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Abstract 
This paper presents a novel energy management strategy (EMS) for the hybrid electric vehicle with fuel 

cell/battery/ultra-capacitor energy sources (FCHEV). For improving the durability and fuel economy of the fuel cell 

system in FCHEV, the proposed EMS utilized a close-loop control strategy that combines fuzzy logic control (FLC) 

and a frequency decoupling-based model based on an adaptive low-pass filter and wavelet transform methods. 

Uncertainty as a powerful tool is utilized to design flexible strategies using type-II FLC based on the charge state of 

power storage systems. Furthermore, the designed frequency decoupling-based control system separates three optimal 

frequency components of the required power to supply it by fuel cell, battery, and ultra-capacitor systems based on their 

individual characteristics and limitation of the power fluctuation on the fuel cell system. Finally, a dynamic 

performance test used the ADVISOR simulator under the World Light Vehicle Test Cycle (WLTC) to compare the 

proposed strategy with different strategies. According to the simulation results, the proposed strategy ensures the safety 

of the ultra-capacitor and battery park and improves the durability of the fuel cell while reducing the hydrogen 

consumption maximum by 14.6% in comparison with different strategies under similar driving conditions. 

Keywords: hybrid electric vehicle, energy management strategy, adaptive control methods, type-II fuzzy logic 

control, fuel economy. 
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1. Introduction 
Fuel Cell/Battery/Ultra-capacitor Hybrid Electric Vehicle 

has more pollution reduction as well as more health and 

environmental benefits than internal combustion engine 

vehicles. Furthermore, FCHEVs have a great capacity to 

present a valid solution for the limitation of other electric 

vehicles. However, the main impact of the energy 

management system in FCHEVs is the capability of the 

power supply which is based on the individual 

characteristics of every power supply [1, 2].  

Recently, many researchers have presented various 

EMS with different approaches for FCHEVs. All of the 

presented EMSs can be classified into three main 

categories: Rule-based, optimization-based, and learning-

based strategies. 

Rule-based strategies, as a suitable control method for 

real-time operation/implementation, are affected more by 

driving conditions because of the simple-rule base 

design. Therefore, as reviewed in Table 1, many 

researchers presented several types of rule-based control 

methods with different operations along their advantages 

and disadvantages [3], which were related to optimization 

and adaptivity problems [4]. Furthermore, optimization-

based and learning-based strategies have been reported in 

Table 1 as two main different EMS methods for hybrid 

electric vehicles [5, 6]. 

Because of the independence of the mathematical 

technique, fuzzy control was provided as an efficient and 

accurate strategy to cope with nonlinear challenges in 

constructing a valid control method for the FCHEV 

energy system [7]. Besides, so many researchers have 

combined fuzzy control with other control methods, 

which depended on a plenty of engineering experiences. 

In [8], an adaptive fuzzy control approach was presented 

for fuel cell/battery hybrid electric vehicles. This 

approach was modified to obtain smoother and more 

effective fuel cell power.  

To keep flexibility and resistance to uncertainty for 

incorrect input data, the type-II fuzzy control system  

 

Table 1: Classification of different EMSs for electric vehicles 
Rule-based strategies   Fuzzy control strategy 

 State machine control strategy 
 Classical PI control strategy 
 Frequency decoupling and fuzzy logic strategy (FDFL) 
 Power prediction 

Optimization-based 
strategies 

Global optimization  Linear programming (LP) 
 Dynamic programming (DP) 
 Global extremum seeking (GES) 
 Genetic algorithm (GA) 

Real-time optimization  Pontryagin’s minimum principle (PMP) 
 Quadratic programming (QP) 
 Multi-agent system (MAS) 
 Stochastic dynamic programming (SDP) 
 Convex programming 
 Multi-mode predictive (Markov driving pattern recognizer) 
 Soft-run strategy 
 Fractional order extremum seeking method 
 Dynamic particle swarm optimization 

Learning-based 
strategies 

 • Reinforcement learning 
• Supervised learning 
• Unsupervised learning 
• Neural network 
• Multi-mode strategy – learning vector quantization (LVQ) 

It demonstrated a powerful and simple design for real-

time energy management applications [9]. Recent 

researchers have developed various fuzzy control-based 

EMS to increase the resilience of the control system and to 

enhance significantly fuel efficiency, dynamic properties, 

and the uncertainty of fuel cell hybrid power systems [10, 

11]. However, fuzzy logic control primarily depends on 

expert knowledge and cannot dynamically react to changes 

in the vehicle's external environment. In the literature [12], 

replenishment of the battery was accomplished using a 

technique which was based on minute variable fuzzy 

control, and the power distribution between the fuel cell 

and the battery was further adjusted using the bifurcation 

approach [13]. Also, a fuzzy-based adaptive controller was 

created to smooth out the fuel cell output energy [14], and 

a genetic algorithm (GA) was utilized to fine-tune the 

settings of the controller to enhance the hybrid system's 

dynamic properties [15,16]. The majority of the literature 

mentioned above attempted to improve the FCHEVs' 

economics; however, there is a lack of research on the 

endurance of fuel cells. 

Fuel cell durability has slowly begun to be included in 

energy management as a result of the fact that the single 

factor of FCHEV economics is no longer adequate to 

fulfill practical demands.  Along with increasing hydrogen 

consumption, a combined control method based on FLC-
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FIR filtering can assist to enhance the durability of fuel 

cells [15]. 

In this paper, a novel EMS with an adaptive low-pass 

filter and wavelet transform based on type-II fuzzy control 

systems is presented. The main contribution is utilizing 

type-II fuzzy control methods and experimental 

information to design a flexible and stable EMS for 

different driving conditions. Therefore, type-II fuzzy 

control is employed because it has a better performance 

than conventional fuzzy control in addressing uncertainty. 

Hence, type-II fuzzy sets are dependent on different 

experiences by the combination of knowledge collected 

from experts. The proposed EMS which is based on the 

frequency decomposition method has never applied a delay 

in the system response to damage the stability of the 

system and to decrease its reliability [17]. However, the 

proposed EMS, based on wavelet transform allowing 

natural frequency splitting, is well adapted to this strategy 

specification [18]. The frequency of decoupling-based 

approach allows for an analysis of the power signal at 

different scales, which is a suitable method in the hybrid 

energy source systems. 

The proposed EMS deployes the difference between 

the vehicle’s required power and the lower limit of the fuel 

cell efficiency zone and state of charge (SOC) of the power 

storage systems as input data to design the fuzzy controller 

and to solve the output power proportionality coefficient. 

A low-pass filtering technique is utilized to prevent high 

fluctuations on fuel cell power while a switching control 

strategy is included to balance fuel cell's durability with the 

vehicle's efficiency. This method also ensures that the SOC 

is maintained within a tolerable range. 

Finally, a simulation model is established through 

Advisor and Matlab2019a/Simulink, and the simulation 

verification is carried out under the compound driving 

cycle. 

In following comes a list of some contributions and 

innovations of this study: 

• Creating a novel close-loop control model based on 

type-II fuzzy logic control with an adaptive low-pass 

filter and wavelet transform. 

• Verifying the proposed EMS against the valid 

compound-driving cycle for the different driving 

conditions. 

• Investigating the optimal power distribution 

considering the individual properties of each power 

supply to reach an optimal and stable power 

distribution. 

• Considering the ways whereby the uncertainty of SOC 

in the power storage system can be stabilized by type-

II fuzzy control. 

• Improving the durability of fuel cells by reductions in 

power fluctuations. 

• Improving the proposed EMS's dynamic performance 

parameters based on the ADVISOR simulator. 

This paper is organized as follows: In section two, 

mechanical and electrical models of FCHEV and fuel 

cell/battery/ultracapacitor are presented. In section three, 

the structure of the proposed EMS is defined in detail, and 

the simulation result is evaluated by section four. Finally, 

section five presents a conclusion to the proposed EMS as 

well as an elaboration on advantages/disadvantages.  

2. Modeling of FCHEV 

In this study, the FCHEV structure consists of fuel 

cell/battery/ultracapacitor energy systems (as illustrated in 

Fig. 1). The proposed FCHEV employed a 

battery/ultracapacitor hybrid energy storage system to 

supply the required power for supporting the fuel cell. The 

ultra-capacitor and fuel cell systems are connected to the 

DC bus by a bidirectional and a unidirectional DC/DC 

converter respectively. The battery system is directly 

connected to the DC bus to determine and maintain the 

nominal DC bus voltage. 

2.1. Modeling of Vehicle 

In this paper, the proposed EMS primarily solves the 

problem of power distribution, and the required power of 

the vehicle is distributed to three different power supplies 

to fulfill the optimal performance challenge of the vehicle. 

The hybrid energy system approach establishes an FCHEV 

model to obtain the required power based on the vehicle 

speed �. Hence, the traction force �� is determined based 

on the vehicle speed �, which can be obtained as follows 

[19]: 
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where the friction force (resistance with the road surface), 

aerodynamic drag force, and required acceleration force 

are defined as ��, ��, and ��, respectively. Furthermore, 

the gravity force for driving on non-horizontal roads with 

a road angle � is considered as ��. Thus, the defined 

FCHEV parameters are listed in Table 2. Finally, the 

required power ���� can be determined as a conditional 

function of the traction force and vehicle speed �, 

whichare described by the following equation: 
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where �� is the efficiency constant of the electric motor. 

2.2. Modeling of the Fuel Cell 
The main power supply in FCHEV is provided by the 

fuel cell system, where the fuel cell is transforming 

chemical energy into electrical power (from the chemical 

reactions between hydrogen and oxygen). In this study, 

the global efficiency ��� is considered the fuel cell 

efficiency coefficient by the following equation [20]: 

2

fc

fc

H

P

P
η                                                                       (3) 

where ���  is the fuel cell system supplied power, and ���
 

is the expected supplied power with hydrogen 

consumption. 

To achieve the optimal global efficiency���, as 

indicated in Fig. 2, the high-efficiency region of the fuel 

cell system can be selected in the 2.5kW to 18kW range. 

Thereafter, FCHEV can reduce hydrogen use to improve 

fuel economy. 

 
Fig. 1: Fuel cell/battery/ultracapacitor hybrid electric 

vehicle structure 
 

Table 2: Parameters of the defined FCHEV model 

Parameter Symbol Value 

Vehicle mass m (kg) 1113 

Gravity constant g (m/s2) 9.8 

Rolling resistance coefficient fr 0.6 

Aerodynamic drag coefficient Cd 0.3 

Vehicle frontal area A (m2) 1.75 

Air density ρ (kg/m3) 1.22 

Conversion coefficient of vehicle 
rotating mass 

δ 1.3 

 
Fig. 2: Fuel cell system’s efficiency versus fuel cell’s power curve 

2.3. Modeling of the Battery 
According to the equivalent circuit model, the battery 

system is defined as a voltage source and equivalent 

resistance for output characteristics analysis (as shown in 

Fig. 3(a)).  

A suitable range for the battery SOC is a crucial 

parameter of EMS to prevent overcharge and over-

discharge events during different driving conditions. 

Therefore, the output voltage and SOC of the battery 

system can be defined as follows [21]: 
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where ��, �� , ��, and �� are the battery system 

parameters as output voltage, open voltage, internal 

resistance, and current respectively. In addition, the 

battery SOC (����) with initial SOC (����(1)) is 

considered, while �� is charge and discharge efficiency, 

and ��  is the nominal capacity. 

2.4. Modeling of Ultra-capacitor 

The ultra-capacitor system is modeled like an equivalent 

resistance and capacitor as illustrated in Fig. 3(b). The 

equivalent capacitor refers to the performance of the 

discharge and charge states, and the equivalent resistance 

denotes the ohmic losses of the ultra-capacitor system. 

FCHEV has to supply/store a large amount of energy in an 

accelerating/braking state. Hence, the ultra-capacitor 

system should have sufficient capacity to recycle generated 

power in the braking state. Furthermore, the ultra-capacitor 

SOC should be at a reliable charge level to operate 

optimally in the accelerating state. Therefore, the ultra-

capacitor voltage and SOC can be obtained as follows [22]: 
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where ��, ��, ��, and �� are terminal voltage, capacitor 

voltage, load current, and equivalent resistance 

respectively. Moreover, the ultra-capacitor SOC (����) 

is limited to ultra-capacitor’s maximum voltage ���,��� . 

 
Fig. 3: The equivalent circuits of (a) battery, (b) and ultra-

capacitor systems 
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3. The Proposed EMS for FCHEV 
The flowchart of the optimal power distribution process 

based on the proposed EMS is illustrated in Fig. 4, 

practically. The proposed EMS consists of three main 

parts based on the individual characteristics of each 

power supply as shown in Fig. 5. Three main parts of the 

proposed EMS are as follows: 

• Adaptive low-pass filter based on type-II fuzzy 

control 

• Signal processing unit based on the Haar-wavelet 

transform  

• Power sharing algorithm based on type-II fuzzy 

control 

In the first part, a type-II fuzzy control based on the 

required power and ultra-capacitor SOC adapted a low-

pass filter to decompose high and low-frequency 

components of the required power. In the next part, the 

signal processing unit based on the Haar wavelet 

transform is applied to low-frequency component of the 

required power. Finally, the output transformed power 

devoted to the fuel cell and battery systems by another 

type-II fuzzy control.

 
Fig. 4: The flowchart of the proposed EMS process for the optimal power distribution 

 

3.1. Adaptive Low-Pass Filter Based on 
Type-II Fuzzy Control 
In the first part of the proposed EMS, the high-frequency 

components of the required power are separated by an 

adaptive low-pass filter effectively. In real-time 

computation, the proposed adaptive filter which is based 

on fuzzy control has advantages in computation 

complexity and design challenges. Hence, the low-pass 

filter is defined as follows: 
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where �(�) is the transfer function of the low-pass filter 

with the time constant �, and �� is the regulating 

frequency. 

To maintain ultra-capacitor SOC in a tolerable range, 

the ultra-capacitor reference SOC parameter is defined as 

a function of vehicle speed and ultra-capacitor SOC (as 

shown in Fig. 5(a)). Therefore, ultra-capacitor reference 

SOC (����
���

) can be defined as follows: 

maxmax
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( )ref
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v v
SOC SOC

v
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where ���� is the maximum speed of FCHEV, and 

����
��� is the maximum ultra-capacitor SOC. 

Consequently, an adjusting frequency increment ��� 

is determined to modify �� and to guarantee that ���� is 

close to ����
���

 and changes as a function of driving 

conditions. Ultimately, the final regulating frequency is 

given by  

Eq. (10) as follows: 
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where regulatory factor is defined as �. 
To modify low-pass filtering, the designed type-II 

fuzzy control (FC#1) adapts the time constant in real-

time. The primary purpose of FC#1 is to retain the ultra-

capacitor SOC in the stable and tolerable range (0.4 <

���� < 1). Therefore, the ultra-capacitor system would 

be able to supply/absorb the high-frequency components 

of the required power in the short-time acceleration or 

braking state. Consequently, the ultra-capacitor system 

modifies pressure on fuel cell and battery systems by 

reductions in their power fluctuations simultaneously. 

The inputs (the ultra-capacitor SOC and the required 

power) and the output (regulating frequency) variables of 

FC#1 as the triangle membership function are illustrated 

in Fig. 6.  

In real-time systems, type-II fuzzy control lets the 

EMSs utilize the knowledge based on the uncertainty of 

the different experts (for example, the survey using 
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linguistic labels). Hence, the methodology to design type-

II fuzzy controllers from the uncertainty knowledge is 

presented by [23]. 

The numerical value of the uncertainty can be 

defined as a function of the mean and standard deviation 

criteria for each linguistic label [23]. Additionally, the 

state of charge quantity in each storage system is a 

collection of measurement data with mean and standard 

deviation values. The continual charge/discharge 

processing during the electric vehicle's lifecycle will 

decrease the efficiency of the storage system. Hence, as a 

knowledge-based control approach, the uncertainty on 

SOC of the power storage systems is a reasonable 

concept. 

In the proposed EMS, the designed type-II fuzzy 

controllers have a certain uncertainty on battery and 

ultra-capacitor SOC based on the proposed survey 

method in [24]. As illustrated in Fig. 6, the uncertainty on 

ultra-capacitor SOC is considered an uncertain 

membership function. Because of reductions in the 

performance efficiency in the lifecycle of FCHEV, the 

SOC of the storage systems will be measured lower than 

the actual SOC value. 

 
Fig. 5: The proposed EMS schematic 

 
Therefore, the uncertainty on battery and ultra-

capacitor SOC is defined as an uncertain membership 

function to lower values. Finally, the output uncertainty 

will be considered an internal triangle membership 

function. 

Based on FC#1 rule bases in Fig. 6, when ���� is 

positive big (acceleration state), and ultra-capacitor SOC 

is big, the �� will be decreased to provide enormous 

power. Furthermore, when ���� is negative big (braking 

state) and ultra-capacitor SOC is small, the �� will be 

increased to absorb regenerative power by the ultra-

capacitor system. For the small ����, the ultra-capacitor 

only supplies a low level of power to shirk power 

fluctuations on the fuel cell and battery systems. In 

addition to avoiding over-discharging/charging of 

ultracapacitor system, FC#1 should modify �� with 

increasing or decreasing ultrcapacitor SOC. 

Moreover, when FCHEV runs at low speed in actual 

driving cycle, acceleration state is likely to happen; 

therefore, ultra-capacitor SOC should be at a high level to 

supply the required power. Meanwhile, when FCHEV 

runs at high speed, braking has a greater probability at the 

next state. Hence, ultra-capacitor SOC should have 

sufficient capacity to absorb regenerated power. 

3.2. Signal Processing Unit Based on Haar 

Wavelet Transform 

In above contents, the adaptive low-pass filter distributes 

the high-frequency component of ���� to the ultra-

capacitor system. The output signal of the low-pass 

filter����� still includes some high-frequency parts, 

which cannot directly be supplied by the fuel cell to 

prevent high fluctuations and durability challenges. 

Therefore, the proposed EMS presents a pre-processing 

operation to adjust high-frequency components and 

signal sharpness of �����. 

In this paper, the high and low-frequency components 

of ����� are separated by a wavelet transform; also, the 

differential of the transformed power has made a valid 

variable to solve the signal sharpness challenge. In urban 

driving cycles, especially when the vehicle is accelerating 

or braking rapidly, there are sharp fluctuations in the 

required power 

According to the one-dimension discrete signal 
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of�����, this paper utilizes discrete and inverse discrete 

wavelet transform as follows: 

1
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where �(�), �, and � are the original signal, the scale 

parameter, and the position parameter respectively. Also, 

ψ is defined as a mother wavelet transform function with 

wavelet coefficient�. 

In this study, the proposed EMS can regard the power 

distribution as one stationary process instantly [25]. The 

Haar wavelet in the time domain has a shorter filter 

length advantage than other transform models. To fulfill 

the trade-off between different performance objectives, 

the proposed EMS chooses the Haar wavelet as the 

mother wavelet transform to simplify decomposition 

calculation 

 
Fig. 6: FC#1 rule base and membership functions 

 
complexity. The mother Haar wavelet function can be 

expressed as follows: 

1 0 0.5

( ) 1 0.5 1
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As indicated in Fig. 7, a three-level Haar wavelet 

transforms, as an optimal transform method, is utilized to 

perform on the original signal �(�). Hence, a low-pass 

filter ��(�) decomposes the original signal �(�) into the 

fundamental signal, and the defined wavelet transform 

reconstructs it into the original signal with low errors 

based on the low and high-pass filters on the 

reconstruction side. Therefore, the signal processing unit 

separates the low and high-frequency components of 

����� directly. 

Based on simulation results, the error of the 

reconstruction process is less than 10-10. Hence, the 

defined wavelet method is extremely reliable, and the 

EMS of FCHEV employs it as a simple and real-time 

signal processing state. 

Although the three-level decomposition is selected as 

the optimal level, there are notable differences among the 

required power and decomposition levels. According to 

[25] and [26], the effective method, as an expression 

between the signal frequency and the decomposition 

level, is determined and summarized as follows: 

log( / )
1

log(2)

sample cf f
n

 
  
 

 (14) 

where ������� and �� are defined as the sampling 

frequency and the frequency of power demand on the 

battery pack based on the �-level decomposition, 

respectively. Consequently, the frequency of power 

demand on the battery system was obtained as [10-2,102] 

Hz range. Also, the sampling frequency of the power 



37      A New Type-II Fuzzy Logic Control-Based Energy Management …, M. Keshavarz, N. Bigdeli, A. Shahmansoorian 

 

demand is calculated at 1Hz. Therefore, the defined 

wavelet method utilizes such 10-2, 10-1, 100, 101, and 

102Hz as representative decomposition frequencies. 

Furthermore, the optimal decomposition level has a range 

of [2, 5] while � = 3is selected as the optimal 

decomposition level. 

 
Fig. 7: Three-level Haar wavelet transform process schematic 

 
Fig. 8: Membership functions of FC#2 

 
Table 3: FC#2 rule bases 

Pfc 

PHaar (ΔPHaar= S, M, B) 

VB B RB M RS S VS 

SOCb 

S VB, VB, VB VB, VB, VB VB, VB, VB B, B, B RB, RB, RB M, M, M RS, RS, RS 

RS VB, VB, VB VB, VB, VB B, B, B RB, RB, RB M, M, M RS, RS, RS S, S, S 

M VB, B, B B, RB, RB RB, M, M M, RS, RS RS, S, S S, S, VS VS, VS, VS 

RB B, RB, RB RB, M, M M, RS, RS RS, S, S S, S, VS VS, VS, VS VS, VS, VS 

 
3.3. Power Sharing Algorithm Based on 
Type-II Fuzzy Control 
The wavelet transform provides a main approximation of 

the fuel cell power as a reference power signal. 

Furthermore, the battery beside the ultra-capacitor system 

should have enough charge level to supply/absorb the 

FCHEV power in acceleration/braking states and to 

modify a tolerable range for the battery and ultra-

capacitor SOC. 

 
 

For high-efficiency performance, the fuel cell system 

should supply power in the high-efficiency region as 

shown in Fig. 2. Therefore, the fuel cell can stabilize the 

energy distribution system against overcharging and 

over-discharging of the battery. Consequently, the type-II 

fuzzy control (FC#2) is designed to calculate optimal fuel 

cell power to satisfy improving the durability and fuel 

economy of the fuel cell system as primary advantages. 
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The fuel cell reference power (�����), differential of fuel 

cell reference power (������), and battery SOC (����) 

apply to FC#2 as input variables, and the fuel cell power 

���  considers the output variable. For FC#2, the 

membership function and fuzzy rule bases are illustrated 

in Fig. 8 and Table 3 respectively. 

According to the rule bases of FC#2, the fuel cell 

system will supply high-level power when the battery 

SOC is small. When ���� is small or rather small, to 

maintain battery SOC in the high-level charge, ���
���

 

should determine the big state and vice versa. FC#2's 

major objective is a reduction in fuel consumption (an 

improvement on fuel economy) by using the battery 

system's efficiency, whenever ���� should have a 

suitable charge level, and by maintaining it within a 

tolerable range. The sharp fluctuation on fuel cell 

reference power is one of the main challenges of EMSs to 

improve the durability and efficiency performance of a 

fuel cell system. The sharp signal required power sets the 

fuel cell system in a sudden power generation situation; 

therefore, the durability will be reduced after a long 

operation of the fuel cell system. As a solution to prevent 

a sharp signal effect on the fuel cell power, the 

differential signal of reference fuel cell power (������) is 

defined to increase the fuel cell power step by step. 

4. Simulation and Verification Results 
For verification, the proposed EMS was compared to 

similar works by using MATLAB/SIMULINK and 

ADVISER simulator. Therefore, the power transmission 

parameters are reported in Table 4 for the simulated 

FCHEV in MATLAB/SIMULINK environment. 

In the first, the initial value of ���� and ���� were 

assumed 0.7 and 0.8 respectively. As known, the EMS of 

FCHEV has a direct effect on the maximum output 

power. As a result, the fuel cell system's dynamically 

delayed operation prevents the vehicle from 

instantaneously attaining its full output power. 

Meanwhile, the SOC of the battery and ultra-capacitor 

was modified by the proposed EMS in order to prevent 

overcharge and over-discharge states, which had 

considerable efficiency in the dynamic performance.  

This study utilized a valid driving cycle database to 

evaluate the proposed EMS on a typical road and driving 

conditions. As illustrated in Fig. 9(a), the test database 

was a combination of the three driving cycles such as the 

Dynamometer Driving Schedule (UDDS), Highway Fuel 

Economy Test (HWFET), and Extra Urban Driving 

Cycle (EUDC&ECE), which represent city, highway, and 

suburban respectively [27]. Hence, the compound driving 

cycle can be represented as follows: 

• The UDDC cycle refers to the United States 

Environmental Protection Agency-mandated 

dynamometer test on fuel economy; it represents 

urban driving conditions that are used for light-duty 

vehicle testing. 

• The HWFET cycle represents highway driving 

conditions under 60 mph. 

• The EUDC cycle has been designed to represent 

more aggressive, high-speed driving modes, and the 

ECE cycle has been devised to represent city driving 

conditions, e.g., in Paris or Rome. 

Hence, the proposed EMS was analyzed under 

selected driving cycles’ database as the vehicle speed 

profiles. Consequently, the vehicle speed profiles and the 

required power are indicated in Fig. 9(a) and Fig. 9(b) 

respectively. Furthermore, simulation results were shown 

in Figures 10 and 11. 

 
Fig. 9: (a) The vehicle speed profile based on triple driving 

cycles, (b) The required power of FCHEV 
 

 
Fig. 10: Simulation results of (a) battery, and (b) 

ultracapacitor SOC 
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Fig. 11. The simulation results of EMS proposed in triple driving cycles: Optimal distributed power of (a) fuel cell, (b) 

battery, and (c) ultracapacitor units 
 

4.1. Optimal Power Distribution 
As stated earlier, Fig. 9(b) and Fig. 11show the 

simulation results of the required power and optimal 

distributed power respectively. As shown, the battery and 

ultra-capacitor systems play a major role to supply the 

required power during the UDDC cycle. Because the 

required power in this driving cycle contains extremely 

high acceleration and braking states. To avoid high-

frequency power distribution on the fuel cell system, the 

battery and ultra-capacitor systems deliver the majority of 

the required power. In the other conditions, the HWFET 

and EUDC&ECE driving cycles have requested 

enormous power values with a lower frequency 

component securely. As a result, the fuel cell system, as 

the primary power supply, provides the majority of the 

required power. 

The ultra-capacitor system can supply the instant 

growth of the required power in an acceleration state (as 

shown in Fig. 11(c)). Therefore, the proposed EMS 

decreases power fluctuations on the fuel cell system to 

improve the durability and reactivity (as shown in Fig. 

11(a)). As illustrated in Fig. 11(b), the battery system 

supplies stable power to reduce fluctuations in fuel cell 

power. Furthermore, the fuel cell system always 

generates power with a 2.5kW minimum limit (high-

efficiency region of fuel cell operation in Fig. 2) to 

satisfy the battery charge state stabilization approach, 

which can improve fuel economy by reducing hydrogen 

consumption. 

Table 4: The power transmission system parameters [28] 

Systems Type Parameters 

Motor PMSM Max torque (N.m): 488 
Max power (kW): 75 
Average efficiency (%): 90 

Fuel cell PEM Total mass (kg): 163 
Max net power (kW): 30 
Average efficiency (%): 56 

Battery Li-ion Max capacity (kWh): 9.25 
Max power (kW): 20 
Average efficiency (%): 85 

Ultracapacitor Maxwell Max capacity (Wh): 350 
Max power (kW): 70 
Average efficiency (%): 98 

DC-DC converter - Max efficiency (%): 90 

 
The simulation result in Fig. 10 indicates the battery 

and ultra-capacitor SOCs separately. In order to maintain 

the battery SOC in the tolerable range, the proposed EMS 

distributes the required power on the battery system by 

less than 5% fluctuation, which can make FCHEV 

maintain the battery and ultra-capacitor SOCs on the 

tolerable range, and FCHEV would be able to drive more 

distances in hydrogen limitation case. 

4.2. Power Transient Response Analysis 

A power transient response is the response of a power 

system to a change from the steady state. It is not 

necessarily tied to unwanted events, but to any event that 

affects the steady state of the system.  
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Therefore, the fuel cell output power transient 

response as a fluctuation metric [21] is a valid criterion 

that can effectively improve the fuel cell durability. 

Hence, simulation results reported fuel cell power 

fluctuation in the -200W/s to +200W/s range. 

Furthermore, based on the same driving cycle, the 

presented EMS in [29] and [30] obtained the fuel cell 

power fluctuations in the ±1000W/s and ±500W/s ranges 

respectively (as shown in Fig. 12). According to this 

valid comparison, the differential of fuel cell reference 

power (Δ�����) as an input variable of FC#2 played an 

effective role to modify power fluctuations in order to 

improve the durability of the fuel cell system. 

4.3. Hydrogen Consumption 
In this study, fuel economy improvement was 

concentrated as a primary purpose. Therefore, it was an 

extremely notable advantage to guarantee that the 

proposed EMS had a valid trade-off between defined 

optimization objections. 

For a valid comparison, the equivalent hydrogen 

consumption was defined as a function of the fuel cell 

power, the battery SOC, and the ultra-capacitor SOC. 

 
Fig. 12: Comparison of fuel cell power fluctuation between 

different EMSs 
 

Hence, the equivalent hydrogen consumption is 

determined as follows: 
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where ���
 is defined as equivalent hydrogen 

consumption for the proposed FCHEV. The hydrogen 

chemical energy density ���
 is related to equivalent 

factors of battery �� and ultra-capacitor ��. Also, ����� 

and ����� are the difference value between the final and 

initial battery and ultra-capacitor SOCs. 

According to Eq. (14) and the simulation results for 

the compound driving cycle, the hydrogen consumption 

of the proposed EMS was calculated at 15.56 liters. 

Hence, the proposed EMS saved about 8.8% and 14.6% 

of hydrogen in comparison to [30] and [29] under the 

same driving cycle respectively. In addition, Fu et al. [19] 

presented two different parametric fuzzy control based on 

a genetic algorithm under different driving cycles. 

Therefore, the hydrogen consumption values are reported 

as 17.159 and 17.667 liters based on two different 

strategies. For an equitable evaluation, the proposed EMS 

is simulated under the same driving cycle in [31]. Thus, 

the proposed EMS could present a 9.5% reduction in 

hydrogen consumption to improve the efficiency 

performance of the fuel cell system in FCHEV. 

4.4. Method Verification with ADVISOR 
Simulator 
ADVISOR simulator implements control strategies for 

hybrid electric vehicles based on MATLAB/SIMULINK 

by various subsystems. Furthermore, ADVISOR utilizes 

different related technology such as the fuel cell, battery, 

ultra-capacitor, and hybrid electric vehicle propulsion 

systems to determine the fuel consumption, pollutant 

emission, and dynamic efficiency of the electric vehicle 

[32]. In order to verify the proposed EMS, the researchers 

could replace their own innovative methods as EMS unit in 

ADVISOR and examined their proposed method using the 

different valid tests to check the vehicle's performance in 

driving conditions, hill climbing, and acceleration. 

According to system parameters in Table 5, the 

dynamic performance test was simulated for the proposed 

EMS by the ADVISOR simulator. Therefore, Table 6 

reported the dynamic performance test of FCHEV based 

on the proposed EMS by the ADVISOR simulator. In 

similar driving conditions, the proposed EMS improved 

the vehicle acceleration time for 0-100km/h by 32.8% 

and 12.65% than the presented EMSs in [29] and [30] 

respectively. In addition, other acceleration parameters 

reported considerable improvement than other EMS 

based on different fuzzy control approaches. 

Table 5: The system parameters of FCHEV in ADVISOR 
simulator [29 & 30] 

Parameters Value 

Fuel cell rate power (kW) 10 

Output voltage range of fuel cell (V) 40-100 

Unidirectional DC/DC converter rate power 
(kW) 

10 

Battery energy (kWh) 25.6 

Ultra-capacitor energy (Wh) 320 

Output voltage range of ultracapacitor (V) 128-288 

Bidirectional DC/DC converter  
rate power (kW) 

10 

Motor rate power (kW) 45 
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Table 6: The results of comparison of vehicle dynamic 
performance test using ADVISOR simulator 

Parameters 
The proposed 

EMS 
[29] [30] 

Acceleration time for  
0-100 km/h (s) 

8.21 13.3 9.4 

Acceleration time for  
64-97 km/h (s) 

4.86 6.9 5.2 

Acceleration time for 
0-137 km/h (s) 

22.14 31.1 26.7 

Maximum acceleration  
rate (m/s2) 

5.02 4.94 4.94 

Maximum speed (km/h) 154.12 150 150 

5. Conclusion 
In this paper, a novel EMS based on the type-II fuzzy 

control, adaptive low-pass filter, and Haar wavelet 

transform has been proposed for the fuel 

cell/battery/ultra-capacitor hybrid electric vehicle. 

Furthermore, improving durability and fuel economy in 

fuel cell systems, as research issues, have been 

investigated under valid driving conditions. 

The uncertainty on the charge state of battery and ultra-
capacitor systems made a sufficient motivation to utilize 

type-II fuzzy controllers as a simple and real-time control 
method. Therefore, the proposed EMS decomposes the 
vehicle's required power into different frequency 
components based on uncertainty over the output of the 
type-II fuzzy controllers. The adaptive  
low-pass filter filtered the high-frequency component of 
the required power signal; then, the Haar wavelet 
transform applied a pre-processing to obtain a smooth 
reference power signal as basic fuel cell power. 

A significant benefit of increasing the lifespan of 

systems under the compound driving cycle has been 

provided by the modeling of the proposed EMS 

mentioned throughout multiple distinct analyses, which 

showed fuel cell and battery systems ensured that 

transition changes never occured through the required 

power. In contrast to existing EMSs, the suggested EMS 

was able to sustain a considerable amount of hydrogen, 

which demonstrated higher fuel economy performance. 

The ADVISOR simulator evaluates the dynamic 

performance test of the FCHEV, which led into 

acceptable results when compared to other EMSs over 

the same driving cycle. 

Nomenclature    

FCHEV 
Hybrid electric vehicle with fuel 
cell/battery/ultracapacitor 

�� Equivalent resistance (Ω) 

�� Capacitor current (�) 

EMS Energy management strategy ���� Ultracapacitor SOC 

SOC State of charge ���,��� Ultracapacitor maximum voltage (�) 

� Vehicle speed (�/�) ����� Fuel cell and battery power (�) 

�� Traction force (�) ����� Fuel cell reference power (�) 

�� Friction resistance with road surface (�) Δ����� Differential of fuel cell reference power 

�� Aerodynamic drag force (�) � Time constant of the low-pass filter (�) 

�� Gravity force (�) �� Regulating frequency (Hz) 

�� Vehicle accelerate force (�) FC Fuzzy controller 

�� Rolling resistance coefficient ����
���

 Ultracapacitor reference SOC 

� Vehicle mass (��) ��
� Final corrected regulating frequency (Hz) 

� Gravity constant (�/��) Δ�� Adjusting frequency increment (Hz) 

� Road angle (Rad) � Regulatory factor 

�� Aerodynamic drag coefficient � Original signal 

� Vehicle frontal area (��) � Scale parameter 

� Air density (��/��) � Position parameter 

� 
Conversion coefficient of vehicle rotating 
mass 

� Wavelet coefficient 

�������  The battery sampling frequency (Hz) 

���� Required power of the vehicle (�) 
��  

The frequency of power demand on the 
battery (Hz) �� Efficiency of the electric motor (%) 

��� Global efficiency of fuel cell system (%) � Wavelet decomposition level  

��� Fuel cell power (�) UDDS Dynamometer Driving Schedule 

���
 Theoretical power (�) HWFET Highway Fuel Economy Test 

�� Battery output voltage (�) EUDC&ECE Extra Urban Driving Cycle 

�� Battery open voltage (�) 
���

 
Equivalent hydrogen consumption of 
FCHEV (Liter) �� Internal resistance (Ω) 
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�� Battery current (�) ���
 Hydrogen energy density (M�/��) 

���� Battery SOC ��  Equivalent factors of battery 

���(1) Initial battery SOC �� Equivalent factors of ultracapacitor 

�� Battery charge/discharge efficiency (%) 
Δ���� 

Indexed value of the difference between 
final and initial SOCb �� Battery nominal capacity (kWh) 

�� Ultracapacitor terminal voltage (�) 
Δ���� 

Indexed value of the difference between 
final and initial SOCu �� Capacitor voltage (�) 
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