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Abstract- This paper presents an optimal energy management system by means of frequency separation control, applied to an 
autonomous hybrid power generation intended for residential sector. Studied system is integrating photovoltaic and wind 
energy systems as main sources, and fuel cell stack as an auxiliary source. This residential hybrid power system is also 
including battery to support fast and large power demand fluctuation in order to preserve the fuel cell reliability and to enhance 
its lifetime. The models of the photovoltaic, wind, battery, fuel cell systems and the control strategy are carried out under 
MATLAB/SIMULINK. To display the performance of the studied energy management system, many scenarios are designed, 
in which the wind speed, the irradiance intensity and the load demand change over time. Simulation results illustrate the 
efficiency of the considered energy management system. The proposed strategy is validated experimentally in a lab-scale 
prototype. Experimental results are then presented to confirm the whole system performance and to verify the proposed 
controller efficiency. 

Keywords Energy management system, Frequency separation, Autonomous hybrid system, Fuel cell, Battery. 

 

 

1. Introduction 

Nowadays, the growth of renewable energy facilities, 
such as wind turbines, and solar power plants, has provoked 
an emergent attention for energy networks including the 
interconnection of Distributed Generation units (DGs) and 
loads. Indeed, DGs based on renewable energy are attracting 
more and more interest for their environmental friendly 
characteristics [1] [2]. In addition, microgrids can be 
considered as independent electric systems that can supply 
loads even in autonomous mode. in addition to their use for 
supplying large buildings, islands and distant areas, 
microgrids are used to increase power quality, efficiency and 
reliability in power networks more than conventional AC 
power distribution systems [3] [4].  

In an other hand, combining wind energy sources and PV 
with fuel cell systems (FCs) [5], could be part of the solution 
for distributed energy production because of the seasonally 
and daily disparities in the weather parameter. But, to 
improve system performance in transient mode, FCs that 
have slow dynamic response must be coupled to another 
energy storage system. Batteries are a good candidate to 
assume the function of auxiliary devices in this system, as 
they present fast transient response in addition to high power 
density and efficiency [6]. Thus, a battery storage system is 
joined to the FC to supply the primary power peak in case of 
transient operation, as load start-up, or sudden changes. The 
battery is also useful to cover the shortfall of generation 
system. Considering the problem of extending the FC 
lifetime, researchers are motivated by this idea and have 
presented several solutions to prolong FC lifetime. Indeed, 
many of the degradation methods have been proposed in the 
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literature, which are strongly affected by the FC functioning 
conditions and therefore can be reduced by the optimization 
of the energy management system (EMS). Furthermore, 
cooperative control strategy for FC based hybrid source has 
also been applied to estimate the effect of the energy 
management system on the FC degradation [7]-[11]. For 
example, in [7], Zhuol et al. shed light on an energy based 
optimization framework algorithm for FC and a battery 
system. This algorithm regulate the fuel flow rate 
simultaneously, and judiciously scales the load current to 
reduce the energy losses of the microgrid. This approach was 
employed to extend the lifetime of the used FC. Thounthong 
et al. [8] presented a FC Supercapacitor (SC) control strategy 
for electric vehicle application in which FC is functioning in 
steady state conditions. This approach was employed to 
reduce the FC mechanical stresses and to guarantee a best 
synchronization among FC current and fuel flow. 
Supercapacitors are used to cover transient power recoveries 
or deliveries. Accordingly, this strategy preserves the FC 
lifetime. Duarte et al. [9] include a particular bidirectional 
power converter in the hybrid FC battery system in order to 
improve power flow control and then improve FC lifetime. 

For the autonomous operation of hybrid renewable 
electrical systems, Dufo-Lopez et al. [10], use genetic 
algorithms, to control autonomous microgrid based on 
renewable systems and including FC system and hydrogen 
storage. This approach minimizes the total cost throughout 
FC lifetime. In [11], a FC /battery power system was 
proposed, they are connected to the voltage bus via an hybrid 
full-bridge unidirectional converter and a three-level 
bidirectional converter, respectively. Fletchera et al. [12] 
investigated for a low speed vehicle control system by means 
of stochastic dynamic programming. The controller intends 
to minimize the total running cost of FC, the control allows 
to avoid FC transient loading to increase its lifetime. 
Thangavelautham et al. [13] propose to use filtering 
electronics to isolate fuel cell from electrical noise and power 
surge. 

In this context, this work focuses on an autonomous 
hybrid system EMS based on the frequency control for 
residential use, applying DC load’s fluctuating power 
allocation among the battery and FCs. This technique permits 
mitigating DC load’s power fluctuations impacts for FCs and 
the residential microgrid. The key idea is to enlarge FC 
lifetime and minimize the stand-alone system cost. This 
approach has been mainly considered in the literature for 
marine and electric vehicles applications but has not been 
reported for residential sector for such hybrid system. 
Furthermore, the work contribution consists of a control 
strategy based on infinite-impulse response (IIR) filter design 
according to availability and dynamic response of hybrid 
power generation systems. Several types of filters have been 
proposed in the literature for EMS based on frequency 
separation technique. For example, in [14] authors proposed 
an embedding adaptive frequency splitting for battery storage 
element coordinated with a supercapacitor (SC) energy 
management system control, where the adaptation approach 
of the filter frequency is determined according to the SC state 
of charge and the load current sign were also considered. In 
[15] authors study the case of fuel cell-battery hybrid electric 
vehicle. Therefore, a frequency splitter filter is used to orient 

the power demand low frequency component towards the 
FC, to increase the life time of FC when load current sudden 
changes. The filter cut-off frequency is selected to smooth 
the FC response. In [16] frequency-separation strategy is 
adopted to direct the power demand low-frequency 
component towards the battery and its high frequency 
component towards the SC in order to preserve the battery 
life. In this paper, a frequency splitter (crossover) was 
proposed; the frequency can varied in real time to regulate 
the sharing among the SC and the battery power demands. 

In clear contrast with the previously proposed methods, 
digital filter proposed in this work provides excellent 
advantages, such as better stability and precision. The major 
reason of the allocation of frequency between two 
components high and low frequencies is to reduce the effect 
of the microcycles caused by the DC load fluctuation. 

This paper is structured as follows: Section 2 exposes a 
dynamic model of the proposed microgrid. In section 3 the 
system control based on frequency separation is discussed. 
After that the section 4 focuses on EMS of a stand-alone PV-
WECS-FC system to supply the load requirements. Then, in 
section 5, experimental results are analyzed through an 
experimental test bench to illustrate the proposed EMS 
efficiency. 

 
2. System description 

Studied system is a DC hybrid system (Fig. 1). This system 
presents a developed model for distributed generation and 
offers important advantages: 1) optimization of system 
function [17]; 2) important ecological profit thanks to low 
emission generators [18]; 3) increasing the overall energy 
system efficiency [19]. The proposed DC hybrid system is 
designed to supply residential DC load.  
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Fig. 1. Standalone DC microgrid configuration. 

It consists of  photovoltaic system connected to DC bus 
through a DC/DC converter, in addition to a wind turbine 
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based on a permanent magnet synchronous generator  
connected to the DC bus via a diode rectifier associated to a 
DC/DC converter which is controlled to achieve MPPT. 
Standalone  DC microgrid incorporates also a Proton 
Exchange Membrane Fuel Cell integrated with batteries as 
storage devices , both are connected to the DC bus via a  
DC/DC converters, A management algorithm  based on  
frequency separation control coordinates the overall 
functioning of the system. 

 

2.1. Photovoltaic system 

The studied PV cell model is shown in Fig. 2. Light 
current source Iph is in parallel with a shunt resistance Rsh 
and a diode Dp..With a cell series resistance Rs. 

 
Fig. 2. PV cell Model. 

Table 1 PV panels parameters 

Maximum Power 85 Wp 

Optimal Current 4.8 A 

Optimal Voltage 17.8 V 

Short circuit current 5.15 A 
Open circuit Voltage 22.2 V 

 

2.2. Wind generation system  

The studied wind system, presented in  Fig. 1 is based on 
a permanent magnet synchronous generator (PMSG). power 
electronic is composed of a three phase diode rectifier 
coupled to a controlled DC converter. to extract available 
wind maximum power. The PMSG parameters are given in 
Table 2. 

Table 2 PMSG parameters 

Average power (kW) 0.8 
Number of poles 14 

Stator resistance (Ω) 0.5 
Magnetizing rotor flux (Wb) 0.10402 

Stator inductance (mH) 3.35 
 

2.3. Energy Storage System  

The adopted model of used battery is composed of a 
controlled voltage source connected with a constant 

resistance. The battery is connected to the DC bus through a 
bi-directional DC/DC converter (Fig. 3). the control of the 
converter is based on two loops, the inner one controls the 
current and the outer one controls the voltage. In order to  
ensure DC bus voltage regulation under load steps.  
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2.4. Fuel cell system 

The studied system include a Proton Exchange 
Membrane Fuel Cell this model is the most appropriate for 
residential appliance, it presents low operating temperature, 
high power density, efficiency and durability [20][21] 

The FC performance is achieve by experimental test 
made in previous studies [22][23]. FC characteristic curves 
are established for a power of 155 W. FC stack includes 44 
cells, the membrane active area is 16 cm2 and air-hydrogen 
are supplied at the atmospheric pressure (1bar). The 
maximum current is 7 A. 

The FC system is based on a DC-DC converter regulated 
with current control loop as exposed in (Fig. 4). The 
capacitor Cfc presents an overvoltage protection device  
acting when residential load causes high power transient. 
This FC control strategy not only minimizes fuel 
consumption, but also increases FC aging by reducing the FC 
current variation. Therefore, this control aims to deliver low 
frequency supplied by the FC through IIR filter design. 
Classical PI controllers are used that is able to regulate FC 
current ILfc to follow its reference ILfc-ref. 
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2.5. Residential Load Profile  

Each household appliance is characterized by a specific 
electrical profile with a steady and transient state conditions 
[24][25] [26]. Thereafter, two different load power profiles 
are presented: residential load [17] and vehicle [27] (Fig. 5). 
Indeed, Compared with an electric vehicle profile, step 
changing residential load power for steady, as well as 
transient cases is different. Since electric vehicle requires a 
considerably random and variable current due to transient 
traffic situations [28]. 

 

 

 
 

Fig. 5. Residential load power demand [17] and BB63000 
Locomotive mission profile [27] 

As home appliances present a switching on/off behavior 
which is observed by a peak value [24]. Control approach is 
tested with a rigorous load profile presenting a current rise 
hedge. Load current step variations are due to switching 
effects of residential units. Load current steps are applied at 
singular times: 10s, 20s, 30s and 35s (Fig. 6) to study the 
sources reaction when current peaks. 
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Fig. 6. Load current Profile. 

3. Frequency separation control approach  

The frequency separation control is applied to concretize the 
power frequency decomposition approach. Each source 
operates within its most suitable frequency range as high 
power density source or high energy density source. In the 
present study, this strategy is used to manage two special 

types of power sources characterized by the FC as principal 
power source and a battery as an auxiliary source. FC is 
controlled to supply the mean power low-frequency, and 
battery is controlled to provide or to absorb the sudden 
variation of power demand.  

A filter design cut-off frequency is fixed according to the 
FC characteristics and as depicted in Ragone plane [28] , in 
this study it varies from 10 mHz to 1Hz.  

The proposed frequency separation strategy is exposed in 
(Fig. 7). In the considered approach, battery supplies the load 
power high frequency and huge power peak, while low 
frequency is directed to the FC. this results in a long-term 
autonomy. The power demand frequency decomposition is 
ensured through a cascade control. 

The resulting power (PLoad-PPV-PW) is filtered to achieve 
the BF Fuel cell power reference and the battery power 
reference presents the HF components.  
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Fig. 7. Frequency separation control strategy. 

Butterworth filter is chosen as a method of IIR filter 
synthesis. This filter choice is motivated as it is characterized 
by a flat frequency response curve with regular bandwidth 
amplitude, and easy calculations[30]. The recursive "Eq (1)" 
describes the direct form of the IIR filter [31]: 

1 0
( ) ( ) ( )

M N

k k
k k

y n a y n k b x n k
= =

+ − = −∑ ∑
                 

(1) 

Where x (n) are nth system input and y (n) are n. system 
output, N and M are numerator and denominator orders, ak 
and bk are IIR filter coefficients. After applying the Tustin 
transformation, transfer function of the IIR filter is as 
follows: 

7 7 1 7 2
1

1 2

3.910 7.810 3.910( )
1 1.998 0.998

z zH z
z z

− − − − −
−

− −

+ +
=

− +   
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For the low-pass filter, a time constant must be used 
which corresponds to the FC operating ranges and the 
storage system. Indeed, the filter characteristics are 
calculated according to the FC parameters. Thus, it is 
necessary to begin by plotting the FC power curve as time 
function. Then we determine the cut-off frequency from 
these plotted curves. We suppose that τ is the FC response 
time. Often, the time constant of the filter is fixed to 3τ. As 
for a safety measure, a time constant is fixed to 5τ in order to 
avoid the FC rapid aging [32].  

Fig. 8 shows the FC power curve as time function. The 
simulation being carried out with a step, this curve shows 
that the FC response time corresponds to 0.2s. Therefore, the 
cut-off frequency considered will be 1Hz. 
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Fig.	8.	FC	power	curve	as	time	function. 
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Fig. 9. IIR filter Bode Digram. 

Fig. 9 depicts the magnitude and dB responses of digital IIR 
filter designed. The characteristic frequency at -3 dB is equal 
to the cut-off frequency (1Hz). 

The choice of separation frequency value is defined by 
the FC response time, guided by FC datasheet and the 
manufacturing technology. So, the filter time constant is 
chosen around few seconds.  
4. Energy Management System for hybrid system 

The Energy Management System (EMS) permits to 
generate electric power. On the other hand, it allows the 
microgid to guarantee load power constraints based on load 
profile, climatic conditions, objective function and 
constraints. 

 
4.1 Objective function  

The power management aim is to satisfy load demand 
regardless of climatic conditions, ensure power equality 
between production and consumption “Eq.(3) ”, as well as 
maximize PV and Wind sources production. The hybrid 
system power balance equation can be expressed as follows:  

1 1

N NPV W
PVa Wb FC Bat Load
t t t t t

a b
P P P P P

= =

+ + + =∑ ∑
  

(3) 

Where NPV is the PV panels number, NW is the wind turbines 
number and PV

tP , W
tP , FC

tP , Bat
tP  (t) are instantaneous power 

from PV, wind, FC, battery at time t respectively and Load
tP  

is the instantaneous power demand at time t. 
 
4.2 Constraints  

The EMS must guarantee that each component constraint 
is satisfied as the charging/discharging power limit in the 
study. On the other hand, to increase FC efficiency, it should 
operate at its maximum efficiency operating point, thus 
reducing fuel consumption. The following constraints shall 
be considered to extend FC life in the EMS and to minimize 
fuel consumption. The EMS is subject of the following 
constraints. 
• Power Balance Constraints: deficit power system 

The system can operate in energy deficit for a specified 
time interval “Eq.(4) ”. So, the battery supplies the missing 
power to ensure load requirement. If load demand is not 
satisfied “Eq.(5) ”, the fuel cell is activated to cover the 
energy shortage respecting the functioning within its 
maximum efficiency range. If the power system cannot 
supply the necessary load demand “Eq.(6) ”.then non-priority 
loads are shedding. 

 
  LoadW PV

t t t+ <P P P                                                          (4) 

+   W PV Bat Load
t t t t+ <P P P P                                        (5) 

 + +  LoadW PV FC Bat
t t t t t+ <P P P P P                                (6) 

 
• Power Balance Constraints: surplus power system 

If the maximum available power is greater than the power 
consumption “Eq.(7)”.then the extra power is directed to 
battery charging. When the SOC of the battery attains 
SOCmax, the surplus of the energy can be evacuated to the 
dump load. 

 
  LoadW PV

t t t+ >P P P                                                        (7) 
 

4.3 Algorithm   

The proposed system power distribution algorithm is 
synthesized in Fig. 10. Based on weather conditions, 
objective function and constraints, the system power is 
calculated. The following modes have been investigated for 
the proposed algorithm: 
• Charged battery Mode 

If the maximum available power from the WECS and PV 
is larger than load demand with a battery capability to be 
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charged ( maxtSOC SOC< ), the surplus power DLP can be 
stored in the battery : 

 
  ( )- DL W PV Load

t t t t+=P P P P                                          (8) 
 

• Dump load activated Mode 
The dump load function continues operating to ensure 

safe operating limits for the EMS. If the maximum power 
generated by Wind and PV is larger than load demand with a 
full charged battery, 

maxtSOC SOC≥ , the surplus power 
can be supplied to a dump load, (electric water heater). 
• Discharging battery Mode 

In cases that the total power generated by wind and PV is 
lower than load demand, and also mintSOC SOC≥  
(SOCmin= 40%); the battery can be used to meet load. The 
following equation expressed this mode: 

 
  ( )- DL W PV Load

t t t t+=P P P P                                          (9) 
 

• Fuel cell activated Mode 
If the summation of the power produced by PV, wind 

turbine and battery is less than load demand, FC needs to be 
activated to supply load demand 
• Fuel cell deactivated Mode 

If FC activation engenders a surplus power, then FC 
should be deactivated. The following “Eq.(10)”.is 
investigated in this mode:  

 + +  LoadW PV FC Bat
t t t t t+ >P P P P P                              (10) 

 

Measure
Load demand, radiation G , 

wind, temperature T°

Start

PW + PPV - PLoad

Yes

No

Yes

No

Yes

 SOCt >40%PW + PPV – PLoad 
> 0

Battery Discharge

Activate  FC

 SOCt <80%

Battery 
charge

 
Activate 

Dump Load
 

PW + PPV+ PBat – PLoad 
< 0

FC Available

Load 
shedding

No

No

Yes

Yes

Yes

No

No

Initialization

FC off

PW + PPV+ PBat – PLoad + PFC < 0

 
Fig. 10. Autonomous microgrid energy management 

algorithm 

4.4 Simulation results  

In the simulation, the test is performed with a load step 
variation at (2.6A to 5.1A). 
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Fig. 11 presents the current allocation according to the 

planned percentages, 60% from FC and 40% from battery. 
The results highlight the decoupling method design; the 
objective to allocate the low frequency component to the FC 
and the high frequency transitions to the battery is attained. 
In fact, this method will enhance the FC performance by 
extending its lifetime. Furthermore, 
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Fig. 11 shows that the sum of the sources current (FC and 

Battery) is equal the load current request. This result 
emphasizes the FC response time which is 0.2s as well as the 
precaution that the filter ensures by starting the FC at 1 s. It 
proves also the good design of the IIR filter for the 
separation frequency method.  
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Fig. 11. FC and battery current responses through IIR filter 

for load step variation (from 2.6 A to 5.1 A). 
To verify the proposed hybrid system performance, the 

total EMS has been validated in MATLAB/SIMUINK. The 
results obtained are exposed in Fig. 12, Fig. 13 and Fig. 14. 
The simulation results illustrate the current output variation 
of different sources in addition to load current, the whole 
generated current and DC bus voltage response. 

Fig. 12 (a) shows the WT is generating 245 W at 6m/s. It 
is clear that the maximum WT power matches the WT 
produced power, which verifies that the MPPT imposes 
WECS to extract its maximum power. So the MPPT efficient 
of WEC system is validated. 
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Fig. 12. Power produced by Wind Turbine (a) and PV (b). 
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Fig. 12 (b) shows that PVs generates 100 Wp at 300 
W/m². It indicates that the maximum PV power matches with 
the produced power, which confirmed that the MPPT guides 
the PV systems to extract its maximum power. Results of 
simulation validate the PV MPPT and dynamic performance.  

Fig. 13 shows the PVs, WECS, battery and fuel cell 
current change in concordance with load current deviation 
and start-up process. In these intervals [0s, 10s], [10s, 15s], 
[15s, 20s], [20s, 30s] and [30s, 40s], PVs and WECS cannot 
satisfy load demand. So, the battery supplies the load 
deficiency. The FC and battery dynamic interaction 
regarding the variation in the load current (at t=10s, 20s and 
30s) is shown. We observe that under any change of load 
demand, the battery consumes or provides the transient load 
current. Battery will supply it immediately and FC will 
deliver its current with slow response (1s). At time 40s, the 
battery will absorb the transient current from load step. After 
satisfying the load demand The surplus energy is directed to 
charge the battery, as to the FC is deactivated. 

Fig. 14 presents the DC bus voltage response when load 
current varies. It’s clear that Vdc follows well its reference 
(24V). 

Simulation results illustrate the generated power supply 
reliability and its good performance in case of variable load 
according to user-configured frequency-separation algorithm.  

 
5. Experimental results 

To validate the proposed control algorithm, an 
experimental small scale test bench is accomplished (Fig. 
15.). The test setup was built using fuel cell and battery 
emulators, an inverter, a variable load, two DC/DC power 
converters and a system controller. A DSP TMS32F-
Discovery is utilized as a main controller. Fig. 16 illustrates 
the hybrid system hardware prototype. 
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Fig. 15. Block diagram of the experimental setup with 
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Fig. 16. Test bench picture. 

 

 

Fig. 17. (a) DC Bus voltage (10V/ Div) (b) Load step current 
from 2.6A to 5.1A (2A/200mV). 

 
DC bus voltage reference value is fixed at 24V. To test 

the response of different used sources to current peaks, a load 

current step is applied using frequency separation control. PI 
regulators are implemented to control the DC bus voltage 
(Vdc), and the battery/FC currents. Initially, the study is 
focused on the battery/FC transient response under load 
steps. It consists on two loads current steps from 5.1 A to 
2.6A, then from 2.6 A to 5.1 A as reported in Fig. 17. 
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g. 18 exposes FC and battery current, in addition to DC bus 
voltage responses in the hybrid source setup. The FC/battery 
hybrid system response shows a smooth FC current behavior 
and a slowly increase or decrease of FC current after each 
load step. As to battery current, it ensures power balance. 
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Fig. 
18 depicts that DC bus voltage tracks well its reference 
(24V) with load current variations. 

 

	

	

	

	

	
	

	

CH2: 200mVà2V 
CH4: 10mVà1.5V 
  

Load
 Steps

Battery

FC
Vdc

Fig. 
18. DC bus voltage Vdc (pink), FC current (blue), Battery 

current (red) when load step. 
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Fig. 19. The control strategy performance under load step. 
(a) experimental results: FC and Battery current responses 
under Load step from 2.6 to 5.1A. (b) and (c) simulation 

results 

Fig. 19 (a) and (b) presents simulation and experimental 
system responses emphasizing the control performance, 
when the load current rises. The sudden increase of load 
current leads to a smoothly and slowly increase of fuel cell 
current, as to high frequency components which are depicted 
in the battery current. After load step, FC current rises slowly 
during 1 second in order to enlarge its lifetime. Note that the 
DC bus voltage follows its reference value (24V) (Fig. 19 
(c)), as well as the control depicts a small overshoot at load 
step instant.  
 Experimental results are compared with that of the 
simulation ones  (Fig. 19 (a) and Fig. 19 (b) ), Indeed for 
both cases, the battery and  FC currents are comparable in 
respect of response time : The battery supplies the load in 
transient operation, then FC supports slow variations of the 
charging current. the percentage of Battery/FC energy 
contributions is also respected and proved by experimental 
tests, which  proves the efficiency of the proposed energy 
management approach. 

6. Conclusion 

This paper studies the optimal function of an hybrid 
renewable energy system. It presents a frequency separation 
strategy for hybrid system based on photovoltaic, wind and 
fuel cell systems designated to supply residential appliance. 
As domestic loads are typically characterized by a specific 
profile, hybrid system includes batteries used to support large 
and rapid load demand variations. an infinite-impulse 

response low-pass filter is designed to assign load low-
frequency to FC and high frequency to batteries. The main 
purpose of this strategy is to extend FC lifetime. An energy 
management system is performed with objectives to provide 
continuous load supply as well as to ensure system 
reliability, by avoiding transient currents supplied by the 
battery to protect FC. 

Simulation results are accomplished and discussed 
showing the proposed control robustness. The considered 
system satisfies all the above-mentioned criteria. In addition, 
the DC link voltage remains steady through all system 
operations, ensuring an appropriate supply for load current 
load . Experimental results have been carried out with the 
developed test bench in order to confirm theoretical results 
achieved with separation frequency method.  
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