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Abstract- This paper presents and analyzes an optimal and an effective power management strategy for a hybrid power 
system (HPS) intended for off-grid installations. The proposed strategy comprises an optimization algorithm that has been 
evaluated on a hybrid power system based on a PV/Wind system. In order to improve the power system efficiency, a stationary 
battery (SB) is used to store the extra energy from renewable energy source (RES). Furthermore, the photovoltaic system is 
connected to a DC bus through a dc/dc boost converter, while the wind turbine system is connected to the same DC bus via an 
ac/dc converter linked directly to a single-ended primary inductor converter (SEPIC). However, the proposed management 
strategy is used to extract as maximum as the power from RES and manage the energy flow via the SB in relation to its state of 
charge. In order to provide reliable results for this research, a simulation study of two operating modes i.e., RES to Battery 
(RES2B) and RES to load (RES2L), are realized on MATLAB/Simulink environment. However, the effectiveness of the 
proposed management strategy is simulated on a 15kW PV system tied to a 10kW wind turbine. The RES power is injected to a 
108kWh storage system while the generated power is sensed and distributed to different loads via a 600V DC bus. The obtained 
results are confirmed and validated by experimental analyzes that are carried out on a laboratory prototype. This experimental 
test bench had tested the robustness and the efficiency of the proposed management strategy.  

 

Keywords Power management strategy, solar energy, wind energy, stationary battery, hybrid power system. 

 

1. Introduction 

Advanced life quality and inflated mobility sector resulted 
in higher energy consumption and enormous greenhouse gas 
emissions. Therefore, the concept of energy-efficient becomes 
a necessity for every electric infrastructure in order to regulate 
the electricity flows and increase the quality and dependability 
of power generation systems. In addition, this concept intends 
to reduce the imbalances and incompatibilities of electricity 
generation and its demand, as well as the encouragement of 
integrating renewable energy sources [1,2].  

The integration of renewable energy sources (RES) offers 
up a new study field of research in which a hybrid power 
system (HPS) could support the high-power demand while 
relying less on coal, crude oil, and natural gas as fossil 
fuels[3]. In the last few years, a number of approaches have 
been published that demonstrate their efficacy in a multi-
sources system comprised of RES and storage batteries [4-9]. 
In quest of capturing the whole generated power from RES 
and to overcome the inexistence of the grid power, recent 
research has been discussed in the literature as reported in [10-
14].  
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Despite the diversity of energy sources, the RES still 
occasionally suffering from the intermittent nature of climate 
changes, thus affecting its reliability and efficiency [15]. 
However, the extensive and fast deployment of RES 
applications is drawn a lot of attention due to their various 
advantages. Thus, recent researches have suggested 
optimization approaches to handle all potential deficiencies, 
such as using smart power scheduling on the supply system 
control to support and provide all energy demand according to 
priority levels [16,17]. To secure the regulated targets from the 
used HPS, each power source must operate at its maximum 
potential limit. Therefore, enhanced MPPT algorithms, as 
discussed in [18,19], are primordial to get hold of the output 
power of the RES at the highest possible rate.  

In the literature, an optimized control strategy and power 
management are presented in [20] to optimize hybrid 
WECS/PV/battery and diesel generator micro-grid systems. 
This technique is used to search for the minimum value of loss 
of power supply probability. It also keeps a constant DC-bus 
voltage by controlling the battery operation in order to ensure 
satisfactory renewable energy factors. 

A developed power management strategy as a control unit 
based on fuzzy logic and PI control is proposed in [21] for a 
hybrid wind-PV-battery system that is capable of functioning 
both in on-grid and off-grid modes. While in [22], Particle 
Swarm Optimization (PSO) is suggested as a management 
strategy for optimal operation of hybrid PV and wind energy 
sources with conventional generators in a micro-grid. The 
comparison between the classic PSO strategy and the PSO 
power management strategy in [22] concludes that the PSO 
algorithm has better performance, as shown by a reduction in 
the final electricity bills and a notable improvement in the 
production of renewable energy. What distinguishes the 
power management algorithms used in this work and in [22] 
is the fact that fewer requirements are needed to apply them 
experimentally and verify their efficiency compared to other 
algorithms like the fuzzy logic used in [21]. In addition, a 
stationary battery (SB) is also used as a backup energy source 
in order to stabilize the HPS [21,23-26]. This SB is often fitted 
with a battery management system to monitor in real-time the 
measurement data e.g., the battery voltage/current and the 
state of charge (SoC).  

The main contribution of this work is to suggest and 
validate an optimization algorithm for a PV/wind-based 
hybrid power system intended for off-grid installations. This 
algorithm can improve the efficiency and the performance of 
an off-grid power system via two proposed operating modes, 
i.e., RES2L and RES2B. However, the decision algorithm 
includes the utilization of stationary batteries in its 
management strategy. In addition to this contribution in 
studying and managing hybrid energy systems for solar and 
wind renewable energies, especially an off-grid system, the 
novelty of this work is also to show an effective technique of 
testing and experimental verification of proposed control 
algorithms by using a laboratory prototype with a reduced 
power scale prototype based mainly on a TI (Texas 
Instruments) Solar Explorer Kit and a F28379D DSP. 
According to that, credible controls in this strategy have been 
presented and thoroughly analyzed using a simulation study 
and an experimental evaluation applied on a test bench of a 
laboratory prototype.  

This paper includes Five sections after the introduction; 
Section 1 describes the proposed hybrid power system and its 
used controls, while an optimal power management strategy 
(PMS) is explained in Section 2. Section 3 presents simulation 
results of the off-grid RES/battery system. Section 4 provides 
experimental evaluations of the optimal PMS implemented on 
a reduced power scale prototype. Finally, Section 5 presents 
the work conclusions. 

2. Description of the proposed platform 

The The Figure 1 illustrates the adopted topology of the 
off-grid power system and its PMS. The generated power from 
the RES is injected into the DC bus through two paths of 
energy flow, i.e., a dc/dc boost converter for photovoltaic 
array path, and a wind turbine system path through an ac/dc 
converter directly related to a single-ended primary inductor 
converter (SEPIC) [27].  

 Two types of controls in this strategy are suggested and 
used in this work, such as; the MPPT algorithms for getting 
the maximum power from solar irradiance and wind speed, 
and the voltage-current control as another control to avert the 
overcurrent and the overvoltage of the connected SB. 

 

 
Fig. 1. The proposed management algorithm implemented on a hybrid power system.
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2.1. Photovoltaic energy conversion system (PECS) 

For matching up the specific parameters of the PECS, 
photovoltaic panels are represented in series/parallel 
configuration to form a PV array [28,29]. However, the output 
power of the PV system (PPV) is calculated as follows: 

                                         

A unidirectional dc/dc boost converter is used to step up 
the PV voltage regulated by the MPPT algorithm to the DC 
bus voltage reference. In addition, the MPPT extracts the 
maximum power from a solar irradiance profile. The gain of 
the used boost converter is expressed as: 

                                                                                                           

The PV voltage and current are symbolized by VPV and 
IPV, respectively.  GS symbolizes the variable duty cycle, while 
the DC bus voltage is represented by VDC.   

In this paper, an incremental conductance (INC) 
algorithm is suggested to drive the dc/dc boost converter. This 
algorithm is started by calculating steps, and then measuring 
the ratio between INC values of PV array power and 
instantaneous conductance. Then, it will be able to track the 
MPP, although this requires complicated control circuits and 
often costly [30,31].  

Since the DC bus voltage has to be maintained a constant, 
the adjustment of the duty cycle that allows for an adaptation 
of the VPV to the PV voltage at MPP (VPV-mpp) is necessary. 
Thus, the VPV is increased by diminishing the GS and vice 
versa. The flowchart of the INC algorithm is given in fig.2. 

 

Fig. 2. Flowchart of the INC MPPT algorithm. 

2.2. Wind Energy Conversion System (WECS) 

A wind turbine and a self-excitation induction generator 
(SEIG) are the main components of the used WECS, their size 
is depending on the generated power. The association of a 3-
phase diode bridge rectifier and a SEPIC [32] is used to adapt 
the SEIG output voltage to the DC voltage. The proposed 
block diagram is illustrated in Fig.3. 

 

 
Fig. 3. Block diagram of WECS 

2.2.1. Wind Turbine 

Aerodynamics illustrates and explains the process of 
converting wind energy into mechanical energy using wind 
turbine rotors, which are made up of blades. A wind speed 
passing via the swept area that is created by rotor blades 
provokes rotational movement of the whole wind rotors, as a 
consequence, a mechanical power is produced. The 
mechanical torque is converted from wind energy by the use 
of turbine blades, as stated by Eq. (3) [33,34]: 

                              

Where, PW symbolizes the wind power that turns the 
turbine, R symbolizes the turbine radius (m), ρ is the air 
density (usually 1.2251 kg/m3), VW represents the wind speed 
in (m/s), λ and β symbolize the tip-speed ratio (TSR) and blade 
pitch angle, respectively, both of them represented as a 
function by the power coefficient that symbolized by CP. The 
TSR is calculated as follows: 

                                                                     
Where ω is the rotor angular speed of the turbine (rad/s). 

The power coefficient CP equation is usually provided by the 
turbine manufacturer as a polynomial transfer function 
reflecting obtainable electrical power versus wind speed. To 
model CP (λ, β), a generic equation is used as follows [35,36]: 

                 
With, 

                                          
The power coefficient is required to be maintained at its 

maximum for enabling the wind generator source to produce 
maximum power at the optimum TSR. As indicated in [33], 
the maximum of power coefficient (CPmax=0.48) is achieved at 
λopt=8.1. However, the optimum torque and the maximum 
power are presented in Eq. (7) and (8). 
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Where K is the curve gain of the optimum torque, 
expressed by: 

                                               
From Eq. (8), the maximum power is achieved by 

adjusting the shaft speed for different wind speed values, 
following the MPPT algorithm, that controls the WECS. The 
pitch angle of the wind turbine is fixed to zero, so that the 
mechanical output power of the turbine PM will be expressed 
as: 

                                                 

2.2.2. Single Ended Primary Inductor Converter 
(SEPIC) 

This type of dc/dc converters is called SEPIC, it can 
provide an output voltage equal to its input voltage, also 
higher or less. The SEPIC scheme involves a buck-boost 
converter preceded by a boost converter [37]. The output 
voltage of the SEPIC is adjusted to the DC bus voltage by 
controlling the power transistor, such a case is utilized in 
conventional buck-boost converter. This converter is similar, 
except the special feature and main advantage of SEPIC, that 
provides the same voltage polarity of its output and input [38]. 

The SEPIC system is shown in Fig. 4. The output voltage 
rises when the switch S1 is turned on and it drops when S1 is 
turned off. The ripple voltage and voltage loss across the diode 
D1 terminal are ignored in the steady-state mode.  

 
Fig. 4. scheme of SEPIC. 

During the S1 on-time, the voltage rate of L1 and L2 can 
be expressed as:  

                                                                                                                                                                           

                                                                                                                                                                                    

During the S1 off-time, the voltage between L1 and L2 is 
described as follows: 

                                                  

                                                                  
Eq. (15) and Eq. (16) present the volt-second expressions 

of L1 and L2, respectively. 

        
 

                                              
Where, DS is the duty cycle of S1. 

                                                                
From Eq. (15) and (16), the ratio between VDCL and VIN 

can be defined as follows: 

                                                    

2.3. DC bus power 

The DC bus is the main key element of the proposed 
controls, in which real-time processing is necessary to validate 
the proposed PMS [39]. A typical PV/Wind system generates 
the power flow, that is occasionally supported by SB in order 
to match the user requirements in terms of energy demand 
[40].  

The representation of  the DC bus scheme is shown in  
Fig. 5. It composed by two renewable sources gathered in the 
upstream section. Besides, the AC load and the SB are 
reassembled in the downstream block. 

     
Fig. 5. DC bus power flow. 

Equation (19) regroups the two forms of blocks.  

                                                          
Where PUPS represents the total power generated by the 

upstream block, PDNS represents the power at the SB and the 
AC load, while PDC represents the DC bus power. 

The Eq. (20) as a deriving function of DC bus voltage 
(VDC) is used to calculate the DC bus power, where a coupling 
capacitor (C) distinct the DC bus. 

                                                    
The DC power is influenced by the variations of solar 

irradiation for the PECS, the wind speed for the WECS, and 
the SoC for the SB. Also, the power demand from AC load 
(PACL). The power flow between all sources and loads is 
represented in Eq. (21). 

                                                                                                                                                                              

3. Optimal power management algorithm (PMA) 

The power management algorithm (PMA) is comprised 
of two operating modes i.e. RES2B and RES2L. These two 
modes are proposed and analyzed in order to increase the 
efficiency of the HPS. However, the flowchart of the proposed 
PMA is shown in Fig. 6. 
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Fig. 6. Flowchart of the optimal power management 

algorithm (PMA). 

The load On state is a principal element to determine 
which operating mode must be set in order to meet the user 
requirements and to achieve a high level of independency for 
the overall installation.  

3.1. Mode 1: RES2B 

In RES2B mode, three power switches are activated i.e., 
PVOn, WTOn, and SBOn. The PMS explores the advantages of 
its algorithm, for benefiting from the period of MPPT mode to 
the fullest extent, plus the rapid switching to voltage-current 
control, reciprocally. In this regard, the SB is charged via three 
different phases as illustrated in Fig.7. 

 
Fig. 7. SB charging phases. 

In Phase I, the charging operating is started by adopting 
MPPT algorithms for both converters, the dc/dc boost 
converter and the SEPIC as long as the charging voltage of the 
SB is between its minimum value (VSB-min) and its maximum 

value (VSB-max). In the meantime, the charging current (ISB) is 
set to its maximum value (ISB-max).  

Once VSB attained VSB-max, the converters are now running 
at overcharge phase which is the second phase. The charging 
current is maintained decreasing until it drops below ISB-min 
(Phase III), indicating that the float charge phase has been 
reached, at this point, the reference voltage will be readjusted 
to a reduced value (VSB-float) by the PMA. This decrease, which 
generates a small charging current, will avoid the battery from 
an eventual deep self-discharge [41]. 

3.2. Mode 2: RES2L  

In this mode, the RES delivers their maximum power to 
the AC load while the management system controls three 
power switches, i.e., PVOn, WTOn and LOOn. Meanwhile, the 
control strategy set by the PMA will fine-tune the MPPT 
algorithms to drive both the boost converter and SEPIC, and 
then control the dc/ac converter. 

4. Simulation results 

To assess the proposed PMS, a hybrid power system has 
been designed and modelled on Matlab/Simulink in order to 
simulate the two operating modes i.e., Mode 1 (RES2B): SB 
charging mode from solar panels through a boost converter, 
and from wind turbine via a SEPIC converter, and Mode 2 
(RES2L) as utilization mode: for injecting power into the AC 
load from RES by using a dc/dc boost converter and SEPIC, 
both followed by a dc/ac inverter. 

The modelled system comprises a PV system of 15kW, 
and a wind turbine system of 10kW. The voltage of the DC 
bus is chosen to be 600V. In addition, a 108kWh storage 
system is set to represent the SB. Fig. 8 illustrates the 
modelled system and its monitoring system in 
Matlab/Simulink. 

 
Fig. 8. Topology of the proposed power system in 

Matlab/Simulink. 

In order to test the validity of the advanced PMA, the 
simulation study proposes a climatic scenario for the AC load. 
Therefore, the aim is to fulfill the AC load power demand by 
activating mode 2. In this case, the load would be given high 
priority to link up to RES. Fig.9 presents the proposed climatic 
scenario timeline of solar irradiation, temperature and wind 
speed. 
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Fig. 9. The proposed scenarios versus time (a) 

Irradiance; (b) Temperature; (c) Wind speed. 

4.1. Mode 1: RES2B 

 Figure 10 shows the evolution of the charging power of 
SB as regards a change in temperature, irradiation, and wind 
speed versus time, where three power switches are activated 
i.e. PVOn, WTOn and SBOn.  

 
Fig. 10. Power curves in mode 1 versus time. 

At the start of the simulation, the system aims to extract 
the maximum power from PV/Wind system based on the 
MPPT algorithms, as long as the charging voltage does not 
exceed the maximum charging value. Under these conditions, 
the off-grid power system attains better energy efficiency, 
wherein the losses of energy are only associated with the 
components of the power converters. After t= 0.4h, the 
irradiation is increased to 0.7kW/m2, consequently, the PV 
power is increased to 7.3kW, and the same variation is 
manifested at t= 0.7h. Therefore, the temperature has a reverse 
impact on PV energy than irradiation, that is to say, when the 
temperature increases, the power decreases slightly. 

 

 

The wind system starts to operate at a wind speed equal 
to 8m/s, this rate allows the WECS to capture a wind power 
equal to 7.6kW. Once the wind speed reaches 10m/s, the wind 
power increases up to 9.6kW. Therefore, the charging rate of 
power follows the variation of wind speed throughout the 
simulation time. Fig.11 shows the charging current and the 
SoC of the SB. 

 
Fig. 11. Charging process in mode 1 versus time (a) 

Current; (b) SoC. 

As it can be seen in Fig.11, the variation of wind speed 
and irradiance has an impact on the slope of the SoC curve 
which is characterized by its increasing tilt rate. The PMA 
simulation result is shown in Fig.12. 

 
Fig. 12. Charging voltage in mode 1 versus time. 

At the beginning, the dc/dc boost converter and the SEPIC 
were controlled by MPPT algorithms until the charging 
voltage reached VSB-max at t=1.45Hr, then the PMA 
switched the control to voltage-current regulation. However, 
it is noticed from the obtained results that the adopted system 
does not present any problem of voltage imbalance at the DC 
bus. Also, the proposed control strategy shows a rapid 
dynamic response in the event of a quick change in solar 
irradiation and in wind speed. 

4.2. Mode 2: RES2L 

In this mode, the boost converter and the SEPIC are both 
controlled by MPPT algorithms on a full-time basis. The 
simulation results of RES2L mode are presented in the Figs. 
13-15. 
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Fig. 1. Power curves in mode 2 versus time. 

 

 
Fig. 2. DC bus voltage in mode 2 versus time. 

 
Fig. 3. Voltage and current curves of AC load in mode 2 

versus time. 

The DC bus voltage is maintained at 600V due to the 
control of the dc/ac inverter. The fluctuations at the transient 
state are minimized with a high level of efficiency. 

5. Experimental evaluation 

The efficiency of the proposed strategy's controls is tested 
by using a laboratory prototype that represents the off-grid 
HPS. The experimental setup is shown in Figs.16-a, b where 
the proposed PMA will be validated. The platform includes a 
TI (Texas Instruments) Solar Explorer Kit, a F28379D DSP, 
Hall effect sensors and batteries.

 

 
Fig. 16-a. Schematic of the proposed test bench 
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Fig. 16-b. Experimental setup

To emulate the HPS, a TI board with an integrated buck-
boost stage is used, and a 12V-4000mAh battery is utilized in 
place of the SB. Multiple operating modes can be simulated 
just by varying the irradiation value or wind speed. Since this 
is a scaled-down version, the RES output voltages are limited 
to 18.46V, while the rate of IL-max is limited to 4A. 

The emulated power system is controlled by two internal 
DSPs. The real time monitoring process is done with a 
F28379D DSP tied to the IT board through an external mode 
in Simulink. Regarding to steady-state performance and 
transient-performance, experimental tests were performed 
over a 10 minutes of time period. The Figs.17-22 show the 
experimental results of the two proposed operating modes.  

5.1. Experimental results for mode 1 

In this mode, the implemented buck-boost stage emulates 
the DC voltage of the wind turbine at the ac/dc converter 
output as represented in Fig.1. This DC voltage (VWT-DC) is 
changed based on the wind speed as illustrated in Fig.17 

 
Fig. 17. Experimental outputs describing the AC and the 

DC wind turbine voltage versus wind speed in mode 1. 

Figs.18-20 show the results obtained when the Lithium-
ion batteries are charging through two different modes of 

regulation. Note that the voltage VDC is the charging voltage 
of the connected batteries. 

 
Fig. 18. Experimental outputs of the of SB charging 

process in mode 1. 

 
Fig. 19. Experimental outputs of switching from MPPT 

control to voltage-current control. 



c 

1889 
 

At first, the system has extracted the maximum of the 
available wind power while controlling the SEPIC using the 
MPPT algorithm. After t = 225s, the VDC voltage has exceeded 
the maximum value of the charging voltage (VSB-max = 13.5V). 
Therefore, the SEPIC control strategy is switched to voltage-
current control in order to prevent damage to the batteries and 
to avoid any overcharging in terms of voltage. 

Following the change in wind speed, Fig.20 illustrates the 
control strategy transition from voltage-current into MPPT. At 
t = 522s, VWT-DC decreases to 7V, this voltage rate matches the 
VDC rate that is lower than that of VSB-max. 

 
Fig. 20. Experimental outputs of switching from voltage-

current control mode into MPPT mode. 

Control under MPPT algorithm has resulted an increase 
in charging power up to 12.2W. The control system has a 
response time (∆tr) that is required to process the current and 
the voltage measurements in real time and act on them to apply 
the appropriate control in the strategy. Based on these 
experimental results, the wind turbine system delivers an 
average efficiency of more than 90%, it also presents an 
improved performance which can be explained by the quick 
pursuit from the outputs of the proposed optimal PMA. 

5.2. Experimental results for mode 2 

One of the main objectives of this work is to ensure low 
voltage changes over the range of specified values for steady 
state voltage at DC bus, we therefore use the MPPT algorithm 
for dc/dc boost converter. In this mode, a unipolar modulation 
technique is used to generate the control pulses, this technique 
consists of a single rectified sinusoidal reference signal, which 
is compared to a high frequency triangular carrier. However, 
the output voltage and current of the dc/dc boost converter 
(VDC, IDC), are shown in Fig.21, as well as the obtained voltage 
and current from the PV panels emulator (VPV, IPV). 

 
Fig. 21. Experimental outputs describing the dc/dc boost 
converter controlled by MPPT algorithm in mode 2. 

The experimental results in Fig.22 and 23 correspond to 
the AC load voltage (VL) and current (IL). Considering the AC 
load as resistive load, it is noted that the power factor rate has 
been well respected with a better tracking of the reference. 

 
Fig. 22. Experimental outputs describing the dc/ac 

inverter in mode 2. 

 
Fig. 23. Experimental outputs describing the variation of 

AC power in mode 2 (Zoom A &B in Fig. 22). 

As it can be seen from the presented results, the PMA 
allows the HPS to react quickly and efficiently whatever the 
type of the selected load (SB or AC load). In this part of the 
study, the experimental results have proven the validity of the 
simulation results via a reduced power scale prototype 
emulating a multi-source system. 
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6. Conclusion 

In this paper, an improved topology of a hybrid power 
system is presented in detail to analyze an optimal power 
management strategy. For achieving a high level of efficiency 
for the power system in terms of voltage profile maintaining 
and power loss minimization, the proposed power 
management algorithm was tested on various case scenarios 
to emulate two operating modes i.e., RES2B, RES2L. 

The operating modes had been validated by simulation 
results carried out in Matlab/Simulink software and by 
experimental evaluations using a reduced power scale 
prototype. The adopted energy optimization approach had 
proven gainful outcomes from maximizing the RES output 
power by using MPPT algorithms, and it would maintain a 
smooth integration of other RES. In addition, the proposed 
algorithm had prevented damage to the stationary batteries 
from overvoltage state and from self-deep discharge. In future 
work, the PMS in this research will be developed by including 
other operating modes and comparing them experimentally in 
order to further enhance the performance of the HPS-based 
RES.  
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