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Abstract. Using frequency splitting, two energy management strategies (EMS) based on Haar 
wavelet decomposition and Fourier analysis for fuel cell hybrid vehicle (FCHV) are proposed to 
manage efficiently the power flow between components. The paper aims to discuss the 
performances of the proposed EMS in terms of dynamic behavior, robustness operation, real time 
application and fuel economy. For apply this methodology, two EMS approaches are elaborated 
and successfully tested for parallel Fuel Cell/UC: conventional approach using Fourier Transform 
analysis (FT) and Wavelet analysis approach allowing natural frequency splitting. Finally, and to 
evaluate the performance and relevance of the developed approach, a comparison analysis were 
conducted. The simulation results exhibit the effectiveness of both strategies. Indeed, Wavelet 
analysis leads to better results in terms of energy flow and dynamic behavior, excellent robustness 
and stability of system, as well as energy economy improvement. A very relevant strategy is 
proposed based on Wavelet analysis using digital filtering techniques, which enables a natural 
frequency splitting to ensure the best global performances. In addition, the approach remains 
simple and suitable for real time operation. 
Keywords: fuel cell hybrid vehicle, energy management strategy, wavelet analysis, frequency 
splitting, inner control. 

1. Introduction 

Fuel Cell Hybrid Vehicles (FCHV) have environmental and health benefits compared to 
conventional vehicles. They also have the capacity to make a real solution to the limits of existing 
cleaner ones: hybrid electric vehicles (HEV), plug-in hybrid electric vehicles (PHEV), electric 
vehicles with range extender and battery electric vehicles (BEV). However, their main impact is 
extremely dependent how to choose at each moment the best supply of power between the 
different energy sources [1, 2]. The combination of the proton exchange membrane (PEM) fuel 
cell (PEM) with ultra-capacitor (UC) is one of the most promising technologies for FCHV, 
therefore gaining attraction since it makes it possible to enhance his capability to upraise power 
and energy densities and moreover becomes possible to recover the total of the braking energy 
[3, 4]. 

EMS grows to be one of the best issues for traction application using hybrid power source. It 
assures management of the power division between various energy sources and the load 
requirement therefore gaining efficiency and performance of our system [3-5].  

In literature, EMS has been considered in several works [5-23]; we can classify these strategies 
into two main categories: 

First: strategies based on predefined rules, main objective of this method is to operate the 
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system at its point of return with advantage of being more simply implementable in real time, and 
these strategies do not require a priori knowing of driving cycle in advance. There are two types 
of rules: deterministic rules and fuzzy logic-based rules as examples for deterministic rules such 
as: thermostat, power follower, frequency-based, engine optimal working point, engine optimal 
operation line, engine optimal efficiency region and system optimal operation point [5-12], the 
results of those strategies show that they have better fuel economy and vehicle mileage. 

A non-linear approach such as Passivity Based Control PBC methodology enables to guarantee 
the asymptotic stability of the control/system combination, another interesting approaches of 
energy management in hybrid electric vehicles are artificial intelligence (fuzzy and neural 
network), it has the necessary robustness to naturally take into account system variations, but they 
also require accurate sizing of the power sources with a risk of over sizing. This leads to additional 
costs (real and computational) and decreases system reliability which limits their real time 
functioning and industrial integration [13-17].  

Second: strategies based on optimization approaches was another method can say more 
important because a series of optimization techniques have been applied in recent years such as 
linear programming or non-linear programming, dynamic programming, optimal linear-quadratic 
control, the genetic algorithm and Model Predictive Control (MPC) [18-20], moreover Pontriagin 
minimum principle has been used to achieve online optimum power distribution in a hybrid 
vehicle, Another online energy management strategy called Equivalent Consumption 
Minimization Strategy “ECMS”, proposed by Musardo and Serrao [21-23], is based on an 
adaptive algorithm, In addition, these methods being global, it is very difficult to extract 
information from them about optimization methods that can be generalized to different situations 
or configurations. Their performances are related to the tradeoff between complexity formulation 
(parameters/constraints/objectives), conflicting requirements, computational time and exploration 
abilities (poor convergence). In addition, necessity to know the trip information of driving cycle 
a priori on the basis of expertise or on the analysis of the behavior of system components which 
restricts their real time integration.  

Lastly, a suitable EMS based on frequency decomposition approach [24, 25] that present 
excellent performances by sharing power and energy requirements. Conventional approaches uses 
bandwidth filter with Fourier analysis to make a frequency splitting of the power requirement. 
They lead to introduce a delay in system reaction increasing the risk to damage the system and 
decrease his reliability. Thus, for this reason, EMS based on wavelet approach allowing natural 
frequency splitting is well adapted to this strategy specification [26, 27].  

Wavelet approach came into effect before than 30 years ago in many domains mostly reserved 
for the mathematics field but the correlation with filtering behavior allows adopting wavelet in 
signal processing. This concept allowing exploring the signal and its characteristics at different 
scales which seems to be suited for power split in hybrid energy sources. Wavelet-based EMS 
becomes very successfully technique for this domain [28-30], gratefulness to S. Mallat [31] who 
developed the concept of multi-resolution representation and capacity in analysis and acquisition 
of rapid and transient frequency during the drive cycle, without slop limitation and response delay. 

Surroundings this research, to find the most suitable energy management technique for an 
FC/UC hybrid vehicular power system, an effective and robust method based on wavelet approach 
is proposed, (exactly discrete wavelet transform) and also compared with classical Fourier 
analysis. 

Simulation results are presented to compare wavelet approach with Fourier analysis. Our 
interest is focused on energy flow and dynamic behavior, robustness and stability of system, as 
well as energy economy improvement.  

By using two different driving cycles, results provide evidence the strength of this approach 
and show high performances of the elaborated control method for various load power demands 
(driving cycles). 
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2. Energy management strategy  

2.1. Description of the strategy 

Hybrid power system is designed based on the power and energy requirement, their EMS leads 
mainly to maximize fuel economy, minimize emissions, minimize system cost and achieve good 
driving performance 

For this purpose, and to coordinate between the energy sources and offer the power flow 
control for the mechanical and electrical path, an appropriate EMS is proposed to consider the 
specific characteristics of system components (fuel cell (𝐹𝐶) dynamics, ultra-capacitor (𝑈𝐶) state 
of charge (𝑆𝑂𝐶), efficiency improvement, transient performance, recovering mode …).  

Wavelet frequency decomposition is highly perfect method for frequency splitting for achieve 
to perfect EMS, its main principle is based on the use of the 𝑈𝐶 (the fastest energy source) for 
supplying the high band of the load power frequency spectrum (𝐻𝐹), thus, avoiding the fuel 
starvation problem and permitting to propose a downsized design. Conversely, low frequencies 
(𝐿𝐹) are provided by the fuel cell, which contributes to the long-term autonomy and also maintain 
the 𝑈𝐶state of charge (𝑆𝑂𝐶). 

The configuration of hybrid vehicle topology need to control unit of the vehicle for that we 
use an efficient adaptable control scheme based on a cascaded control loop, as depicted in Fig. 1. 

Our hybrid vehicle system is composed on two different sources fuel cell (𝐹𝐶) and 
ultra-capacitors (𝑈𝐶), each source is connected by a 𝐷𝐶/𝐷𝐶converter, for this we have exploited 
a strong strategy based on wavelet transform to ensure the sharing of power demand and energy 
between these sources, therefore identify the current trajectory for each source (𝑖𝐹𝐶௥௘௙ and 𝑖𝑈𝐶௥௘௙). 

This strategy calls for local control of converters current with closed loop for our 𝐹𝐶/𝑈𝐶 
system. Thus, to monitor the current trajectory of each source, we have designed a classic 
proportional integrator 𝑃𝐼 controller for each closed current loop. 

 
Fig. 1. General chart view of proposed energy management strategy 

This control strategy estimates future power demand using the 𝐷𝐶 bus voltage fluctuations, 
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hence a second Proportional Integrator (𝑃𝐼) controller was exploited for allows to generate the 
load current estimated which represents the power demand trajectory since 𝑉஻௎ௌ(𝑡) is constant 
(Fig. 1).  

Once the power demand is estimated, the proposed EMS remains to be integrated using 
wavelet approach. 

2.2. Driving cycles 

Driving cycle generally represents a set of vehicle speed points as a function of time. It is used 
to assess a vehicle’s fuel consumption and pollutant emissions in a standardized way, so that 
different vehicles can be compared with each other. 

Many driving cycles are regulated in the European Union, in the United States and in Japan 
and are called standard driving cycles. 

In Europe, the most used are UDC (urban drive cycle) or called ECE-15, EUDC (Extra-Urban 
Driving Cycle), and NEDC (New European Driving Cycle). The last one is the official cycle to 
standardize pollutant emissions and vehicle autonomy in Europe; it is made up of an urban part 
called (ECE), which is repeated four times, and an extra-urban part (EUDC). 

In our paper, two driving cycles was tested for comparison: UDC and real driving cycle based 
on NEDC with taking into account a real world driving schedule, experimentally measured, the 
following figures show the power load profile of each cycle. 

 
Fig. 2. Power profile for UDC driving cycle 

 
Fig. 3. Power profile for REAL driving cycle 

2.3. Wavelet approach  

Nowadays time-frequency representations becomes necessary approach in condition 
monitoring and signal processing to afford both time and frequency information of the analysis 
signals, most related approach is wavelet transform as powerful approach for extracting features 
from the transient signal. 
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Whenever we want talk about wavelet transform, we have to do small degression toward 
short-time Fourier transform (STFT). 

STFT introduced by Denis Gabor in 1946 and as usually sine and cosine functions are used as 
base signals for the analysis, their time-span from −∞ to +∞ making them undesirable for 
transient analysis and also with a fixed window size, in opposite wavelet transform uses a large 
library of wavelet functions characterized mainly by limited time span and various wave shapes 
that are appropriate for transient analysis and moreover with a variable size window length allows 
to give finest time and frequency resolution compared to STFT [28-31]. 
Consequently, the wavelets transform count as powerful approach in signal processing, in our 
work we use discrete wavelet transform for frequency decompositions of original signal into two 
signals one is called signal Approximation with low frequencies and second is called signal detail 
with high frequencies, the next paragraph reveals theoretical detail about discrete wavelet 
transform DWT. 

2.4. Discrete wavelet transform  

Discrete wavelet transform (DWT) use a scale factor and a discretized translation. We call 
dyadic discrete wavelet transform any wavelet basis working with a scale factor 𝑢 = 2𝑖.  

Discrete wavelet transform decomposes the sampled input signal, into 𝑛 Approximation 
signals at a specific level, and 𝑛 Detail signals, as show in Fig. 4. 

 
Fig. 4. Standard discrete wavelet decomposition 

The signal is decomposed as follow:  
1) Approximation signal 𝐴௝ gotten by passing the original signal into high pass filters to 

analyze the high frequencies (𝐻𝐹). 
2) Detail signal 𝐷௝ gotten by passing the original signal through a series of low pass filters to 

analyze the low frequencies (𝐿𝐹). 
The Eq. (1) and Eq. (2) express that decomposition: 

𝐷𝑖(𝑛) = ෍ℎ(𝑘)𝐴𝑗−1(𝑛 − 𝑘)𝑘 , (1)𝐴𝑖(𝑛) = ෍𝑙(𝑘)𝐴𝑗−1(𝑛 − 𝑘)𝑘 , (2)

where 𝐴௝ିଵ is the approximation of the level immediately above level 𝑗, 𝑘 = 1,2, . . . .𝐾 where 𝐾 
is the length of the filter vector [28-30]. 



FREQUENCY SPLITTING APPROACH USING WAVELET FOR ENERGY MANAGEMENT STRATEGIES IN FUEL CELL ULTRA-CAPACITOR HYBRID 
SYSTEM. BOURDIM SAMIA, AZIB TOUFIK, HEMSAS KAMEL-EDDINE 

20 JOURNAL OF MEASUREMENTS IN ENGINEERING. MARCH 2022, VOLUME 10, ISSUE 1  

Three steps are necessary in our wavelet decomposition for reach to efficient management 
strategy: 

1) First is Mother wavelet choice for decomposition is Haar, Haar characterized by great 
characteristic that is the only symmetric wavelet with a compact support can easily decomposes 
signals into low-pass and high pass components sub-sampled by 2  

2) Second: number of level decomposition is three levels using Haar wavelet transform [31].  
3) Third is final signal was obtained through reconstruction based on summation of 

decomposition signals (details and approximation), the particular characteristic of Haar basis is 
capable to synthesized with perfect reconstruction filters having a linear phase. 

Using Haar wavelet can appropriately reach to a perfect EMS, with easy structure and 
architecture; however, attain our main aim of control. 

3. Simulation results  

With the aim of testing the energy management strategy proposed in this paper, we divide our 
simulation results into two parts: first part concern urban driving cycle UDC show in Fig. 5-9, 
then second part concern Real driving cycle show in Fig. 10-14, the main idea here is how to 
provide our EMS efficiency based on wavelet approach comparing with classical Fourier 
approach, the results was carried out on Matlab Simulink and Sim Power Systems Toolboxes, the 
following data presented in Table 1 represent the electrical characteristic of 𝐹𝐶/𝑈𝐶 hybrid system 
used in this simulation. 

Table 1. Electrical characteristic of FC-UC hybrid system 
Fuel cell  Value 

Open circuit voltage 150 V 
Rated voltage  90 V 
Rated current 90A 
Ultracapacitor Value 
Capacitance 47 F 

Rated voltage 180 V 
Rated current 120 A 

Optimal voltage (𝑉௎஼௥௘௙) 𝐸𝑆𝑅 
150 V 

0.26 Ohm 
Inductors and capacities Value 

Inductors 𝐿ி஼/𝐿௎஼  300/450 μH 
Rated currents 𝐼ி஼/𝐼௎஼  150/200 A 

Capacities 𝐶஻௎ௌ 14 mF 
Optimal DC-bus voltage (𝑉஻௎ௌ௥௘௙) 410 V 

Before starting interpretation of our results we must specify the key variable responses of our 
hybrid system which can show this difference: Load power (𝑃𝑙𝑜𝑎𝑑), Fuel cell power (𝑃𝐹𝐶) and 
ultra-capacitors power (𝑃𝑈𝐶), 𝐹𝐶 currents (𝑖𝐹𝐶, 𝑖𝐹𝐶௥௘௙), UC currents (𝑖𝑈𝐶, 𝑖𝑈𝐶௥௘௙), 𝐷𝐶 bus 
voltages (𝑉஻௎ௌ, 𝑉஻௎ௌ௥௘௙) and 𝑈𝐶 voltages (𝑉௎஼, 𝑉௎஼௥௘௙). 

3.1. Result under UDC driving cycle (wavelet Vs FFT) 

All figures of last variables already mentioned are depicted in Fig. 5-9, for UDC driving cycle. 
and Fig. 10-14 for Real driving cycle, it is important to say that the value of 𝑈𝐶, voltage reference 
is 𝑉௎஼௥௘௙ = 150 V and 𝐷𝐶 bus voltage reference is 𝑉஻௎ௌ௥௘௙ = 410 V. 
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Fig. 5. Hybrid system response under UDC driving cycle (wavelet vs FFT) 

  
Fig. 6. Hybrid system response under UDC driving cycle (wavelet vs FFT) 

  
Fig. 7. Hybrid system response under UDC driving cycle (wavelet vs FFT) 

  
Fig. 8. Hybrid system response under UDC driving cycle (wavelet vs FFT) 
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Fig. 9. Hybrid system response under UDC driving cycle (wavelet vs FFT) 

3.2. Result under real driving cycle (wavelet vs FFT) 

Figs. 5-14 shows clearly the difference through its waveform responses between two EMSs 
based one on wavelet approach (left side) and second based on Fourier approach (right side).  

 
Fig. 10. Hybrid system response under real driving cycle (wavelet vs FFT) 

By comparing wavelet analysis (left side) vs Fourier analysis (right side), power responses 
show (Fig. 5 and Fig. 10) that the EMS imposes to each source respecting its own characteristics. 

  
Fig. 11. Hybrid system response under real driving cycle (wavelet vs FFT) 

Back to Fig. 1 and in order to protect the converters as well as the sources (UCs and FC) 
against over currents, the installation of internal current loops which allow the current of each 
source to be conducted is a necessity 

FFT analysis of 𝐹𝐶 current 𝑖𝐹𝐶, exhibits more oscillations compare to 𝑖𝐹𝐶௥௘௙ as given away 
in right side of Fig. 6 and Fig. 11. 

Although in our study, we opted for the Proportional-Integral (𝑃𝐼) control structure to ensure 
robustness to load variations, we can spot proper the wavelet method implemented for frequency 
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splitting has perfect advantages over simulation results: 
First: for 𝐹𝐶 current behaviour (𝑖𝐹𝐶) as a low band pass filter shown in left side of Fig. 6 and 

Fig. 11. 
Second: for 𝑈𝐶 current behaviour (𝑖𝑈𝐶) as a high-band pass filter shown in left side of Fig. 7 

and Fig. 12. 

  
Fig. 12. Hybrid system response under real driving cycle (wavelet vs FFT) 

  
Fig. 13. Hybrid system response under real driving cycle (wavelet vs FFT) 

  
Fig. 14. Hybrid system response under real driving cycle (wavelet vs FFT) 

As shown in (Fig. 8 and Fig. 13), power load affect the 𝐷𝐶 link voltage 𝑉஻௎ௌ transiently with 
a slight deviation because of wavelet approach characteristic, overshoot less than 1 %, the 
reference 𝑉஻௎ௌ௥௘௙ = 410 V is followed perfectly). 

In opposite side and in both driving cycle using FFT analysis, 𝑉஻௎ௌ follows 𝑉஻௎ௌ௥௘௙ = 410 V 
with small steady state error. 

Ultra-capacitors can react quickly to sudden transients in the current of the load; these 𝑖𝑈𝐶 
transients are induced by bus voltage regulation and allow insurance of the major part of the 
transient component of the demanded power. Energy transfer from 𝑈𝐶𝑠 to the 𝐷𝐶 bus therefore 
operates correctly and compensates for the energy that is not supplied by the Fuel cell. This allows 
the battery to react without abrupt variations in its current to the load requests. 
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Then, as the current of the 𝐹𝐶 increases, the discharge of the 𝑈𝐶𝑠 characterized by the decrease 
in its tension attenuates until it is cancelled. A rebalancing regime is then established (called 
compensation), characterized here by recharging the bank of 𝑈𝐶𝑠to its reference value (𝑉௎஼௥௘௙) 
fixed at 150 V (Fig. 9 and Fig. 14). In addition, the system control reacts perfectly by following 
the trajectory currents (Fig. 6 and Fig. 11) and (Fig. 7 and Fig. 12). 

In addition, Wavelet analysis provides hydrogen consumption saving (13 % under UDC 
driving cycle and 16 % under real driving cycle) which makes it relevant regarding fuel economy. 

4. Conclusions 

The clarification of the efficiency of wavelet technique in frequency splitting and compare it 
with Fourier analysis for EMS is role of two on one that is an efficient energy management 
strategy, by this comparison we illustrate why and witch type of wavelet we used for reach our 
aim of EMS. 

The choice of our technique is not enough without strong, simple architecture and robust 
energy management strategy can attain satisfactory performances. 

WT can share a frequency component of FC and UC load power then also compatible with 
their characteristic and in two different driving cycles without slop limitation.  

EMS improves stability, robustness, simplicity, fuel economy and increase the life time of the 
fuel cell. 

At the end the proposed energy management based on wavelet technique achieve to aim of 
strategies of our HEV. 
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