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ABSTRACT 

This paper presents a fuzzy logic controller based on instantaneous Degree of Hybridization (DOH) to manage 

the energy sources of hybrid electric vehicles. Also, sequential approximate optimization in addition to trust 

region method are used to optimize the state of charge of battery (SOC), minimize the consumption of fuel and 

emissions. The proposed control strategy has been implemented on electric vehicle with parallel hybrid and tries 

to make the engine operate near the optimal point. Advanced Vehicle Simulator software (ADVISOR) is used to 

implement the control strategy. The results from this technique are compared with normal and economy modes 

to clarify the efficiency of this method. 
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INTRODUCTION 

The depletion of fossil fuels and increasing environmental pollution have prompted researchers to find 

alternative solutions such as hybrid electric vehicles. Two or more sources of power constituting the hybrid 

electric vehicles, one of them must be electrical source that acts as an electric motor or generator [1]. In hybrid 

electric vehicles, the energy management is responsible for determining the amount of energy supplied by each 

energy source[2]. Researchers have proposed several energy managements Wenran Geng et al [3] proposed a 

control technique that combine strategy of equivalent consumption minimization and dynamic programming, this 

strategy enhance fuel economy by 19.9% and showed progress in real conditions of road driving. 

Jun Hou and Ziyou Song [4] developed dynamic programming control strategy to manage the power sources and 

reduce degradation of battery life. The predictive model deals with uncertainties, reduce the energy losses, and 

handle the system constraints.  Mihael Cipek et al [5] used dynamic programming and gradient-based 

optimization algorithm to increase the globally-optimal accuracy of result and to reduce time of optimization 

execution. Jingjing Fan et al [6] proposed control strategy named efficiency-based evaluation real time (EERCS) 

this control strategy is suitable to hybrid off-road vehicles to find near-optimal fuel economy. Chen Zhao et al 

[7] have proposed a seven phase engine start control technique for minimizing consumption of fuel with single-

shaft parallel hybrid electric vehicle. They developed the proportional-integral (PI) technique with using a 

feedforward-feedback controller to follow up the demanded pressure for separating clutch. 

Gabriele Pozzato et al [8] addressed an online control strategy of hybrid electric vehicles. The objective function 

of this strategy includes battery energy consumption and aging, fuel consumption of the auxiliary power unit and 

noise emissions. The least costly function has succeeded in overcoming the problem of online control strategy. 

Marcelino Sánchez [9] proposed a control strategy depend on Pontryagin’s minimum principle combined with 

approach of Hamiltonian minimization and penalty functions, this strategy to find the energy management with 

multivariable as subjected to mixed input-state constraints. 

Alice Guille des Buttes [10] used weighted objective function and 3D dynamic programming to find the optimal 

distribution of power between electric motor and internal combustion engine. An experiment carried out on a SI 

engine to create models for catalyst heat transfers, emissions, efficiency and exhaust gas temperature. They are 

used to find trade-off between power train and efficiency emissions. Bin Shuai et al [11] presents strategy of 

control for the model-free supervisory with double Q-learning in order to improve energy efficiency of vehicle 

and keep the state of the charge within a certain limits. 

Menglin Li et al [12] proposed strategy of a hierarchical predictive energy management, this strategy based on 

driver type and behavior. To determine the driver type, the k-Nearest Neighbor (kNN) is used and to produced 

future speed, the Deep Neural Network (DNN) is used. Guoqiang Li [13] developed technique for an advantage 
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function energy with a novel integrated adaptive dynamic procedure management strategy. An integrated multi-

layer neural network is used to represent the optimize the energy management strategy and the value function. 

Bo Zhang et al [14] presents optimized control strategy with a real time, this strategy assume that battery state of 

charge during the optimization process is enough to supply the electric power. Kazem Varesi and Ahmad Radan 

[15] presents a novel technique based on particle swarm optimization method to find optimal degree of 

hybridization (DOH). The objective of this strategy is to minimize the emissions also to maximize the vehicle 

performance and fuel economy. Kazem Varesi et al [16] proposed energy management strategy based on Non-

dominated Sorting Genetic Algorithm to find optimal degree of hybridization (DOH). The aim of this strategy is 

to enhance performance and optimize fuel economy and also to minimize vehicle mass and emissions. Mauro G. 

Carignano et al [17] proposed control strategy based on dynamic programming to find optimal hybridization 

factor (HF) which is generate minimum fuel consumption. 

This paper deals with the establishment of an energy management strategy depend on the instantaneous value of 

degree of hybridization (DOH). The degree of hybridization is determined by the fuzzy logic controller, as the 

input to this controller is the driver power demand (Pd) and battery state of charge (SOC). Depending on DOH 

value, the controller will determine which of the sources will provide the vehicle with the required power and 

when the battery should be charged while ensuring that the engine operates near the optimum operating point. 

Sequential approximate optimization in combination with a genetic algorithm, has been used to optimize the 

state of charge of the battery (SOC), minimize fuel consumption and emissions. 

HEV configuration 

In this paper proposed control strategy carried on Parallel Hybrid Electric Vehicle (PHEV) with two power 

sources, electric motor (EM) and internal combustion engine (ICE) [18] as shown in Fig. 1. The vehicle 

Specifications and components are listed in Table 1. 

 

Figure 1. Parallel hybrid electric vehicle configurations. 
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Table 1. Vehicle components and Specifications. 

Parameter Value 

Vehicle 

Aerodynamic drag coefficient 

frontal area of vehicle (m2) 

Glider mass (kg) 

Cargo mass(kg) 

Wheel radius(m) 

Internal Combustion Engine 

Type 

Max. power (kW) 

Max. efficiency (%) 

Electric Motor 

Type 

 

Max. power (kW) 

Max. efficiency (%) 

 

Battery 

Type 

 

modules number  

Mass of module (kg) 

Voltage (V) 

Capacity of energy (Ah) 

 

0.335 

2 

592.4218 

 

136 

0.282 

 

Geo 1.0L (41kW) SI Engine 

41 

0.34 

AC induction motor / inverter continuous 

(Westinghouse)  

75 

0.92 

 

 

Hawker Genesis 12V26Ah10EP VRLA 

battery 

25 

11 

12 

26 

 

To compute fuel consumption and emissions during this study, the driving cycle Urban Dynamometer Driving 

Schedule (UDDS) is used, as shown in Fig. 2. 

 

Figure 2. Speed profile of the UDDS driving cycle 

Energy management strategy 

The main objective of the proposed fuzzy logic control strategy is to find the instantaneous value of DOH that 

ensure the engine will operate near optimal line show Fig. 3. The Control strategy of the HEV must ensure the 

following points: 

1. Driver requirements must be met. 

2. Battery state of charge (SOC) must be kept within certain limits. 

3. Emissions and Fuel consumption should be as low as possible. 
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Figure 3. Optimal curve of Geo 1.0L (41kW) SI Engine 

Degree of hybridization is the ratio between the electric motor power and the total power (power of SI engine 

and power of the electric motor)[15]. 

ICEEM

EM
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P
DOH

+
=

                                                              (1) 

In this research, depending on the instantaneous value of this parameter, the operation mode can be 

determined as follows: 

1. If DOH=1, the vehicle will operate according to electric drive mode. In this mode the electric motor is 

responsible for propelling the vehicle while the internal combustion engine is turned off. 

2. If DOH=0, the vehicle will operate according to normal driving mode. In this mode the internal 

combustion engine is responsible for propelling the vehicle while the electric motor is turned off. 

3. If 0< DOH <1, the vehicle will operate according to the hybrid mode. In this mode, the electric motor and 

SI engine propel the vehicle according to its available power. For example, if DOH=0.25 this means 25% 

of the power required to propel the vehicle comes from electric motor. 

4. If DOH >1or DOH <0, the vehicle will operate according to the charging mode. The power of the electric 

motor is negative in this mode. When DOH <0, the power of the internal combustion engine is greater 

than that of the electric motor, while if DOH >1 this mean the power of the internal combustion engine is 

less than that of the electric motor. In both cases, the amount of power needed to charge the battery 

depends on the excess power from the internal combustion engine and regenerative braking. 

 

Linguistic Descriptions 

In general, the linguistic description provided by the expert can be divided into two parts: 

• Linguistic variables by which both inputs and outputs of the fuzzy-logic controller can be described. 

In this paper the following linguistic variables are used: 

Pd: Driver Power Demand 

SOC: Battery state of charge 

DOH: Degree of hybridization. 
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• Linguistic values, which are the quantities that linguistic variables take and which change 

dynamically with time. The linguistic variables Pd, SOC, DOH take the following values: 

VL: “Very Large”, L: “Large”, S: “Small”, VS: “Very Small”, CVS: “Charge Very Small”, CS: “Charge 

Small”, CL: “Charge Large”, CVL: “Charge Very Large”. 

The rule base of the HEV provided by the expert can be illustrated in Table 2, membership functions of the 

proposed energy management strategy are shown in Fig. 4. 

Table 2. Rule base of the HEV. 

DOH 
SOC 

VS S L VL 

Pd 

VS CVL CL L VL 

S CS CVS L VL 

L VS S L VL 

VL VS S L VL 

 

For example, on rule base: 

If Pd is L and SOC is VS Then DOH is VS. 

If Pd is VS and SOC is VS Then DOH is CVL. 

 
 

 

 

Figure 4. Membership function of proposed control strategy. 

Charging Mode Charging Mode Hybrid Mode 
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In this strategy the input to the fuzzy controller are battery state of charge and power demand of driver (see 

Fig. 5), the output of the controller is the degree of hybridization. Based on this value, the controller will 

decide which operating mode are selected according to the rule base. 

 
 

Figure 5. Schematic of fuzzy logic control 

Sequential Approximate Optimization 

Sequential Approximate Optimization is considered one of the preferred methods in engineering applications 

due to its computational efficiency and guaranteed convergence to local optima [19]. In this paper, this 

technique was used in addition to trust region algorithm as illustrated below: 

• Consider 𝑓(𝑥) is the objective function to be minimized and x is the design variable. 

𝑓(𝑥) = 𝐹𝐶(𝑥) + 𝐻𝐶(𝑥) + 𝐶𝑂(𝑥) + 𝑁𝑂𝑥(𝑥) +
1

𝑆𝑂𝐶(𝑥)
               (1) 

The design variables x in this work are: 

- Tch: engine torque required to charge the battery (N.m). 

- SOChi: allowed highest state of charge (%). 

- SOClo: allowed lowest state of charge (%). 

- Vlaeunch: speed of electric launch (km/h). 

 

• 𝑓(𝑥) is approximated model of 𝑓(𝑥) , In this paper, the neural network method is used to represent the 

approximate model, the network consists of two hidden layers, each layer has six nodes. 

• 𝑥∗ is the solution of the next sequential step (k+1) it can be found from the following equation : 

 

𝑥∗ = ARG[min 𝑓(𝑘)(𝑥)]                                                             (2) 

 

• 𝜌𝑘 is the trust ratio between the actual reduction and predicted reduction it can be found from the 

following equation : 

 

𝜌𝑘 =
𝑓(𝑥(𝑘))−𝑓(𝑥∗)

�̃�(𝑘)(𝑥(𝑘))−�̃�(𝑘)(𝑥∗)
                                                                (3) 

 

• ∆(𝑘) is the radius of trust region. 

To update the trust region the algorithm is used: 

 𝐼𝑓 𝜌(𝑘) < 𝑘1 𝑜𝑟 𝜌(𝑘) > 𝑘3, 𝑡ℎ𝑒𝑛 ∆(𝑘+1)= min(𝑐1∆(𝑘), 𝑐3‖𝑥∗ − 𝑥(𝑘)‖) 

𝐼𝑓 𝑘2 < 𝜌(𝑘) < 𝑘3 𝑎𝑛𝑑 ‖𝑥∗ − 𝑥(𝑘)‖ = ∆(𝑘), 𝑡ℎ𝑒𝑛 ∆(𝑘+1)= 𝑐2∆(𝑘)  

𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒, ∆(𝑘+1)= ∆(𝑘) 

𝐼𝑓 𝜌(𝑘) ≤ 0, 𝑡ℎ𝑒𝑛  𝑥(𝑘+1) = 𝑥(𝑘), 

𝑒𝑙𝑠𝑒 𝑥(𝑘+1) = 𝑥∗  
The constants are chosen as[19]: 

k1=0.25, k2=0.75, k3=4, c1=0.25, c2=2 and c3=10. 

The procedure of optimization is illustrated in Fig. 6. 
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Figure 6. Flowchart of sequential approximate optimization 

 

RESULTS AND DISCUSSION 

In this paper, a control technique is proposed that depends on a parameter called the instantaneous degree of 

hybridization (DOH), where fuzzy logic was used to find the value of this parameter. The main aim of this 

strategy is to force the internal combustion engine to operate near the optimum operating line to reduce 

consumption of fuel and emissions such as CO, HC, and Nox, as well as maintaining the state of charge of 

battery within a specified range. 

The results obtained prove the merit of the proposed control strategy as most of the operating points of the 

internal combustion engine are located near the optimum operating line, as shown in Fig. 7. It is also noted that 

the control strategy in this paper is better than the default control strategies such as normal mode and efficiency 

mode, as shown in Fig. 8 and Fig. 9. 

 

Figure 7. Operating points of ICE for proposed control strategy. 
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Figure 8. Operating points of ICE for normal mode 

 

Figure 9. Operating points of ICE for efficiency mode 

Fig, 10 shows the SOC history during the driving cycle for both the proposed fuzzy logic controller, normal 

mode, and efficiency mode. It can be seen that the SOC will remain within a specified range (0.69516, 

0.703854), and this is what is required because that will extend the life of the battery. We also note that the 

proposed strategy was more successful than the other two mods in maintaining the SOC within a specified range. 
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Figure 10. The SOC history during the driving cycle 

The results obtained from using the current strategy were compared with the results of two methods, which are 

the normal mode and the efficiency mode. The data of this comparison are included in Table 3. 

Table 3. The current strategy and the other two methods results. 

 Normal Mode Efficiency Mode FLC 

FC(L/100km) 5.8 6.9 5.1 

HC(grams/km) 0.323 0.425 0.325 

CO(grams/km) 1.465 1.199 2.424 

NOx(grams/km) 0.253 0.365 0.256 

 

From the above table, we conclude that the fuel consumption of the current strategy is 12.07% less than the 

normal mode and 26.087% less than the efficiency mode. Of course, emissions are not necessarily reduced by a 

decrease in fuel consumption, because these quantities conflict with each other. Therefore, a trade-off solution 

must be found, and this is done through the use of a sequential approximation optimization (SAO) based on the 

proposed fuzzy-logic strategy, the results are listed in Table 4. 

Table 4. Optimization results. 

Optimum design variables Optimum outputs 

Vlaeunch(km/h) 26.054434 FC(L/100 km) 3.9 

Tch (N.m) 38.397828 HC(grams/km) 0.277 

SOClo (%) 0.5319 CO(grams/km) 1.307 

SOChi (%) 0.6392 NOx(grams/km) 0.18 

 

From the table, we note that fuel consumption has decreased to 3.9 L/100 km i.e., 23.53% over the fuzzy logic 

control, and that fuel consumption has decreased according to the following percentages: 

• HC 17.33% 

• CO 46.08% 

• NOx 29.69% 

 

CONCLUSIONS 

In this work, the instantaneous degree of hybridization (DOH) was found using fuzzy logic, and then through 

this parameter, a control strategy was proposed to manage the energy sources of a hybrid electric vehicle. Also, 
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sequential approximate optimization (SAO) was used to decrease emissions and minimize the fuel consumption. 

Below are the main conclusions reached in this work. 

• The proposed control strategy was efficient in managing energy between the different energy sources, and 

this is evident from the results obtained compared to the default methods. 

• The battery state of charge (SOC) is maintained between 0.69516 and 0.703854, which should extend the 

battery life. 

• Using the DOH parameter ensures that most operating points of an internal combustion engine are near the 

optimum operating line. 

• Optimum design parameters have been found that ensure fuel consumption and emissions are minimal . 
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