
2− + 4H+ + 2e− ⇌ PbSO4 + 2H2O 

The rated voltage of a lead-acid cell is 2V and its lifetime is between 3–12 years [80]. 

Lead-acid batteries are low cost devices ($150–500/kWh), have relatively high efficiency 

(65–80%) and are reliable and suitable for power quality and spinning reserve 

applications. Furthermore, their response time is fast (< 5 ms) and they have small daily 

self-discharge rate (< 0.3%/day). Among their disadvantages are the low energy density 

(25–45 Wh/kg), the low specific power (180–200 W/kg), the limited cycle life (200–1800 

cycles), the high maintenance requirements and some environmental impacts (they emit 

explosive gas and acid fumes). Also, they are slow to charge and they have poor low 

temperature performance, so they require a thermal management system. It is not 

recommended to completely discharge the lead-acid batteries (because their lifetime 

depends on the cycle Depth-of-Discharge), so it is necessary to install a larger battery 

bank to keep the battery life constant. Furthermore, lead-acid batteries are expensive 
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devices for RES because of their maintenance and replacement costs [55], [65], [67], [74], 

[81]. 

Cho et al. [82] presented an advanced lead-acid system with a split design for the negative 

electrode, known as ultra-battery, as demonstrated in Figure 2.11. This system uses a Pb 

electrode connected in parallel with a modified carbon electrode as the negative electrode, 

with one PbO2 electrode as the positive electrode [83]. This new configuration provides 

a high capacity and significantly longer cycle life (17000 cycles) compared to the 

traditional lead-acid battery. The capital cost for the ultra-battery system is higher than 

the typical lead-acid battery, but it is possible to reduce the cost by increasing the scale 

of production [82]. In 2012 at the island of Maui, Hawaii, a 10 MW advanced lead-acid 

system was operated to support grid needs and provide ramp control and frequency 

regulation [58]. 

 

  

Figure 2.10: Lead–acid battery storage with chemical reactions during discharge 

 

 

Figure 2.11: Schematic of the advanced lead-acid battery (ultra-battery) 

 

2.2.3.2 Nickel-based batteries 

Nickel cadmium (NiCd) batteries are also mature devices since they have been used 

commercially since 1915. They use nickel hydroxide and metallic cadmium as the two 
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electrodes and an aqueous alkaline solution as the electrolyte [80]. The following 

formulas describe the chemical reactions at the anode and cathode of NiCd battery: 

Anode: Cd + 2OH− ⇌ Cd(OH)2 + 2e
− 

Cathode: 2NiOOH + 2H2O + 2e
− ⇌ 2Ni(OH)2 + 2OH

− 

They are reliable and do not require high maintenance cost. They are the only batteries 

capable of performing well even at low temperatures (from –20 to –40 °C). Their 

advantages are their high energy density (50–75 Wh/kg) and their long cycle life (2000–

2500 cycles). Some barriers of the NiCd type are the toxic heavy metals (cadmium and 

nickel) used and the environmental harm they cause [84]. Moreover, their lifetime and 

maximum capacity decrease dramatically if the battery is repeatedly recharged after being 

partially discharged (memory effect). The cost of NiCd batteries is relatively high ($800–

1500/kWh), their unit voltage is about 1.0–1.3 V and their energy efficiency is between 

60–70%. Nickel cadmium batteries are not heavily used commercially and it seems that 

they will not be used for future large-scale energy storage applications [64], [67], [76], 

[81]. NiCd batteries have been prohibited for consumer use within the EU since 2006 and 

are used only for stationary applications [85]. 

Nickel-metal hydride (NiMH) batteries are similar to the NiCd batteries except that the 

material used for electrodes is a hydrogen-absorbing alloy instead of cadmium (Figure 

2.12) [86]. The chemical reactions at the anode and cathode for the NiMH battery are: 

Anode: H2O+M+ e
− ⇌ OH− +MH 

Cathode: Ni(OH)2 +OH
− ⇌ NiO(OH) + H2O + e

− 

 

 

Figure 2.12: NiMH battery storage reaction diagram during discharge  

 

They first appeared commercially around 1995 to replace NiCd batteries. Their specific 

energy is moderate (70–80 Wh/kg) but their energy density is high (170–420 Wh/L). 
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Additionally, they do not get affected so much from the memory effect and they are more 

environmentally benign than NiCd batteries. However, NiMH batteries have a low energy 

efficiency (65–70%) [65], [67], [81], [85]. 

2.2.3.3 Sodium Sulfur (NaS) batteries 

Sodium Sulfur (NaS) batteries were introduced in the 1960s. They are considered as one 

of the most promising solutions for large-scale stationary EES applications. Some of their 

applications include load leveling, power quality, peak shaving and renewable energy 

management and integration. The NaS battery system is constructed in a tubular design 

(Figure 2.13). The anode is made of sodium (Na), the cathode is made of sulfur (S) and 

the solid electrolyte is made from beta alumina [62]: 

Anode: 2Na ⇌ 2Na+ + 2e− 

Cathode: S + 2e− ⇌ S2− 

 

 

Figure 2.13: Schematic of a NaS battery 

 

The cell reactions normally require a temperature of 300–350 °C to ensure that the 

electrodes (Na and S) are in liquid state, leading to a high reactivity. At 350 °C the NaS 

battery exhibits a voltage of 2.07 V until 60–75% of the discharge process. After that, the 

voltage starts to decrease linearly to 1.78 V at the end of the discharge. The lifetime of a 

NaS battery is about 10–15 years. The desirable features of NaS batteries include 

relatively high energy density (150–240 Wh/kg), high power density (150–240 W/kg) 

and high rated capacity (up to 244.8 MWh). In addition, they have low maintenance 

needs, high energy efficiency (75–90%), long cycle life (2500–4500 cycles) and very fast 

response time (<5 ms). The battery also uses inexpensive, non-toxic materials with high 
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recyclability (about 99% recyclable). However, NaS batteries have some limitations 

regarding the high annual operating cost ($80/kW/year), the high initial capital cost 

($300–500/kWh or $1000–3000/kW) and some safety problems (if both electrodes come 

into direct contact at high temperature, fires and explosions occur). In addition to that, a 

need of an extra system is required to ensure its operating temperature and sodium 

corrosion problem. The research and development focuses mainly on enhancing the cell 

performance indices and decreasing or eliminating the high temperature operating 

constrains [65], [67], [68], [81], [82], [87], [88]. 

2.2.3.4 Sodium Nickel Chloride (NaNiCl) batteries 

The sodium nickel chloride (NaNiCl) battery (also known as ZEBRA battery) is similar 

to the sodium sulfur (NaS) battery. It is commercially available since 1995 and was 

intended to solve some development issues that NaS battery was experiencing at the time. 

It uses nickel chloride (NiCl2) as the positive electrode, liquid sodium as the negative 

electrode and ceramic electrolyte to separate the electrodes: 

Anode: 2Na ⇌ 2Na+ + 2e− 

Cathode: NiCl2 + 2e
− ⇌ Ni + 2Cl− 

A sodium nickel chloride battery is a high temperature system (250–350 °C) with higher 

cell voltage (2.58 V) than a NaS battery. Among the advantages of such batteries are their 

better safety characteristics, their less corrosive properties, their good pulse power 

capability, the fact that they are cell maintenance free and very low self-discharge, and 

their relatively high cycle life. Their limitations with respect to NaS batteries are their 

low energy density (100–120 Wh/kg) and their low power density (150–200 W/kg). 

Sodium nickel chloride batteries tend to develop low resistance when faults occur and 

this is why cell faults in serial connections only result in the loss of the voltage from one 

cell, instead of a premature failure of the complete system. They have been successfully 

implemented almost exclusively for electric vehicle applications. The related research 

nowadays focuses on hybrid electric vehicles and on storing renewable energy for load 

leveling and industrial applications. However, very few companies have been involved 

in the development of this technology and produce this type of battery, therefore its 

potential is limited [55], [81], [85], [87], [88]. 
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2.2.3.5 Lithium-ion (Li-ion) batteries 

Lithium-ion (Li-ion) batteries were commercialized by Sony in 1991. The cathode is 

composed of lithium-based compounds (e.g., LiCoO2, LiMnO2, LiFePO4) and the anode 

is made from graphitic carbon (C). The electrolyte is normally a non-aqueous liquid 

organic solvent mix with dissolved lithium salts (Figure 2.14). The chemical reactions of 

the Li-ion battery with lithium cobalt oxide cathode (LiCoO2) are: 

Anode: LiC6 ⇌ Li+ + e− + 6C 

Cathode: CoO2 + Li
+ + e− ⇌ LiCoO2 

Lithium ion cells have a nominal voltage of around 3.7 V. At present, lithium battery 

technology has achieved significant penetration into the portable consumer electronics 

and especially in laptop and mobile systems [89], [90]. Furthermore, it is making the 

transition into hybrid and electric vehicle applications and has opportunities in grid 

storage as well [91]. 

 

 

Figure 2.14: Schematic of a lithium-ion battery 

 

The recent related research on Li-ion batteries focuses on cost reduction (which is about 

$600–2500/kWh) by the use of cheaper materials, lifetime increase and reduction of high 

flammability risk. Their advantages compared with NiCd and lead-acid batteries are the 

higher energy density (80–200 Wh/kg) and energy efficiency (90–97%), the lower self-

discharge rate (< 5%/month) and the extremely low maintenance required. In addition, 

lithium ion batteries have fast response time (< 5 ms), high power density (500–2000 

W/kg), wide operating temperatures (–20 to 60 °C for charge and –40 to 65 °C for 

discharge) and more than 1000–10000 life cycles. Unfortunately, the lifetime of lithium 

ion batteries is temperature dependent and for that reason they are unsuitable for back-up 
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applications where they may become completely discharged. Another drawback is the 

safety issue due to the metal oxide electrodes, which are thermally unstable and can 

decompose at raised temperatures, releasing oxygen and thermal energy. Therefore, to 

minimize this safety problem, lithium ion batteries are equipped with a monitoring unit 

to avoid over-charging and over-discharging. Furthermore, there is a maximum charge 

and discharge current limit on most packs [55], [65], [81], [82], [85], [88]. 

There are several material combinations and various types of lithium-based batteries [92]. 

During the last few years, graphene has been considered as a promising material that will 

change dramatically the li-ion battery field and bring a huge improvement in their 

performance. It is flexible, almost transparent, environmentally friendly, lightweight and 

the most impermeable and strongest material ever tested. Also it has excellent thermal 

conductivity (3000 W/m/K) and high theoretical specific surface area (2630 m2/g) [10], 

[87], [93]. Adding graphene at a lithium-ion battery’s anode improves the battery’s 

performance and increases its energy density and cycle life [94]. Moreover, incorporating 

hybrid materials with graphene at the cathode can enhance several characteristics of the 

battery. Specifically, graphene can be combined with Vanadium Oxide at the lithium-ion 

cathode to achieve fast charge and discharge characteristics. Furthermore, enhancing a 

lithium iron phosphate (LiFePO4) cathode with graphene can increase the battery’s 

storage capacity, improve the charging time and decrease its weight [95], [96]. An 

increased attention on the integration of graphene has been paid by electric vehicles 

companies, but there is no any official announcement by the companies yet [97], [98]. 

Graphene is also an attractive material for electronics companies. On November 2017, a 

team of researchers at the Samsung Advanced Institute of Technology developed the 

“graphene ball” [99]. This invention provides improved cycle life, increased capacity and 

fast charging capability (five times faster charging speeds than standard lithium-ion 

batteries). However, there is no commercial large-scale production so far. R&D is 

intensive, and the future of graphene-based batteries is definitely huge. 

2.2.3.6 Metal-air batteries 

Metal-air battery can be categorized as a special type of fuel cell using metal instead of 

fuel and air as the oxidant. A metal-air battery consists of the anode made of metal (e.g., 

lithium, aluminium, or zinc) and the cathode from porous carbon structure connected to 

an air supply, as seen from Figure 2.15. The electrolyte is often a good OH-ion (metal-
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ion) conductor and it can be in a liquid form or a solid polymer membrane. The reaction 

is electrochemical and only oxygen is needed from air [55], [82]: 

Anode: Zn + 2OH− ⇌ Zn(OH)2 + 2e
− 

Cathode: H2O +  ½O2 + 2e
− ⇌ 2OH− 

There are various metal air battery chemical couples. One of them is the lithium-air 

battery, which has a theoretical specific energy of 11140 Wh/kg, however the high 

reactivity of lithium with air and humidity can cause fire. At present, only zinc-air (Zn-

air) batteries are technically feasible with an energy density near 470–650 Wh/kg. Metal-

air technology offers high energy density, reasonable cost levels and it is environmentally 

friendly. However, the electrical recharging is difficult and inefficient (50% efficiency) 

with a life of a few hundred cycles and a limited operating temperature range (0–50 °C). 

Although rechargeable metal-air batteries are still under development, there are some 

developers producing them [55], [65], [82], [85]. 

 

 

Figure 2.15: Metal-air (Zn-air) battery storage during discharge 

 

2.2.3.7 Flow batteries 

Flow batteries are relatively new and promising storage systems and are considered as 

long-term energy storage devices for large-scale applications. They convert electrical 

energy into chemical potential energy by charging two liquid electrolyte solutions and 

releasing the stored energy. The electrolytes are stored externally in tanks/reservoirs and 

pumped through the electrochemical cell that converts chemical energy directly to 

electricity and vice versa (Figure 2.16). It is very easy to replace or increase the amount 

of the electrolytes, thus their capacity is easily scalable. Flow batteries have two sets of 

electrolytes which are pumped through separate loops and are separated by a microporous 

separator or an ion conducting membrane. The operation is based on reduction-oxidation 
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reactions of electrolytes. During charging, the one electrolyte is oxidized at the anode and 

the other electrolyte is reduced at the cathode. During discharging, a reverse process 

occurs. Flow batteries can be used in a wide range of stationary applications. They 

overcome the disadvantages of typical electrochemical batteries, in which the 

electrochemical reactions create solid compounds that are stored directly on the 

electrodes causing limited storage capacity [81], [100], [101]. 

Redox flow technology offers significant benefits such as no self-discharge rate, no 

degradation for deep discharge, long lifetime and low maintenance requirements. On the 

negative end, it requires high investment cost and it has technical development issues. 

Redox flow battery is an attractive technology for large-scale EES systems (10kW–

10MW) considering all the above benefits. Many researchers and manufacturers are 

offering flow batteries for stationary applications because of their positive characteristics 

regarding the self-discharge rate, the energy costs, the cycle life and the response time. 

However, further effort must be made to improve their performance and efficiency [55], 

[102]. Some types of flow batteries that have been developed over the past few years are 

the vanadium redox flow batteries (VRB), the polysulfide bromide batteries (PSB), and 

the zinc-bromine batteries (ZBR).  

 

 

Figure 2.16: Schematic of a flow battery 

 

Vanadium redox batteries (VRB) 

VRB is the most studied and mature type of flow batteries. The cell voltage is about 1.4–

1.6 V. All chemical reactions are based on the transfer of electrons between vanadium 
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ions in different oxidation states. Specifically, at the negative electrode V3+ is converted 

to V2+ during charging and during discharging V2+ ions are reconverted back to V3+ ions. 

A similar reaction happens at the positive electrode. During charging and discharging, H+ 

ions are exchanged between the two electrolyte reservoirs through the ion conductive 

membrane [81], [83], [103]. The chemical reactions are expressed by: 

Anode: V4+ ⇌ V5+ + e− 

Cathode: V3+ + e− ⇌ V2+ 

Among all these types of flow batteries, vanadium redox batteries have some attractive 

benefits, such as better efficiency (75–85%), longer cycle life (12000–14000 cycles), 

better safety and lower operating cost and maintenance. Also, they do not get affected by 

deep discharges or if are left completely discharged for a long period. VRB are suitable 

for various applications, most of them are focused on stationary applications because they 

require large amount of space due to their low energy density (10–50 Wh/Kg). For 

instance, they can be used for power quality, load leveling applications and UPS devices. 

VRB have been installed and tested in various locations for different applications [77], 

[82]. Uhrig et al. [104] states that for large capacities VRB can be competitive candidates 

compared to lithium-ion batteries regarding the economic viability. According to the 

Department of Energy (DOE) database [58], the larger power plant of VRB is located at 

Minamihayakita Transformer Station in Abira-Chou, Hokkaido, Japan. The power 

capacity of the plant is 15 MW and can provide power for 4 hours. Finally, in 2016 the 

China National Energy Administration approved a VRB system of 200MW capacity to 

be built in Dalian, China. It is estimated that it will be operated by the end of 2018 and 

will be the world’s largest battery plant. The energy storage station will provide peak-

shaving as well as grid stabilization [10], [58]. Concluding, flow batteries and especially 

VRB are definitely the future technologies for stationary applications. 

Zinc-bromine (ZBR) batteries 

Zinc-bromine batteries are classified as a type of hybrid flow batteries. As shown in 

Figure 2.16, one reservoir is used to store the electrolyte for the positive electrode 

reactions and the other one for the negative electrode reactions. Both electrolytes are 

aqueous solutions of zinc-bromide (ZnBr2). During charge cycle, zinc is plated from 

electrolyte solution to negative electrode surface. At the positive electrode surface, 
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bromide is converted to bromine and it is stored in the electrolyte tank. Therefore, zinc is 

electroplated onto conductive electrodes, while bromine is formed. During the discharge 

cycle, zinc dissolves in the electrolyte, thus a reverse process occurs [81], [83], [105]. 

The chemical reactions at the anode and cathode are described by: 

Anode: 2Br− ⇌ Br2 + 2e
− 

Cathode: Zn2+ + 2e− ⇌ Zn 

ZBR batteries have similar features with VRB. However, ZBR batteries have relatively 

higher energy density (30–85 Wh/Kg) compared to VRB. Their cell voltage is about 1.8 

V with discharge duration of up to 10 hours. Additionally, they are applicable for seasonal 

storage due to the low self-discharge rate and the allowance to keep the battery fully 

discharged (100% DoD) without any damage [55]. According to DOE database [58], the 

larger power plant of ZBR batteries is located in Astana, Kazakhstan with a rated power 

of 25 MW and energy capacity of 100MWh. The system is estimated to have 20 years 

lifetime and can withstand 15000 charge and discharge cycles. The rest of the ZBR battery 

operational power plants are limited in the range of 10kW–1MW [58]. 

 Polysulfide Bromide batteries (PSB) 

PSB batteries are based on the electrochemical reactions between two salt-based 

electrolytes; sodium bromide (for the positive electrode) and sodium polysulfide (for the 

negative electrode). The cell voltage is about 1.5 V. The polymer membrane separates the 

two electrolytes and allows only the interchange of positive sodium ions. During the 

charge process, bromide ions (Br-) are transformed into tribromide ions (Br3
−) at the 

positive electrode, while dissolved sodium particles (𝑆4
2−) are reduced to sulfide ions 

(𝑆2
2−). During discharging, a reverse process occurs [81], [102]. The chemical reactions 

at the anode and cathode are expressed by: 

Anode: 3Br− ⇌ Br3
− + 2e− 

Cathode: 2S2
2− ⇌ S4

− + 2e− 

This type of flow battery has relatively low efficiency of about 60–75% because of the 

pumping requirements. Also, in a case of a reservoir failure, toxic bromine gas is rejected 

leading to a negative environmental impact. PSB batteries are suitable for voltage and 

frequency regulation applications because of their fast response time [77], [83]. Currently, 

there does not exist any large-scale plant of PSB batteries [58]. Regenesys Technologies 

had tried to build a PSB battery plant in a station in the UK of 15 MW power capacity. 
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However, due to several financial and engineering constraints the plant remained 

uncompleted [81]. 

 

2.2.4 Hydrogen Energy Storage - Fuel Cells 

A fuel cell is an electrochemical cell that converts a fuel (chemical energy) into electricity. 

The cell consists of two electrodes on both sides of an electrolyte (Figure 2.17). When 

the fuel (e.g., hydrogen) is fed to the anode and an oxidant (air or oxygen) is fed to the 

cathode, then a potential difference occurs between the two electrodes. The chemical 

equation is given by: 2H2+O2→2H2O+energy+heat, where electrical and heat energy are 

released during the process. Most of the cell types can perform the reverse process 

(regenerative or reversible fuel cell). The reversible fuel cell combines the functions of 

an electrolyzer and a fuel cell into one device. When a current is applied, the device acts 

as an electrolyzer producing hydrogen and oxygen from water. When applying a load, the 

device behaves as a fuel cell and generates electricity from hydrogen. In other words, 

when electricity is needed, the stored hydrogen can be used to feed the fuel cell [71]. That 

is, during off-peak hours electrolysis produces hydrogen, which can be stored to generate 

electricity during peak hours. 

 

 

Figure 2.17: Topology of fuel cell and hydrogen storage 

 

Hydrogen fuel cells can be characterized as long-term storage devices. Some of their 

benefits include high energy density (300–1200 Wh/kg), modular design, low 

maintenance needs, low toxic emissions, low noise and vibrations, almost zero daily 
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parasitic loss, easy installation and low maintenance cost. Moreover, they can be 

transportable, highly versatile, compatible with a lot of types of fuels and suitable for 

small and large-scale applications. Hydrogen fuel cells have about 15 years lifetime with 

more than 20000 charge and discharge cycles respectively. However, hydrogen fuel cells 

remain a very expensive method of storage ($2–15/kWh) and suffer from high storage 

cost ($500–10000/kW) and low efficiency (20–50%). Cost reduction and durability 

improvement are essential to deploy hydrogen energy storage in large-scale applications 

[55], [64], [67], [68], [81]. 

At present, there are four main types of technologies of hydrogen storage, two of which 

are more mature and developed:  

• The pressurized hydrogen method that depends on high materials permeability to 

hydrogen and their stability under pressure (200–350 bar). 

• The second type of technology is based on the use of metal hydrides as storage 

mediums that relies on the excellent hydrogen absorption properties of these 

compounds. These compounds are capable of absorbing the hydrogen and 

restoring it when required. They have low equilibrium pressure at room 

temperature. This type of technology is safe for use at low pressure and it is 

compact because of the high-volume absorption capacities of the hydrides. 

However, a thermal management system is required because the absorption of 

hydrogen is an exothermic reaction, while desorption of hydrogen is endothermic 

[65], [68]. 

• The liquid hydrogen storage, which is limited at present. This is due to its 

properties, the cost of the materials that are used in the manufacturing of the tank 

and the very low temperature that is required (–253°C) [106]. Among the 

drawbacks of this method are the leaks from the unavoidable thermal losses, 

which lead to pressure increase inside the tank and the self-discharge of the tank 

that reach 3%/day or 100%/month. 

• The fourth type is based on the use of carbon nanofibers, and is currently under 

research. However, there are many types of materials that are in the research stage 

depending on the temperature or the pressure of the hydrogen [65], [68]. 
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2.2.5 Thermal Energy Storage (TES) 

Thermal Energy Storage (TES) systems can store heat using different means in insulated 

repositories for later use in many industrial and residential applications, like space heating 

or cooling, hot water production or electricity generation. TES can be simply defined as 

the temporary storage of thermal energy at low or high temperatures. Thermal storage 

systems are deployed for the overcoming of the mismatch between demand and supply 

of thermal energy and thus they are important for the integration of RES. A typical TES 

system consists of a storage medium in a tank, a chiller or a built-up refrigeration system, 

piping, pumps and controls [68]. 

TES technology can be divided into two categories based on the temperature level of 

stored thermal energy: the low temperature TES and the high temperature TES. 

Low temperature TES is developed for commercial and industrial buildings for heating, 

cooling and water boiling. The low temperature TES technologies that are currently being 

used are the following: 

(i) Aquiferous low temperature TES, where water is cooled or iced by a refrigerator during 

off-peak hours and stored for later use during peak hours. The amount of stored cooling 

energy depends on the temperature difference between the chilled/iced water stored in the 

tank and the returning warm water from the heat exchanger. This technology is applicable 

for peak shaving commercial and industrial cooling loads during daytime [55]. 

(ii) Cryogenic energy storage (CES), where cryogen (e.g., liquid air or liquid nitrogen) is 

generated by off-peak power from RES. When electricity is needed, heat from the 

environment boils the cryogen and using cryogenic heat engine, electricity is released. 

Meanwhile, the wasted heat from the flue gas can be used to provide direct cooling and 

refrigeration. CES does not require significant capital cost per unit energy, is benign to 

the environment, it has high energy density (100–200 Wh/kg) and has long storage period. 

Apart from the benefits, CES has low efficiency (40–50%). CES is expected to be used 

for future grid power management [55], [81]. 

High temperature TES is developed within solar thermal energy applications and plays 

vital role in renewable energy technologies and heat recovery. The high temperature TES 

technologies that are currently in use or are being under development are the following: 
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(i) Concrete storage. This type of technology uses concrete or castable ceramics to store 

energy at high temperatures for parabolic trough power plants. The heat transfer fluid can 

be a synthetic oil [55]. 

(ii) Phase Change Materials (PCM). They are materials that can change phase, usually 

solid to liquid, at constant temperature. Latent heat is the energy exchanged during a 

phase transition, where there is no change of temperature during energy transfer. During 

accumulation, the bulk material shifts from solid to liquid and during discharge the liquid 

transfers back to solid. The heat transfer between the thermal collector and the 

environment are made through a heat transfer fluid (e.g., sodium hydroxide). This type of 

technology can be utilized for long-term seasonal storage. The advantage of latent heat 

storage is its capacity to store large amounts of energy in a small volume with a minimal 

temperature change as the change of phase is done at constant temperature, which allows 

efficient heat transfer [55], [76], [85], [107]. 

(iii) Molten salt storage and Room Temperature Ionic Liquids. They are organic salts 

with negligible vapor pressure and a melting temperature below 25 °C. They can also be 

stored at high temperatures (many hundreds of degrees) without decomposing [55]. 

Concentrated Solar Power (CSP) systems use the sunlight to produce heat. The heat 

energy can be stored easily before conversion to electricity and eventually provide 

electrical energy by a conventional plant. CSP plants consist of two functionality parts: 

one that converts solar energy into heat and another that converts heat into electrical 

energy [73], [108]. An example of a CSP plant is shown in Figure 2.18. When there is 

sunlight, cold salt at about 265 °C is pumped from the cold temperature storage tank to 

the solar power tower. Hot salt at around 550°C is generated by the concentrated solar 

beams at the receiver of the solar tower and then, it is used to produce steam in a steam 

turbine for electricity generation. Also, any additional hot salt is stored in a high 

temperature storage tank to be used during the night to generate additional electricity 

[109]. However, some CSP plants use molten salt as the heat transfer fluid in the solar 

collector. Instead of a power tower, they use parabolic troughs to focus sunlight onto a 

receiver pipe, through which the molten salt circulates [110], [111]. 

The CSP has power capacity between 10 kW (for small applications) to 200 MW (for grid 

connection applications). When CSP plant is equipped with thermal storage this is 

considered as a long-term energy storage method because it can store energy for several 
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hours. For example, they can produce electricity from heat even on cloudy days or after 

sunset. In other words, when production is required after sunset, the stored heat is released 

into the steam cycle and the plant continues to produce electricity. Additionally, the losses 

in thermal storage cycles of CSP systems are much less than other energy storage 

technologies (e.g., PHS, batteries). Thus, the thermal storage in CSP is more effective and 

less costly. The main disadvantages of CSP are the risk of the liquid salt to freeze at 

relatively low temperatures (265 °C) and the risk of salt decomposition at higher 

temperatures [73], [108], [112]. Kuravi et al. [113] listed several operational solar thermal 

power plants with integrated storage, including their characteristics regarding the type, 

storage medium, power plant capacity and storage duration capacity. 

 

Figure 2.18: CSP plant with thermal energy storage 

 

2.2.6 Superconducting Magnetic Energy Storage (SMES) 

Superconducting Magnetic Energy Storage (SMES) is a relatively new technology 

method that first induces DC current into a coil of a superconducting wire and then stores 

electrical energy in a magnetic field. There are no resistive losses nor any need for energy 

conversion to other forms [64]. When the wire reaches a temperature of –270 °C, the 

phenomenon of superconductivity occurs. As shown in Figure 2.19, the main components 

of SMES are the superconducting unit, the refrigeration system and a power conversion 

system. The energy stored can be calculated as E = LI2/2, where L is the inductance of the 

coil and I is the current passing through [55], [114]. 

 



43 

 

 

Figure 2.19: SMES system 

 

SMES is a short-term energy storage method with an extremely high operational cost 

($1000–10000/kWh) [115]. The response time is fast, which makes the SMES suitable 

for stability applications. Moreover, SMES is a reliable method and has high energy 

efficiency (90–95%). Also, the lifetime of the superconducting coil is high, although there 

is mechanical stress in the components leading to material fatigue [68], [76].  

 

2.2.7 Flywheel Energy Storage (FES) 

The energy stored in a flywheel is in the form of kinetic energy of a rotating mass. It acts 

as a motor during charging, and as a generator from the rotational energy during 

discharging. The energy that can be stored is calculated as E = Jω2/2, where J is the 

moment of inertia and ω the angular velocity. The faster the flywheel rotates the more 

energy it stores [116]. Flywheel storage is considered as a short-term storage method, 

since the discharge time is from some minutes to 1 hour [73], [74]. There are two types 

of flywheel, the lower speed (up to 6000 rpm) and the higher speed (up to 60000 rpm). 

Low speed flywheels have specific energy near 10–30 Wh/kg and they are made of steel 

rotors and conventional bearings. High speed flywheels can achieve specific energy of 

100 Wh/kg because of the light weight and high strength composite rotors [64].  

Figure 2.20 shows the flywheel storage system, which consists of the motor/generator, 

the two magnetic bearings that rotate a mass in order to decrease friction at high speed 

and the vacuum to reduce wind shear. A flywheel storage device shares some attractive 

qualities such as long lifetime (15–20 years), long cycle life (10000–100000 cycles) and 
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high efficiency (90–95%). However, flywheels have a high self-discharge (~20% per 

hour), so they do not constitute an adequate device for long-term energy storage. In 

addition to that, as mentioned above, the energy density is low and the capital cost is high 

[64], [65], [68], [117]. 

Nowadays, the largest flywheel storage system is the EFDA JET Fusion Flywheel at 

Culham Science Centre, Oxfordshire, UK with total a power capacity of 400 MW. This 

power is available for 30 seconds, every 20–30 minutes for frequency regulation and on-

site power generation [58]. 

 

 

Figure 2.20: The flywheel storage system 

 

2.2.8 Supercapacitors/Ultracapacitors 

Supercapacitors, also known as electrochemical double layer capacitors or 

ultracapacitors, are relatively new energy storage devices. Energy storage is achieved 

with no chemical reaction, in the form of an electric field between two electrodes. The 

main difference between supercapacitors and conventional capacitors is that the 

supercapacitors have a very high energy density, because they have a larger electrode 

surface area coupled with a much thinner electrical layer between the electrode and the 

electrolyte. They both follow the same principle, except that supercapacitors have an 

electrolyte ionic conductor instead of an insulating material, in which ion movement is 

made along a conducting electrode with a large specific surface (Figure 2.21) [65], [76]. 
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Figure 2.21: Supercapacitor cell 

 

The electrodes are usually made of porous carbon or any other high surface area material. 

Recent technological progresses have allowed carbon aerogels and carbon nanotubes to 

be used as electrode material. The electrolyte is organic (which allows a nominal voltage 

of up to 3V) or aqueous (whose nominal voltage is limited to 1 V). The function of the 

supercapacitor is simple; during charging, the electrically charged ions in the electrolyte 

are being moved towards the electrodes of opposite polarity due to the electric field 

between the charged electrodes [65]. Due to the low voltage resistance between the 

terminals of the supercapacitor, which is up to 3 V per element, supercapacitors are built 

up with modules of single cells connected in series or in a combination of series and 

parallel connections. The module voltage is typically 200–400 V. Single cells have a 

capacitance of 350–2700 F [64]. The energy stored in the supercapacitors can be 

calculated as E = CV2/2, where C is the capacitance and V is the voltage across the cell or 

module [118]. 

Supercapacitors exhibit some favorable characteristics when compared with other energy 

storage devices. Firstly, they have high energy efficiency (85–98%), long life cycle (> 

100000 cycles), high power density (500–5000 W/kg) and very fast response time (< 5 

ms). Moreover, they are environmentally friendly, as no thermal heat or hazardous 

substances are released during their discharge. Also, they have high tolerance to deep 

discharges and an extremely low internal resistance. Some of their drawbacks are the very 

short charge and discharge time (from some seconds up to some minutes), the low energy 
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density (0.1–5 Wh/kg) and the high cost ($300–2000/kWh). Finally, their lifetime is up 

to 20 years and they have a high self-discharge rate (14% per month) [55], [65], [67]. 

An interesting project (Endesa STORE: La Palma Project) was constructed in 2013 in the 

Canary Islands to improve the reliability and operation of the grid. The supercapacitors 

are integrated in a conventional power plant and are able to respond to fast events (for up 

to 6 seconds) and to keep the frequency at an acceptable range. The same project also 

implemented two other plants of lithium-ion batteries (1 MW/ 3 MWh) and flywheels 

(0.5 MW/ 5 kWh) located also at the Canary islands [58].  

 

2.2.9 Comparison of all storage methods 

The choice of the ideal storage method to be used depends on several factors: the amount 

of energy or power to be stored (small-scale or large-scale), the time for which this stored 

energy is required to be retained or to be released (short-term or long-term), spacing, 

portability, environmental issues, energy efficiency, cost, and so forth. For instance, PHS 

and CAES are used in stationary large-scale applications. Also, flywheels and 

supercapacitors are suitable for short-term applications, such as a brief auxiliary power 

supply due to an unexpected interruption. Further, CAES and flow batteries are a good 

choice for peak-hour load leveling when high energy storage is required (many MWh). 

Additionally, lithium-ion batteries are very efficient, but expensive for remote area 

applications. Although flow batteries are considered as a promising storage solution 

because they are scalable, they are still in the developing stage. Some other promising 

battery solutions are the lithium-ion batteries and NaS batteries. The following tables 

contain the characteristics of all storage methods. A comparison of all energy storage 

technologies by their power rating, autonomy at rated power, energy and power density, 

lifetime in cycles and years, energy efficiency, response time, capital cost, self-discharge 

rate and maturity is presented. 
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Table 2.1: Comparison of the various storage methods (except batteries) 

Storage  

Technology 

Power Rating 

(MW) 

Discharge time 

at rated power 

Specific 

Energy 

(Wh/kg) 

Specific 

Power 

(W/kg) 

Cycle Life 

(cycles) 

Lifetime 

(years) 

Energy 

Efficiency  

(%) 

Maximum 

DoD (%) 

Response 

time 

 

Power 

Capital Cost 

($/kW) 

Energy  

Capital Cost 

($/kWh) 

Self- 

Discharge 

rate 

(%/day) 

Maturity 

PHS 100–5000 [55]  hours–days [59] 0.5–1.5 [55] 

1–2 [85] 

– 10000–30000 

[119] 

50000 [10] 

30–60 [67] 65–85 [67] 

80–100 [120]  

95 [121] 

100 [122] 

min 500–4600 [123] 

700–2000 [124] 

5–430 [59] 0.01 [10] Mature 

CAES 5–300 [80] hours–days [73] 30–60 [55] – 8000–12000 

[55] 

50000 [10] 

20–40 [55] 70 [68] 

80 [74] 

70 [121] sec–min 400–800 [67] 40–80 [120]  

50–150 [125] 

0.5 [10] Commercialized 

Hydrogen 

fuel cell 

0.001–50 [126] minutes–hours 

[59] 

300–1200 [127] 500+ [55] 20000+ [81] 5–20 [119] 

5–15 [55] 

20–50 [55] 

30–40 [67] 

90 [121] 

40–60 [120]  

< 5 ms 500–10000 [67] 2–15 [102] Almost zero 

[55] 

Developing 

TES (high 

temperature) 

0.1–300 [68] hours [81] 80–200 [55] 10–30 [55] – 5–40 [68] 

5–15 [55] 

30–60 [55] 

< 60 [73] 

– Not for 

rapid 

response 

100–400 [81] 3–130 [128] 

3500–7000 

(CSP) [73] 

0.05–1 [55] Developed 

SMES 

 

0.1–10 [129] 

< 100 [59] 

seconds–30 

minutes [59] 

0.5–5 [55] 500–2000 [55] 100000+ [130] 20–30 [67] 90–95 [123] 100 [76] 5 ms 200–300 [55]   1000–10000 

[55] 

10–15 [67] Developing 

Flywheel 0.01–10 [125] 

0.1–20 [59] 

seconds–

minutes [86] 

10–30 (low 

speed) [55] 

100 (high speed) 

400–1500 [77] 10000–100000 

[67] 

15–20 [67] 90–95 [67] 

70–95 [119] 

75 [120] 

100 [131] 

seconds 110–330 [126]  1000–5000 [81] 100 [65] 

55–100 [67] 

Developed 

Supercapacitors 0.01–1 [132] seconds–

minutes [59] 

0.1–5 [133] 

2.5–15 [55] 

800–2000 [76] 

500–5000 [55] 

100000+ [55] 

500000 [65] 

10–20 [67] 

20+ [55] 

85–98 [65] 75 [120] < 5 ms 100–300 [55] 300–2000 [125] 0.5 [65] 

5 [76] 

Developing 
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Table 2.2: Comparison of various battery storage technologies 

Battery Storage 

Technology 

Power 

Rating 

(MW) 

Discharge time 

at rated power 

Specific 

Energy 

(Wh/kg) 

Specific 

Power 

(W/kg) 

Cycle Life 

(cycles) 

Lifetime 

(years) 

Energy 

Efficiency  

(%) 

Maximum 

DoD (%) 

Response 

time 

 

Power 

Capital Cost 

($/kW) 

Energy 

Cost 

($/kWh) 

Self- 

Discharge 

rate 

(%/day) 

Maturity 

Lead-acid 

Battery 

0–20 [67] seconds–hours 

[80] 

25–45 [134] 

 

180–200 [102] 

75–300 [55] 

200–1800 [81] 

500–1000 [55] 

3–12 [88]  

5–15 [55] 

65–80 [67] 

75–85 

[135] 

60–70 [121] < 5 ms 300–600 [67] 150–500 [125] 0.1–0.3 [67] Mature 

NiCd 

Battery 

0–40 [81] seconds–hours 

[80] 

50–75 [67] 150–300 [55] 2000–2500 [67] 

3500+ [68] 

10–20 [55] 60–70 

[135] 

100 [91] < 5 ms 500–1500 [136] 800–1500 [80] 

400–2400 [102] 

0.2–0.6 [55] Mature 

NiMH 

battery 

0.01–1 [86] Hours [86] 70 [137] 

80 [65] 

175 [137] 

200–1500 [86] 

< 1800 [65] 

500 [137] 

15 [137] 65–70 [65] 

64 [138] 

60–70 [91] < 5 ms 600–1800 [86] 200–729 [128] 

960–1800 [86] 

0.4–1.2 [86] Commercialized 

NaS battery 0.15–10 

[139] 

seconds–hours 

[80] 

85 [137] 

150–240 [55] 

150–240 [67] 

115 [137] 

2500–4500 [67] 10–15 [55] 75–90 [67] 90 [122] < 5 ms 1000–3000 [139] 

2000 [67] 

300–500 [80] 0.05 [10] Commercialized 

NaNiCl(ZEBRA) 

Battery 

0–0.3 [129] seconds–hours 

[80] 

100–120 [55] 150–200 [55] 2500+ [55] 10–14 [55] 90 [135] 75–85 [140] 

80 [141] 

< 5 ms 150–300 [55] 100–345 [128] 5 [10] Commercialized 

Lithium-ion 

Battery 

0.1–50 

[102] 

minutes–hours 

[125] 

80–150 [65] 

75–200 [55] 

500–2000 [65] 

1800 [137] 

~4500 [87] 

1000–10000 [142] 

5–15 [55] 

5–20 [142]  

90–97 [81] 

95–99 

[142]  

80 [91] 

85–90 [122] 

< 5 ms 1200–4000 [55] 600–2500 [129] 

1200–4000 

[143] 

0.1–0.3 [55] Commercialized 

Metal-air 

(Zn-air) battery 

0–1 [87] seconds–24+ 

hours [80] 

110–420 [133] 

450–650 [144] 

100 [129] 100–300 [55] 0.17–30 

[128] 

~50 [133] 

60–65 [86] 

90 [122] < 5 ms 1750–1900 [145] 10–60 [55] 

325–350 [87] 

0.005–0.01 

[128] 

Developing 

Vanadium 

Redox flow 

Battery (VRB) 

0.3–15 [68] seconds–10 

hours [55] 

10–50 [146]  166 [81] 12000–14000 

[147] 

5–20 [10] 75–85 [67] 100 [120] < 5 ms 600–1500 [139] 150–1000 [86] 

600–1500 [143] 

0.15 [10] Developed 

Zinc-bromine 

Flow battery 

(ZBR) 

0.05–10 

[81] 

seconds–10 

hours [55] 

75–85 [67] 

30–50 [55] 

100 [81] 

45 [137] 

2000+ [67] 

10000 [87] 

5–20 [10] 75–80 [67] 

60–65 [87] 

100 [120] < 5 ms 700–2500 [55] 

400 [144] 

340–1350 [87] Almost zero 

[144] 

Developed 

Polysulfide 

Bromide battery 

(PSB) 

0.1–15 [81] seconds–10 

hours [55] 

15–30 [81] – 2000 [77] 10–15 [83] 60–75 [77] 100 [120] 20 ms 

[83] 

700–2500 [55] 150–1000 [55] Almost zero 

[81] 

Developing 
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2.3 Energy Storage Applications 4 

The widespread growth of the renewable energy technologies creates stabilization or 

quality problems to the grid. Moreover, when the wind is not blowing, or it is cloudy 

wind turbines and photovoltaic systems are not able to produce electricity respectively. 

The electric power system must keep in balance the real-time generation and load. 

Consequently, energy storage is required to provide smooth and uninterrupted 

electricity. EES technologies cover a wide spectrum of applications to the power 

network such as: (i) helping in meeting peak electrical demands, (ii) providing seasonal 

storage, (iii) regulating power, voltage and frequency, (iv) improving power quality and 

reliability, (v) supporting the smart grids, (vi) providing energy management, (vii) 

mitigating the fluctuations of renewable source power generation, (viii) reducing 

electrical energy import during peak hours and smoothing power demand, and (ix) 

providing standby power generation when a fault appears [120], [148]. Case studies, 

performed by Hoff et al. [149], showed that the addition of a storage for local load 

control and for emergency load protection are beneficial to the economics of customer-

sited photovoltaic systems. Figure 2.22 classifies the energy storage applications by the 

needs concerning energy, power and discharge time duration [150]. Most of the energy 

storage applications in the figure are explained in this Section. 

 

  

Figure 2.22: Energy Storage Applications by the needs in energy, power and discharge time 

duration 

 

4 Section 2.3 contains material from published paper [56] 
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Additionally, Figure 2.23 summarizes all storage technologies by their power capacity 

and the duration for which this power can be relieved. The values for the power rating 

and the discharge time come from Table 2.1 and Table 2.2 This comparison is useful 

when considering which technologies are best for providing certain applications. For 

instance, Figure 2.23 summarizes three application categories; (i) uninterruptable power 

supply (UPS), frequency and power quality, (ii) transmission and distribution (T&D) 

grid support and load shifting, and (iii) energy (bulk power) management [151]. Nourai 

[152] presented all storage methods and compared them with several characteristics. 

Also, Luo et al. [81] provided an overview of current and potential EES options for 

multiple applications.  

 

 

Figure 2.23: Energy Storage Technologies by power capacity and discharge time 

 

A brief explanation of the applications (grid-scale and customer-sited) that energy 

storage can provide is given below, with reference to the suitable technologies for each 

application. 

• Power Quality 

Power quality concerns the ability of the grid to supply a clean and stable power flow 

acting as a perfect power supply that is always available, with a pure noise-free 

sinusoidal wave shape, within voltage and frequency tolerances [153]. The flow of 

reactive power and the presence of transients and harmonics in the network are the 

common contributors to voltage instability and interference on the voltage waveform. 
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All these can affect the performance of some sensitive parts of equipment. Therefore, 

EES technologies can ensure a power quality improvement with a fast response time, 

high cyclability and a reasonable cost. Flywheels, supercapacitors and batteries contain 

all the above characteristics. Also, SMES may be a good choice [67], [68], [81], [133]. 

Seo et al. [154] suggested supercapacitors for power quality control strategies in 

photovoltaic and wind turbine systems. Also, simulations confirmed that 

supercapacitors can smooth the fluctuations caused by wind speed and irradiance 

variations. 

• Frequency regulation 

When the power consumption exceeds the generated power, due to increased customer 

usage or reduced generating capacity in the grid, the increased load on the generators 

will cause them to slow down and since the generators are synchronous machines, the 

grid frequency will also decrease. Similarly, if the consumption suddenly falls below 

the power generated or more generating capacity is switched into the network, the 

generator will speed up and the grid frequency will increase. Keeping the grid frequency 

and voltage within strict limits is essential for maintaining the stability of the grid. This 

requires access to very fast response means. A rapid drop of frequency may cause 

several problems, even a system collapse. Frequency support requires power to be 

delivered for a very short duration. The technologies that are capable for both regulation 

and power quality are the flywheels, SMES, batteries and supercapacitors. 

Supercapacitors have very fast response time, although their energy density is low. 

Delivering an instantaneous and consistent power supply can be an elusive goal. Yet 

without it, grid frequency regulation is impossible and frequency regulation remains one 

of the primary economic drivers for grid-scale storage today [67], [68], [81], [133]. 

• Peak shaving  

Peak shaving is the way of changing the pattern of energy supply so that the generation 

of energy for consumption during the hours of peak demand is shifted to off-peak 

periods. In other words, the energy is stored when there is excess in renewable energy 

production and it is released to the grid during periods of high demand (Figure 2.24). 

The storage technology must be scalable and able to provide energy for some minutes 

to some hours. Currently, the most applicable technologies are PHS, CAES, 

electrochemical batteries, flow batteries and hydrogen fuel cells. Batteries are capable 
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because of their fast response and the long duration of energy supply [67], [68], [81], 

[133], [155]. Senjyu et al. [156] proposed a model for leveling the power of photovoltaic 

array with battery storage, calculating the optimal size of the battery to minimize the 

capital cost. According to Toledo et al. [157] sodium sulfur (NaS) batteries are suitable 

for peak shaving applications in photovoltaic systems.  

 

 

Figure 2.24: Energy storage load profile in peak shaving 

 

• Load leveling 

Load leveling is the rescheduling of the loads to limit the requirements during periods 

of high demand and to increase the production of energy during off-peak periods for 

immediate storage and subsequent use during high demand periods (Figure 2.25). The 

storage technology must be able to provide energy for some minutes to some hours. As 

for the case of peak shaving, the most applicable technologies are PHS, CAES, 

electrochemical batteries, flow batteries and hydrogen fuel cells [67], [68], [81], [133], 

[155]. 

 

 

Figure 2.25: Energy storage load profile in load leveling 
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• Load following 

Energy storage can provide support in the following load changes of electricity demand. 

In other words, storage can act as an energy source or sink in response to both load and 

generating capacity changes. Most types of storage can also respond much more quickly 

than typical rotary generators when more or less output is needed for load following. 

Similarly, they can usually operate at partial output levels with relatively modest 

performance penalties. On the downside, storage systems cannot supply power 

indefinitely and the duration of supply is limited by the storage capacity [67], [68], [81], 

[133]. 

• Seasonal storage 

Seasonal storage requires high energy capacity and low self-discharge rates. Also, an 

advantage can be the efficiency and the power density. The selected storage technology 

for seasonal storage should be able to store energy for days to months, to compensate 

for a longer-term supply disruption or seasonal variability on the supply and demand 

sides of the energy system. For example, an underground TES system may store heat in 

the summer to use it in the winter. For this case, PHS, CAES, hydrogen fuel cells and 

flow batteries are more technically acceptable. However, PHS has low energy density 

and this may cause unacceptable changes to water levels. Also, hydrogen fuel cells have 

low efficiency and for this reason may be unsuitable [67], [68], [81], [123], [133]. 

• Integration of Renewable energies 

The main problem with RES is that they are intermittent and thus they may be available 

when they are not needed and may not be available when they are needed. 

Unfortunately, the power output from these sources cannot be accurately predicted or 

controlled by grid operators. Thus, most renewable energy installations such a wind 

farms and solar arrays would better be utilized with the use of storage. For instance, 

Zahedi [158] proposed a solar photovoltaic combined with battery and supercapacitor. 

Depending on the application, renewable energy installations may use a variety of 

storage technologies [67], [68], [81], [133].  

• Black-start 

EES can provide a start-up from a shutdown condition to a system without taking power 

from the grid. This happens in case the system fails to provide energy therefore units 

are unable to restart [159]. This application requires a storage system with a fast 

response time, thus batteries and supercapacitors are suitable methods. An example of 
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an installed EES is a CAES plant in Huntorf, Germany, providing black-start to nuclear 

units near the North Sea [81], [129]. 

• Spinning reserve 

In the case of a fast increase in generation or a fast decrease in load demand, energy 

storage systems can provide spinning reserve for the prevention of unexpected problems 

in the grid. In other words, spinning reserve is the unused capacity that can be activated 

by decision of the system operator and which is provided by devices that are 

synchronized to the grid and can affect the active power. Such systems must respond 

immediately, with the ability to maintain the output for some minutes up to a few hours. 

Some suitable storage methods are the flywheels, the batteries, the SMES and the flow 

batteries. Also, some other promising technologies are the CAES and PHS systems 

[125]. Spinning reserve is also helpful in isolated systems. Several studies examined the 

spinning reserve functionality using batteries and flow batteries in wind power plants 

[102]. 

• Emergency back-up power generation 

In the case of a network failure, energy storage systems can act as emergency suppliers 

to provide adequate power until the system be restored [160]. For this case, rapid 

response time storage technologies are needed with relatively long duration of discharge 

time. The most suitable technologies are batteries, flow batteries and flywheels [67], 

[68], [81], [133]. Masaud et al. [73] state that CAES are able to provide backup 

electricity during long blackouts. 

• Uninterruptible Power Supply (UPS) 

In the case of a power interruption or a power surge then EES must provide power to 

the system. UPS systems react immediately by providing energy for some minutes up 

to two hours. They are designed to automatically provide emergency power with no 

delay in case of an interruption or unacceptable situation of the grid supply. UPS is 

applicable in fire protection systems, security systems and in computers and servers, 

where the data must be protected. The most suitable technologies are batteries, 

flywheels and supercapacitors [81], [150], [161]. 

• Time-Of-Use (TOU) bill management 

Energy storage could be employed to help the end-users to time-shift their demand from 

peak hours to off-peak hours, and thus reduce their electricity bill by purchasing low-

priced electricity. In other words, energy storage could absorb energy when the demand 
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and the electricity price are low, and be used later when the demand and electricity price 

are high. The storage technology is applied behind-the-meter and can benefit both the 

end-user and the grid operators. The most suitable storage technologies for this 

application are batteries, and some promising technologies are flow batteries, flywheels, 

SMES and supercapacitors [81], [83], [159]. 

• Increased PV self-consumption 

The PV self-consumption application is suitable to prosumers when no promotion of 

renewables integration is available or any favorable export tariffs are applied. Self-

consumption has become widespread in Germany and Australia, where feed-in-tariff 

levels for residential PV customers have dropped below the retail rate, forcing 

prosumers to maximize the amount of generated PV power they consume on-site. 

Typically, batteries are the most suitable technology for this application [26], [62], 

[162]. 

 

2.4 Hybrid Energy Storage (HES) 5 

Hybrid energy storage refers to the integration of two or more different storage 

technologies into a system. This is achieved by combining the advantages and 

characteristics of different storage methods to achieve specific requirements and 

improve the whole system performance. The combination of energy and power rating, 

life cycle, duration of discharge period and other characteristics cannot be satisfied by 

the simple EES technology. Among all storage technologies, SMES, supercapacitors, 

flywheels and high-power batteries have high power rate and short discharge duration. 

Contrarily, PHS, CAES, hydrogen fuel cells and high energy batteries have high energy 

rates and long duration of storage. It is necessary to choose an appropriate combination 

of energy storage systems to follow the system requirements [163]–[167]. Below a 

review of the current combinations of EES is presented. 

• CAES-TES 

The first large pilot power plant, ADELE, uses adiabatic CAES and TES technologies 

for better efficiency (about 70%), preventing fossil fuel consumption. It is planned to 

 

5 Section 2.4 contains material from published paper [56] 
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have a 1 GWh storage capacity and 200 MW of power generation with an autonomy of 

5 hours. The aim of the plant is the optimization and smooth interaction of the individual 

energy sources, especially of wind power. The project is designed to be built in 

Germany, but it is on hold due to non-technical reasons [58], [168].  

• CAES-Supercapacitor 

Lemofouet and Rufer [169] presented a hybrid energy storage system using CAES and 

supercapacitors for maximum system efficiency. The CAES system provides energy 

and long storage periods while supercapacitors offer power smoothing. Additionally, 

Martinez et al. [170] proposed a similar hybrid system and provided the dynamic 

modeling and control algorithm of the system. 

• CAES-Flywheel 

Zhao et al. [171] studied the hybrid storage of an adiabatic CAES and the flywheel 

storage system for a wind power plant. The stochastic and intermitted nature of the wind 

leads to power fluctuations that can be eliminated through hybrid energy storage. The 

design and parametric analysis of the system is carried out to examine the effects of 

several parameters, such as the ambient conditions, inlet temperature of compressor, 

storage cavern temperature and maximum and minimum pressures of storage cavern. 

• Fuel cell-SMES 

Sander and Gehring [172] proposed the LIQHYSMES hybrid plant to solve several 

problems that are caused by the increased contribution of RES to the grid. The plant 

uses the high volumetric energy density of liquid hydrogen to provide long-term storage 

for large-scale stationary applications. Furthermore, the integration of SMES achieves 

short-term applications, such as load balancing. Another interesting back-up system for 

renewable generation was designed by researchers in Japan, combining a SMES system 

(cooled with liquid hydrogen) with a hydrogen fuel cell system [173].  

• Fuel cell-Supercapacitor 

There are many studies concerning the hybrid storage of hydrogen fuel cells and 

supercapacitors. Some researches focus on the application to electric vehicles while 

others examine the integration of RES. Thounthong et al. [174] proposed a control 

strategy of hybrid fuel cell-supercapacitors for electric vehicles. The polymer electrolyte 

membrane (PEM) fuel cell acts as the main power source and the supercapacitors as the 

auxiliary power source for electric vehicles. Furthermore, a hybrid PEM fuel cell-

supercapacitor system for stand-alone residential applications was examined by 
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Uzunoglu and Alam [175]. Mathematical and dynamic electrical models were proposed 

and simulated. The combination of fuel cells and supercapacitors may increase the 

energy efficiency of the system, reduce the cost of fuel cell technology, and improve 

fuel usage. Apart from the above studies, there are various researches in the literature 

regarding the hybridization of fuel cells and supercapacitors for several control 

strategies [176], [177] or for power and energy management applications [178], [179]. 

• Fuel cell-Battery 

The combination of fuel cell and battery is one of the most studied hybrid storage 

system. Many researchers propose the fuel cell-battery hybrid storage for RES 

integration (mostly by photovoltaics and wind turbines) and distributed generation 

[180]. Several types of batteries combined with fuel cells are depicted, namely lead-acid 

[181], [182], lithium-ion [183] and flow batteries [184]. However, increased attention 

is also paid on automotive applications and on electric vehicles for powertrain 

performance improvements. For this case, lithium-ion batteries [185], [186], lead-acid 

batteries [187] and sodium nickel chloride (ZEBRA) batteries [188] were studied. 

• Battery-Flywheel 

Flywheels provide high power for a short period of time with high efficiency and high 

cycle life. Briat et al. [189] examined the design and the integration of a flywheel storage 

system into an electric vehicle power train. They proposed a method to improve the 

system performance by keeping the battery power within rated levels for charges and 

discharges, while flywheel provides or recovers the energy during acceleration or 

braking, respectively. In addition, an application of battery-flywheel storage system for 

power stabilization on a large-scale wind farm was studied in [190]. The combination 

of battery and flywheel can also be applied on a UPS system [191] or on aerospace 

applications [192]. Moreover, a stand-alone house with RES and battery-flywheel 

storage system is depicted in [131], in which the authors proved the economic and 

technical feasibility of the system. Finally, Barelli et al. [35] provided a dynamic 

analysis of a hybrid battery-flywheel storage system coupled to a photovoltaic plant and 

a residential load. The authors considered the effect of components sizing, the power 

flow control management and the different weather conditions. As a result, this 

hybridization allowed load management, peak shaving, power quality improvement and 

enhanced life of the battery. 
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• Battery-SMES 

The utilization of a battery and SMES technologies leads to various advantages, such as 

high efficiency, fast response time, high power and energy density and high cycle life. 

However, a SMES system requires the use of a refrigeration system that is an expensive 

solution. Therefore, the SMES is limited to some stationary applications like renewable 

power generation [193]–[195] and railway supply substations [196]. Specifically, 

Cansiz et al. [195] proposed a hybrid system using lithium-ion battery and SMES into 

an interconnected microgrid operation. The authors examined a case of a fault, in which 

the SMES responds immediately to maintain the voltage of the system, and battery is 

switched on when the fault remains and the SMES cannot supply enough power. 

• Battery-Supercapacitor 

There are many researchers who propose the use of batteries and supercapacitors 

together. This combination offers high storage capacity and a very fast response time 

[197]. Kanchev et al. [198] proposed an energy management method in a building with 

photovoltaic arrays and a hybrid storage. Specifically, excess energy from photovoltaics 

is stored in batteries and the local real-time power control is achieved by 

supercapacitors. Liu et al. [199] proposed a control strategy in a wind power system, 

using batteries and supercapacitors to relieve battery stress and extend the lifetime of 

the battery. Zhang et al. [200] presented an application of a battery-supercapacitor 

hybrid storage in a microgrid.  Furthermore, some researchers proposed a hybrid system 

(battery-supercapacitor) for electric vehicles for better performance, higher efficiency 

and extended battery life [201]–[203]. Zhang et al. [204] indicated some control 

strategies using batteries and supercapacitor bank to provide transient power and peak 

load requirement. Finally, regarding the types of batteries used, Wang et al. [205] 

proposed flow batteries (VRB) for a 1 MW photovoltaic plant connected to the grid.  

 

2.5 Configurations of a grid-connected PV system with hybrid 

energy storage (HES) 

Photovoltaic systems are classified into two categories depending on their grid 

dependency, namely the stand-alone or off-grid systems, and the grid-connected 

systems (Figure 2.26). The simplest stand-alone PV system is that of a PV module with 
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a DC load, such as a water pump. If there is a need of a continuous supply, then a storage 

system or a fossil-fuel generator is required. Stand-alone PV systems are usually 

oversized in order to withstand the worst-case scenarios of solar generation. The grid-

connected systems are either decentralized or centralized. The decentralized grid-

connected PV systems are mostly installed on rooftops or integrated near a building and 

usually have “small” power ranges. The centralized grid-connected PV systems are 

large scale systems and are connected directly to medium or high voltage grid [52], 

[206]. 

 

 

Figure 2.26: Classification of PV systems 

 

This study focuses on the grid-connected rooftop solar PV systems. A typical example 

of a grid-connected rooftop PV system (without storage) is shown in Figure 2.27. When 

there is sunlight, a connection of PV modules produces electricity (DC). A maximum 

power point tracking (MPPT) algorithm finds the maximum power for the operation of 

the PV system during variations of solar irradiance and ambient temperature. 

Additionally, a DC-DC converter ensures that its output DC voltage is always greater 

than the grid peak voltage. Moreover, a DC-AC inverter provides an AC voltage that 

meets the grid requirements for connection and synchronization; the voltage magnitude 

and the frequency must be equal with that of the grid and the phase sequence between 

the system and the grid must be the same [207]. The consumption of the building is 

satisfied from either the PV, and/or the low voltage grid, providing an efficient power 

flow between the aforementioned sources and the building load. Over the last few years, 

there has also been an opportunity for a communication between the PV system and the 

grid through the smart meters. The smart grid can carry a two-way flow of electricity 
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and information to communicate and respond to events that occur in the grid, such as a 

transformer failure. Thus, the smart grid provides flexibility and reliability. In addition, 

a significant benefit of the smart grid is the real-time pricing for a smoothed and shaped 

demand profile, instead of a full-of-peaks profile. Therefore, a communication between 

the prosumer and the utility operator can be efficiently achieved [208], [209]. 

Furthermore, a storage method can be applied to a system for various functions, such as 

voltage smoothing, peak shaving, emergency backup generation, smart grid support and 

building energy management. It may also contain a bidirectional DC-DC converter and 

a controller to prevent overcharging or over-discharging, ensuring a better performance 

of the storage system [210]. In addition, hybrid energy storage can be integrated to 

achieve different applications. There are several storage technologies that may be used 

in a PV system. The hybridization of the battery-supercapacitor can be integrated into 

the existing system to achieve several solutions in renewable energy integration and grid 

support. Specifically, some of the benefits of the hybrid storage are the combination of 

both high energy and power rating, the increased life cycle, the duration of discharge 

period (short-term or long-term) and other features that cannot be satisfied by the single 

storage technology [211].  

 

 

Figure 2.27: Block diagram of a basic grid-connected rooftop PV system 

 

There are several topologies regarding the connection of hybrid energy storage 

technologies in the system of Figure 2.27. A type of connection is that of the AC-

coupled system, where the connection between the PV and the storage is applied on the 

common AC-bus. This type of connection requires an inverter on the storage side, and 

therefore the storage expandability is easier [212]–[214]. 

This Section is focused on the DC-coupled systems, where storage element is connected 

to the common DC-bus of the system. The DC-coupled systems are more efficient and 
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have fewer components than the AC-coupled systems. However, the expandability is 

limited and they are more expensive in case of an upgrade in storage capacity [214].  

Some configurations proposed in the literature for such systems include passive, active 

or a combination of both topologies [215], [216]. The passive configuration in parallel 

connection of both storage technologies is shown in Figure 2.28. The terminal voltage 

of the battery and supercapacitor is the same with that of the DC-bus, as they are directly 

connected in parallel. The passive topology has as advantage the simplicity and the ease 

of implementation with no complicated control devices. On the other hand, the power 

sharing between the storage devices and the PV system is not controlled and the DC-

bus voltage is not regulated and varies depending on the battery voltage range. 

Therefore, the battery and supercapacitor cannot be always operated at their maximum 

power point [27], [167], [217].  

 

 

Figure 2.28: Passive topology of the rooftop PV system with HES 

 

Figure 2.29 presents a battery semi-active topology, where the battery can be controlled 

through a bidirectional DC-DC converter, and the supercapacitor is passively connected. 

The bidirectional DC-DC converter allows the battery to have different voltage levels 

than the DC-bus, resulting to higher flexibility and adjustability of the battery. The 

supercapacitor size must be relatively large in order to keep the DC-bus voltage levels 

stable, resulting to higher cost requirements [217].  

Another semi-active topology is that of Figure 2.30, where the battery is passively 

connected in parallel and the supercapacitor is connected through a bidirectional DC-
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DC converter [203]. Therefore, the supercapacitor can be utilized more and controlled, 

and its voltage is allowed to vary over a wider range, resulting in higher volumetric 

efficiency. In addition, the supercapacitor can be controlled to absorb/release short-term 

high frequency variations, while the battery can manage the long-term energy 

requirements [27], [167], [217]. 

 

 

Figure 2.29: Battery semi-active topology of the rooftop PV system with HES 

 

 

Figure 2.30: Supercapacitor semi-active topology of the rooftop PV system with HES 

 

The fully active parallel configuration is presented in Figure 2.31, where both storage 

technologies are controlled through two individual bidirectional DC-DC converters. 

Each converter allows the storage to have different voltage levels on the battery/ 

supercapacitor side, and regulated voltage on the common DC-bus side. This topology 
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solves all the drawbacks associated with the supercapacitor and battery voltage 

variations and efficiency problems. However, the fully active topology is more 

expensive and complex to implement [27], [167], [217]. This method is widely 

examined and discussed by researchers who propose different energy management 

algorithms [199], [201], [204], [205]. 

 

 

Figure 2.31: Fully active topology of the rooftop PV system with HES  
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3 Grid-connected PV system in buildings: mathematical analysis 

and simulation modeling 

Figure 3.1 presents the block diagram of the proposed grid-connected PV system with 

battery-supercapacitor hybrid energy storage. In Figure 3.2 the architecture of the 

system under investigation is also presented. The system can be adjusted to different 

weather conditions and synchronized with the utility grid. A 3 kWp PV array is 

connected to a DC-DC boost converter to step-up the output PV voltage at 400 V, 

regardless of changes in solar irradiance and temperature. A Maximum Power Point 

Tracking (MPPT) control provides the maximum power point for the operation of the 

PV system, which is achieved using the Perturbation and Observation (P&O) method. 

A 10 kWh lithium battery pack is considered suitable for our needs while a 50.6 Wh 

supercapacitor pack is enough for our system’s requirements. The battery is modeled 

based on the dual polarization (2nd-order RC) battery cell circuit, while the 

supercapacitor model is developed based on the two branches equivalent circuit of the 

supercapacitor cell. An active parallel configuration is used for the battery-

supercapacitor model for better utilization of the storage technologies and higher 

efficiencies. The battery and supercapacitor packs are connected to the common 400 V 

DC-bus through two bidirectional DC-DC converters. This topology allows the battery 

and supercapacitor modules to have different voltage levels and their power flow to be 

controlled separately. A single-phase DC-AC inverter is designed to convert the DC 

power from the DC-link into the AC form for grid interconnection. Since the system is 

grid-connected, the inverter is responsible for the DC-bus voltage control. In order to 

maintain the DC-bus voltage stable near the reference value of 400 V, a voltage 

controller is used, where a reference magnitude for the grid current, and hence for the 

inverter output current is obtained. Also, a PLL is used so that the output current injected 

to the grid be in phase with the grid voltage (unity power factor). 

The electricity demand of the building is satisfied through the PV system, the energy 

storage system, and/or the low voltage grid. A novel dynamic PMA is proposed for this 

model to make better use of the generated PV power, the battery-supercapacitor storage, 

and the building load. Specifically, the proposed algorithm focuses on the use of 

generated PV power and storage (instead of the grid), reducing the peaks in generation 

or demand, and increasing the self-consumption and self-sufficiency of the building. 
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Also, the hybridization of battery-supercapacitor reduces battery stress and extends 

battery lifetime. 

 

 

Figure 3.1: Block diagram of the proposed grid-connected PV system with battery-

supercapacitor hybrid storage 

 

 

Figure 3.2: Architecture of the proposed grid-connected PV system with battery-supercapacitor 

hybrid storage 



66 

 

The proposed model is developed and simulated using MATLAB/Simulink software 

based on mathematical analysis and average modeling.  

The mathematical modeling approach provides flexibility and adjustability to the 

parameters of a model. Moreover, mathematical modeling is used when a customized 

and complex model can only be designed and expressed by equations, or when a specific 

technology is not available from a software (e.g., a PV module, a specific type of battery 

or supercapacitor). Additionally, in engineering, it is sometimes preferred to model a 

specific behavior of a system and to neglect other insignificant phenomena. It should 

also be noted that a mathematical model can be easily understood and accepted by all 

engineers, applied mathematicians and other scientists who have no knowledge or ease 

of electrical circuits [218], [219]. 

It must be stressed that the averaged model of all converters is examined here (PV boost 

converter, battery and supercapacitor bidirectional converters, voltage source grid 

inverter). However, the system dynamics and the small ripple signals that occur are 

captured, to ensure model accuracy. According to [220], the effect of the high switching 

frequency of the converters is insignificant on the DC-bus, because the DC-link 

capacitor mitigates the double line frequency produced. Moreover, one should note that 

the simulation time of the system with the averaged model is decreased dramatically 

compared to the switching model, especially for long-term operation with a significant 

number of converters [220]–[223]. Finally, as the switching ripple can be negligible in 

a well-designed converter [224], the switching ripples are ignored and the small-signal 

variations are modeled, where the frequency is much smaller than the switching 

frequency. Therefore, the average modeling combines fast simulation speed, and 

accurate modeling performance as the system dynamics are considered [225]. 
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3.1 PV array 6 

3.1.1 Theory and mathematical analysis 

Figure 3.3 presents the equivalent circuit of the one-diode PV cell. It consists of a current 

source in parallel with diode and two resistors. There is also a more detailed model of 

PV modules, known as the two-diode model [226], [227]. The value of series resistance 

𝑅𝑠 is usually very small, with that of the shunt resistance 𝑅𝑝 being very large [228]. 

 

 

Figure 3.3: Equivalent circuit of the one-diode PV cell 

 

The module photocurrent, 𝐼𝑝ℎ, can be calculated by: 

𝐼𝑝ℎ = [𝐼𝑠𝑐 + 𝐾𝑖 (𝑇𝑐 − 𝑇𝑟𝑒𝑓)] ∗ (
𝐺

𝐺𝑟𝑒𝑓
) (1) 

where 𝐼𝑠𝑐 is the short-circuit current [A], 𝐾𝑖 is the temperature coefficient of the short-

circuit current [A/K], 𝑇𝑐 is the module temperature [K], 𝐺 is the irradiation [W/m2], 

𝑇𝑟𝑒𝑓= 298 K and 𝐺𝑟𝑒𝑓 = 1000 W/m2.  

The reverse saturation current, 𝐼𝑜, is given by [226], [229]: 

𝐼𝑜 = 
𝐼𝑠𝑐 + 𝐾𝑖 (𝑇𝑐 − 𝑇𝑟𝑒𝑓)

𝑒
[
𝑞[𝑉𝑜𝑐+ 𝐾𝑣(𝑇𝑐−𝑇𝑟𝑒𝑓)]

𝑁𝑠𝐴𝑘𝑇𝑐
]
− 1

 (2) 

where 𝐾𝑣 is the temperature coefficient of the open-circuit voltage [V/K], 𝑘 = 1.381x10–

23 J/K is Boltzmann’s constant and 𝑞 = 1.602x10–19 C is the electron charge. The diode 

ideality factor 𝐴 depends on the PV cell technology; e.g., for polycrystalline silicon cells 

𝐴 = 1.3 [230]. The number of cells in a module in series connection is presented with 

𝑁𝑠.  

 

6 Section 3.1 contains material from published papers [241], [314] 
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Using Kirchhoff’s Current Law, the output current of the PV module, 𝐼𝑝𝑣, is given by: 

𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼𝑜(𝑒
𝑞(𝑉𝑝𝑣+𝑅𝑠𝐼𝑝𝑣)

𝑁𝑠𝐴𝑘𝑇𝑐 − 1) −
𝑉𝑝𝑣 + 𝑅𝑠𝐼𝑝𝑣

𝑅𝑝
 (3) 

Some common graphs for PV modules are the P-V and I-V curves, as shown in Figure 

3.4. The I-V curve results from equation (3), where the short-circuit current exists at 

zero output voltage and the open-circuit voltage exists at zero output current. Also, there 

is no generated power in short-circuit and open-circuit operation. A significant point on 

P-V curve is the maximum power point, Pmp, at a voltage Vmp and a current Imp. 

 

 

Figure 3.4: Output characteristics of a PV module [226] 

 

• Effects of Solar Irradiance variation 

Solar irradiance affects mostly the generated photocurrent and thus the output power. 

Less change is presented on open-circuit voltage. This is reasonable because 

photocurrent is proportional to the irradiance (Equation (1)). In other words, the increase 

of irradiance causes increase on both short-circuit current and output power [231]–

[233].  

• Effects of Temperature variation 

Moreover, another significant factor for PV module operation is the temperature. A 

variation on temperature affects mostly the open-circuit voltage, and less the short-

circuit current. An increase on temperature causes small increase on short-circuit current 

and decrease on both output power and open-circuit voltage [231]–[233]. 
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3.1.2 Modeling and simulation 

The studied model consists of 12 modules with a total power capacity of 3 kWp (two 

parallel strings of six PV modules in series). The electrical characteristics are given in 

Table 3.1, some are taken from a manufacturer’s datasheet [234] and the rest from [50] 

and [235]. The parameters are given under Standard Test Conditions (STC) with a 

module temperature of 298 K (25ºC) and an irradiance of 1000 W/m2. 

 

Table 3.1: Electrical characteristics of photovoltaic module 

Rated Power 250 W 

Short-circuit current (Isc) 8.61 A 

Open-circuit voltage (Voc)  37.41 V 

Temperature coefficient of Isc (Ki) 0.0032 A/K or A/ºC 

Temperature coefficient of Voc (Kv) –0.1230 V/K or V/ºC 

Series Resistance (Rs) 0.22 Ω 

Shunt Resistance (Rp) 415 Ω 

Number of cells in series (Ns) 60 

Diode ideality factor (A) 1.3 

 

The studied PV model takes as inputs the ambient temperature Tc on the module, the 

solar irradiance G, and the array voltage. The PV array subsystem encloses the PV 

module (Figure 3.5).  

 

 

Figure 3.5: Inside the PV array subsystem 

 

The output current of the PV module is calculated using equation (3), as shown in Figure 

3.6. In order to calculate the PV module voltage, the array voltage is divided by the 

number of the modules in series connection (strings of 6 PV modules in series). 
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Moreover, the output current of the PV module is multiplied by the number of the 

modules connected in parallel (2 strings in parallel), in order to calculate the output PV 

array current. 

 

 

Figure 3.6: Calculation of output current of PV module Ipv 

 

A preliminary simulation of the PV array subsystem is performed in order to verify that 

the model responds correctly to the changes in ambient temperature and solar irradiance. 

First, a constant ambient temperature of 25ºC is applied and a variable solar irradiance 

of 1000 W/m2, 800 W/m2, 600 W/m2, 400 W/m2 and 200 W/m2 is considered. The 

results are presented in Figure 3.7 and Figure 3.8. As expected, the change in solar 

irradiance affects mostly the generated PV current and therefore the output power. On 

the other hand, a relatively less impact is presented on the open-circuit voltage. A second 

simulation has been examined having a constant solar irradiance of 1000 W/m2 and a 

fluctuating ambient temperature of 0ºC, 25ºC, 45ºC and 60ºC. As expected, the increase 

in temperature caused small increase in short-circuit current and decrease in both output 
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PV power and open-circuit voltage (see Figure 3.9 and Figure 3.10). The increase in 

solar irradiance causes increase in both short-circuit current and output power, while the 

increase in temperature causes a decrease in both output PV power and open-circuit 

voltage. 

 

 

Figure 3.7: I-V curve with varying irradiance at 25ºC 

 

 

Figure 3.8: P-V curve with varying irradiance at 25ºC 
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Figure 3.9: I-V curve with varying temperature at 1000 W/m2 

 

 

Figure 3.10: P-V curve with varying temperature at 1000 W/m2 

 

3.2 Maximum Power Point Tracking (MPPT) 7 

3.2.1 Theory and mathematical analysis 

Maximum Power Point Tracking (MPPT) techniques are very significant, as one can 

improve the efficiency of the PV model through them. There are many methods of 

 

7 Section 3.2 contains material from published papers [241], [314] 



73 

 

MPPT, such as the Perturbation and Observation (P&O), the incremental conductance, 

the Fractional Open-Circuit Voltage, the Fractional Short-Circuit Current, the fuzzy logic 

control and the Ripple Correlation Control. All the above vary in complexity, cost, 

popularity, convergence speed, hardware requirements and efficiency levels [52], [236]–

[239]. In this study, Perturbation and Observation (P&O), incremental conductance and 

fuzzy logic control are examined. 

 

3.2.1.1 Perturbation and Observation (P&O) 

Perturbation and Observation algorithm, also known as a hill climbing method, is one of 

the most commonly used methods due to its ease of implementation. As can be seen in 

Figure 3.11, the slope of the curve is zero at the maximum power point (MPP), positive 

on the left side of the MPP (increasing power region) and negative on the right side of 

the MPP (decreasing power region). Therefore, the following algorithm will be repeated 

and oscillated until the MPP is reached. The oscillation can be minimized by reducing 

the step-size of the perturbation, but this slows down the process reaching the MPP [238]. 

 

 

Figure 3.11: Characteristic P-V curve of a photovoltaic array 

 

In Figure 3.12 there is a flowchart of our implementation based on the P&O algorithm. 

There are many modifications of the conventional P&O method. For instance, a variable 

step-size can be used instead of a fixed step for perturbation [239]. Also, the independent 

variable for perturbation can be the converter duty cycle [240] or the array current [241].  
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Figure 3.12: Flowchart of the P&O algorithm 

 

3.2.1.2 Incremental Conductance 

This technique is also considered as a hill climbing method. The MPP can be tracked by 

comparing the instantaneous conductance I/V to the incremental conductance ΔΙ/ΔV 

(Figure 3.13). 

 

 

Figure 3.13: Characteristic P-V curve of a photovoltaic array 

 



75 

 

In other words, the solution of equation (4) is zero at the MPP, positive on the left side 

of the MPP and negative on the right side of the MPP. 

The flowchart of the incremental conductance algorithm is shown in Figure 3.14. The 

incremental conductance algorithm is as efficient and simple as the P&O algorithm. 

Additionally, a variable step-size can be used to improve the response time, accuracy and 

performance of the system, but the cost may be higher due to the increased complexity 

of the control system [242]. 

 

 

Figure 3.14: Flowchart of the Incremental Conductance algorithm 

 

3.2.1.3 Fuzzy Logic 

Fuzzy logic is one of the most sufficient control techniques for MPPT, which has 

attracted many researchers in the last years. Fuzzy Logic controllers do not need an 

𝑑𝑃

𝑑𝑉
=
𝑑(𝐼𝑉)

𝑑𝑉
= 𝐼 + 𝑉

𝑑𝐼

𝑑𝑉
≅ 𝐼 + 𝑉

Δ𝐼

Δ𝑉
 (4) 
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accurate mathematical model and can work with imprecise inputs. They have also the 

ability to handle nonlinear systems and control unstable systems [243]. 

The basic structure of any fuzzy logic controller is shown in Figure 3.15 and consists of 

the following stages: fuzzification, rule base and inference engine, and defuzzification. 

The studied model takes as inputs the change in the array voltage (ΔVpv) and the change 

in the array power (ΔPpv). The output of the controller is the variation of the array voltage 

(ΔVref). It must be noted that different fuzzy input and output variables can be used [244]. 

For example, P-V slope and variation of P-V slope are some of the most common inputs, 

while converter duty cycle is used more often for output variable [245]. 

 

 

Figure 3.15: Fuzzy Logic controller diagram 

 

In the fuzzification stage, numerical input variables are converted into linguistic 

variables, such as NB (Negative Big), NS (Negative Small), ZE (Zero), PS (Positive 

Small) and PB (Positive Big) using basic fuzzy subset [246]. Each of them is described 

by a triangular-shaped membership function (Figure 3.16). An alternative case may be 

also a Gaussian-shaped membership function [247]–[248]. 

 

 

Figure 3.16: Membership function for inputs and output of fuzzy logic controller 

 

The fuzzy inference engine processes the inputs according to the rules base table (Table 

3.2) and produces the linguistic output. Figure 3.17 presents the nine regions according 

to the voltage and power variation, and it shows how the rules base table was filled. The 

basic concept was derived from hill climbing method. For example, regions 1 and 9 



77 

 

represent the case that the operating point is located on the left side of the MPP. Regions 

2 and 8 correspond to zero change in power, while regions 4 and 6 show zero change in 

voltage. Moreover, regions 3 and 7 represent the case that the operating point is located 

on the right side of the MPP. Finally, in region 5 the power and voltage remain the same, 

so MPP is reached. 

The defuzzification stage is used to convert the output linguistic variable back to 

numerical variable. The centroid method, which is the most prevalent one, is used for 

defuzzification. The resulting output ΔVref is then added to the previous value of voltage 

to get the new value of the array voltage. This value of voltage is going back as input to 

the PV array. 

 

Table 3.2: Fuzzy logic rules base table 

 

 

 

Figure 3.17: Characteristic P-V curve of a photovoltaic array, showing the nine regions 

according to voltage and power variation  
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3.2.2 Modeling and simulation 

The P&O and incremental conductance algorithms are implemented in Simulink using a 

MATLAB code. The representation of the PV array model with the P&O algorithm is 

shown in Figure 3.18. The model representation in the case of the incremental 

conductance algorithm is similar with that of the P&O algorithm.  

 

 

Figure 3.18: PV system with P&O control in Simulink 

 

 

Figure 3.19: PV system with Fuzzy logic control in Simulink 

 

Figure 3.19 shows the Simulink PV model for the case of the Fuzzy Logic control. Using 

the Fuzzy Logic Designer in MATLAB, membership functions (Figure 3.20) and 

relevant rules (Figure 3.21) are set. Finally, Figure 3.22 displays the output surface map 

of the system, which shows the dependency of the output (DVref*) on the inputs (DVpv, 

DPpv) of the fuzzy logic controller. 
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Figure 3.20: Fuzzy logic designer and membership function editor 

 

 

Figure 3.21: Fuzzy logic rule editor 

 

 

Figure 3.22: Surface viewer for the fuzzy logic controller 
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First, a simulation of the three MPPT methods is performed to check which method is 

the most accurate and responsive to irradiance variations. Solar irradiance level changes 

of 1000 W/m2, 800 W/m2, 600 W/m2, 400 W/m2, 200 W/m2 and 1000 W/m2, with 0.1 

seconds duration time of each level, are assumed. A constant temperature of 25ºC is also 

considered. Although in reality the solar irradiance does not change as fast as in the 

simulation, fast weather variations are studied so as to observe graphically in a practical 

(comprehensive) scale the response time that each method needs to reach the MPP. 

The PV voltage, current and power are shown in Figure 3.23, Figure 3.24 and Figure 

3.25, respectively, for the three different studied MPPT techniques. Concerning the P&O 

algorithm, the corresponding voltage, current and power are reached in all cases, and 

there is an oscillation until the next change of irradiance. The oscillation is more obvious 

for the case of the voltage representation (Figure 3.23). The incremental conductance 

method has the same features and results with that of the P&O method. On the other 

hand, the fuzzy logic controller reacts much faster to variations of irradiance and no 

oscillations exist. 

 

 

Figure 3.23: PV array voltage for P&O (blue), incremental conductance (red) and fuzzy logic 

(black) control  
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Figure 3.24: PV array current for P&O (blue), incremental conductance (red) and fuzzy logic 

(black) control 

 

 

Figure 3.25: PV array power for P&O (blue), incremental conductance (red) and fuzzy logic 

(black) control 

 

Table 3.3 includes several simulation results regarding the transition of the solar 

irradiance from 200 W/m2 to 1000 W/m2 at t = 0.5 s. One can notice that the fuzzy logic 

method exhibits certain advantages over the P&O and incremental conductance methods. 

Specifically, P&O and incremental conductance methods can reach the MPP after 98 ms 

while fuzzy logic control tracks the MPP after 8 ms. Also, fuzzy logic method presents 
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no oscillations at the steady state period and can track the system to higher power values 

than the other two methods, leading to higher performance and efficiency.  

Regarding the parameters for P&O and incremental conductance method, the step 

voltage (Vstep) is defined to be 0.5 V. The step-size in these methods must be increased 

so that their corresponding tracking speed matches that of the fuzzy logic method. For 

the case of the transition of the solar irradiance from 200 W/m2 to 1000 W/m2 (see Table 

3.3), the voltage step-size must be increased to 1.5 V to reach the tracking time of 8 ms. 

However, the use of this large step-size would result into increased oscillation and limited 

accuracy and efficiency of the model.  

The results show that the hill climbing methods, namely the P&O and incremental 

conductance, may fail under rapidly changing climatic conditions. On the other hand, 

Fuzzy Logic control can track the system to the MPP very fast and accurately, even 

during rapid variations of atmospheric conditions. Moreover, the P&O and incremental 

conductance algorithms present small oscillations around the MPP at the steady state 

period, thus energy losses appear. If a smaller perturbation size is used, then the MPP 

will be reached more slowly. 

 

Table 3.3: Comparison table of studied MPPT methods 

 P&O Incremental 

Conductance 

Fuzzy Logic 

PMPP 2886.95 W 2886.95 W 2887.55 W 

VMPP 181 V 181 V 181.06 V 

IMPP 15.95 A 15.95 A 15.948 A 

Tracking time 98 ms 98 ms 8 ms 

 

Although P&O has limitations on convergence time and oscillations, it remains the most 

simple and commonly used method for MPPT, as it does not require special hardware 

requirements. Also, its accuracy and efficiency are very satisfactory. Furthermore, 

incremental conductance has increased hardware requirements compared to the P&O 

algorithm. Concluding, fuzzy logic has more advantages with regard to the desired MPPT 
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goals than the other two methods, although exhibiting drawbacks with regard to cost 

requirements and implementation complexity.  

For the present study, the P&O algorithm is chosen due to its simplicity and the 

acceptable range of response, as in real conditions the variations in solar irradiance are 

much slower than the convergence time of the P&O algorithm. A final simulation for the 

P&O method is performed. In the following three figures the representation of the P-V, 

P-I and I-V curves is given respectively. The curves derived by the P&O algorithm are 

represented by solid lines, where one can observe that the MPP is efficiently reached in 

all cases. 

 

 

Figure 3.26: P-V curve (dashed line) and MPPT P-V curve (solid line) for different values of 

irradiance 

 

 

Figure 3.27: P-I curve (dashed line) and MPPT P-I curve (solid line) for different values of 

irradiance 
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Figure 3.28: I-V curve (dashed line) and MPPT I-V curve (solid line) for different values of 

irradiance 

 

3.3 DC-DC Boost Converter 8 

3.3.1 Theory and mathematical analysis 

A DC-DC boost converter is important to our system, since the input voltage of the DC-

AC inverter must be always greater than the grid peak voltage and balanced at 400 V. 

The maximum voltage that the studied PV array can reach is about 230 V. Therefore, 

the boost converter is essential for providing the MPP for the operation of the PV system 

and maintaining a constant voltage at the output of the converter, greater than the grid 

peak voltage of 325 V. 

The studied electrical circuit of the DC-DC boost converter is given in Figure 3.29. A 

continuous conduction mode (CCM) of operation is assumed. The duty cycle D 

represents the time that the switch S1 is ON, while 𝐷ʹ (𝐷ʹ = 1 – 𝐷) corresponds to the 

time that the switch is OFF.  

 

 

8 Section 3.3 contains material from published paper [241] 
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Figure 3.29: Circuit of a DC-DC boost converter 

 

Implementing an averaged model of the converter, it is better to consider switching 

losses and conduction losses, in order to have a more accurate model. The switching 

loss current parameter, 𝐼𝑠𝑤, describes the current loss during ON/OFF transitions, due 

to the high switching frequency. During the switching ON/OFF transitions, very large 

instantaneous power loss can occur in the semiconductor device (e.g., MOSFET). 

Although the duration of the switching times is short, the resulting average power loss 

can be significant. Switching losses are proportional to the switching frequency, and not 

strongly dependent on output power [224], [249].  

In addition, conduction loss appears due to voltage drop across inductor winding 

resistance and across power semiconductor switches when are ON. In practice, inductors 

exhibit power loss due to copper loss (wire resistance) and due to core loss (hysteresis 

and eddy current losses in the magnetic core). In this model, 𝑅𝐿 corresponds to the 

inductor winding resistance, which is connected in series with the inductor. Conduction 

losses depend strongly on the output power [224], [249]. 

Taking into consideration the above losses, the steady-state equations between the duty 

cycle (𝐷) and the output voltage (𝑉𝑜) and inductor current (𝐼𝐿) are given by: 

𝑉𝑜 = 
𝑉𝑖𝑛 − 𝐼𝐿𝑅𝐿

𝐷′
 (5) 

𝐼𝐿 = 
𝐼𝑜 + 𝐼𝑠𝑤
𝐷′

 (6) 

Thus, the equations regarding the inductor current and the output voltage of the 

converter are derived as follows [218], [250]–[253]. 

𝑑𝐼𝐿
𝑑𝑡

=  
1

𝐿
(𝑉𝑖𝑛 − 𝐼𝐿𝑅𝐿 − 𝑉𝑜𝐷′) (7) 

𝑑𝑉𝑜
𝑑𝑡

=  
1

𝐶
(𝐼𝐿𝐷

′ −
𝑉𝑜
𝑅
− 𝐼𝑠𝑤) (8) 
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3.3.2 Modeling and simulation 

The Simulink averaged model of the DC-DC boost converter is shown in Figure 3.30. 

The input parameters of the model are the inductor current and the input voltage of the 

PV array (𝑉𝑖𝑛 = Vpv), where both variables are locked on the MPP of operation. Also, 

the output voltage (𝑉𝑜 = Vdc) is considered as known parameter because the voltage 

control on the common DC-bus is analysed in sub-Sections 3.8.2 and 3.8.3.  

For this study, the inductor winding resistance, 𝑅𝐿, is 50 mΩ, and the switching loss 

current, 𝐼𝑠𝑤, is 10 mA. 

 

 

Figure 3.30: Averaged model of DC-DC boost converter 

 

3.4 Battery storage 9 

3.4.1 Theory and mathematical analysis 

Battery packs include battery modules, with each battery module containing several 

battery cells in series, parallel, or series and parallel configuration. Battery cells are 

connected in series to achieve higher pack voltage, while parallel cells connection is 

used to achieve higher current and power capability and consequently higher pack 

capacity [254]. In order to create a battery pack, it is essential to analyse and model the 

battery cell. There is a variety of different battery models to use [255]. Four commonly 

used models regarding the equivalent circuit of the battery cell are: 

 

9 Section 3.4 contains material from published paper [211] 
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(i) The ideal model is the simplest model with a voltage source only, in which all the 

internal parameters are ignored.  

(ii) The linear model consists of an ideal battery with an open-circuit voltage and an 

equivalent series resistance. However, this model ignores the varying 

characteristics of the battery’s internal impedance with the varying state-of-charge 

(SOC) and electrolyte concentration.  

(iii) The Thevenin equivalent model consists of an open-circuit voltage Voc, an internal 

resistance Rs, a capacitance Cp and an overvoltage resistance Rp [256].  

(iv) The dual polarization model (2nd-order RC model) is an improvement of 

Thevenin’s equivalent model that was proposed by Chen et al. [257]. It contains 

an open-circuit voltage Voc, an internal resistance Rs and two RC networks, as 

shown in Figure 3.31. The RC circuits correspond to the internal charge 

distribution of the battery, while the series resistance Rs represents the internal 

losses of the battery. The open circuit voltage Voc is the internal voltage of the 

battery and depends on the SOC [26]. The left-hand circuit in Figure 3.31 is 

designed to track the SOC of the battery. The studied dual polarization model 

comprises both steady state and transient response behavior.  

 

 

Figure 3.31: Dual polarization battery cell circuit 

 

Figure 3.32 contains all the typical characteristic curves of the battery in which battery 

parameters can be calculated. The calculation of all battery parameters is presented and 

analyzed in the following sub-Sections 3.4.1.1 – 3.4.1.5. 
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Figure 3.32: Battery characteristic curves of usable capacity with respect to: (a) cycle number, 

(b) temperature, (c) battery current, (d) storage time, as well as (e) open-circuit voltage Voc 

versus SOC, and (f) transient response to a step load current event [257] 

 

3.4.1.1 Usable capacity calculation 

The usable capacity of the battery (𝐶𝑢𝑠𝑎𝑏𝑙𝑒 in Coulombs) represents the charge that a 

battery can store. Specifically, it is the nominal battery capacity in Ah (𝐶𝑖𝑛𝑖𝑡) multiplied 

by cycle number-dependent correction factor (𝑓1(𝑁), see Figure 3.32(a)) and 

temperature-dependent correction factor (𝑓2(𝑇), see Figure 3.32(b)) [257]. 

𝐶𝑢𝑠𝑎𝑏𝑙𝑒 = 3600. 𝐶𝑖𝑛𝑖𝑡 . 𝑓1(𝑁). 𝑓2(𝑇) (9) 

 For simplicity, usable capacity is assumed not to be affected so much from the 

temperature, and therefore 𝑓2(𝑇) can be set to 1. Regarding the capacity fading because 

of the battery cycle number, the cycle number-dependent correction factor 𝑓1(𝑁) can be 

calculated as below: 

𝑓1(𝑁) = 1 − (𝑘1√𝑁) (10) 

 where 𝑁 is the cycle number and 𝑘1 = 4.5×10-3 [258]. 
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As can be seen from expression (9), the usable capacity does not depend on current 

variation. The current dependence of usable capacity shown in Figure 3.32(c), presents 

the variation of capacity for different SOC values at the end of discharge time for 

different battery currents. During the charge or discharge event, a current-controlled 

current source Ib can charge or discharge the capacitor (𝐶𝑢𝑠𝑎𝑏𝑙𝑒), and therefore the Vsoc 

changes dynamically, as shown on the left circuit of Figure 3.31. The resistor Rself-discharge 

represents the energy losses when the battery is left unused for a long time, which is 

usually ignored for a lithium-ion battery. Finally, usable capacity is decreased with time 

when no load is connected to the battery, as shown in Figure 3.32(d) [257]. 

3.4.1.2 Voc and SOCb calculation 

The SOC of the battery is the ratio of its current capacity to its nominal capacity. The 

nominal capacity is the maximum amount of charge that a battery can store. The 

relationship between 𝑉𝑜𝑐 and SOC is shown in Figure 3.32(e). A third-order polynomial 

relationship between 𝑉𝑜𝑐 and SOC is presented below: 

𝑉𝑜𝑐(𝑆𝑂𝐶𝑏) = 𝑎0 + 𝑎1. 𝑆𝑂𝐶𝑏 + 𝑎2. 𝑆𝑂𝐶𝑏
2 + 𝑎3. 𝑆𝑂𝐶𝑏

3 (11) 

 where 𝑎0, 𝑎1, 𝑎2 and 𝑎3 are constant values. For instance, the parameters of the 

Panasonic NCR18650PF lithium-ion battery cell, examined and tested in [259], are 

used: 𝑎0 = 3.2416, 𝑎1 = 1.3905, 𝑎2 = –1.3781 and 𝑎3 = 0.9206. Moreover, the 𝑆𝑂𝐶𝑏 

equation during charging/discharging is expressed by [260], [261]: 

𝑆𝑂𝐶𝑏 = 𝑆𝑂𝐶𝑏,0 −
1

𝐶𝑢𝑠𝑎𝑏𝑙𝑒
∫𝐼𝑏 𝑑𝑡 (12) 

 
where 𝑆𝑂𝐶𝑏,0 is the initial SOC of the battery (0 ≤ 𝑆𝑂𝐶𝑏≤ 1), and 𝐼𝑏  is the battery current 

which is assumed positive during discharging and negative during charging. 

3.4.1.3 Transient response 

When a step load current is presented, the battery voltage reacts slowly with time (Figure 

3.32(f)). The two RC networks in Figure 3.31 are responsible for the transient response. 

Specifically, series resistance 𝑅𝑠 is responsible for the instantaneous drop of the voltage, 

while the two RC networks are responsible for the following short-time and long-time 

transient response, as they are circled in the Figure 3.32(f) [257]. 
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3.4.1.4 RC calculation 

The values of 𝑅𝑠, 𝑅𝑝1, 𝑅𝑝2, 𝐶𝑝1and 𝐶𝑝2 depend on the battery current and SOC. 

Nonlinear curves behavior can be used as depicted by [257]. The following general 

functions correspond to the RC parameters related to SOC: 

𝑅𝑠 = 𝑏0𝑒
−𝑏1.𝑆𝑂𝐶𝑏 + 𝑏2 (13) 

 𝑅𝑝1 = 𝑐0𝑒
−𝑐1.𝑆𝑂𝐶𝑏 + 𝑐2 (14) 

 𝐶𝑝1 = 𝑑0𝑒
−𝑑1.𝑆𝑂𝐶𝑏 + 𝑑2 (15) 

 𝑅𝑝2 = 𝑔0𝑒
−𝑔1.𝑆𝑂𝐶𝑏 + 𝑔2 (16) 

 𝐶𝑝2 = ℎ0𝑒
−ℎ1.𝑆𝑂𝐶𝑏 + ℎ2 (17) 

 where 𝑏i, 𝑐i, 𝑑i, 𝑔i, ℎi (i = 0, 1, 2) are constant values. The RC parameters can be 

calculated in Simulink using a look-up table based on their variations behavior using the 

𝑆𝑂𝐶𝑏 as input. It is observed that when the SOC is 20–100%, these parameters remain 

almost constant. Therefore, for simplicity these parameters are assumed to remain 

constant with SOC, where the following values are used [259]: 𝑅𝑠  = 0.0314 Ω, 𝑅𝑝1= 

0.0181 Ω, 𝐶𝑝1= 1712 F, 𝑅𝑝2= 0.0281 Ω and 𝐶𝑝2= 55257 F. 

3.4.1.5 Voltage drop on RC networks 

Additionally, each RC network has a voltage drop 𝑉𝑝𝑖 expressed by: 

𝑑𝑉𝑝𝑖
𝑑𝑡

=  
𝐼𝑏
𝐶𝑝𝑖

−
𝑉𝑝𝑖
𝑅𝑝𝑖𝐶𝑝𝑖

 (18) 

 where i = 1, 2 correspond to the first and second RC network respectively [262]. 

Therefore, the battery voltage 𝑉𝑏 is calculated as follows: 

𝑉𝑏 = 𝑉𝑜𝑐 − 𝑉𝑝1 − 𝑉𝑝2 − 𝐼𝑏𝑅𝑠 (19) 

 
 

3.4.2 Modeling and simulation 

Based on the above analysis of the lithium-ion battery cell, the Simulink model is shown 

in Figure 3.33. The model is based on the behavior of the 2nd-order RC battery cell 

model. The battery parameters are taken from [259], in which a Panasonic 

NCR18650PF lithium-ion battery cell was tested. The studied battery has a nominal 
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capacity of 2900 mAh and a nominal voltage of 3.6 V. The calculation of capacity fading 

due to the charge/discharge cycle number of the battery is based on equations (9)–(10).  

 

 

Figure 3.33: Battery cell 2nd-order RC model 

 

Additionally, Figure 3.34 presents the calculation of series voltage and RC parallel 

networks voltages, based on equation (18). Finally, the subsystem of the Voc calculation 

in Figure 3.33 contains a third-order polynomial evaluation block based on expression 

(11). 

 

 

Figure 3.34:  Subsystem calculation of series voltage and RC parallel networks voltages 
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The following results were obtained based on the Simulink battery model of Figure 3.33 

[211]. The relationship between Voc and SOC is presented in Figure 3.35, in which the 

form is similar to Figure 3.32(e) and corresponds to the third-order polynomial in 

equation (11).  

 

 

Figure 3.35: Varying curve of Voc with SOC 

 

To verify that the model responds to charge and discharge events, a pulse discharge 

current of 1.5 A (0.5C) is set (Figure 3.36), assuming that the battery is initially fully 

charged (SOC0 = 1). As can be seen from Figure 3.37, at the end of discharge period, 

the battery is not fully discharged (SOC = 0.38). Also, at that moment the battery voltage 

is about 3.52 V (Figure 3.38). Moreover, during the resting period the battery voltage 

curve (Figure 3.38) contains a linear part and an exponential part. The linear part 

corresponds to the behavior of the battery due to the internal resistance Rs, while the 

exponential part shows the dynamic behavior of the battery (RC networks). Regarding 

the capacity fading due to ageing effect, Figure 3.39 represents the decreasing of the 

usable capacity because of the increase in the cycle number of the battery. The 

decreasing effect has a similar shape with that of Figure 3.32(a) and also complies with 

that of the manufacturer’s datasheet. 
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Figure 3.36: Battery pulse discharging/charging current with time 

 

 

Figure 3.37: Battery SOC with time 

 

 

Figure 3.38: Battery voltage during discharging/charging with time 
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Figure 3.39: Usable Capacity vs. cycle number 

 

3.4.3 Battery pack sizing 

In order to define the appropriate size of the battery storage system in a grid-connected 

building with PV system, the average electricity consumption of a typical household is 

assessed. Typically, an energy efficient household has an average electricity 

consumption of about 4000 kWh/year, or about 11 kWh/day. Moreover, several factors 

are considered, such as storage capacity for good matching between generation and 

consumption (60% of average daily consumption), minimum battery SOC to avoid 

battery degradation (20–30%) and battery efficiency (90%). Considering all the above, 

a battery storage capacity of about 9.5–10.5 kWh was shown to be sufficient for 

covering the needs of such residential applications [26]. 

In this study a 10 kWh battery pack is chosen, consisting of 69 parallel strings of 14 

cells placed in series formation (see Figure 3.40). Each cell has a nominal capacity of 

2.9 Ah and a nominal voltage of 3.6 V. Therefore, a 10 kWh battery pack with a nominal 

capacity of 200 Ah and a nominal voltage of 51.2 V is considered. Similar batteries exist 

in industry for residential applications [263], [264]. 
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Figure 3.40: Battery pack subsystem in Simulink 

 

3.5 Supercapacitor Storage 10 

3.5.1 Theory and mathematical analysis 

Supercapacitors have low cell voltage resistance between their terminals (up to 3 V) and 

hence they are built up with modules of single cells connected in series or in a 

combination of series and parallel connections [64]. The circuit of the supercapacitor 

cell is shown in Figure 3.41, where the two branches model that consists of the main 

branch and the slow branch, is examined [27]. 

 

 

Figure 3.41: Two branches equivalent circuit of a supercapacitor cell 

 

The main branch corresponds to the immediate response of the supercapacitor during 

the charge or discharge event in the time range of seconds. In the main branch, 𝑅1 is the 

series resistance and represents the waste power for internal heating on charging and 

discharging (mΩ). The capacitor 𝐶1 depends on the voltage 𝑉1 as expressed in equation 

(20), where 𝐶0 is the constant capacitance in Farads (F) and 𝐶𝑣  is the constant parameter 

(F/V) [161], [265]. 

𝐶1 = 𝐶0 + 𝐶𝑣𝑉1 (20) 

 

10 Section 3.5 contains material from published paper [211] 
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The slow branch determines the internal energy distribution at the end of the charge or 

discharge cycle in the time range of minutes. The parallel resistance Rf describes the 

leakage current when the supercapacitor is in standby mode (kΩ×102). This self-

discharge property can be neglected for fast charge and discharge cycles [266]. Equation 

(21) represents the voltage 𝑉𝑠𝑐 of the supercapacitor pack,  

𝑉𝑠𝑐 = 𝑁𝑠𝑈𝑠𝑐 = 𝑁𝑠(𝑉1 + 𝑅1
𝐼𝑠𝑐
𝑁𝑝
) 

 

(21) 

 where 𝑁𝑠 and 𝑁𝑝 are the number of supercapacitor cells in series and parallel connection, 

respectively. Also, 𝑈𝑠𝑐 is the cell voltage and 𝐼𝑠𝑐 is the current of the supercapacitor 

pack. Concerning the slow cell, the voltage 𝑉2 can be expressed by [28]: 

𝑉2 =
1

𝐶2
∫ 𝑖2𝑑𝑡 =

1

𝐶2
∫
1

𝑅2
(𝑉1 − 𝑉2)𝑑𝑡 (22) 

 
The voltage 𝑉1 across the capacitor 𝐶1 on the main cell is given by: 

𝑉1 =
−𝐶0 +√𝐶0

2 + 2𝐶𝑣𝑄1

𝐶𝑣
 

 

(23) 

 where 𝑄1 is the instantaneous charge of 𝐶1 and can be calculated by: 

𝑄1 = 𝐶0𝑉1 +
1

2
𝐶𝑣𝑉1

2 

 

(24) 

 A useful indicator of the level of charge stored into the supercapacitor is the SOC. The 

easiest method to calculate the SOC of the supercapacitor is based on the ampere-hour 

equation: 

𝑆𝑂𝐶𝑠𝑐 = 𝑆𝑂𝐶𝑠𝑐,0 −
1

3600 𝐶𝑠𝑐,𝐴ℎ
∫𝐼𝑠𝑐  𝑑𝑡 (25) 

 
Where 𝑆𝑂𝐶𝑠𝑐,0 is the initial SOC of the supercapacitor, 𝐶𝑠𝑐,𝐴ℎ is the capacity of the 

supercapacitor in Ah, which can be calculated by [267]:  

𝐶𝑠𝑐,𝐴ℎ =
𝐶𝑠𝑐𝑉𝑚𝑎𝑥 
3600

 (26) 

 where 𝐶𝑠𝑐 is the rated capacitance of the supercapacitor in Farads, and 𝑉𝑚𝑎𝑥 is the 

maximum voltage of the supercapacitor (i.e., the rated voltage). 
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3.5.2 Modeling and simulation 

Regarding this study, all electrical parameters of the supercapacitor cell (Maxwell 

BCAP3000) are given as R1 = 0.29 mΩ, C0 = 2100 F, Cv = 623 F/V, R2 = 1.92 Ω and C2 

= 172 F [161]. The supercapacitor has a rated voltage of 2.7 V and a rated capacitance 

of 3000 F. Therefore, its capacity is 2.25 Ah (see equation (26)). 

The supercapacitor cell model in Simulink is presented in Figure 3.42, where Ns = Np = 

1. Note here that the supercapacitor current, Isc, is assumed to be positive during 

discharging and negative during charging. 

 

 

Figure 3.42: Simulink model of supercapacitor pack 

 

The simulation results of the supercapacitor model are shown in Figure 3.43, Figure 

3.44 and Figure 3.45, based on the Simulink model of Figure 3.42. Firstly, a constant 

current of –200 A charges the supercapacitor for about 40 s until it reaches the rated 

voltage. During the period of 55–70 s, the supercapacitor is at rest (Isc = 0 A). After that, 

a constant current of 200 A discharges totally the supercapacitor. At the beginning of 

discharging, an initial slight voltage drop of 59 mV is observed. This happens due to the 

internal resistance R1 of the supercapacitor (ΔV = ΙscR1). 
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Figure 3.43: Supercapacitor charging/discharging current with time 

 

 

Figure 3.44: Supercapacitor charging/discharging voltage with time 

 

 

Figure 3.45: Supercapacitor SOC with time 
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3.5.3 Supercapacitor pack sizing 

The DC voltage for the supercapacitor pack is assumed to be about 64 V. Hence, 24 

cells in series connection are needed to achieve the voltage of 64.8 V, because each 

supercapacitor cell has a voltage of 2.7 V. As the supercapacitor is considered a high-

power storage device, it is assumed that the supercapacitor pack must be able to 

supply/absorb a maximum power of 9 kW for 20 seconds, and therefore the required 

energy is calculated to be 50 Wh, or 180 kJ. Note that it is usually not allowed to utilize 

100% of the energy stored in the supercapacitor pack. A typical voltage window 

considered for supercapacitors is between 𝑉𝑚𝑎𝑥/2 and 𝑉𝑚𝑎𝑥, hence it is assumed that the 

pack can be discharged from its rated voltage of 64.8 V to about 35 V (i.e., 𝑉𝑚𝑎𝑥= 64.8 

V, 𝑉𝑚𝑖𝑛= 35 V) [268], [269]. Therefore, the equivalent capacitance, 𝐶𝑒𝑞, of the 

supercapacitor pack can be calculated as [161], [270]: 

𝐸𝑠𝑐  =
1

2
ηsc𝐶𝑒𝑞(𝑉𝑚𝑎𝑥

2 − 𝑉𝑚𝑖𝑛
2 ) (27) 

where 𝐸𝑠𝑐 is the energy stored in the supercapacitor (in J) and ηsc is the efficiency of 

the supercapacitor. Assuming an efficiency of 98%, the equivalent capacitance is 

calculated to be about 123.5 F. Each supercapacitor cell has a capacitance of 3000 F, 

hence the module of 24 cells in series has a total equivalent capacitance of 125 F. 

Therefore, the stored energy of about 50.6 Wh is enough for the requirements of our 

system [161], [271]. Concluding, the supercapacitor pack consists of 24 cells in series 

(Ns =24 and Np = 1) and has an equivalent capacitance of 125 F, and it can store 50.6 

Wh of energy. 

 

3.6 Bidirectional DC-DC Converter 11 

3.6.1 Theory and mathematical analysis 

The bidirectional DC-DC converter is a combination of a boost and buck converter, 

where the proper mode is selected by an appropriate control algorithm. Such a converter 

 

11 Section 3.6 contains material from submitted paper [315] 
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is used to charge and discharge the battery and the supercapacitor, where the 

corresponding duty cycles 𝑑1 and 𝑑2 of the transistors S1 and S2, respectively, are 

determined by the appropriate controllers. The electrical circuit of the bidirectional DC-

DC converter is presented in Figure 3.46, where L is the inductance of the converter 

(either in boost or buck mode), C1 is the capacitance on the boost-mode operation, C2 is 

the capacitance on the buck-mode operation, Vb is the lower voltage (e.g., battery side) 

and Vdc is the common DC-bus voltage [272]–[274]. 

 

  

Figure 3.46: Bidirectional DC-DC converter circuit 

 

In the sequel, a step-by-step power stage modeling is presented for the case of the boost 

and the buck modes of operation of the bidirectional converter. This process is done for 

the modeling of the converter and the design of the controller. The first part examines 

the steady-state operation of the converter. An essential part for the design of the control 

is the determination of the dynamic behavior of a converter. In other words, how the 

small variations of the inputs near the steady-state value affect the output of the 

converter. The switching ripple is considered as negligible in a well-designed converter 

that operates in a CCM. Therefore, the switching ripples are ignored and only the ac 

variations are modeled, where the frequency is much smaller than the switching 

frequency. The goal here is to predict this low-frequency part, which allows us to design 

the controller of the converter [224].   

Classical control theory applies only to linear time-invariant (LTI) single-input single-

output (SISO) systems, and it is not appropriate for the more demanding dynamic 

analysis of a nonlinear time-variant system. Therefore, for the latter case, it is necessary 

to develop a process that allows one to overcome the problems related to time-variation 

and nonlinearity of the switching process of the converter [275]. To this end, the 

necessary steps to be followed are graphically represented in Figure 3.47. The resulting 
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small-signal model is a LTI model in which all the standard circuit analysis techniques 

can be applied. To construct this, the nonlinear time-variant signal is averaged over one 

switching period, thus assuming that the switching ripples of the state variables are equal 

to zero as their time variance is removed. After that, the model is linearized by removing 

all the nonlinearities that incurred by the averaging process. Therefore, a linear time-

invariant small signal model is produced, describing the time-domain dynamics at the 

presence of small-signal excitation. Finally, the time-domain small-signal model is 

transformed into a frequency-domain (s-domain) small-signal model. This conversion 

provides the transfer functions of power stage dynamics, which are required for the 

stability analysis [276]–[279]. 

 

 

Figure 3.47: Steps of power stage modeling 

 

3.6.1.1 Boost-mode operation 

The boost-mode is applied for the discharging process of the storage (battery or 

supercapacitor) system. Figure 3.48 shows the circuit of the boost-mode converter, 

where the direction of the inductor current is from the lower voltage side to the higher 

voltage side [280]–[282]. The capacitance of the boost-mode is assumed equal with that 

of the buck-mode, hence C1 = C2 = C. The boost-mode operation is activated when S1 
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operates periodically, while S2 is switched off. The duty cycle D1 is the ratio of the time 

that the switch S1 is ON to the switching period, and determines the steady-state output 

voltage and current values based on the equations (28)–(29). 

 

 

Figure 3.48: Circuit of the boost-mode converter 

 

𝑉𝑑𝑐 =
𝑉𝑏

1 − 𝐷1
 (28) 

𝐼𝑑𝑐 = (1 − 𝐷1)𝐼𝐿 (29) 

The averaged large signal inductor current, 𝑖𝐿, and the DC-bus output voltage, 𝑣𝑑𝑐, in a 

CCM operation can be found using the equations below. 

𝑑𝑖𝐿
𝑑𝑡

=
1

𝐿
(𝑣𝑏 − (1 − 𝑑1)𝑣𝑑𝑐) (30) 

𝑑𝑣𝑑𝑐
𝑑𝑡

=
1

𝐶
((1 − 𝑑1)𝑖𝐿 − 𝑖𝑑𝑐) (31) 

or, in state-space matrix form, 

[

𝑑𝑖𝐿
𝑑𝑡
𝑑𝑣𝑑𝑐
𝑑𝑡

] = [
0 −

(1 − 𝑑1)

𝐿
(1 − 𝑑1)

𝐶
−
1

𝑅𝐶

] [
𝑖𝐿

𝑣𝑑𝑐

] + [
1

𝐿
0
] [𝑣𝑏] + [

0

−
1

𝐶

] [𝑖𝑑𝑐] (32) 

where 𝐿 is the inductance of the converter, 𝐶 is the capacitance of the converter, 𝑅 is 

the output resistance, 𝑣𝑏 is the input voltage (e.g., battery voltage) and 𝑖𝑑𝑐 is the output 

current of the converter. Each parameter in the equations above must be expanded to 

include the dynamics produced by the inductors and capacitors of the converter. Thus, 

the input voltage and the duty cycle (𝑣𝑏(𝑡), 𝑑1(𝑡)) can be represented by the sum of 

their quiescent values (𝑉𝑏, 𝐷1) and small ac variations in time (𝑣𝑏(𝑡), �̂�1(𝑡)). 

𝑣𝑏(𝑡) =  𝑉𝑏 + 𝑣𝑏(𝑡) (33) 
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𝑑1(𝑡) =  𝐷1 + �̂�1(𝑡) (34) 

These time varying inputs produce perturbations in the dynamic variables. Hence, one 

can write: 

𝑖𝑑𝑐(𝑡) =  𝐼𝑑𝑐 + 𝑖̂𝑑𝑐(𝑡) (35) 

𝑣𝑑𝑐(𝑡) =  𝑉𝑑𝑐 + 𝑣𝑑𝑐(𝑡) (36) 

𝑖𝐿(𝑡) =  𝐼𝐿 + 𝑖̂𝐿(𝑡) (37) 

where the  output current, output voltage and inductor current (𝑖𝑑𝑐(𝑡), 𝑣𝑑𝑐(𝑡), 𝑖𝐿(𝑡)) are 

represented by the sum of their quiescent values (𝐼𝑑𝑐,  𝑉𝑑𝑐, 𝐼𝐿) and small ac variations in 

time (𝑖̂𝑑𝑐(𝑡), 𝑣𝑑𝑐(𝑡), 𝑖̂𝐿(𝑡)). In addition, the ac variations are assumed to be relatively 

small in magnitude compared to the dc quiescent values. 

|𝑣𝑏(𝑡)| ≪ |𝑉𝑏|,  |�̂�1(𝑡)| ≪ |𝐷1|,  |𝑖�̂�(𝑡)| ≪ |𝐼𝐿|,  |𝑣𝑑𝑐(𝑡)| ≪ |𝑉𝑑𝑐|,  |𝑖̂𝑑𝑐(𝑡)| ≪ |𝐼𝑑𝑐| (38) 

Thus, equations (30)–(31) can be linearized by expanding and separating the steady-

state terms and small-signal terms. From the inductor current equation (30), yields: 

𝑑(𝐼𝐿 + 𝑖̂𝐿(𝑡))

𝑑𝑡
=
1

𝐿
[(𝑉𝑏 + 𝑣𝑏(𝑡)) − (𝑉𝑑𝑐 + 𝑣𝑑𝑐(𝑡))(1 − (𝐷1 + �̂�1(𝑡)))] (39) 

or, upon collecting relevant terms, 

𝐿 (
𝑑𝐼𝐿
𝑑𝑡
+
𝑑𝑖̂𝐿(𝑡)

𝑑𝑡
) = (𝑉𝑏 − 𝑉𝑑𝑐𝐷1′)⏟        

𝑑𝑐 𝑡𝑒𝑟𝑚𝑠

+ (𝑣𝑏(𝑡) + 𝑉𝑑𝑐�̂�1(𝑡) − 𝑣𝑑𝑐(𝑡)𝐷1′)⏟                    
1𝑠𝑡 𝑜𝑟𝑑𝑒𝑟 𝑎𝑐 𝑡𝑒𝑟𝑚𝑠

(𝑙𝑖𝑛𝑒𝑎𝑟) 

+ (𝑣𝑑𝑐(𝑡)�̂�1(𝑡))⏟        
2𝑛𝑑 𝑜𝑟𝑑𝑒𝑟 𝑎𝑐 𝑡𝑒𝑟𝑚𝑠

(𝑛𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟) 

 

where 𝐷1′ = 1 − 𝐷1. The above equation consists of (i) the dc terms, which are dc values 

only, (ii) the 1st-order ac terms (linear), which contain products of a dc term with an ac 

term, and (iii) 2nd-order ac terms (nonlinear), which contain products of two ac terms – 

time-varying signals – (hence, they are nonlinear in time). One can then neglect the 2nd-

order small ac quantities, as, following assumptions (38), they are much smaller in 

magnitude than the 1st-order ac terms. Moreover, the dc terms on the right-hand side are 

equal to the dc terms on the left-hand side of the equation, by definition in steady-state 

analysis. Since 𝐼𝐿 is a constant (dc) term, its derivative is zero (
𝑑𝐼𝐿

𝑑𝑡
= 0), and hence the 

sum of the dc terms on the left-hand side is equal to zero. Therefore, the sum of the dc 

terms on the right-hand side are also zero. Consequently, the remaining terms of the 
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inductor current equation are only the linear first order terms. Equation (40) represents 

the small-signal linearized equation for the inductor current variations. 

𝑑𝑖̂𝐿(𝑡)

𝑑𝑡
=
1

𝐿
(−𝐷1

′ �̂�𝑑𝑐(𝑡) + 𝑉𝑑𝑐�̂�1(𝑡) + 𝑣𝑏(𝑡)) (40) 

The same process can be followed in the case of the output capacitor voltage. From the 

output voltage equation (31), yields: 

𝑑(𝑉𝑑𝑐 + 𝑣𝑑𝑐(𝑡))

𝑑𝑡
=
1

𝐶
[(𝐼𝐿 + 𝑖̂𝐿(𝑡))(1 − (𝐷1 + �̂�1(𝑡))) − (𝐼𝑑𝑐 + 𝑖̂𝑑𝑐(𝑡))] (41) 

or, upon collecting relevant terms, 

𝐶 (
𝑑𝑉𝑑𝑐
𝑑𝑡

+
𝑑𝑣𝑑𝑐(𝑡

𝑑𝑡
) = (𝐼𝐿𝐷1′ − 𝐼𝑑𝑐)⏟        

𝑑𝑐 𝑡𝑒𝑟𝑚𝑠

+ (𝑖�̂�(𝑡)𝐷1
′ − 𝐼𝐿�̂�1(𝑡) − 𝑖̂𝑑𝑐(𝑡))⏟                  

1𝑠𝑡 𝑜𝑟𝑑𝑒𝑟 𝑎𝑐 𝑡𝑒𝑟𝑚𝑠
(𝑙𝑖𝑛𝑒𝑎𝑟) 

+ (−�̂�𝐿(𝑡)�̂�1(𝑡))⏟        
2𝑛𝑑 𝑜𝑟𝑑𝑒𝑟 𝑎𝑐 𝑡𝑒𝑟𝑚𝑠

(𝑛𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟) 

 

In the same way, the 2nd-order small ac quantities are neglected. Since 𝑉𝑑𝑐 is a constant 

(dc) term, its derivative is zero (
𝑑𝑉𝑑𝑐

𝑑𝑡
= 0), and hence the sum of the dc terms on the 

right-hand side is also equal to zero. Consequently, the remaining terms of the capacitor 

voltage equation are only the linear 1st-order terms. Equation (42) represents the small-

signal linearized equation for the output voltage variations. 

𝑑𝑣𝑑𝑐(𝑡)

𝑑𝑡
=
1

𝐶
[𝐷1

′  𝑖�̂�(𝑡) − 𝐼𝐿�̂�1(𝑡) − 𝑖�̂�𝑐(𝑡)] (42) 

Combining the derived equations (40) and (42) in state-space matrix form, yields: 

[

𝑑𝑖�̂�(𝑡)

𝑑𝑡
𝑑𝑣𝑑𝑐(𝑡)

𝑑𝑡

] =

[
 
 
 0 −

𝐷1′

𝐿
𝐷1′

𝐶
−
1

𝑅𝐶]
 
 
 
[
𝑖�̂�(𝑡)

𝑣𝑑𝑐(𝑡)
] + [

1

𝐿
0

𝑉𝑑𝑐
𝐿

0 −
1

𝐶
−
𝐼𝐿
𝐶

] [

𝑣𝑏(𝑡)

𝑖̂𝑑𝑐(𝑡)

�̂�1(𝑡)

] (43) 

The next step is to define the state vector �̂�(𝑡), which includes all the state variables, 

and the input vector �̂�(𝑡), which contains all the independent inputs. Also, the output 

vector �̂�(𝑡) is defined as a linear combination of the state vector and the input vector. 

Hence, the state-space averaged model of the boost converter is given by the system of 

equations (44) below. 

�̂�(𝑡) = [
𝑖�̂�(𝑡)

𝑣𝑑𝑐(𝑡)
],  �̂�(𝑡) = [

𝑣𝑏(𝑡)

𝑖̂𝑑𝑐(𝑡)

�̂�1(𝑡)

],  �̂�(𝑡)  = [
𝑣𝑑𝑐(𝑡)

𝑖�̂�(𝑡)
] (44) 
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The above vectors in state-space equation form are written as: 

 �̇̂�(𝑡) = A �̂�(𝑡) + B �̂�(𝑡) (45) 

�̂�(𝑡) = C �̂�(𝑡) + D �̂�(𝑡) (46) 

where A, B, C and D are the state equation matrices and are derived from (43).  

A = [
0 −

𝐷1′

𝐿
𝐷1′

𝐶
−

1

𝑅𝐶

], B = [

1

𝐿
0

𝑉𝑑𝑐

𝐿

0 −
1

𝐶
−
𝐼𝐿

𝐶

], C = [
0 1

1 0
], D = [

0 0 0

0 0 0
] (47) 

The next step is the conversion of the time-domain small-signal model into a frequency-

domain (s-domain) small-signal model. Taking Laplace transforms (with zero initial 

conditions) and solving for �̂�(𝑠) in equation (45), yields: 

�̂�(𝑠) = (𝑠I − A)−1B �̂�(s) (48) 

Substituting equation (48) into the Laplace transform of equation (46), yields: 

𝐘(𝑠) = C (𝑠I − A)−1 B �̂�(s) (49) 

The last step is to export the small signal transfer functions of the boost converter. This 

research is focused on the input current control, but the small signal transfer functions 

for the case of output voltage control are also extracted. For the case of the input current 

control, the remaining independent variables are set to zero (𝑣𝑏(𝑡) = 0, 𝑖̂𝑑𝑐(𝑡) = 0), 

which requires a reduced matrix C = [1 0], leading to the normalized form equation 

(50). For the case of the output voltage control, the remaining independent variables are 

set to zero (𝑣𝑏(𝑡) = 0, 𝑖̂𝑑𝑐(𝑡) = 0), which requires a reduced matrix C = [0 1], 

leading to the normalized form equation (51). This is useful for deriving the transfer 

function of equation (52) for the output voltage control. 

In the control-to-output transfer function in (51) a non-minimum phase system is 

observed, because of the presence of a RHP (Right Half Plane) zero in the numerator. 

This RHP zero causes a 90 phase delay resulting to an overall phase variation between 

0 and –270 (instead of 0 and –180 on the system with a regular left half plane zero). 

This phase problem presents considerable difficulties to the design of the voltage 

feedback of the controller and prevents it from securing a stable operation with a good 

performance.  
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𝐺𝑖𝑑
𝑏𝑜(𝑠) =

𝑖�̂�(𝑠)

�̂�(𝑠)
=
2𝑉𝑑𝑐

𝑅𝐷1
′2
 

(

 
1 + 𝑠

𝑅𝐶
2

1 + 𝑠
𝐿

𝑅𝐷1
′2
+ 𝑠2

𝐿𝐶

𝐷1
′2)

  (50) 

𝐺𝑣𝑑
𝑏𝑜(𝑠) =

𝑣𝑑𝑐(𝑠)

�̂�(𝑠)
=
𝑉𝑑𝑐
𝐷1
′  

(

 

1 − 𝑠
𝐿

𝑅𝐷1
′2

1 + 𝑠
𝐿

𝑅𝐷1
′2
+ 𝑠2

𝐿𝐶

𝐷1
′2)

  (51) 

𝐺𝑣𝑖
𝑏𝑜(𝑠) =

𝑣𝑑𝑐(𝑠)

𝑖̂𝐿(𝑠)
= 𝑅𝐷1

′  

(

 

1 − 𝑠
𝐿

𝑅𝐷1
′2

2 + 𝑠𝑅𝐶

)

  (52) 

 

3.6.1.2 Buck-mode operation 

The buck-mode is operated for the charging process of the storage. Figure 3.49 presents 

the circuit of the buck-mode converter. In contrast to the boost-mode operation, the 

inductor current flows from the higher voltage side to the lower voltage side [283]. The 

buck-mode operation is activated when S2 operates periodically, while S1 is switched 

off. The duty cycle 𝐷2 is the ratio of the time that the switch S2 is ON to the switching 

period, and determines the steady-state output voltage (𝑉𝑏) and output current (𝐼𝑏) values 

as follows. 

 

 

Figure 3.49: Circuit of the buck-mode converter 

 

𝑉𝑏 = 𝐷2𝑉𝑑𝑐 (53) 

𝐼𝑏 =
𝐼𝑑𝑐
𝐷2

 (54) 
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The averaged large signal inductor current, 𝑖𝐿, and the output battery voltage, 𝑣𝑏, are 

calculated by equations (55)–(56), respectively, and describe the buck-mode operation 

in a CCM of the converter. 

𝑑𝑖𝐿
𝑑𝑡

=
1

𝐿
(𝑣𝑑𝑐𝑑2 − 𝑣𝑏) (55) 

𝑑𝑣𝑏
𝑑𝑡

=
1

𝐶
(𝑖𝐿 −

𝑣𝑏
𝑅
) (56) 

or, in matrix form, 

[

𝑑𝑖𝐿
𝑑𝑡
𝑑𝑣𝑏
𝑑𝑡

] = [
0 −

1

𝐿
1

𝐶
−
1

𝑅𝐶

] [

𝑖𝐿

𝑣𝑏

] + [

𝑑2
𝐿

0

] [𝑣𝑑𝑐] (57) 

The power stage modeling analysis for the buck-mode is similar to that of the boost-

mode. Each parameter on the equations above must be expanded to include the dynamics 

produced by the inductors and capacitors of the converter. Thus, the input voltage and 

the duty cycle (𝑣𝑑𝑐(𝑡), 𝑑2(𝑡)) can be represented as their quiescent values (𝑉𝑑𝑐, 𝐷2) and 

small ac variations in time (𝑣𝑑𝑐(𝑡), �̂�2(𝑡)).  

𝑣𝑑𝑐(𝑡) =  𝑉𝑑𝑐 + 𝑣𝑑𝑐(𝑡) (58) 

𝑑2(𝑡) =  𝐷2 + �̂�2(𝑡) (59) 

These time varying inputs produce perturbations in the dynamic variables. Hence, one 

can write: 

𝑖𝐿(𝑡) =  𝐼𝐿 + 𝑖�̂�(𝑡) (60) 

𝑣𝑏(𝑡) =  𝑉𝑏 + 𝑣𝑏(𝑡) (61) 

In addition, the ac variations are assumed to be relatively small in magnitude compared 

to the dc quiescent values: 

|𝑣𝑑𝑐(𝑡)| ≪ |𝑉𝑑𝑐|,   |�̂�2(𝑡)| ≪ |𝐷2|,   |𝑖�̂�(𝑡)| ≪ |𝐼𝐿|,   |𝑣𝑏(𝑡)| ≪ |𝑉𝑏| (62) 

Thus, the equations (55)–(56) can be linearized by expanding and separating the steady-

state terms and small-signal terms. From the inductor current equation (55), yields: 

𝑑(𝐼𝐿 + 𝑖̂𝐿(𝑡))

𝑑𝑡
=
1

𝐿
[(𝑉𝑑𝑐 + 𝑣𝑑𝑐(𝑡))(𝐷2 + �̂�2(𝑡)) − (𝑉𝑏 + 𝑣𝑏(𝑡))] (63) 

or, upon collecting relevant terms, 
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𝐿 (
𝑑𝐼𝐿
𝑑𝑡
+
𝑑𝑖�̂�(𝑡)

𝑑𝑡
) = (𝑉𝑑𝑐𝐷2 − 𝑉𝑏)⏟        

𝑑𝑐 𝑡𝑒𝑟𝑚𝑠

+ (𝑉𝑑𝑐�̂�2(𝑡) + 𝐷2�̂�𝑑𝑐(𝑡)−�̂�𝑏(𝑡))⏟                    
1𝑠𝑡 𝑜𝑟𝑑𝑒𝑟 𝑎𝑐 𝑡𝑒𝑟𝑚𝑠

(𝑙𝑖𝑛𝑒𝑎𝑟) 

+ (𝑣𝑑𝑐(𝑡)�̂�2(𝑡))⏟        
2𝑛𝑑 𝑜𝑟𝑑𝑒𝑟 𝑎𝑐 𝑡𝑒𝑟𝑚𝑠

(𝑛𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟) 

 

As already explained for the case of the boost-mode operation, the 2nd-order small ac 

quantities are neglected (see assumptions (62)). Since 𝐼𝐿 is a constant (dc) term, its 

derivative is zero (
𝑑𝐼𝐿

𝑑𝑡
= 0), and hence the sum of the dc terms on the right-hand side is 

also equal to zero. Consequently, the remaining terms of the inductor current equation 

are only the linear first order terms. Equation (64) represents the small-signal linearized 

equation for the inductor current variations. 

𝑑𝑖̂𝐿(𝑡)

𝑑𝑡
=
1

𝐿
[−𝑣𝑏(𝑡) + 𝐷2�̂�𝑑𝑐(𝑡) + 𝑉𝑑𝑐�̂�2(𝑡)] (64) 

The same process can be followed in the case of the output capacitor voltage. From the 

output voltage equation (56), yields: 

𝑑(𝑉𝑑𝑐 + 𝑣𝑑𝑐(𝑡))

𝑑𝑡
=
1

𝐶
[(𝐼𝐿 + 𝑖�̂�(𝑡)) −

1

𝑅
(𝑉𝑏 + 𝑣𝑏(𝑡))] (65) 

or, upon collecting relevant terms, 

𝐶 (
𝑑𝑉𝑏
𝑑𝑡

+
𝑑𝑣𝑏(𝑡

𝑑𝑡
) = (𝐼𝐿 −

𝑉𝑏
𝑅
)

⏟      
𝑑𝑐 𝑡𝑒𝑟𝑚𝑠

+ (𝑖�̂�(𝑡) −
𝑣𝑏(𝑡)

𝑅
)

⏟          
1𝑠𝑡 𝑜𝑟𝑑𝑒𝑟 𝑎𝑐 𝑡𝑒𝑟𝑚𝑠

(𝑙𝑖𝑛𝑒𝑎𝑟) 

 

The dc terms on the right-hand side are equal to the dc terms on the left-hand side. Since 

𝑉𝑏 is constant (dc) term, its derivative is zero (
𝑑𝑉𝑏

𝑑𝑡
= 0), hence the sum of the dc terms 

on the right-hand side is also equal to zero. Consequently, the remaining terms of the 

capacitor voltage equation are only the linear first order terms. Equation (66) represents 

the small-signal linearized equation for the output voltage variations. 

𝑑𝑣𝑏(𝑡)

𝑑𝑡
=
1

𝐶
[𝑖�̂�(𝑡) −

𝑣𝑏(𝑡)

𝑅
] (66) 

Combining the derived equations (64) and (66) in matrix form, yields: 

[

𝑑𝑖�̂�(𝑡)

𝑑𝑡
𝑑𝑣𝑏(𝑡)

𝑑𝑡

] = [
0 −

1

𝐿
1

𝐶
−
1

𝑅𝐶

] [
𝑖̂𝐿(𝑡)

𝑣𝑏(𝑡)
] + [

𝐷2
𝐿

𝑉𝑑𝑐
𝐿

0 0

] [
𝑣𝑑𝑐(𝑡)

�̂�2(𝑡)
] (67) 
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The next step is to define the state vector �̂�(𝑡), which includes all the state variables, 

and the input vector �̂�(𝑡), which contains all the independent inputs. As before, the 

output vector �̂�(𝑡) is defined as a linear combination of the state vector and the input 

vector. Hence, the state-space averaged model of the boost converter is given by the 

system of equations (68) below. 

�̂�(𝑡) = [
𝑖̂𝐿(𝑡)

𝑣𝑏(𝑡)
],  �̂�(𝑡) = [

𝑣𝑑𝑐(𝑡)

�̂�2(𝑡)
], �̂�(𝑡)  = [

𝑣𝑏(𝑡)

𝑖�̂�(𝑡)
] (68) 

The above vectors can be written in state-space equation form (see equations (45)–(46)), 

where matrices A, B, C and D are derived from (67). 

A = [
0 −

1

𝐿

1

𝐶
−

1

𝑅𝐶

], B = [

𝐷2

𝐿

𝑉𝑑𝑐

𝐿

0 0

],        C = [
0 1

1 0
],      D = [

0 0

0 0
] (69) 

As before, the last step is to determine the required small signal transfer functions of the 

buck converter using Laplace transforms (see equations (48)–(49)). For the case of the 

input current control, the remaining independent input is set to zero (𝑣𝑑𝑐(𝑡) = 0) and 

the required reduced matrix to C = [1 0], leading to the normalized form equation 

(70). For the case of the output voltage control, the independent input is set to zero 

(𝑣𝑑𝑐(𝑡) = 0) and the required reduced matrix to C = [0 1], leading to the normalized 

form equation (71). This is useful for deriving the transfer function of equation (72) for 

the output voltage control. 

𝐺𝑖𝑑
𝑏𝑢(𝑠) =

𝑖�̂�(𝑠)

�̂�(𝑠)
=
𝑉𝑏
𝑅𝐷2

 (
1 + 𝑠𝑅𝐶

1 + 𝑠
𝐿
𝑅 + 𝑠

2𝐿𝐶
) (70) 

𝐺𝑣𝑑
𝑏𝑢(𝑠) =

𝑣𝑏(𝑠)

�̂�(𝑠)
=
𝑉𝑏
𝐷2
 (

1

1 + 𝑠
𝐿
𝑅 + 𝑠

2𝐿𝐶
) (71) 

𝐺𝑣𝑖
𝑏𝑢(𝑠) =

𝑣𝑏(𝑠)

𝑖�̂�(𝑠)
=  

𝑅

1 + 𝑠𝑅𝐶
 (72) 

 



110 

 

3.6.2 Modeling and simulation 

The bidirectional DC-DC converter averaged model for the battery in Simulink has as 

inputs the type of the mode (mode=1 for boost-mode, or mode=0 for buck-mode 

operation), the duty cycle and the input and output voltage. The output of this model is 

the inductor current, which is compared with a reference inductor current. In Figure 3.50 

the Simulink model of the battery bidirectional converter is presented. 

 

 

Figure 3.50: Battery bidirectional converter in Simulink 

 

When the bidirectional converter operates as a boost converter (discharging mode), the 

inputs are the duty cycle D1, the battery (or supercapacitor) voltage (input voltage) and 

the DC-bus voltage (output voltage), while the output is the inductor current. On the 

other hand, when the bidirectional converter operates as a buck converter (charging 

mode), the duty cycle D2, the DC-bus voltage (input voltage) and the battery (or 

supercapacitor) voltage (output voltage), while the output is the inductor current. Based 

on the mode of operation, a final decision on the proper duty cycle and inductor current 

is made. For the case of the supercapacitor bidirectional converter model, a similar 

approach is adopted, where the sign of the supercapacitor current defines the mode of 

operation (sign_sc>0 for boost-mode, or sign_sc <0 for buck-mode operation).  

 

3.6.3 Transfer functions and parameters of the bidirectional converter 

The model consists of two bidirectional converters, as the configuration of the hybrid 

storage is fully active. For the case of the battery and supercapacitor converters design, 
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the system parameters for the simulation are tabulated in Table 3.4. It must be noted 

here that similar bidirectional converters exist in industry having high efficiencies 

[284]–[286]. 

 

Table 3.4: System parameters for the simulation of the battery and supercapacitor converters 

Battery Converter 

Battery voltage (Vb) 60 V 

Battery Inductor (Lb) 5 mH 

Battery load resistor (RLb) (virtual) 12 Ω 

Supercapacitor Converter 

Supercapacitor voltage (Vsc) 70 V 

Supercapacitor Inductor (Lsc) 5 mH 

Supercapacitor load resistor (RL,sc) (virtual) 12 Ω 

DC-bus parameters 

DC-link Capacitor (Cdc) 5000 μF 

DC-link load resistor (Rdc) (virtual) 50 Ω 

DC-bus voltage (Vdc) 400 V 

 

Moreover, based on the small-signal ac analysis of the previous sub-Section 3.6.1, the 

derived transfer functions regarding the current control of the battery and supercapacitor 

are presented in the table below. These transfer functions are used in Section 3.8 for the 

design of the controllers and the stability analysis. 

 

Table 3.5: Transfer functions of the battery and supercapacitor converters 

 Boost-mode Buck-mode 

Battery 

Converter 
𝐺𝑖𝑑,𝑏
𝑏𝑜 (𝑠) =

𝑖�̂�,𝑏(𝑠)

�̂�𝑏(𝑠)

=  
8 × 104(𝑠 + 8)

𝑠2 + 4𝑠 + 900
 

𝐺𝑖𝑑,𝑏
𝑏𝑢 (𝑠) =

𝑖�̂�,𝑏(𝑠)

�̂�𝑏(𝑠)

=  
8 × 104(𝑠 + 16.67)

𝑠2 + 16.67𝑠 + 4 × 104
 

Supercapacitor 

Converter 
𝐺𝑖𝑑,𝑠𝑐
𝑏𝑜 (𝑠) =

𝑖�̂�,𝑠𝑐(𝑠)

�̂�𝑠𝑐(𝑠)

=  
8 × 104(𝑠 + 8)

𝑠2 + 4𝑠 + 1225
 

𝐺𝑖𝑑,𝑠𝑐
𝑏𝑢 (𝑠) =

𝑖̂𝐿,𝑠𝑐(𝑠)

�̂�𝑠𝑐(𝑠)

=  
8 × 104(𝑠 + 16.67)

𝑠2 + 16.67𝑠 + 4 × 104
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3.7 DC-AC Inverter 12 

3.7.1 Theory and mathematical analysis 

The DC-AC inverter is designed to convert the DC power from the DC-link into the AC 

form for grid interconnection. For this study, a single-phase voltage source inverter 

(VSI) with H-bridge (full-bridge) topology is considered, as shown in Figure 3.51.  

 

 

Figure 3.51: Full-bridge grid-side voltage-source inverter circuit 

 

The input voltage of the inverter is the 400 V DC-bus, while the output is connected to 

the grid through a L-type AC grid-link filter [220], [287], [288]. It must be noted here 

that a unity power factor is considered, so that the output current of the inverter is in 

phase with the grid voltage. The AC voltage (𝑣𝑎𝑐(𝑡)) and the AC current (𝑖𝑎𝑐(𝑡)) 

equations for the inverter are given below [289]: 

𝑣𝑎𝑐(𝑡) =  √2 𝑉𝑟𝑚𝑠 sin(ω𝑡) = 𝑉𝑎𝑐 sin(ω𝑡) (73) 

𝑖𝑎𝑐(𝑡) =  √2 𝐼𝑟𝑚𝑠 sin(ω𝑡) = 𝐼𝑎𝑐 sin(ω𝑡) (74) 

where 𝑉𝑟𝑚𝑠 and 𝐼𝑟𝑚𝑠 are the rms values of the inverter output voltage and current, 𝑉𝑎𝑐 

and 𝐼𝑎𝑐 are the peak values (amplitude) of the inverter output voltage and current, and 

ω is the grid line frequency.  

The power supplied to the AC grid pulsates at twice the AC grid line frequency. This is 

reasonable, as the instantaneous AC output power, 𝑝𝑖𝑛𝑣(𝑡), is calculated by [290]: 

 

12 Section 3.7 contains material from published paper [241] and submitted paper [315] 
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𝑝𝑖𝑛𝑣(𝑡) = 𝑣𝑎𝑐(𝑡) 𝑖𝑎𝑐(𝑡) =  𝑉𝑟𝑚𝑠𝐼𝑟𝑚𝑠[1 − cos(2ω𝑡)] = 𝑃𝑎𝑐[1 − cos(2ω𝑡)] (75) 

where 𝑃𝑎𝑐 is the average output power of the inverter. For the production of the AC 

current, switches operate as pairs of S1/S4 and S2/S3. If any other combination occurs, 

then the output voltage is zero [220], [291], [292]. In order to export the required 

equations of voltage and current of the inverter model, it is considered that the ON-time 

of the pair S1/S4 is 𝐷𝑇𝑠, while the ON-time of the pair S2/S3 is (1 − 𝐷)𝑇𝑠. Therefore, one 

can obtain the following averaged equations of the inverter over a switching period (𝑇𝑠): 

𝑉𝑎𝑐 = 𝐷𝑉𝑑𝑐 + (1 − 𝐷)(−𝑉𝑑𝑐) = (2𝐷 − 1)𝑉𝑑𝑐 (76) 

𝑖𝑑𝑐,𝑖𝑛𝑣 = 𝐷𝑖𝑎𝑐 + (1 − 𝐷)(−𝑖𝑎𝑐) = (2𝐷 − 1)𝑖𝑎𝑐 (77) 

where 𝑖𝑑𝑐,𝑖𝑛𝑣 is the input current of the inverter. The inverter control includes a PLL, 

which is used for the synchronization of the PV system with the grid [293]–[295]. The 

magnitude of the output current of the inverter is obtained through the voltage controller 

of the DC-bus [296], [297]. More details regarding the design of the appropriate 

controller of the inverter are given in sub-Section 3.8.3. 

 

3.7.2 Modeling and simulation 

The averaged mathematical model of the single-phase DC-AC inverter is examined 

[249], as shown in Figure 3.52. It should be noted here that the model in Simulink takes 

into consideration the parameters for the conduction loss and switching loss, which are 

ignored here (𝑅𝐿 = 0 Ω, 𝐼𝑠𝑤 = 0 Α). The inverter is operated as a voltage-source and it 

is current controlled (CCVSI). Equations (76)–(77) were used to build the Simulink 

model of the inverter. The appropriate reference output current of the inverter (I_ref_ac) 

is calculated and examined in sub-Section 3.8.3. The grid voltage is 230 Vrms with a line 

frequency of 50 Hz. 
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Figure 3.52: Averaged model of single-phase DC-AC inverter 

 

3.8 System control and stability analysis 13 

In this Section, all the controllers are designed to meet the required specifications. A 

typical control system with a feedback loop must be designed in a way that the output 

is regulated correctly and is insensitive to the small disturbances that may occur. The 

most important properties of the feedback loop is the transient overshoot, the settling 

time and the steady-state error [224]. The controller gains are defined by the crossover 

frequency (ωc) and the phase margin (PM). The infinite gain is related to zero steady-

state error and the crossover frequency is related to the settling time of the compensated 

system [34]. The stability of the closed-loop system can be achieved through the phase 

margin test. The PM is evaluated at the crossover frequency of the open-loop system 

through the use of Bode plots. An inadequate PM leads to oscillations and overshoot in 

the system transient response, and peaking in the closed-loop transfer functions [298].  

The most commonly used control method for converters is the PID control due to its 

easy design for linear systems and industrial applications. PI controllers are chosen in 

the current study (hence Kd = 0), as the derivative part is not needed. The transfer 

function of a PI compensator in the s-domain is given by the following equation: 

𝐺𝑐(𝑠) = 𝐾𝑝 +
𝐾𝑖
𝑠

 (78) 

where 𝐾𝑝 and 𝐾𝑖, are the proportional and integral gains, respectively. 

 

13 Section 3.8 contains material from submitted paper [315] 
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In sub-Section 3.8.1 the design and the stability analysis of the required current 

controllers are performed for the case of the battery and the supercapacitor converters, 

respectively. In sub-Section 3.8.2, the DC-link capacitance is determined and the 

required DC-link model is obtained. Finally, sub-Section 3.8.3 presents the design and 

stability analysis of the DC-bus voltage control loop, where the reference output current 

of the inverter is obtained. 

 

3.8.1 Battery-supercapacitor hybrid storage system: Design of current 

controllers and stability analysis 

In this sub-Section, the design of the current controllers for the battery and 

supercapacitor are examined, respectively, where the duty cycle of each converter can 

be derived [299]–[301]. The proposed feedback loop for the control of each bidirectional 

DC-DC converter for the case of the battery-supercapacitor hybrid storage is presented 

in Figure 3.53. Specifically, Figure 3.53(a) corresponds to the supercapacitor current 

controller loop, while the Figure 3.53(b) presents the block diagram of the battery 

current controller. Note here that all the feedback sensor gains are assumed to be equal 

to 1, hence Hi,b = Hi,sc = 1. 

 

 

Figure 3.53: Block diagram of the (a) supercapacitor current controller, (b) battery current 

controller 

 

In order to extend the battery lifetime and relieve the battery stress, supercapacitors are 

suitable for absorbing/releasing the high frequency variations, while the battery will deal 

with the low frequencies. In other words, supercapacitor covers the peaks and 

fluctuations that may occur. The current control of the supercapacitor must be faster 

than the current control of the battery because the supercapacitor must be faster and 

track higher frequencies. To this end, the current control loop bandwidth (BW) of the 
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supercapacitor is set to the limit of fsw/6. The battery current control loop BW must be 

smaller than the BW of the supercapacitor, and therefore its limit is set to fsw/10 [19], 

[20], [23], [302]. 

 

• Boost-mode operation 

The Simulink model of the small-signal feedback control loop for boost-mode operation 

with battery-supercapacitor storage is shown in Figure 3.54. The model parameters and 

transfer functions are given in sub-Section 3.6.3. 

 

 

Figure 3.54: Small-signal Simulink model for boost-mode operation for the (a) supercapacitor 

current controller, (b) battery current controller 

 

(i) Design of the supercapacitor current controller (boost-mode) 

The bode plot of the open-loop transfer function with and without compensation for the 

supercapacitor current control loop design (boost-mode) is shown in Figure 3.55. The 

bode plot of the uncompensated current control loop (blue line) shows a low gain in the 

low frequency range, but the loop needs high gain at low frequency. The inverted-zero 

of the compensator (PI) results to a high gain at low frequencies and reduces the steady-

state error of the loop gain. The high-frequency pole cancels the gain of the inverted-

zero at the high frequencies [224], [303]. In other words, the compensator contains an 

integral action in its transfer function, providing high gain in the low frequency range 

in order to get a perfect tracking of the reference (zero steady-state error). Moreover, it 

contains high frequency poles to attenuate any produced ripples. 

As explained before, to avoid oscillations, the current control loop bandwidth (BW) of 

the supercapacitor must be limited to fsw/6. The switching frequency (fsw) of the 

supercapacitor converter is set to 10 kHz. Hence, to ensure the stability of the system, 

the desirable crossover frequency and PM of the current control loop of the 
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supercapacitor are specified as 10.47 krad/s and 60º, respectively. The PI controller 

gains for the supercapacitor current control are set to Kp = 0.113 and Ki = 685.58. 

From the bode plot of Figure 3.55 a negative PM (positive feedback), which may lead 

to instability, is observed. Hence the loop should not have a positive feedback, near the 

crossover frequency. In this case, the system has a negative GM and negative PM near 

60 rad/s, but because the gain is nowhere near unity, the system is stable in this region. 

At about 10 krad/s, the loop gain is unity (i.e., 0 dB), and the system has a positive PM 

(negative feedback), hence the system is again, stable in this region. 

 

 

Figure 3.55: Open-loop Bode plot of the supercapacitor current control loop (boost-mode) 

 

(ii) Design of the battery current controller (boost-mode) 

The bode plot of the open-loop transfer function with and without compensation for the 

battery current control loop design (boost-mode) is shown in Figure 3.56. The bode plot 

has the same PM and GM characteristics with those of the bode plot in Figure 3.55 of 

the supercapacitor. As explained before, the current control loop BW of the battery must 

be limited to fsw/10. The switching frequency (fsw) of the battery converter is set to 10 

kHz. Hence, to ensure the stability of the system, the desirable crossover frequency and 

PM of the current control loop of the supercapacitor are specified as 6.28 krad/s and 60º, 

respectively. The PI controller gains are set to Kp = 0.068 and Ki = 246.25. 
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Figure 3.56: Open-loop Bode plot of the battery current control loop (boost-mode) 

 

• Buck-mode operation 

The Simulink model of the small-signal feedback control loop for buck-mode operation 

with battery-supercapacitor storage is shown in Figure 3.57. The model parameters and 

transfer functions are given in sub-Section 3.6.3.  

The same process is figured out for the case of the buck-mode operation of the 

bidirectional converter. 

 

 

Figure 3.57: Small-signal Simulink model for buck-mode operation for the (a) supercapacitor 

current controller, (b) battery current controller 

 

(i) Design of the supercapacitor current controller (buck-mode) 

The Bode plot of the open-loop transfer function with and without compensation for the 

supercapacitor current control loop (buck-mode) is presented in Figure 3.58. As for the 

case of the boost-mode, the desirable crossover frequency and PM of the current control 

loop are specified as 10.47 krad/s and 60º, respectively. The PI controller gains are set 

to Kp = 0.113 and Ki = 684.88. 
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Figure 3.58: Open-loop Bode plot of the supercapacitor current control loop (buck-mode) 

 

(ii) Design of the battery current controller (buck-mode)  

The Bode plot of the open-loop transfer function with and without compensation for the 

battery current control loop (buck-mode) is presented in Figure 3.59. As for the case of 

the boost-mode, the desirable crossover frequency and PM of the current control loop 

are specified as 6.28 krad/s and 60º, respectively. The PI controller gains are set to Kp = 

0.068 and Ki = 246.24. 

 

 

Figure 3.59: Open-loop Bode plot of the battery current control loop (buck-mode) 
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Concluding, this sub-Section presented the design and stability analysis of the current 

controllers required for our application. In grid-connected systems, the DC-bus voltage 

control is employed by the inverter. Therefore, for this system the DC-bus voltage 

control is performed by the inverter (see sub-Section 3.8.3), and the required reference 

currents for the current controllers of the battery and supercapacitor converters are 

exported from the PMA (see sub-Section 3.9.2). 

 

3.8.2 DC-link: Capacitance calculation and dynamics 

The common DC-bus is important for the interface between the PV and storage side and 

the DC-AC inverter side. The role of the DC-link capacitor is to store (filter) the 100Hz 

energy difference, because the power of the DC-link side (𝑃𝑑𝑐) is constant, but the output 

power of the inverter (𝑝𝑖𝑛𝑣) pulsates at twice the grid frequency, as shown in equation 

(79) (assuming a lossless inverter) [304], [305].  

𝐶𝑑𝑐𝑣𝑑𝑐
𝑑𝑣𝑑𝑐
𝑑𝑡

=  𝑃𝑑𝑐 − 𝑝𝑖𝑛𝑣 =  𝑃𝑑𝑐 − 𝑃𝑎𝑐[1 − cos(2ω𝑡)] (79) 

The desired DC-link capacitance can be calculated from equation (80): 

𝐶𝑑𝑐 = 
𝑃𝑎𝑐

𝑉𝑑𝑐 ω Δ𝑉𝑑𝑐
 (80) 

where ΔVdc is the peak-to-peak ripple voltage superimposed over the DC-bus voltage 

and ω = 2πf = 100π [220], [249], [295], [306]. The DC-link capacitor provides balance 

to the instantaneous power delivered to the grid [290]. If a maximum ripple voltage of 

about 5 V at 3 kW power is considered, then a minimum capacitance of 4775 μF is 

required. Hence, a suitable capacitance of 5000 μF is selected for a proper operation. 

 

 

Figure 3.60: Currents balance at DC-link and AC-link 
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The variation of the DC-link voltage responds to the interaction between the injected 

current and the extracted current, corresponding to the capacitance of the DC-bus (see 

equation (81)) [29], [307]. Therefore, Figure 3.60 shows the currents balance on the DC-

link, and Figure 3.61 corresponds to the DC-link subsystem in Simulink. 

𝐶𝑑𝑐
𝑑𝑣𝑑𝑐
𝑑𝑡

= 𝑖𝑝𝑣,𝑑𝑐 + 𝑖𝑏,𝑑𝑐 + 𝑖𝑠𝑐,𝑑𝑐 − 𝑖𝑑𝑐,𝑖𝑛𝑣 (81) 

 

 

Figure 3.61: DC-link subsystem in Simulink 

 

The dynamics of the DC-bus voltage can be expressed by the following equation (82), 

related to the input power (𝑃𝑑𝑐) and the average output power of the inverter (𝑃𝑎𝑐) [305]: 

𝑑

𝑑𝑡
(
1

2
𝐶𝑑𝑐𝑣𝑑𝑐

2 ) =  𝑃𝑑𝑐 − 𝑃𝑎𝑐 = 𝑃𝑑𝑐 − (𝑃𝑙𝑜𝑎𝑑 + 𝑃𝑔) = 𝑃𝑑𝑐 − 𝑃𝑙𝑜𝑎𝑑 −
𝑣𝑔 𝑖𝑔

2
 (82) 

where 𝑣𝑔 and  𝑖𝑔 are the amplitude of the grid voltage and current (averaged large 

signals), respectively. 

In order to examine the dynamic behavior of the inverter, the parameters of the above 

equation must be expanded to include the produced dynamics. A small-signal model can 

be obtained for the steady-state condition in terms of the constant value of the input 

power of the inverter (𝑃𝑑𝑐) and the constant value of the amplitude of the grid voltage 
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(𝑉𝑔). Therefore, for the investigation of the impact of the amplitude of the grid current 

variation on the average DC-bus voltage, one can neglect 𝑃𝑑𝑐 and 𝑃𝑙𝑜𝑎𝑑. This is done in 

the framework of a simplified sensitivity analysis, which is sufficient for the study of 

the impact of the grid current variation on the DC-bus voltage. Thus, the input voltage 

and the amplitude of the grid current (𝑣𝑑𝑐(𝑡), 𝑖𝑔(𝑡)) can be represented by the sum of 

their quiescent values (𝑉𝑑𝑐, 𝐼𝑔) and small ac variations in time (𝑣𝑑𝑐(𝑡), 𝑖�̂�(𝑡)).  

𝑣𝑑𝑐(𝑡) =  𝑉𝑑𝑐 + 𝑣𝑑𝑐(𝑡) (83) 

𝑖𝑔(𝑡) =  𝐼𝑔 + 𝑖�̂�(𝑡) (84) 

In addition, the ac variations are assumed to be relatively small in magnitude compared 

to the dc quiescent values: 

|𝑣𝑑𝑐(𝑡)| ≪ |𝑉𝑑𝑐|,      |𝑖�̂�(𝑡)| ≪ |𝐼𝑔| (85) 

Thus, equation (82) can be linearized by expanding and separating the steady-state terms 

and small-signal terms as follows: 

𝑑

𝑑𝑡
(
1

2
𝐶𝑑𝑐(𝑉𝑑𝑐 + 𝑣𝑑𝑐(𝑡))

2) = −
𝑉𝑔(𝐼𝑔 + 𝑖�̂�(𝑡))

2
 (86) 

or, upon collecting relevant terms, 

𝑑

𝑑𝑡

(

 
 1

2
𝐶𝑑𝑐𝑉𝑑𝑐

2

⏟    
𝑑𝑐 𝑡𝑒𝑟𝑚

+ 𝐶𝑑𝑐𝑉𝑑𝑐�̂�𝑑𝑐⏟      (𝑡)
1𝑠𝑡 𝑜𝑟𝑑𝑒𝑟 𝑎𝑐 𝑡𝑒𝑟𝑚

(𝑙𝑖𝑛𝑒𝑎𝑟) 

+
1

2
𝐶𝑑𝑐�̂�𝑑𝑐

2 (𝑡)
⏟      

2𝑛𝑑 𝑜𝑟𝑑𝑒𝑟 𝑎𝑐 𝑡𝑒𝑟𝑚
(𝑛𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟) )

 
 
= (−

𝑉𝑔𝐼𝑔

2
)

⏟    
𝑑𝑐 𝑡𝑒𝑟𝑚

+ (−
𝑉𝑔𝑖�̂�(𝑡)

2
)

⏟        
1𝑠𝑡 𝑜𝑟𝑑𝑒𝑟 𝑎𝑐 𝑡𝑒𝑟𝑚

(𝑙𝑖𝑛𝑒𝑎𝑟) 

 

The 2nd-order small ac quantities are neglected (see assumptions (85)). Moreover, the 

dc terms on the right-hand side are equal to the dc terms on the left-hand side and equal 

to zero (derivative of dc term is zero). Consequently, the remaining terms of the above 

equation are only the linear first order terms. 

𝑑

𝑑𝑡
(𝐶𝑑𝑐𝑉𝑑𝑐�̂�𝑑𝑐(𝑡)) = −

𝑉𝑔𝑖�̂�(𝑡)

2
 (87) 

Applying Laplace transforms (with zero initial conditions) in equation (87), yields: 

𝑠𝐶𝑑𝑐𝑉𝑑𝑐𝑣𝑑𝑐(𝑠) = −
𝑉𝑔𝑖�̂�(𝑠)

2
 (88) 

Therefore, the required small-signal transfer function of the input voltage by the grid 

current amplitude is given by equation (89) below [304], [305]. 
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𝐺𝑣𝑖(𝑠) =
�̂�𝑑𝑐(𝑠)

�̂�𝑔(𝑠)
= −

𝑉𝑔

2𝐶𝑑𝑐𝑉𝑑𝑐𝑠
 (89) 

The above transfer function has negative static gain, showing that any shift from 

equilibrium can lead the DC-bus voltage to diverge at a rate that corresponds to the static 

gain of the small-signal model [220]. This transfer function, which is important for the 

DC-bus voltage control (voltage controller) of the inverter, is examined in the sub-

Section 3.8.3. 

 

3.8.3 Inverter control: Design of DC-bus voltage controller and 

calculation of inverter reference current  

In this sub-Section, the DC-bus voltage control and the grid synchronization that are 

presented in the schematic of Figure 3.62, are examined. As the PV system is grid-

connected, the inverter is responsible for the DC-bus voltage control [30], [31], [39], 

[304], [308]. In order to maintain DC-bus voltage stable near the reference value of 400 

V, a voltage controller is used, where a reference magnitude for the grid current, and 

hence for the inverter output current is obtained, as shown in Figure 3.63.  

 

 

Figure 3.62: Schematic of the inverter control which consists of the DC-bus voltage control and 

the PLL for the calculation of the inverter reference output current  

 

Regarding the grid synchronization, the task of the inverter is to generate an AC output 

current in phase with the grid voltage. The PLL circuit provides the reference signal to 

the inverter, synchronized to the grid frequency. Then, this signal (sinωt) is multiplied 

with the reference signal (output of the PI controller), which corresponds to the reference 

amplitude of the grid current (see Figure 3.62). Therefore, a reference AC output current 
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is extracted for the inverter. Through the inverter model, a reference input DC current 

is obtained (equation (77)) which is used on the DC-link subsystem (see sub-Section 

3.8.2). The Simulink model for the DC-bus voltage control and the reference inverter 

current calculation is presented in Figure 3.64. 

 

 

Figure 3.63: Block diagram of the DC-bus voltage control loop 

 

 

Figure 3.64: Simulink model for the DC-bus voltage control and the reference inverter current 

calculation 

 

Figure 3.65 shows the small-signal model in Simulink, where the DC-bus voltage 

control is performed. The required small-signal transfer function was examined 

previously in sub-Section 3.8.2 and corresponds to equation (89). Assuming that the 

DC-link capacitance is 5000 μF, the DC-bus voltage is 400 V and the amplitude of the 

grid voltage is 230√2 V, then the small-signal transfer function becomes:  

𝐺𝑣𝑖(𝑠) =
𝑣𝑑𝑐(𝑠)

𝑖�̂�(𝑠)
= −

81.32

𝑠
 (90) 

 

 

Figure 3.65: Small-signal Simulink model of the DC-bus voltage control loop 
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The PI controller gains, Kp and Ki, must be tuned and set very accurately with a low 

crossover frequency to mitigate the double line frequency of 100 Hz on the DC-bus 

voltage. Therefore, the oscillations in the output current of the inverter are limited [304], 

[305]. For a crossover frequency of about 40 Hz (or 250 rad/s) and a PM of 65º, the PI 

controller gains are set to Kp = 2.79 and Ki = 324.81. The Bode plot of the open-loop 

transfer function with and without compensation for the DC-bus voltage control loop 

design is shown in Figure 3.66. 

 

 

Figure 3.66: Open-loop Bode plot of the DC-bus voltage control loop 

 

3.9 Power management algorithm (PMA) 

The most important part of a grid-connected PV system with energy storage is the 

adopted control scheme and the power management methodology employed to manage 

the power transfer between the PV system, the storage, the building load and the grid. 

In this Section a comprehensive description of the proposed PMA, used for a balanced 

and better utilization of the generated PV power, storage, and building load, is provided.  
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3.9.1 Battery-only algorithm 14 

3.9.1.1 Theory and mathematical analysis 

The block diagram of the proposed grid-connected PV system with battery-only storage 

is presented in Figure 3.67, where: 

✓ the MPPT control provides the maximum power point for the operation of the 

PV system (see Section 3.2) 

✓ the Power Management maintains the power equilibrium of the system 

prioritizing the utilization of the PV and the battery 

✓ the battery bidirectional converter provides the necessary power for the 

charging/discharging of the battery. 

✓ the DC-bus voltage control and PLL keeps the voltage stable at 400 V at the 

DC-bus side and ensures the grid synchronization (see sub-Sections 3.8.2 and 

3.8.3) 

In this sub-Section, the power management of a battery-only storage system is 

performed to balance the produced and supplied power with the demanded power.  

 

 

Figure 3.67: Block diagram of the grid-connected PV system with battery-only storage 

 

 

14 Sub-Section 3.9.1 contains material from published paper [316] 



127 

 

The PMA is responsible for observing and managing the generated PV power, the SOC 

of the battery, the load power and the power absorbed from the grid in order to increase 

the energy self-consumption and self-sufficiency of the building [31], [33], [36]. The 

battery SOC limits are set to 20–90% in order to avoid deep charging/discharging cycles 

and extend the battery lifetime.  

The flowchart in Figure 3.68 represents the PMA that is adopted in this study for the 

charging and discharging process of the battery-only storage system. There are two 

different modes, the Excess Power Mode (EPM) and the Deficit Power Mode (DPM). 

The EPM represents the period during which the generated PV power is higher than the 

required load power. During EPM the SOC of the battery is monitored, so that it does 

not exceed its limits. The DPM corresponds to the period when the generated PV power 

is lower than the required load power. During DPM the SOC of the battery is monitored, 

to avoid deep discharging cycles. It should be noted here that the “mode” parameter 

corresponds to the mode (boost or buck) of the battery converter. In other words, during 

EPM “mode” is set to zero (mode = 0), which corresponds to the buck-mode (charging 

mode), and during DPM “mode” is set to one (mode = 1), which corresponds to the 

boost-mode operation (discharging mode). All possible cases are discussed in detail 

below. 

 

 

Figure 3.68: Power management flowchart of the battery-only operation 
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• Case 1: Ppv > Pload and SOCb < 90% (mode=0) 

The produced PV power Ppv is larger than the load power Pload, and thus the excess PV 

power charges the battery, until the battery reaches its maximum SOCb limit of 90%. 

The battery charging current can be calculated from the equation below. Note here that 

the current has negative value during charging.  

𝑖𝑏
∗ = 

| 𝑃𝑙𝑜𝑎𝑑| − 𝑃𝑝𝑣

𝑉𝑏
 (91) 

𝑃𝑔𝑟𝑖𝑑 = 0 (92) 

• Case 2: Ppv > Pload and SOCb ≥ 90% (mode=0) 

The produced PV power is larger than the load power, and the battery reached the 

maximum SOCb limit of 90%. Thus, all the produced PV power is transferred to the load 

and the grid (Pgrid is the power injected to the grid). During this period, the battery 

current is zero. 

𝑖𝑏
∗ = 0 (93) 

𝑃𝑔𝑟𝑖𝑑 = 𝑃𝑝𝑣 − |𝑃𝑙𝑜𝑎𝑑| (94) 

• Case 3: Ppv  ≤ Pload and SOCb > 20% (mode=1) 

The produced PV power is smaller than the load power. Therefore, the SOC of the 

battery must be measured in order to decide whether the required load power will be 

supplied by the battery or the grid. If the SOCb is over 20%, then the battery will provide 

the desired power. For this case, the battery discharging current can be derived from the 

equation (95). 

𝑖𝑏
∗ = 

|𝑃𝑙𝑜𝑎𝑑| − 𝑃𝑝𝑣

𝑉𝑏
 (95) 

𝑃𝑔𝑟𝑖𝑑 = 0 (96) 

• Case 4: Ppv  ≤ Pload and SOCb ≤ 20% (mode=1) 

The produced PV power is smaller than the load power, but the battery SOC reached 

the minimum limit of 20%. Therefore, the grid will support the PV system for the excess 

required load power, as shown in equation (98). The battery current for this case is also 

zero. 



129 

 

𝑖𝑏
∗ = 0 (97) 

𝑃𝑔𝑟𝑖𝑑 = 𝑃𝑝𝑣 − |𝑃𝑙𝑜𝑎𝑑| (98) 

 

3.9.1.2 Modeling and simulation 

The Simulink model of the PMA with battery-only storage is presented in Figure 3.69. 

It corresponds to the flowchart presented in Figure 3.68 and it is implemented using 

MATLAB code. 

 

 

Figure 3.69: PMA for the battery-only operation in Simulink 

 

3.9.2 Battery-supercapacitor hybrid energy storage algorithm 15 

3.9.2.1 Theory and mathematical analysis 

The block diagram of the proposed grid-connected PV system with battery-

supercapacitor energy storage is presented in Figure 3.70, where: 

✓ the MPPT control provides the maximum power point for the operation of the 

PV system (see Section 3.2) 

✓ the Power Management ensures the effective power sharing between the PV, 

the hybrid storage, the load and the grid, prioritizing the utilization of the PV 

and the battery-supercapacitor storage for increased self-consumption and self-

sufficiency. 

 

15 Sub-Section 3.9.2 contains material from submitted paper [317] 
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✓ the battery and supercapacitor bidirectional converters provide the necessary 

power for charging/discharging. The design of the controllers is examined in 

sub-Section 3.8.1 

✓ the DC-bus voltage control and PLL keeps the voltage at the DC-bus stable at 

400 V and ensures grid synchronization (see sub-Sections 3.8.2 and 3.8.3) 

 

 

Figure 3.70: Block diagram of the grid-connected PV system with battery-supercapacitor 

energy storage 

 

The battery-supercapacitor hybridization can relieve battery stress and extend battery 

lifetime. The electricity demand of the building is satisfied through the PV system, the 

energy storage system, and/or the grid. In this sub-Section, a local PMA is proposed for 

the hybrid storage model for a balanced and better utilization of the generated PV power, 

storage, and building load. Specifically, the proposed algorithm focuses on the 

availability of storage and produced PV power (instead of grid), reducing the peaks in 

generation or demand and increasing the self-consumption and self-sufficiency of the 

building. Therefore, the idea is to provide power to the residential load from the PVs (if 

available during sunlight) and/or the hybrid storage. If none of the PVs and storage are 

available, then the grid will supply the required amount of power. The battery is 

considered to be the main storage element, while the supercapacitor provides a 

supportive function to the battery or the grid (if the battery is not available). Therefore, 

the supercapacitor (if available) is activated for charging/discharging by 

absorbing/supplying high-frequency current variations. 
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The PMA for the hybrid storage system is responsible for observing the generated PV 

power, the battery SOC, the supercapacitor SOC and the load power, in order to manage 

the supplied/absorbed grid power and to increase the energy self-consumption and self-

sufficiency of the building. Here the battery SOC operating range is set between 20–

90% in order to avoid deep charging/discharging cycles and to extend battery lifetime. 

Also, it is recommended not to use 100% of the supercapacitor’s stored energy, hence 

the supercapacitor SOC operating range is set between 50–95% [268], [269]. 

 

  

Figure 3.71: Control block diagram of the battery and supercapacitor current calculation 

through the PMA 

 

As shown in Figure 3.71, the average (low-frequency) current (𝑖𝐿𝑃𝐹
∗ ) of the reference 

total hybrid current (𝑖ℎ𝑒𝑠
∗ ) is extracted using a LPF [309]–[311]. The cut-off frequency 

of the LPF is chosen to be 5 Hz, so that the supercapacitor responds to variations 

occurring within 0.2 seconds [22], [312]. A rate limiter is also added to limit the high 

charging/discharging rates of the battery current, whereby avoiding high transients, and 

hence the resulting current is the average current (𝑖𝑎𝑣𝑔). Then, the difference between 

the remaining amount (𝑖𝑎𝑣𝑔) from the total hybrid current corresponds to the high-

frequency component (𝑖𝑜𝑠𝑐). The reference inductor current for the battery converter 

(𝑖𝐿,𝑏
∗ ) is calculated based on the availability of PV, battery and supercapacitor (see Table 

3.6), and is compared to the actual inductor current (𝑖𝐿,𝑏). The remaining error current 

(𝑖𝐿,𝑏,𝑒𝑟𝑟) passes through a PI controller to generate the appropriate duty cycle (db) for 

the semiconductors of the battery bidirectional converter. 
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𝑖𝐿𝑃𝐹
∗ = 𝑓𝐿𝑃𝐹( 𝑖ℎ𝑒𝑠

∗ ) (99) 

𝑖𝑎𝑣𝑔 = 𝑓𝑅𝐿(𝑖𝐿𝑃𝐹
∗ ) (100) 

𝑖𝑜𝑠𝑐 = 𝑖ℎ𝑒𝑠
∗ − 𝑖𝑎𝑣𝑔 (101) 

𝑖𝐿,𝑏,𝑒𝑟𝑟 = 𝑖𝐿,𝑏
∗ − 𝑖𝐿,𝑏 (102) 

In addition, due to the slow dynamics (regarding battery, controller and converter 

operation), a compensator was added to the supercapacitor current calculation to 

compensate for transients that the battery might not instantly track. This helps in a faster 

DC-bus voltage regulation [312]. Hence, the uncompensated battery power is handled 

by the supercapacitor, where the compensated current (𝑖𝑐𝑜𝑚𝑝) is expressed by: 

𝑖𝑐𝑜𝑚𝑝 = 𝑖𝐿,𝑏,𝑒𝑟𝑟
𝑉𝑏
𝑉𝑠𝑐

 (103) 

where 𝑉𝑏 is the battery voltage and 𝑉𝑠𝑐 is the supercapacitor voltage. The reference 

inductor current for the supercapacitor converter (𝑖𝐿,𝑠𝑐
∗ ) is computed based on the 

availability of PV, battery and supercapacitor (see Table 3.6) and is compared to the 

actual inductor current (𝑖𝐿,𝑠𝑐). The error current passes through a PI controller to 

generate the appropriate duty cycle (dsc) for the semiconductors of the supercapacitor 

bidirectional converter. 

Based on the mode of operation, a final decision is made on the proper sign of inductor 

current (see Figure 3.71). Specifically, it is assumed that during discharging (boost-

mode) the battery and supercapacitor currents are positive, while during charging (buck-

mode) they are negative. Therefore, the battery and supercapacitor currents, ib and isc 

correspond to the input battery and supercapacitor currents. 

The flowchart in Figure 3.73 presents the proposed PMA for the process of charging 

and discharging the hybrid battery-supercapacitor storage system. It should be noted 

here that the “mode” parameter corresponds to the mode of the battery converter (mode 

= 1 for boost-mode, mode = 0 for buck-mode). Also, the “modebat” parameter 

corresponds to the battery availability for charging/discharging; namely, modebat = 1 if 

the battery is available for charging/discharging, whereas modebat = 0 if the battery SOC 

limits have been reached. Regarding the charging and discharging mode of the 

supercapacitor, parameters “modesc,ch” and “modesc,disch” are introduced, respectively. If 
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the supercapacitor is available for charging or discharging, the corresponding modes are 

set to one, otherwise they are set to zero. 

Considering all possible value combinations of the parameters, there are 12 cases that 

one can deal with, as shown in Table 3.6, which contains conditions on power and SOC 

along with their respective modes’ and reference currents’ settings. All cases are 

discussed in detail below. 

 

Table 3.6: Table of all possible cases with their corresponding modes’ and reference currents’ 

setting 

Case Conditions Modes’ setting Reference Currents’ setting  

1 Ppv > Pload 

SOCb < SOCb,max 

SOCsc,min < SOCsc < SOCsc,max 

mode = 0 

modebat = 1 

modesc,ch = 1 

modesc,disch = 1 

𝑖𝑏
∗ = 𝑖𝑎𝑣𝑔 

𝑖𝑠𝑐
∗ = 𝑖𝑜𝑠𝑐 + 𝑖𝑐𝑜𝑚𝑝 

𝑖𝑔 = 0 

2 Ppv > Pload 

SOCb < SOCb,max 

SOCsc ≥ SOCsc,max 

mode = 0 

modebat = 1 

modesc,ch = 0 

modesc,disch = 1 

𝑖𝑏
∗ = {

𝑖𝑎𝑣𝑔 ,  if 𝑖𝑜𝑠𝑐 > 0

𝑖𝑎𝑣𝑔 + 𝑖𝑜𝑠𝑐 ,  otherwise
 

𝑖𝑠𝑐
∗ = {

𝑖𝑜𝑠𝑐 + 𝑖𝑐𝑜𝑚𝑝 ,  if 𝑖𝑜𝑠𝑐 > 0

0 ,  otherwise
 

𝑖𝑔 = 0 

3 Ppv > Pload 

SOCb < SOCb,max 

SOCsc ≤ SOCsc,min 

mode = 0 

modebat = 1 

modesc,ch = 1 

modesc,disch = 0 

𝑖𝑏
∗ = {

𝑖𝑎𝑣𝑔 + 𝑖𝑜𝑠𝑐 ,  if 𝑖𝑜𝑠𝑐 > 0

𝑖𝑎𝑣𝑔 ,  otherwise
 

𝑖𝑠𝑐
∗ = {

0 ,  if 𝑖𝑜𝑠𝑐 > 0
𝑖𝑜𝑠𝑐 + 𝑖𝑐𝑜𝑚𝑝,  otherwise

 

𝑖𝑔 = 0 

4 Ppv > Pload 

SOCb ≥ SOCb,max 

SOCsc,min < SOCsc < SOCsc,max 

mode = 0 

modebat = 0 

modesc,ch = 1 

modesc,disch = 1 

𝑖𝑏
∗ = 0 

𝑖𝑠𝑐
∗ = 𝑖𝑜𝑠𝑐 

𝑖𝑔 = 𝑖𝑎𝑣𝑔 

5 Ppv > Pload 

SOCb ≥ SOCb,max 

SOCsc ≥ SOCsc,max 

mode = 0 

modebat = 0 

modesc,ch = 0 

modesc,disch = 1 

𝑖𝑏
∗ = 0 

𝑖𝑠𝑐
∗ = {

𝑖𝑜𝑠𝑐 ,  if 𝑖𝑜𝑠𝑐 > 0
0 ,  otherwise

 

𝑖𝑔 = {
𝑖𝑎𝑣𝑔 ,  if 𝑖𝑜𝑠𝑐 > 0

𝑖𝑎𝑣𝑔 + 𝑖𝑜𝑠𝑐 ,  otherwise
 

6 Ppv > Pload 

SOCb ≥ SOCb,max 

SOCsc ≤ SOCsc,min 

mode = 0 

modebat = 0 

modesc,ch = 1 

modesc,disch = 0 

𝑖𝑏
∗ = 0 

𝑖𝑠𝑐
∗ = {

0 ,  if 𝑖𝑜𝑠𝑐 > 0
𝑖𝑜𝑠𝑐 ,  otherwise

 

𝑖𝑔 = {
𝑖𝑎𝑣𝑔 + 𝑖𝑜𝑠𝑐 ,  if 𝑖𝑜𝑠𝑐 > 0

𝑖𝑎𝑣𝑔 ,  otherwise
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7 Ppv ≤ Pload 

SOCb > SOCb,min 

SOCsc,min < SOCsc < SOCsc,max 

mode = 1 

modebat = 1 

modesc,ch = 1 

modesc,disch = 1 

𝑖𝑏
∗ = 𝑖𝑎𝑣𝑔 

𝑖𝑠𝑐
∗ = 𝑖𝑜𝑠𝑐 + 𝑖𝑐𝑜𝑚𝑝 

𝑖𝑔 = 0 

8 Ppv ≤ Pload 

SOCb > SOCb,min 

SOCsc ≥ SOCsc,max 

mode = 1 

modebat = 1 

modesc,ch = 0 

modesc,disch = 1 

𝑖𝑏
∗ = {

𝑖𝑎𝑣𝑔 ,  if 𝑖𝑜𝑠𝑐 > 0

𝑖𝑎𝑣𝑔 + 𝑖𝑜𝑠𝑐 ,  otherwise
 

𝑖𝑠𝑐
∗ = {

𝑖𝑜𝑠𝑐 + 𝑖𝑐𝑜𝑚𝑝 ,  if 𝑖𝑜𝑠𝑐 > 0

0 ,  otherwise
 

𝑖𝑔 = 0 

9 Ppv ≤ Pload 

SOCb > SOCb,min 

SOCsc ≤ SOCsc,min 

mode = 1 

modebat = 1 

modesc,ch = 1 

modesc,disch = 0 

𝑖𝑏
∗ = {

𝑖𝑎𝑣𝑔 + 𝑖𝑜𝑠𝑐 ,  if 𝑖𝑜𝑠𝑐 > 0

𝑖𝑎𝑣𝑔 ,  otherwise
 

𝑖𝑠𝑐
∗ = {

0 ,  if 𝑖𝑜𝑠𝑐 > 0
𝑖𝑜𝑠𝑐 + 𝑖𝑐𝑜𝑚𝑝,  otherwise

 

𝑖𝑔 = 0 

10 Ppv ≤ Pload 

SOCb ≤ SOCb,min 

SOCsc,min < SOCsc < SOCsc,max 

mode = 1 

modebat = 0 

modesc,ch = 1 

modesc,disch = 1 

𝑖𝑏
∗ = 0 

𝑖𝑠𝑐
∗ = 𝑖𝑜𝑠𝑐 

𝑖𝑔 = 𝑖𝑎𝑣𝑔 

11 Ppv ≤ Pload 

SOCb ≤ SOCb,min 

SOCsc ≥ SOCsc,max 

mode = 1 

modebat = 0 

modesc,ch = 0 

modesc,disch = 1 

𝑖𝑏
∗ = 0 

𝑖𝑠𝑐
∗ = {

𝑖𝑜𝑠𝑐 ,  if 𝑖𝑜𝑠𝑐 > 0
0 ,  otherwise

 

𝑖𝑔 = {
𝑖𝑎𝑣𝑔 ,  if 𝑖𝑜𝑠𝑐 > 0

𝑖𝑎𝑣𝑔 + 𝑖𝑜𝑠𝑐 ,  otherwise
 

12 Ppv ≤ Pload 

SOCb ≤ SOCb,min 

SOCsc ≤ SOCsc,min 

mode = 1 

modebat = 0 

modesc,ch = 1 

modesc,disch = 0 

𝑖𝑏
∗ = 0 

𝑖𝑠𝑐
∗ = {

0 ,  if 𝑖𝑜𝑠𝑐 > 0
𝑖𝑜𝑠𝑐 ,  otherwise

 

𝑖𝑔 = {
𝑖𝑎𝑣𝑔 + 𝑖𝑜𝑠𝑐 ,  if 𝑖𝑜𝑠𝑐 > 0

𝑖𝑎𝑣𝑔 ,  otherwise
 

*Note that |𝑖𝑏
∗ | =𝑖𝐿,𝑏

∗  and |𝑖𝑠𝑐
∗ | =𝑖𝐿,𝑠𝑐

∗ . 

 

• Case 1: Ppv > Pload, SOCb < 90%, 50% < SOCsc < 95% 

The produced PV power, Ppv, is larger than the load power, Pload, and thus the excess 

PV power charges the battery (mode = 0, modebat = 1). Also, the supercapacitor is within 

its minimum and maximum SOC limits, hence it is available for charging/discharging 

(modesc,ch = 1, modesc,disch = 1). The reference battery current corresponds to the low-

frequency (average) charging current (𝑖𝑏
∗ = 𝑖𝑎𝑣𝑔), while the supercapacitor reference 

current is the high-frequency part of the charging current plus the compensated error 

battery current (𝑖𝑠𝑐
∗ = 𝑖𝑜𝑠𝑐 + 𝑖𝑐𝑜𝑚𝑝). Also, the resulting grid current, 𝑖𝑔, is zero. 
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• Case 2: Ppv > Pload, SOCb < 90%, SOCsc ≥ 95% 

The produced PV power is larger than the load power (mode = 0), SOCb is lower than 

its upper limit (modebat = 1), while the supercapacitor has reached its maximum SOC 

limit of 95% (modesc,ch = 0, modesc,disch = 1). Therefore, the supercapacitor is only 

available for discharging (where 𝑖𝑜𝑠𝑐 > 0), otherwise the reference supercapacitor 

current is zero. During the period where the battery is charging at an increasing rate, the 

supercapacitor current is zero and the battery absorbs the high-frequency current 

oscillations. When the battery charging current decreases (i.e., when the generated PV 

power decreases and/or the load power increases), the reference current for the battery 

and supercapacitor must be modified (see Table 3.6), because the supercapacitor is 

available for discharging. Also, in this case the grid current is zero. 

• Case 3: Ppv > Pload, SOCb < 90%, SOCsc ≤ 50% 

In this case, the generated PV power is larger than the load power (mode = 0), SOCb is 

lower than its upper limit (modebat = 1) and the supercapacitor has reached its minimum 

SOCsc limit of 50% (modesc,ch = 1, modesc,disch = 0). Therefore, the supercapacitor is only 

available for charging (where 𝑖𝑜𝑠𝑐 < 0), otherwise the reference supercapacitor current 

is zero. During the period, if the battery is charging at a decreasing rate, the 

supercapacitor current is zero and the battery absorbs the high-frequency current 

oscillations. When the battery charging current increases (i.e., when the generated PV 

power increases and/or the load power decreases), the reference current for the battery 

and supercapacitor must be modified (see Table 3.6), because the supercapacitor is 

available for charging. Also, in this case the grid current is zero. 

• Case 4: Ppv > Pload, SOCb ≥ 90%, 50% < SOCsc < 95% 

In Case 4, the generated PV power is larger than the load power (mode = 0), the battery 

has reached its maximum SOC limit of 90% (modebat = 0), and the supercapacitor 

remains between its minimum and maximum SOC limits (modesc,ch = 1, modesc,disch = 

1). Therefore, the battery is fully charged, and the reference battery current is zero (𝑖𝑏
∗ =

0). The supercapacitor is available for charging/discharging and absorbs/supplies the 

high-frequency current oscillations (𝑖𝑠𝑐
∗ = 𝑖𝑜𝑠𝑐) and the remaining average current is 

injected into the grid. 
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• Case 5: Ppv > Pload, SOCb ≥ 90%, SOCsc ≥ 95% 

The generated PV power is larger than the load power (mode = 0), and both the 

supercapacitor and the battery have reached their maximum SOC limits (modebat = 0, 

modesc,ch = 0, modesc,disch = 1). In other words, the battery is fully charged (𝑖𝑏
∗ = 0) and 

the supercapacitor is only available for discharging (where 𝑖𝑜𝑠𝑐 > 0), otherwise the 

reference supercapacitor current is zero. During this period the grid absorbs the 

remaining power. When the current injected into the grid decreases (i.e., when the 

generated PV power decreases and/or the load power increases), the reference current 

for the supercapacitor must be modified (see Table 3.6), because the supercapacitor is 

available for discharging. 

• Case 6: Ppv > Pload, SOCb ≥ 90%, SOCsc ≤ 50% 

The generated PV power is larger than the load power (mode = 0). In addition, battery 

has reached its maximum SOC limit (modebat = 0), while the supercapacitor has reached 

its minimum SOC limit (modesc,ch = 1, modesc,disch = 0). During this mode, the battery is 

fully charged (𝑖𝑏
∗ = 0) and the supercapacitor is fully discharged. Therefore, the 

supercapacitor is only available for charging (where 𝑖𝑜𝑠𝑐 < 0), otherwise the reference 

supercapacitor current is zero. Also, the grid absorbs the remaining power. During this 

period, if the grid absorbs power at a decreasing rate, the supercapacitor current is zero, 

and the grid absorbs the high-frequency current oscillations. If the grid current increases 

(i.e., when the generated PV power increases and/or the load power decreases), the 

reference current for the supercapacitor must be modified (see Table 3.6), because the 

supercapacitor is available for charging. 

• Case 7: Ppv ≤ Pload, SOCb > 20%, 50% < SOCsc < 95% 

In Case 7, the load demand is higher than the produced PV power (mode = 1), the battery 

SOC remains higher than its lower limit (modebat = 1), and the supercapacitor remains 

between its minimum and maximum SOC limits (modesc,ch = 1, modesc,disch = 1). 

Therefore, the battery provides the remaining required average current (𝑖𝑏
∗ = 𝑖𝑎𝑣𝑔), 

while the supercapacitor handles the high-frequency part of the discharging current plus 

the compensated error battery current (𝑖𝑠𝑐
∗ = 𝑖𝑜𝑠𝑐 + 𝑖𝑐𝑜𝑚𝑝). Additionally, the resulting 

grid current is zero. 
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• Case 8: Ppv ≤ Pload, SOCb > 20%, SOCsc ≥ 95% 

In Case 8, the generated PV power is lower than the load power (mode = 1), the battery 

SOC remains higher than its lower limit (modebat = 1), and the supercapacitor has 

reached its upper SOC limit (modesc,ch = 0, modesc,disch = 1).  Therefore, the 

supercapacitor is only available for discharging (where 𝑖𝑜𝑠𝑐 > 0), otherwise the reference 

supercapacitor current is zero. During the period where the battery is discharging at a 

decreasing rate, the supercapacitor reference current is zero and the battery supplies the 

load with a current that includes the high-frequency current oscillations. When the 

battery discharging current increases (i.e., when the generated PV power decreases 

and/or the load power increases), the reference current for the battery and supercapacitor 

must be modified (see Table 3.6), because the supercapacitor is available for 

discharging. In addition, in Case 8 the grid current is zero. 

• Case 9: Ppv ≤ Pload, SOCb > 20%, SOCsc ≤ 50% 

In this case, the load power is larger than the generated PV power (mode = 1), SOCb is 

larger than its lower limit (modebat = 1) and the supercapacitor has reached its minimum 

SOC limit of 50% (modesc,ch = 1, modesc,disch = 0). Therefore, the supercapacitor is only 

available for charging (where 𝑖𝑜𝑠𝑐 < 0), otherwise the reference supercapacitor current 

is zero. During the period, if the battery is discharging at an increasing rate, the 

supercapacitor current is zero and the battery supplies the high-frequency current 

oscillations. When the battery discharging current decreases (i.e., when the generated 

PV power increases and/or the load power decreases), the reference current for the 

battery and supercapacitor must be modified (see Table 3.6), because the supercapacitor 

is available for charging. Also, during this case the grid current is zero. 

• Case 10: Ppv ≤ Pload, SOCb ≤ 20%, 50% < SOCsc < 95% 

In Case 10, the generated PV power is lower than the required load power (mode = 1), 

the battery has reached its minimum SOC limit of 20% (modebat = 0) and the 

supercapacitor remains between its minimum and maximum SOC limits (modesc,ch = 1, 

modesc,disch = 1). Therefore, the battery is fully discharged and hence the reference 

battery current is zero (𝑖𝑏
∗ = 0). The supercapacitor is available for charging/discharging 

and absorbs/supplies the high-frequency current oscillations (𝑖𝑠𝑐
∗ = 𝑖𝑜𝑠𝑐), while the 

required average current is supplied by the grid. 
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• Case 11: Ppv ≤ Pload, SOCb ≤ 20%, SOCsc ≥ 95% 

The load demand is larger than the generated PV power (mode = 1), the battery has 

reached its minimum SOC limit (modebat = 0) and the supercapacitor has reached its 

maximum SOC limit (modesc,ch = 0, modesc,disch = 1). In other words, the battery is fully 

discharged (𝑖𝑏
∗ = 0) and the supercapacitor is only available for discharging (where 𝑖𝑜𝑠𝑐 

> 0), otherwise the reference supercapacitor current is zero. During this period, the grid 

supplies the required power. When the current supplied by the grid increases (i.e., when 

the generated PV power decreases and/or the load power increases), the reference 

current for the supercapacitor must be modified (see Table 3.6), because the 

supercapacitor is available for discharging. 

• Case 12: Ppv ≤ Pload, SOCb ≤ 20%, SOCsc ≤ 50% 

In Case 12, the generated PV power is lower than the load power (mode = 1). In addition, 

both the battery and the supercapacitor have reached their minimum SOC limits (modebat 

= 0, modesc,ch = 1, modesc,disch = 0). During this mode, the battery is fully discharged 

(𝑖𝑏
∗ = 0). In addition, the supercapacitor is fully discharged, hence it is only available 

for charging (where 𝑖𝑜𝑠𝑐 < 0), otherwise the reference supercapacitor current is zero. 

Also, the grid supplies the required remaining power to the load. During this period, if 

the grid supplies power at an increasing rate, the supercapacitor current is zero, and the 

grid supplies the high-frequency current oscillations. When the grid current decreases 

(i.e., when the generated PV power increases and/or the load power decreases), the 

reference current for the supercapacitor must be modified (see Table 3.6), because the 

supercapacitor is available for charging. 

 

3.9.2.2 Modeling and simulation 

The Simulink model of the proposed PMA for the charging and discharging process of 

the battery-supercapacitor hybrid storage is presented in Figure 3.72. It corresponds to 

the flowchart presented in Figure 3.73. For simplicity, based on the twelve cases above, 

general equations for the battery and the supercapacitor reference currents are derived 

as follows.  
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𝑖𝑏
∗ = modebat ((𝑖𝑎𝑣𝑔modebat ) + 𝑖𝑏,𝑜𝑠𝑐 × {

1 −modesc,disch,  if 𝑖𝑏,𝑜𝑠𝑐 > 0

1 −modesc,ch ,  otherwise
) (104) 

𝑖𝑠𝑐
∗ = (𝑖𝑠𝑐,𝑜𝑠𝑐 + ( 𝑖𝑐𝑜𝑚𝑝modebat )) × {

modesc,disch ,  if 𝑖𝑜𝑠𝑐 > 0

modesc,ch ,  otherwise
 (105) 

 

 
Figure 3.72: PMA system for the charging and discharging process of the hybrid battery-

supercapacitor storage system in Simulink 
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Figure 3.73: PMA for the charging and discharging process of the hybrid battery-supercapacitor storage system 
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4 Complete Model Results 

The complete model of the battery-only storage application in Simulink is presented in 

Figure 4.1. It consists of a 3 kWp PV array, a DC-DC boost converter, a MPPT control 

block (P&O), a single-phase VSI, a 10kWh battery pack and a bidirectional DC-DC 

converter for the battery.  

The complete model of the battery-supercapacitor hybrid storage application in Simulink 

is presented in Figure 4.2. It contains a 3 kWp PV array, a DC-DC boost converter, a 

MPPT control block (P&O), a single-phase VSI, a 10kWh battery pack, a battery 

bidirectional DC-DC converter, a 50.6 Wh supercapacitor pack and a supercapacitor 

bidirectional DC-DC converter.  

To verify the proper operation of the proposed models, the simulations of the battery-only 

storage system and the battery-supercapacitor hybrid storage system are performed for 

different scenarios in long-term operation (24 hours) and short-term operation (10–30 

seconds).  

For the sake of clarity, it should be noted that the produced PV power is always positive, 

the load power is always negative, the battery and the supercapacitor power are positive 

when they supply power and negative when they absorb power, while the grid power is 

positive when it absorbs power and negative when it supplies power to the system. In 

addition, the mode for the battery converter is set to zero (mode = 0) during EPM (buck-

mode or charging mode), while during DPM the mode of the battery converter is one 

(mode = 1), which corresponds to the boost-mode operation (or discharging mode). Also, 

modebat, modesc,ch and modesc,disch represent the availability of the battery and 

supercapacitor storage, respectively. In other words, when the battery or the 

supercapacitor are available for charging/discharging, the corresponding mode is one, and 

when they have reached their maximum/minimum SOC limits the corresponding mode is 

zero (idle mode). 
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Figure 4.1: Complete model of the grid-connected PV system with battery-only storage in Simulink  
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Figure 4.2: Complete model of the grid-connected PV system with battery-supercapacitor hybrid storage in Simuli
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4.1 Results for the PV system with battery-only storage in long-term 

operation 

In this scenario, the performance of the system in long-term operation is investigated (24 

hours). The initial SOC of the battery is set to 50%. The solar and the load power as well 

as the results derived from the simulations are presented in Table 4.1.  

Also, Figure 4.3 presents the PV power, Load power (average), Battery power and Grid 

power (average) during the period of 24 hours.  

As one can observe from Table 4.1 and Figure 4.3, in the beginning the generated PV 

power is zero and the load power is 100 W. Therefore, this is Case 3 (as described in sub-

Section 3.9.1), where the battery supplies the required power to the load. After the sunrise, 

the generated PV power is larger than the load power, and hence this is Case 1. During 

this case, the battery is charging until it reaches its maximum SOC limit of 90% (see 

Figure 4.4). The battery is fully charged at t = 10.3 hours (time 10:18) (Case 2), and all 

the produced power is transferred to the load and the grid. After that (t = 13 hours), the 

generated PV power is suddenly reduced and the load power is increased, so that the PV 

power is lower than the load power (Case 3). During this case, the battery starts to 

discharge having a positive power and current. After one hour (t = 14 hours), the 

generated PV power is increased and becomes larger than the load power, so now the 

battery is charging again (Case 1). At t = 15 hours, the PV power starts decreasing and 

the load power is now larger than the produced power (Case 3). During this period, the 

battery is discharging until it reaches its minimum SOC limit of 20%. At t = 19.1 hours 

(time 19:06), the battery is fully discharged (Case 4), hence the grid supports the load for 

the required power because the PV power is zero. 

The above scenario verifies that the model works properly in long-term operation of 24 

hours. Moreover, observing Table 4.1, power balance is achieved in all cases. Also, in 

Figure 4.4, it is observed that the battery current exhibits peaks during the transitions, and 

hence the battery is stressed. These oscillations can be eliminated by the supercapacitor 

integration.  
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Table 4.1: Simulation results of proposed PV system with battery-only storage in long-term 

operation (24 hours) 

 Time (hours) Ppv (W) Pload (W) Pb (W) SOCb Pgrid (W) 

Case 3 0 – 1 0 –100 100 0.50 0 

1 – 2 0 –100 100 0.49 0 

2 – 3 0 –100 100 0.48 0 

3 – 4  0 –50 50 0.47 0 

Case 1 4 – 5 80 –50 –30 0.466 0 

5 – 6  237 –100 –137 0.465 0 

6 – 7 520 –200 –320 0.48 0 

7 – 8 1252 –400 –852 0.51 0 

8 – 9 1932 –500 –1432 0.59 0 

9 – 10 2286 –600 –1686 0.73 0 

10 – 10.3 1696 –800 –896 0.88 0 

Case 2 10.3 – 11  1696 –800 0 0.90 896 

11 – 12 2871 –1500 0 0.90 1371 

12 – 13 2667 –2000 0 0.90 667 

Case 3 13 – 14 1105 –1500 395 0.89 0 

Case 1 14 – 15 1844 –1500 –344 0.89 0 

Case 3 15 – 16 1252 –1700 448 0.88 0 

16 – 17 520 –1900 1380 0.80 0 

17 – 18 102 –2500 2398 0.50 0 

18 – 19 0 –2700 2700 0.35 0 

19 – 19.1 0 –3000 3000 0.22 0 

Case 4 19.1 – 20 0 –3000 0 0.20 –3000 

20 – 21 0 –3500 0 0.20 –3500 

21 – 22 0 –2000 0 0.20 –2000 

22 – 23 0 –1500 0 0.20 –1500 

23 – 24 0 –200 0 0.20 –200 
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Figure 4.3: PV power (blue), Load power (red), Battery power (green) and Grid power (purple) 

in long-term operation (24 hours) 

 

 

Figure 4.4: Battery SOC and battery current in long-term operation (24 hours) 

 

4.2 Comparison between the battery-only and the battery-

supercapacitor hybrid storage system 

For this scenario, the effectiveness of the integration of the supercapacitor must be 

verified. The same scenario as presented in Section 4.1 is considered. Figure 4.5 shows 

the battery SOC with time for the battery-only and the battery-supercapacitor hybrid 

storage application. As can be observed, in the case of the battery-only application, the 
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battery reaches its maximum and minimum SOC limits faster than in the case of the 

hybrid storage. This is because the battery is more stressed as it absorbs/supplies power 

with high frequencies (oscillations) during the transitions. This phenomenon can reduce 

the battery lifetime. Moreover, Figure 4.6 presents the battery current for the battery-only 

and the battery-supercapacitor hybrid storage application. For the case of the battery-only 

application, the current exhibits peaks during the transitions. On the other hand, for the 

case of the hybrid storage, these peaks are eliminated by the supercapacitor. More 

investigation the supercapacitor can be found in the next Section 4.3. 

 

 

Figure 4.5: Battery SOC for the battery-only (blue) and the hybrid (red) storage application 

 

 

Figure 4.6: Battery current for the battery-only (blue) and the hybrid (red) storage application 
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4.3 Results for the PV system with battery-supercapacitor hybrid 

storage in short-term operation 

This Section is divided into two parts (sub-Sections), in each of which EPM and DPM 

are examined respectively, over short time periods (10–30 seconds), in order to verify the 

operation of the system during sudden changes in solar irradiance (and hence in produced 

PV power) and in load power. To this end, rapid variations in solar irradiance and/or load 

are assumed for every second. Furthermore, each mode (EPM and DPM) is divided into 

two simulation scenarios: (i) when the supercapacitor is near its maximum SOC limit, 

and (ii) when the supercapacitor is near its minimum SOC limit. Therefore, all cases of 

the flowchart in Figure 3.73 are investigated. 

 

4.3.1 Excess Power Mode (EPM) 

4.3.1.1 Scenario 1: Supercapacitor reaches its maximum SOC limit during 

EPM 

The scenario 1 of the Excess Power Mode (EPM) is carried out here, where in almost all 

cases the produced PV power is larger than the required load power. The initial SOC of 

the battery is set to 89.965% (SOCb = 0.89965) and the initial SOC of the supercapacitor 

to 95% (SOCsc = 0.95). Recall that the maximum SOC limits for the battery and 

supercapacitor are 90% and 95%, respectively. Therefore, in the beginning the 

supercapacitor is already at its maximum SOC limit, and it is only available for 

discharging. 

The results for the power and SOC, derived from the simulations are presented in Table 

4.2. Also, Figure 4.7 shows the PV power, load power (average), battery power, 

supercapacitor power and grid power (average) over a period of 30 seconds. Additionally, 

Figure 4.8 shows the mode of the battery converter, as well as the availability modes of 

the battery and the supercapacitor (charging and discharging), respectively. 

As can be seen from Table 4.2 and Figure 4.7, in the beginning (t = 0–4 s) the PV 

generates electricity, while the load power is zero. Also, the supercapacitor is at its 

maximum SOC limit. Therefore, this is Case 2 (as described in sub-Section 3.9.2), where 

the battery is charging and absorbing all the produced PV power. After that (t = 4 s), the 
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PV power remains larger than the load power, and hence the battery is charging. At the 

same time, the charging rate of the battery has decreased, and hence the supercapacitor is 

discharging (Case 1). The battery continues charging until it reaches its maximum SOC 

limit of 90%, at t = 8.6 s (Case 4). During this case, the supercapacitor handles the high-

frequency oscillations, and the remaining average power is injected into the grid. At t = 

12 s, the generated PV power decreases and the load power increases, so that the PV 

power is lower than the load power (Case 7). During this case, the battery is discharging 

with a positive power. After that (at t = 16 s), the generated PV power increases and is 

larger than the load power, hence the battery is charging again and the supercapacitor is 

available for charging/discharging (Case 1). During the sudden changes of PV power 

and/or the load power, the supercapacitor absorbs/supplies the high-frequency power 

variations, reducing the oscillations in the battery power. Following, at t = 23.3 s, the 

battery reaches its maximum SOC limit (Case 4), hence the grid absorbs the average 

power difference between the PV and the load power, while the supercapacitor handles 

the rapid changes that occur within 0.2 seconds. After that, at t = 27 s, the supercapacitor 

reaches its maximum SOC limit (Case 5) and all the produced power is transferred to the 

load and the grid (with oscillations). During this case, both the battery and the 

supercapacitor are fully charged, and the supercapacitor is only available for discharging. 

At t = 29 s, the grid power absorption decreases and therefore the supercapacitor can 

deliver the high-frequency variations and it is discharging (Case 4). 

The above scenario, when the supercapacitor is near its maximum SOC limit during EPM, 

verifies that the model works properly and power balance is achieved in all cases. It can 

also be noticed that the model reacts very fast and works properly during the mode 

transitions between EPM and DPM, and vice versa. 
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Table 4.2: Simulation results of proposed PV system with hybrid storage in EPM (Scenario 1) 

 

 Time (sec) Ppv (W) Pload (W) Pb (W) SOCb SOCsc Pgrid (W) 

Case 2 0 – 1 1105 0 –1105 0.89965 0.95 0 

 1 – 2  1400 0 –1400 0.89972 0.95 0 

 2 – 3 1991 0 –1991 0.89976 0.95 0 

 3 – 4  2286 0 –2286 0.89983 0.95 0 

Case 1 4 – 5 2579 –1000 –1579 0.89985 0.94996 0 

 5 – 6  2579 –1000 –1579 0.89990 0.94996 0 

 6 – 7 2871 –800 –2071 0.89995 0.94998 0 

 7 – 8.6 2871 –1500 –1371 0.89998 0.94994 0 

Case 4 8.6 – 9  2871 –1500 0 0.9 0.94994 1371 

 9 – 10 2871 –1500 0 0.9 0.94994 1371 

 10 – 11 2871 –2400 0 0.9 0.94988 471 

 11 – 12 2871 –2400 0 0.9 0.94988 471 

Case 7 12 – 13 2286 –3500 1214 0.89997 0.94978 0 

 13 – 14 2286 –3500 1214 0.89994 0.94978 0 

 14 – 15 1696 –3500 1804 0.89990 0.94974 0 

 15 – 16 1696 –2000 304 0.89989 0.94984 0 

Case 1 16 – 17 2286 –2000 –286 0.89990 0.94987 0 

 17 – 18 2286 –2000 –286 0.89990 0.94987 0 

 18 – 19 2871 –2500 –371 0.89991 0.94988 0 

 19 – 20 2871 –2500 –371 0.89992 0.94988 0 

 20 – 21 2871 –2500 –371 0.89993 0.94988 0 

 21 – 22 2871 –1300 –1571 0.89997 0.94996 0 

 22 – 23.3 2286 –1300 –986 0.89999 0.94992 0 

Case 4 23.3 – 24 2286 –1300 0 0.9 0.94992 986 

 24 – 25  1991 –700 0 0.9 0.94994 1291 

 25 – 26 1991 –900 0 0.9 0.94993 1091 

 26 – 27 2871 –900 0 0.9 0.94998 1971 

Case 5 27 – 28  2871 –200 0 0.9 0.95 2671 

 28 – 29 2871 0 0 0.9 0.95 2871 

Case 4 29 – 30  2871 –500 0 0.9 0.94997 2371 
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Figure 4.7: PV power (blue), Load power (red), Battery power (green), Supercapacitor power 

(yellow) and Grid power (purple) (Scenario 1) 

 

 

Figure 4.8: Mode of the battery converter, and availability modes of the battery and the 

supercapacitor (charging and discharging), respectively (Scenario 1) 

 

Figure 4.9 shows the battery and supercapacitor current on the storage side, while Figure 

4.10 shows the PV current, battery current and supercapacitor current on the DC-link side. 

One can observe that during Case 2 (t = 0–4 s), where the supercapacitor is idle, the 

battery current exhibits peaks during the transitions, and hence the battery is stressed. 

These oscillations are eliminated with the integration of the supercapacitor at t = 4 s. 

Therefore, the supercapacitor handles the rapid changes of current, thus relieving the 
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battery and extending its lifetime. Next, Figure 4.11 shows the battery SOC and the 

battery voltage, while Figure 4.12 shows the supercapacitor SOC and the supercapacitor 

voltage, where both storage methods work properly within their limits. 

 

 

Figure 4.9: Battery current and supercapacitor current (Scenario 1) 

 

 

Figure 4.10: PV current, battery current and supercapacitor current on DC-link side (Scenario 1) 
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Figure 4.11: Battery SOC and battery voltage (Scenario 1) 

 

 

Figure 4.12: Supercapacitor SOC and supercapacitor voltage (Scenario 1) 

 

Another important parameter is the DC-bus voltage, which must be kept stable at 400 V, 

despite changes in PV power and load power. Observing Figure 4.13, the DC-bus voltage 

remains stable near 400 V during all different cases, exhibiting a maximum ripple voltage 

(peak-to-peak) of about 5 V (or ± 0.625%), which is absolutely acceptable. Moreover, the 

current controllers on the bidirectional converters of the battery and the supercapacitor 

provide the corresponding duty cycle for each converter. Specifically, the battery 

converter operates in buck-mode (battery charging) for almost the whole period of 30 

seconds, except for period t = 12–16 s where it operates in boost-mode (battery 
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discharging). As can be seen in the zoomed view of the duty cycle of the battery converter, 

during each rapid change, the controller acts extremely fast and provides the required duty 

cycle to the converter. Also, the supercapacitor converter during the first 0.2 seconds in 

each transition, operates either in buck-mode or boost-mode. During the remaining 

period, the supercapacitor absorbs fluctuations around zero. Therefore, the dynamic 

performance of the system is verified.  

 

 

Figure 4.13: DC-bus voltage and duty cycle for the battery and the supercapacitor bidirectional 

converters, respectively (Scenario 1) 

 

Figure 4.14 corresponds to the currents on the AC side, showing the inverter output 

current, the load current and the grid current. One can observe that when the 

supercapacitor is available for charging/discharging, the grid current transitions are 

smoother. Finally, during the chosen period of 30 seconds, the current balance is verified; 

the output current of the inverter supplies the load and the excess amount (if any) is 

injected into the grid. 
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Figure 4.14: Inverter output current, load current and grid current (Scenario 1) 

 

4.3.1.2 Scenario 2: Supercapacitor reaches its minimum SOC limit during 

EPM 

Scenario 2 of EPM is examined here, where in all cases the produced PV power is larger 

than the required load power. The initial SOC of the battery is set to 89.985% (SOCb = 

0.89985) and the initial SOC of the supercapacitor to 49.98% (SOCsc = 0.4998). Recall 

that the maximum SOC limit for the battery is 90% and the minimum SOC limit for the 

supercapacitor is 50%. Therefore, the supercapacitor is below its minimum SOC limit 

and is only available for charging. 

The power and SOC results derived by the simulations are presented in Table 4.3. Figure 

4.15 shows the PV power, load power (average), battery power, supercapacitor power 

and grid power (average) over the selected period of 10 seconds. Additionally, Figure 

4.16 presents the mode of the battery converter, and the availability modes of the battery 

and the supercapacitor (charging and discharging), respectively.  

Observing Table 4.3 and Figure 4.15, in the beginning the PV generates electricity, which 

is larger than the required load power. Also, the supercapacitor is fully discharged. 

Therefore, this is Case 3, where the battery is charging and absorbing all the remaining 

power. During Case 3, if the battery is charging at an increasing rate (t = 0–3 s), the battery 

absorbs the average remaining power and the supercapacitor absorbs the high-frequency 

component. On the other hand, if the battery is charging at a decreasing rate (t = 3–4.8 s), 
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the supercapacitor is not available for discharging (as it remains below its minimum SOC 

limit) and the battery absorbs the remaining power along with the power oscillations. 

After that (t = 4.8 s), the PV power remains larger than the load power, the battery reached 

its maximum SOC limit of 90%, while the supercapacitor is only available for charging 

(Case 6). During this period (t = 4.8–8 s), the grid absorbs the remaining produced power 

at a decreasing rate, hence the supercapacitor power is zero, and the grid absorbs the high-

frequency power variations. At t = 8 s, the generated PV power increases, while the load 

power remains zero. Therefore, the power injected into the grid increases and the 

supercapacitor absorbs the oscillations, while the average power is injected into the grid 

(Case 4). 

The above scenario verifies that the model works properly during EPM for the selected 

period of 10 seconds, when the supercapacitor is near its minimum SOC limit. Also, a 

power balance is achieved in all cases. 

 

Table 4.3: Simulation results of proposed PV system with hybrid storage in EPM (Scenario 2) 

 

 Time (sec) Ppv (W) Pload (W) Pb (W) SOCb SOCsc Pgrid (W) 

Case 3 0 – 1 520 –100 –420 0.89985 0.49980 0 

1 – 2  1400 –100 –1300 0.89988 0.49997 0 

2 – 3 1991 –100 –1891 0.89993 0.5 0 

3 – 4  1696 –100 –1596 0.89997 0.5 0 

4 – 4.8 1400 –100 –1300 0.89999 0.5 0 

Case 6 4.8 – 5 1400 –100 0 0.9 0.5 1300 

5 – 6  1105 0 0 0.9 0.5 1105 

6 – 7 811 0 0 0.9 0.5 811 

7 – 8 520 0 0 0.9 0.5 520 

Case 4 8 – 9  811 0 0 0.9 0.50006 811 

9 – 10 1105 0 0 0.9 0.50011 1105 
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Figure 4.15: PV power (blue), Load power (red), Battery power (green), Supercapacitor power 

(yellow) and Grid power (purple) (Scenario 2) 

 

 

Figure 4.16: Mode of the battery converter, and availability modes of the battery and the 

supercapacitor (charging and discharging), respectively (Scenario 2) 

 

Figure 4.17 shows the battery and supercapacitor current on the storage side, while Figure 

4.18 shows the PV current, battery current and supercapacitor current on the DC-link side. 

During Case 3 (t = 0–3 s), where the supercapacitor is available for charging, the battery 

current transitions are smooth because the current oscillations are eliminated through the 

supercapacitor. Therefore, the supercapacitor handles the high-frequency current 

variations, thus relieving the battery and extending its lifetime. After that (t = 3–4.8 s), 
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the supercapacitor is idle and the battery current variation is sharp during the transitions 

(t = 3 s, t = 4 s), hence the battery is stressed. Next, Figure 4.19 shows the battery SOC 

and the battery voltage, while Figure 4.20 shows the supercapacitor SOC and the 

supercapacitor voltage, where both storage methods work properly within their limits. 

 

 

Figure 4.17: Battery current and supercapacitor current (Scenario 2) 

 

 

Figure 4.18: PV current, battery current and supercapacitor current on DC-link side (Scenario 2) 
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Figure 4.19: Battery SOC and battery voltage (Scenario 2) 

 

 

Figure 4.20: Supercapacitor SOC and supercapacitor voltage (Scenario 2) 

 

Observing Figure 4.21, the DC-bus voltage remains stable near 400 V during all different 

cases, exhibiting a maximum ripple voltage (peak-to-peak) of about 3 V (or ± 0.375%). 

Moreover, the current controllers on the bidirectional converters of the battery and the 

supercapacitor provide the corresponding duty cycle for each converter. Specifically, the 

battery converter operates in buck-mode (battery charging) during the whole period of 10 

seconds. As can be seen in the zoomed view of the duty cycle of the battery converter, 

during each rapid change the controller acts extremely fast and provides the required duty 

cycle to the converter. Also, the supercapacitor converter at the beginning of each 

transition operates either in buck-mode or in boost-mode. During the remaining period, 
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the supercapacitor absorbs fluctuations around zero. In this way, the dynamic 

performance of the system is verified.  

Figure 4.22 shows the currents on the AC side, namely the inverter output current, the 

load current and the grid current. The supercapacitor is available for charging, hence the 

grid current transitions are smoother. Finally, during the selected period of 10 seconds, 

the current balance is verified; the output current of the inverter supplies the load, and the 

excess amount (if any) is injected into the grid. 

 

 

Figure 4.21: DC-bus voltage and duty cycle for the battery and the supercapacitor bidirectional 

converters, respectively (Scenario 2) 

 

 

Figure 4.22: Inverter output current, load current and grid current (Scenario 2) 
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4.3.2 Deficit Power Mode (DPM) 

4.3.2.1 Scenario 3: Supercapacitor reaches its minimum SOC limit during 

DPM 

The scenario of DPM is examined, where in almost all cases the produced PV power is 

smaller than the required load power. The initial SOC of the battery is set to 20.02% 

(SOCb = 0.2002) and the initial SOC of the supercapacitor to 50% (SOCsc = 0.50). Recall 

that the minimum SOC limits for the battery and the supercapacitor are 20% and 50%, 

respectively. Therefore, the supercapacitor is already at its minimum SOC limit and is 

only available for charging. 

The power and SOC results derived by the simulations are presented in Table 4.4. Also, 

Figure 4.23 shows the PV power, load power (average), battery power, supercapacitor 

power and grid power (average) during the selected period of 30 seconds. Moreover, 

Figure 4.24 shows the mode of the battery converter and the availability modes of the 

battery and the supercapacitor (charging and discharging), respectively.  

As one can observe from Table 4.4 and Figure 4.23, in the beginning the load power is 

higher than the PV power. Therefore, this is Case 9, where the battery is discharging and 

supplying the load with a power equal to the power difference between the load power 

and the produced PV power. During this period (t = 0–3 s), the battery is discharging at 

an increasing rate, hence the supercapacitor is idle and the battery supplies power with 

oscillations. After that (t = 3 s), the battery discharging power decreases (because the load 

power decreases), hence this is Case 7, where the supercapacitor is charging. During Case 

7 (t = 3–8.4 s), the supercapacitor is available for charging/discharging and handles the 

high-frequency variations, while the battery supplies the average part of the required 

power. At the same time, the battery continues discharging until it reaches its minimum 

SOC limit of 20%, at t = 8.4 s (Case 10). During Case 10 (t = 8.4–14 s), the supercapacitor 

is available for charging/discharging and absorbs/supplies the high-frequency power 

oscillations, while the required average power is supplied by the grid. At t = 14 s, the load 

power decreases, so that the PV power is larger than the load power (Case 1). During this 

case (t = 14–18 s), the battery is charging with negative power and the supercapacitor 

handles the rapid changes. After that (at t = 18 s), the generated PV power is smaller than 

the load power, hence the battery is discharging again and the supercapacitor is available 
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for charging/discharging (Case 7). Next, at t = 20.3 s, the battery reaches its maximum 

SOC limit (Case 10), hence the grid supplies the average power difference between the 

PV and the load power, while the supercapacitor handles the high-frequency variations. 

After that, at t = 26 s, the supercapacitor reaches its minimum SOC limit (Case 12), and 

all the required power is supplied by the grid (with oscillations). During this case, both 

the battery and the supercapacitor are fully discharged. At t = 28 s, the supply of grid 

power decreases, and therefore the supercapacitor can absorb the high-frequency 

variations (Case 10). 

The above scenario verifies that the model works properly during DPM, when the 

supercapacitor is near its minimum SOC limit. An effective power sharing is achieved in 

all cases. It can also be noticed that the model responds extremely fast and operates 

properly during the transitions between DPM and EPM, and vice versa. 

 

Table 4.4: Simulation results of proposed PV system with hybrid storage in DPM (Scenario 3) 

 Time (sec) Ppv (W) Pload (W) Pb (W) SOCb SOCsc Pgrid (W) 

Case 9 0 – 1 102 –200 98 0.20020 0.5 0 

1 – 2  102 –1000 898 0.20018 0.5 0 

2 – 3 102 –1500 1398 0.20013 0.5 0 

Case 7 3 – 4  102 –1000 898 0.20011 0.50005 0 

4 – 5 520 –1000 480 0.20009 0.50010 0 

5 – 6  520 –1000 480 0.20007 0.50010 0 

6 – 7 1252 –2500 1248 0.20004 0.50002 0 

7 – 8 1252 –2500 1248 0.20002 0.50002 0 

8 – 8.4 1932 –2500 568 0.20001 0.50008 0 

Case 10 8.4 – 9 1932 –2500 0 0.2 0.50008 –568 

9 – 10 1932 –3000 0 0.2 0.50003 –1068 

10 – 11 2286 –3000 0 0.2 0.50007 –714 

11 – 12 2286 –3000 0 0.2 0.50007 –714 

12 – 13 1696 –1800 0 0.2 0.50013 –104 

13 – 14 1696 –1800 0 0.2 0.50013 –104 

Case 1 14 – 15 2579 –1700 –879 0.20003 0.50024 0 

15 – 16 2579 –1700 –879 0.20005 0.50024 0 

16 – 17 1991 –1700 –291 0.20006 0.50017 0 
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17 – 18 1991 –1700 –291 0.20007 0.50017 0 

Case 7 18 – 19 1991 –3000 1009 0.20004 0.50004 0 

19 – 20 1991 –3000 1009 0.20002 0.50004 0 

20 – 20.3 1844 –3000 1156 0.2001 0.50002 0 

Case 10 20.3 – 21  1844 –3000 0 0.2 0.50003 –1156 

21 – 22 1844 –2800 0 0.2 0.50005 –956 

22 – 23 2139 –2500 0 0.2 0.50011 –361 

23 – 24 2139 –2500 0 0.2 0.50011 –361 

24 – 25  1844 –2700 0 0.2 0.50006 –856 

25 – 26  1844 –2700 0 0.2 0.50006 –856 

Case 12 26 – 27  1400 –3000 0 0.2 0.5 –1600 

27 – 28  1400 –3800 0 0.2 0.5 –2400 

Case 10 28 – 29  1548 –3100 0 0.2 0.50008 –1552 

29 – 30  1548 –2700 0 0.2 0.50013 –1152 

 

 

Figure 4.23: PV power (blue), Load power (red), Battery power (green), Supercapacitor power 

(yellow) and Grid power (purple) (Scenario 3) 
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Figure 4.24: Mode of the battery converter, and availability modes of the battery and the 

supercapacitor (charging and discharging), respectively (Scenario 3) 

 

Figure 4.25 presents the battery and supercapacitor current on the storage side, while 

Figure 4.26 shows the PV current, battery current and supercapacitor current on the DC-

link side. During Case 9 (t = 0–3 s), where the supercapacitor is idle, the battery current 

exhibits peaks during the transitions, and hence the battery is stressed. These oscillations 

are eliminated with the integration of the supercapacitor at t = 3 s. Therefore, the 

supercapacitor handles the high-frequency current variations, relieving the battery and 

thus extending its lifetime.  

 

 

Figure 4.25: Battery current and supercapacitor current (Scenario 3) 
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Figure 4.26: PV current, battery current and supercapacitor current on DC-link side (Scenario 3) 

 

Next, Figure 4.27 shows the battery SOC and the battery voltage, while Figure 4.28 

shows the supercapacitor SOC and the supercapacitor voltage, where both storage 

methods work properly within their limits. 

 

 

Figure 4.27: Battery SOC and battery voltage (Scenario 3) 
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Figure 4.28: Supercapacitor SOC and supercapacitor voltage (Scenario 3) 

 

Observing Figure 4.29, the DC-bus voltage remains stable near 400 V during all different 

cases, exhibiting a maximum ripple voltage (peak-to-peak) of about 5 V (or ± 0.625%). 

Moreover, the current controllers on the bidirectional converters of the battery and the 

supercapacitor provide the corresponding duty cycle for each converter. Specifically, the 

battery converter operates in boost-mode (battery discharging) for almost the whole 

period of 30 seconds, except for the period t = 14–18 s where it operates in buck-mode 

(battery charging). As can be seen in the zoomed view of the duty cycle of the battery 

converter, during each rapid change the controller acts extremely fast and provides the 

required duty cycle to the converter. Also, the supercapacitor converter during each 

transition, operates either in buck-mode or in boost-mode. During the remaining period, 

the supercapacitor absorbs fluctuations around zero. Therefore, the dynamic performance 

of the system is verified.  

Figure 4.30 shows the currents on the AC side, namely the inverter output current, the 

load current and the grid current. When the supercapacitor is available for 

charging/discharging, the grid current transitions are smoother. Finally, during the period 

of 30 seconds, the current balance is verified; the output current of the inverter along with 

the grid current (if any) supply the load. 
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Figure 4.29: DC-bus voltage and duty cycle for the battery and the supercapacitor bidirectional 

converters, respectively (Scenario 3) 

 

 

Figure 4.30: Inverter current, load current and grid current (Scenario 3) 

 

4.3.2.2 Scenario 4: Supercapacitor reaches its maximum SOC limit during 

DPM 

Scenario 4 of DPM is examined here, where in all cases the produced PV power is smaller 

than the required load power. The initial SOC of the battery is set to 20.015% (SOCb = 

0.20015) and the initial SOC of the supercapacitor to 95.01% (SOCsc = 0.9501). Recall 

that the minimum SOC limit for the battery is 20% and the maximum SOC limit for the 
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supercapacitor is 95%. Therefore, the supercapacitor is already above its maximum SOC 

limit and is only available for discharging. 

The power and SOC results derived by the simulations are presented in Table 4.5. Also, 

Figure 4.31 shows the PV power, load power (average), battery power, supercapacitor 

power and grid power (average) during the selected period of 15 seconds. Moreover, 

Figure 4.32 shows the mode of the battery converter and the availability modes of the 

battery and the supercapacitor (charging and discharging), respectively.  

As one can observe from Table 4.5 and Figure 4.31, in the beginning the load power is 

higher than the PV power. Also, the supercapacitor is above its maximum SOC limit. 

Therefore, this is Case 8, where the battery is discharging and supplying the load with a 

power equal to the power difference between the load power and the produced PV power. 

During this period (t = 0–4 s), the battery is discharging at a decreasing rate, hence the 

supercapacitor is idle and the battery supplies power with oscillations. After that (t = 4 s), 

the battery discharging power increases, hence this is Case 7, where the supercapacitor is 

discharging. At t = 5 s, the supercapacitor is fully charged (Case 8) and the battery 

supplies the required power to the load (with oscillations). At the same time, the battery 

continues discharging until it reaches its minimum SOC limit of 20%, at t = 7.6 s (Case 

11). During Case 11, the battery is fully discharged, while the supercapacitor is fully 

charged, and the grid supplies the load with the required power. It is observed that the 

grid supplies power at a decreasing rate, hence the supercapacitor power is zero and the 

grid supplies the high-frequency variations. At t = 12 s, the generated PV power 

decreases, so that the required power to the grid increases. This causes the supercapacitor 

to discharge and support the grid with the high-frequency component in power, while the 

average required power is supplied by the grid (Case 10). 

The above scenario verifies that the model works properly during DPM, when the 

supercapacitor is near its maximum SOC limit. Also, a power balance is achieved in all 

cases. 
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Table 4.5: Simulation results of proposed PV system with hybrid storage in DPM (Scenario 4) 

 Time (sec) Ppv (W) Pload (W) Pb (W) SOCb SOCsc Pgrid (W) 

Case 8 0 – 1 520 –2000 1480 0.20015 0.9501 0 

1 – 2  520 –1500 980 0.20008 0.95001 0 

2 – 3 520 –1300 780 0.20006 0.95001 0 

3 – 4  520 –1000 480 0.20005 0.95001 0 

Case 7 4 – 5 1105 –1800 695 0.20003 0.94999 0 

Case 8 5 – 6  1105 –1600 495 0.20002 0.95 0 

6 – 7 665 –900 235 0.20001 0.95 0 

7 – 7.6 665 –900 235 0.20001 0.95 0 

Case 11 7.6 – 9 665 –900 0 0.2 0.95 –235 

9 – 10 665 –900 0 0.2 0.95 –235 

10 – 11 1105 –1200 0 0.2 0.95 –95 

11 – 12 1105 –1200 0 0.2 0.95 –95 

Case 10 12 – 13 520 –1000 0 0.2 0.94998 –480 

13 – 14 520 –1000 0 0.2 0.94998 –480 

14 – 15 520 –1500 0 0.2 0.94994 –980 

 

 

Figure 4.31: PV power (blue), Load power (red), Battery power (green), Supercapacitor power 

(yellow) and Grid power (purple) (Scenario 4) 
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Figure 4.32: Mode of the battery converter, and availability modes of the battery and the 

supercapacitor (charging and discharging), respectively (Scenario 4) 

 

Figure 4.33 presents the battery and supercapacitor current on the storage side, while 

Figure 4.34 shows the PV current, battery current and supercapacitor current on the DC-

link side. One can observe that during Case 8 (t = 0–4 s), where the supercapacitor is idle, 

the battery current exhibits peaks during the current transitions, and hence the battery is 

stressed. These oscillations are eliminated with the integration of the supercapacitor at t 

= 4 s. Therefore, the supercapacitor handles the high-frequency variations of current, 

relieving the battery and thus extending its lifetime.  

 

 

Figure 4.33: Battery current and supercapacitor current (Scenario 4) 
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Figure 4.34: PV current, battery current and supercapacitor current on DC-link side (Scenario 4) 

 

Next, Figure 4.35 shows the battery SOC and the battery voltage, while Figure 4.36 shows 

the supercapacitor SOC and the supercapacitor voltage, where both storage methods work 

properly within their limits. 

 

 

Figure 4.35: Battery SOC and battery voltage (Scenario 4) 

 



172 

 

 

Figure 4.36: Supercapacitor SOC and supercapacitor voltage (Scenario 4) 

 

Observing Figure 4.37, the DC-bus voltage remains stable near 400 V, regardless of rapid 

changes in PV power and load power, exhibiting a maximum ripple voltage (peak-to-

peak) of about 4 V (or ± 0.5%). Moreover, the current controllers on the bidirectional 

converters of the battery and the supercapacitor provide the corresponding duty cycle for 

each converter. Specifically, the battery converter operates in boost-mode (battery 

discharging) during the whole period of 15 seconds, where the controller acts extremely 

fast and provides the required duty cycle to the converter. Also, the supercapacitor 

converter at the beginning of each transition, operates either in buck-mode or in boost-

mode. During the remaining period, the supercapacitor absorbs fluctuations around zero. 

In this way, the dynamic performance of the system is verified.  

Figure 4.38 corresponds to the currents on the AC side, namely the inverter output current, 

the load current and the grid current. When the supercapacitor is available for 

charging/discharging, the grid current transitions are smoother. Finally, during the 

selected period of 15 seconds, the current balance is verified; the output current of the 

inverter along with the grid current (if any) supply the load. 
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Figure 4.37: DC-bus voltage and duty cycle for the battery and the supercapacitor bidirectional 

converters, respectively (Scenario 4) 

 

 

Figure 4.38: Inverter current, load current and grid current (Scenario 4) 
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5 Conclusions 

5.1 Summary 

A model containing a 3 kWp rooftop solar PV system connected to the grid through 

converters and a battery-supercapacitor hybrid energy storage system was proposed in 

this Thesis. First, the mathematical analysis and modeling of the PV array, based on the 

equivalent circuit of the one-diode PV cell, was examined. After that, three different 

MPPT techniques were compared, resulting in the best choice for our needs, which was 

the P&O algorithm. Furthermore, the battery and supercapacitor storage models were 

examined, respectively, where the proper sizing of each storage technology was 

calculated. Specifically, the battery model was based on the dual polarization (2nd-order 

RC) battery cell circuit, while the supercapacitor model was based on the two branches 

equivalent cell circuit. A fully active parallel configuration was selected for the battery 

and supercapacitor, and a small-signal ac analysis was considered for the design of the 

current controllers for the two bidirectional DC-DC converters. A stability analysis was 

conducted for both the boost and the buck mode of operation of the converters, resulting 

in a more accurate tuning of the controllers. In addition, through the voltage control of 

the DC-bus, a reference magnitude for the output current of the inverter was obtained. 

Also, a PLL was used so that the output current injected into the grid be in phase with the 

grid voltage (unity power factor) and meet the requirements for grid interconnection. 

Finally, a novel and customized dynamic local PMA was proposed, prioritizing the 

utilization of the PV and the battery-supercapacitor instead of the grid, and aiming to 

increase the PV self-consumption and self-sufficiency of the building. Specifically, 

twelve (12) different cases were identified depending on the amount of generated PV 

power, the amount of required load power, and the availability of energy in the battery 

and the supercapacitor. 

The simulation results confirmed that the model works properly under different 

circumstances for both long-term and short-term operation. Specifically, the PV system 

with battery-only and battery-supercapacitor applications was examined, for long-term 

operation of 24 hours. The results verified the supportive functioning of the 

supercapacitor, handling the rapid changes that occur within 0.2 seconds, thus relieving 

the battery stress and extending the battery lifetime. Also, through the results of the short-
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term operation (10–30 seconds), the dynamic performance of the system is verified, 

observing a fast DC-bus voltage regulation with a very small ripple voltage (a maximum 

of ± 0.625%). In conclusion, the proposed model works properly and reacts very fast 

through several rapid changes in PV generation and in load demand, achieving an increase 

in self-consumption and self-sufficiency, thus reducing the electricity bill.  

It must be emphasized that the proposed model in this Thesis: (i) is of a comprehensive 

nature, (ii) contains a unique PMA for the proper use of generated and demanded power 

for increased self-consumption and self-sufficiency of the building, and (iii) provides in 

general an important step in knowledge. 

 

5.2 Future directions 

There are several possible future directions that could be investigated for this model. A 

possible future study could be the consideration of the islanding condition of the system. 

When a grid fault occurs, the grid inverter must be disconnected from the grid for security 

reasons. Therefore, the system must detect this failure and operate in an islanded mode. 

During this mode, all critical loads must keep receiving energy from the PV (in daylight) 

and/or the hybrid storage. 

Moreover, an interesting integration in the existing model could be the electric vehicle 

consideration, also known as V2H (vehicle-to-home). Electric vehicles penetration has 

been growing rapidly in recent years, and their storage capabilities could be a significant 

key in supporting the needs of a building. The charging and discharging phase of the 

vehicle can be adjusted depending on the PV generation and building demand, hence the 

vehicle can act as a controllable load or a backup generator. The management of the V2H 

will definitely play an important role in the future, especially in promoting the 

development of smart home energy management techniques and reducing emissions. 

Another potential addition in our system could be the integration of the building to several 

grid support functionalities, such as the primary frequency regulation. The mismatch 

between generation and demand affects the grid frequency. Even though the contribution 

of each small system (building) is not significant, the cumulative impact of many systems 

can be considerable. 
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Finally, the consideration of several financial aspects could be a valuable improvement 

for this model. Specifically, considering the technical aspects of the model, the 

optimization of the storage and PV array sizing concerning the building needs and the 

time-of-use (TOU) electricity rates could be an important addition to the study. Therefore, 

a complete technical and economic assessment could give a better understanding of the 

performance of the system. 

Concluding, the proposed model was developed in MATLAB/Simulink, where each part 

of the model was fully analyzed and customized, with no black boxes, from the ground 

up. Therefore, the model can be easily extended and adjusted to satisfy several future 

integrations.  
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