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 Recently, hybrid electric vehicles are increasingly being used to replace 

conventional vehicles. In this paper, a control methodology is designed that 

can reduce fuel consumption and improve the vehicle’s dynamic response. 

As the control unit based on this methodology consists of two levels, the 

first depends on the application of a rule-based strategy for energy 

management between the main components of the vehicle, and this strategy 

is based on a set of rules that are activated according to parameters such as 

vehicle speed and the battery state of charge (SOC) that control the 

activation/deactivation of the internal combustion engine (ICE), motor, and 

generator. This level also makes ICE operate at operation points with high 

efficiency, which is represented by the optimal operating line (OOL). The 

second level is called the low control level, and it consists of two 

proportional-integral (PI) controllers used to control the speed of each ICE 

and the motor to obtain the appropriate torque for both of them to drive the 

vehicle properly. The particle swarming optimization (PSO) algorithm is 

utilized to tune the parameters of the PI controllers. The obtained results 

have effectively minimized fuel consumption and improved the performance 

of the vehicle. 
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1. INTRODUCTION  

The increase in the consumption of fossil fuels by conventional vehicles, which leads to an increase 

in emissions of carbon dioxide, as transport emissions have been classified as the second-largest source of 

emissions after industrial emissions [1]. For this reason, hybrid electric vehicles (HEV) are considered an 

alternative solution to conventional vehicles. Where HEVs reduce fossil fuel consumption by making the 

internal combustion engine (ICE) operate at more efficient operation points, in addition to capturing the 

kinetic energy resulting from deceleration of the vehicle or through regenerative braking and this energy is 

stored in the battery for later use in the propulsion of the vehicle [2]. The HEVs rely on an energy 

management strategy to accomplish this task, and the energy management strategies for HEVs are divided 

into two main categories: a rule-based strategy also known as logic threshold control strategies and an 

optimization strategy [3]. 

In this article, a rule-based strategy is adopted as the energy management strategy for a  

series-parallel HEV. The rules of this rules-based strategy are built on parameters the battery charge status 

(SOC), ICE speed, and vehicle speed. Where this strategy is based on meeting the power required by the 
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driver by splitting the power between each of the ICE, motor, and generator for the purpose of making the 

ICE operates at more efficient operating points as well as maintaining the SOC in a certain range [4].  

Figure 1 shows the power flow between the main components of a series-parallel HEV. 

 

 

 
 

Figure 1. The series-parallel hybrid electric vehicle 

 

 

In study [5], a model of a series-parallel HEV was built that operates with a controller unit depends 

on the rule-based strategy. The rule-based strategy in this unit depends on the actual vehicle speed, the 

vehicle’s desired speed, and the SOC of the batteries. To reduce fuel consumption, the ICE is operated with 

high-efficiency operating points. For this purpose, was used the optimal operation line (OOL) to find the ICE 

torque at a certain ICE speed by the 1-D lookup table. As for [6], where the model of the series-parallel HEV 

contains dual planetary gear sets, and the control unit of this model uses the rule-based strategy. This strategy 

is based on the idea of energy flow according to the operating mode and SOC, where the energy required for 

the vehicle is calculated and how it is provided from the energy sources in the vehicle according to this 

strategy. In addition, in study [7] rule-based strategy is used to drive a model of a series-parallel HEV, where 

this strategy works to provide the torque required by the vehicle through a distribution between the ICE and 

motor or by the motor only, depending on the load conditions and SOC. Similarly, the study [8] also explains 

how to build a control unit to drive a series-parallel HEV using a rule-based strategy whereby this unit 

decides the vehicle’s propulsion mechanism either using the electric motor only or by the ICE and the motor 

together, these decisions are made depending on the inputs of this unit where the torque required by the 

vehicle and SOC are considered as inputs to this unit. This article also demonstrates getting the ICE to 

operate at higher efficiency points as this is done by making the torque points greater than 20% of the 

maximum torque at the set speed, as well as avoiding running the ICE at low speed. 

It has been proven in the literature that fuel consumption can be further improved by making the 

ICE operates at highly efficient operating points, in addition to build a rule-based strategy that controls the 

start/stop of the ICE at the appropriate times and not starting it when it is not needed. The contributions of 

our work can be understood by achieving improved fuel consumption by building a control unit working with 

a rule-based strategy that controls the timely ICE start/stop as well as making the ICE operates within the 

range OOL, which represents the ICE operating points with high efficiency. Therefore, a control unit will be 

set up to manage the operation of the HEV. This unit consists of two levels, the first level, the supervisory 

control level (SCL), works to improve fuel consumption by achieving the basic conditions for operating the 

ICE in highly efficient operating points, and these points are represented in the OOL, as well as avoiding 

running the ICE at low speeds. The second level is the low control level (LCL) and consists of the 

proportional-integral (PI)-controller units to control the speed of both the ICE and the motor, where the 

parameters of these units are tuned by using the practical swarm optimization algorithm (PSO) algorithm. 

The results obtained were encouraging when using these two levels of control to reduce fuel consumption on 

the one hand and obtain a good response to the system on the other. 

This article has been organized, the section 2 describes the dynamic equations of the vehicle in 

addition to describing the main components of the powertrain of the vehicle which are the ICE, motor, 

generator, and planetary gear set (PGS). While the control unit and its two levels will be explained in 

addition to describing the operation modes of the HEV, the state of charge SOC of the battery, and the rules 

of the rule-based control strategy in section 3. As for section 4, it presents the simulation results for of the 

series-parallel HEV model in terms of fuel consumption and on the one hand, it shows the system’s response 

to commands. Finally, section 5 concludes with the main findings of this research paper. 
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2. MODELLING OF HYBRID VEHICLE SYSTEM 

In this article, a vehicle of series-parallel type was selected and represented by the forward hybrid 

vehicle model is used for studying and developing a control management strategy. The model of hybrid 

vehicles includes the drive cycle, hybrid powertrain, vehicle dynamics, and control unit subsystem models. 

We will discuss the important subsystem models:  

 

2.1.  Vehicle dynamics 

To drive a vehicle, an appropriate traction force for the vehicle must be found and this force equals 

to the summation of the vehicle's resistive forces as it is being driven. These forces are aerodynamic 

resistance, rolling resistance, gradient resistance, and inertial force. So the vehicle traction equation is 

represented as (1) [9]: 

 

𝐹𝑇  = 𝐹𝐴  +  𝐹𝑅  +  𝐹𝐺 +  𝐹𝐼 (1) 

 

where the 𝐹𝑇, 𝐹𝐴, 𝐹𝑅, 𝐹𝐺 and  𝐹𝐼 are the traction force, aerodynamic resistance, rolling resistance, gradient 

resistance, and an inertial force respectively.  

 

𝐹𝐴  =  0.5𝜌𝐶𝑑 𝐴𝑓 𝑉2 (2) 

 

𝐹𝑅  =  𝐶𝑡  𝑚𝑔 𝑐𝑜𝑠𝜃 (3) 

 

𝐹𝐺 = 𝑚𝑔 𝑠𝑖𝑛 𝜃 (4) 

 

𝐹𝐼  =  𝑚
𝑑𝑉

𝑑𝑡
 (5) 

 

Vehicle parameters of the HEV model used in this article are shown in Table 1. 

 

 

Table 1. Vehicle parameters of the HEV 
Abbreviation Definition Value (Units) 

Af Vehicle frontal area 2.16 m2 

g Gravitational constant 9.81 m/s2 

ρ Air density 1.18 kg/m2 

Cd Drag coefficient 0.26 

m Total mass of the vehicle 1200 Kg 

V Speed of the vehicle m/s 

θ The slope of the road 0 radians 

Ct Wheel rolling friction coefficient 0.01 

 

 

2.2.  Powertrain of the series-parallel HEV 

2.2.1. Internal combustion engine 

The ICE is represented in MATLAB by a generic engine block from the Simulink library, it has the 

specifications in Table 2 [10]. The ICE is connected to the carrier gear of the planetary gear set. Because of 

this connection, the ICE’s power is used to propel the vehicle and to charge the batteries [7]. In addition, the 

speed of ICE affects the selection of generator specifications, because they are connected by the planetary 

gear set, and this may lead to the generator being operated at higher speeds than the designed speed when the 

appropriate speed specifications are not chosen for the generator.  

 

 

Table 1. ICE parameters 
Parameter Value 

Maximum power 11400 W 

The speed at maximum power 5000 rpm 

Maximum speed 6000 rpm 

 

 

The control unit gives commands to ON/OFF the ICE and also sets the torque value of the ICE to 

operate which ensures that the ICE operates within the OOL range [11], [12]. This torque value is chosen 

based on the ICE speed which in turn is an entry into the 1-D lookup table. This 1-D lookup table contains 
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values for the ICE’s speed and the corresponding torques that represent the OOL range. The output of this  

1-D lookup table is the torque value of the ICE which ensures that it operates within the OOL range, the 

optimal operation line OOL is shown in Figure 2. 

 

 

 
 

Figure 2. OOL of the ICE 

 

 

2.2.2. Actuators (motor/generator) 

The electric generator and motor (MG1/MG2) are represented in MATLAB/Simulink by a 

simplified permanent magnet synchronous motor (PMSM) drive block that represents a servomotor model 

with closed-loop torque control, the parameters of the MG1 and MG2 model are shown in Table 3. The MG1 

and MG2 are connected to the sun gear and the ring gear of the planetary gear set respectively. The MG1 

operates as an electric generator to charge the batteries or to give electric power to the MG2. The MG1 also 

acts as a self-starter for the ICE. While the main function of MG2 is to propel the vehicle, and the MG2 also 

acts as an electric generator when the vehicle's speed is decreasing or when the braking mode is activated. 

The control unit manages the operation of the MG1 and MG2. 

 

 

Table 3. Electric motor/generator parameters 
Parameter Motor Generator 

Vector of rotational speeds (rpm) [1200 2000 3000 4000 6000 6500 1000] [0 1200 2000 3000 4000 10000 15000] 

Vector of maximum torque values (N*m) [400 400 250 150 110 90 0 0] [400 400 250 150 110 0 0] 

 

 

2.2.3. Planetary gear set 

The series-parallel HEV contains a power split device is represented by the planetary gear set 

(PGS), which consists of three components (nodes) are the sun gear, carrier gear, and ring gear. Where the 

main components of HEV, which are the generator, ICE, and driveshaft are connected to the sun gear, carrier 

gear, and ring gear respectively. The power generated in the ICE is transmitted through PGS to each of the 

generator and driveshaft. The power of the sun gear is transmitted to the generator, where it is transformed 

into electrical power that is stored in the batteries. This path of power is called the electrical path. While the 

power of the ring gear is transmitted to the drive shaft, this power path is called the mechanical path [13]. 

Because of the existence are the PGS and connection of the MG2 with the drive shaft, the vehicle is allowed 

to use the power of the ICE and MG2 to propel the vehicle. The angular velocity of the PGS is organized 

according to (6): 

 

(𝑁𝑆 + 𝑁𝑅) 𝜔𝐼𝐶𝐸 =  𝑁𝑅  𝜔𝑀𝐺2 + 𝑁𝑆 𝜔𝑀𝐺1 (1) 

 

where the angular velocity of the motor and the torque for both the ring node and sun node are defined by: 

 

𝜔𝑀𝐺1 =  
𝑖𝑓

𝑟𝑤
𝑉 (2) 

 

𝑇𝑅 =
𝑁𝑅

𝑁𝑅+𝑁𝑆
∗ 𝑇𝐶  (3) 

 

𝑇𝑆 =
𝑁𝑆

𝑁𝑅+𝑁𝑆
∗ 𝑇𝐶  (4) 

 

In (6)-(9), NR  and NS are the number of teeth of the sun and ring gears; 𝜔𝐼𝐶𝐸 , 𝜔𝑀𝐺2 , and 𝜔𝑀𝐺1 are the 

ICE, motor, and generator angular speed; 𝑖𝑓  is final transmission gear ratio; 𝑟𝑤 is the wheel radius; 𝑉 is the 

vehicle speed; 𝑇𝑅, 𝑇𝑅 and 𝑇𝑆 are the torque of the ring gear, carrier gear, and sun gear respectively. 𝑇𝐶and 𝑇𝑆 

are equal to ICE torque and generator torque respectively. The values of the NR and NS in this HEV model are 

78 and 30 respectively. 
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3. CONTROL UNIT  

The control strategies in HEVs are the brain of the vehicle, and these control strategies manage the 

division, distribution, and capture of energy from among the energy sources present in the vehicle. Where the 

energy sources in HEVs are chemical energy contained in fossil fuels, and electric energy stored in batteries. 

In addition to the kinetic potential energy resulting from the deceleration or braking of the vehicle [4]. The 

control unit in this HEV model consists of two-level control. The first is the supervisory control level and the 

second is the low control level as shown in Figure 3. 

 

 

 
 

Figure 3. The control system of the HEV 

 

 

3.1.  The supervisory control levels 

The main objective of this control level is to obtain maximum fuel consumption economy and thus 

minimize emissions harmful to the environment. This is done by controlling the ICE ON/OFF, avoiding the 

ICE working at low speeds, and the most important thing is to make the ICE operate with high efficiency 

operating points at a certain speed. The highly efficient operating points are obtained of the ICE by 

compensating the difference torques between the current operating point and the highly efficient operating 

points at a certain speed by split power between the ICE and the motor or electric generator to compensate 

for the difference. In addition, these strategies, also use the kinetic energy resulting from deceleration or 

braking of the vehicle and store it in the form of electrical energy in the batteries [14]. As mentioned earlier 

there are two main types of energy management strategies, and in this article, the rule-based strategy was 

relied on [8]. Before explaining the performance of the rule-based strategy, HEV operating models and SOC 

cases will be explained. 

 

3.1.1. HEV operation modes 

The operation modes are divided, depending on the contribution of each ICE and motor whether to 

propel the vehicle or to charge the batteries into two main models: 

a. Single-mode: in this mode, one of these machines, either the ICE or electric motor, contributes to propel 

the vehicle or charging the batteries. This mode includes the following: i) Motor_Mode: the electric motor 

runs alone to propel the vehicle; ii) Generator_Mode: the electric motor works as a generator that 

converts the kinetic energy a result of the deceleration and braking of the vehicle into electrical energy 

and stores this energy in the batteries; and iii) Charging_Mode: ICE is operated to charge the batteries; in 

which case the vehicle is stationary. 

b. Combined-mode: in this mode, the electric motor contributes to assisting in the propulsion of the vehicle, 

while ICE works in the propulsion of the vehicle in addition to charging the batteries when there is an 

excess of energy. This mode includes the following: i) Single source_mode (SS_mode): ICE is operated 

for generating power that is greater than or equal to the power required by the vehicle. This power has 

two paths, one for the drivetrain, and the other for the electric generator, where the electric power 

transmits from the generator to the electric motor to contribute to the vehicle’s propulsion. If the electric 

power of the generator is greater than the electric power is consumed in the motor, so the remaining 

power is sent to the batteries to charge and ii) Double source_mode (DS_mode): each of the ICE and 

electric motor are operated for propulsion of the vehicle, where the power produced in two paths by ICE 

is less than the required power of the vehicle, and the difference is compensated by the electric power 

drawn from the batteries, and which is sent to the electric motor to provide the required power of the 

vehicle. 
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3.1.2. The battery state of charge 

It is the ratio of the current energy of a battery to the total energy of the battery or a measure of the 

remaining energy in the battery. SOC units are represented by percentage points such as 0%=empty of 

energy; 100%=full of energy. Where SOC is calculated by (10) [15]: 

 

𝑆𝑂𝐶 =
𝑄𝑏𝑎𝑡𝑡−∫ 𝐼𝑏𝑎𝑡𝑡(𝜏)𝑑𝜏

𝑡
𝑡𝑜

𝑄𝑏𝑎𝑡𝑡
∗ 100%   (5) 

 

where Ibatt and Qbatt are the battery current and the total capacity of the battery respectively. SOC in this 

strategy is divided into five levels are: i) SOC<10%: The ICE only operates to charge the battery;  

ii) 10%<SOC<30%: The ICE operates to charge the battery and drive the vehicle, while the motor is not 

allowed to run only to drive the vehicle at low speed because the motor takes its power from the ICE by the 

generator; iii) 30%<SOC<80%: The ICE operates only to charge the battery and to drive the vehicle, while 

the motor is allowed to run only to drive the vehicle; iv) 80%<SOC<90%: The ICE is not allowed to charge 

the battery at this level. The battery is charged through regenerative braking; and v) SOC>90%: It is not 

allowed to charge the battery at this level. The units of SOC between SOCmin=25% and SOCmax=80% are 

considered to be the best values for battery operation because they reduce premature battery aging [16], [8]. 

 

3.1.3. Rule-based control strategy 

The rule-based control strategy is a method that relies on a set of rules that are used to determine the 

appropriate operation mode among the vehicle’s operation modes. These rules are set by heuristics or 

mathematical models. This is an easy-to-implement and computationally fast strategy because it is 

implemented by lookup tables [6], [7]. The supervisory level contains entries that are processed by the rules 

in the rule-based strategy to obtain logical outputs to control the on or off of each of the ICE, motor, and 

generator. The entries include the vehicle speed, SOC, brake signal, and ICE speed. While the outputs are 

represented by a logical state (0 or 1) and include (Motor_Enable: indicates the activation of the electric 

motor when it is equal to 1), (Gen_ Enable: indicates the activation of the generator when it is equal to 1) and 

(ICE_Enable: indicates the activation of the ICE when it is equal to 1). Here we will discuss how to 

determine the operation mode of the vehicle as shown: 

a. When the brakes are energized (Brake>0), it means that the vehicle is in (Generator_mode). 

b. When the vehicle speed is less than 45 km/h and SOC is greater than the SOCmin then the vehicle here 

operates at (Motor_mode). 

c. If the vehicle stops (vehicle speed=0) and SOC is less than SOCmin this makes the vehicle enter in 

(Charging_mode). In this model, the ICE is started to charge the batteries by the electric generator, and 

here the ICE must operate within the range of the OOL, and planetary gear set (PGS) acts as a speed 

coupler because the ring is fixed in this state. This mode continues to work when there is no change in the 

inputs until the arrival of (SOC>SOCmin).  

d. When the vehicle speed exceeds 45 km/h, the vehicle enters the combined mode. This means the ICE is 

turned on (the ICE motor must be operating in the OOL range) and power flows to two paths, one of 

which transmits power to the drivetrain by PGS is the mechanical path, while the second is an electric 

path where the power is transmitted from the ICE to the generator by PGS and then from the generator to 

the motor or to the batteries. The vehicle enters (SS_mode) when the power generated by the ICE is equal 

to the power required for the vehicle, and this indicates that power in an electric path is transmitted from 

the ICE to the generator and from it to the motor only. The vehicle also remains in (SS_mode) when the 

power generated by the ICE is greater than the power required for the vehicle, and this indicates that the 

power in an electric path is transmitted from the ICE to the generator and from it to the motor and 

batteries together, where the excess power is stored as electrical energy in the batteries. While if the ICE 

power is less than the power required for the vehicle, the lack of power is compensated by the electric 

energy in the batteries, which is transferred to prepare the motor, and here the vehicle enters with 

(DS_mode). In another case in combined mode (DS_mode), when the vehicle is accelerating, the control 

unit turns off the generator and activates both the ICE and the motor to provide the required power. 

 

3.2.  Low control level based on PI controllers 

Low control level has been designed by the PI-controller. This level contains two units from the PI-

controller to control the speed for each ICE and motor. The PI-controller is a feedback control loop that 

processes the error signal [17], and the error signal is the difference between the output of a system (PV) and 

the set point (SP), as shown in Figure 4. It provides a faster response time than I-only control due to the 

addition of proportional action. PI control stops the system from fluctuating, and it is also able to return the 

system to its set point. The PI-controller in mathematical form is illustrated in (11) [10], [18]: 
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𝐶(𝑡)  = 𝐾𝑃 × 𝑒(𝑡) + 𝐾𝐼 ∫ 𝑒(𝜏)𝑑𝜏 (6) 

 

where, 𝐶(𝑡), 𝐾𝐼 , 𝐾𝑃 and 𝑒(𝑡) are the output of the controller, proportional gain constant, integral gain 

constant, and error signal respectively [19]. The error signal is given by:  

 

𝑒(𝑡) =  𝑆𝑃 –  𝑃𝑉   (7) 

 

In this article, the parameters of PI-controllers for each motor and ICE will be tuned by the PSO 

[20], [21]. The PSO described in the area of artificial intelligence (AI), is an algorithm inspired by nature, 

derived from the social behavior of organisms, such as flocks of birds, fish education, and human social 

relationships [22], [23]. The basic principle of calculating PSO is by having a large population which is 

called a swarm and every single population is called a particle. Each particle represents a potential solution to 

the problem [24], [25]. These particles will move in the search space according to some basic formulas. The 

movement of each particle in the search space is directed through, firstly the position indicated by its best 

position resulting from its own experience, and secondly by the best position of the entire swarm, as shown in 

Figure 5. The movements of the swarm in each stage are at the optimal positions that were found in the 

previous iteration, and thus the swarm search will be in smaller areas than the previous areas, which leads to 

the approach of the swarm to the optimal solution [26]. In this article, the PI controller uses the PSO 

algorithm to tune its parameters, since P and I are used in the PI controller therefore each particle in the 

search space has two dimensions. The velocity and the position of the particle are updated after each iteration 

by the (13) and (14) [27]–[29]: 

 

𝑣𝐼
𝑘+1 = 𝑤𝑣𝐼

𝑘 + 𝑐1𝑟1[𝑃𝑏𝑒𝑠𝑡,𝐼
𝑘 − 𝑥𝐼

𝑘] + 𝑐2𝑟2[𝐺𝑏𝑒𝑠𝑡
𝑘 − 𝑥𝐼

𝑘] (8) 

 

𝑥𝐼
𝑘+1 = 𝑥𝐼

𝑘 + 𝑣𝐼
𝑘+1  (9) 

 

where, 𝑘: iterations pointer, 𝑣𝐼
𝑘 = (𝑣𝑖1

𝑘 , 𝑣𝑖2
𝑘 , … , 𝑣𝑖𝑑

𝑘 , … , 𝑣𝑖𝑛
𝑘 ), 𝑣𝐼

𝑘 is the velocity of the 𝑖-th particle at 𝑘-th 

iteration, 𝑣𝑖𝑑
𝑘  is the velocity of the 𝑖-th particle at 𝑑-th dimension and 𝑘-th iteration, 𝑥𝐼

𝑘 =

(𝑥𝑖1
𝑘 , 𝑥𝑖2

𝑘 , , … , 𝑥𝑖𝑑
𝑘 … , 𝑥𝑖𝑛

𝑘 ), 𝑥𝐼
𝑘 is the position of the 𝑖-th particle at 𝑘-th iteration, 𝑥𝑖𝑑

𝑘  is the position of the 𝑖-th 

particle at 𝑑-th dimension and 𝑘-th iteration, 𝑃𝑏𝑒𝑠𝑡,𝐼
𝑘 : Personal best position of the 𝑖-th particle at 𝑘-th iteration, 

𝐺𝑏𝑒𝑠𝑡
𝑘  is the global best position of the particle in the swarm at 𝑘-th iteration, 𝑐1, 𝑐2 is acceleration factors 

(positive constant), or Cognitive and social parameters respectively, 𝑟1, 𝑟2 is random coefficients, where the 

value of these coefficients is between 0-1, and 𝑤: Inertia weight. It is used to control the previous velocity. 

For the swarm has N particles and the best position of the particle and the best position of the swarm 

are updated after each iteration by using (15) and (16) respectively Whereas 𝑓 in these equations denotes the 

cost function. The cost function is a mathematical equation for measuring and evaluating the performance of 

a particle in a swarm, and in this article, the integral absolute error (IAE) was used as the cost function which 

is one of the most common performance parameters used in a proportional-integral–differential (PID) 

controller, the IAE formula is shown in (17). 

 

𝑃𝑏𝑒𝑠𝑡,𝐼
𝑘+1 = {

 𝑃𝑏𝑒𝑠𝑡,𝐼
𝑘     𝑖𝑓       𝑓(𝑥𝐼

𝑘+1) > 𝑓(𝑃𝑏𝑒𝑠𝑡,𝐼
𝑘 )

  𝑥𝐼
𝑘+1     𝑖𝑓       𝑓(𝑥𝐼

𝑘+1) ≤ 𝑓(𝑃𝑏𝑒𝑠𝑡,𝐼
𝑘 )

 (15) 

 

𝑓(𝐺𝑏𝑒𝑠𝑡
𝑘+1) = 𝑀𝑖𝑛(𝑓(𝐺𝑏𝑒𝑠𝑡

𝑘 ), 𝑓(𝑃𝑏𝑒𝑠𝑡,1
𝑘+1 ), 𝑓(𝑃𝑏𝑒𝑠𝑡,2

𝑘+1 ), … , 𝑓(𝑃𝑏𝑒𝑠𝑡,𝑁
𝑘+1 )) (16) 

 

𝐼𝐴𝐸 = ∫ |𝑟(𝑡) − 𝑦(𝑡)|𝑑𝑡
𝑇

0
= ∫ |𝑒(𝑡)|𝑑𝑡

𝑇

0
 (17) 

 

 

 
 

Figure 4. PI-controller unit 
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Figure 5. The velocity vector and the position vector for PSO 

 

 

4. SIMULATION RESULTS  

The simulation was carried out on a series-parallel HEV model by MATLAB/Simulink (2019 b) 

environment. Where the new European driving cycle (NEDC standards) was used as the driving cycle in this 

simulation, the NEDC consists of two parts: the urban driving cycle (UDC) repeat 4 times, during the period 

from 0 seconds to 780 seconds and has a top speed of 50 km/h, and extra urban driving cycle (EUDC) is 

plotted from 780 seconds to 1,180 seconds and has a top speed of 120 km/h, as shown in Figure 6. The 

driving cycle block contains PI-controller to handle the difference between the required speed of the driving 

cycle and the actual vehicle speed. The signal generated by this unit is sent to the control unit. 

 

 

 
 

Figure 6. New European driving cycle (NEDC standards) 

 

 

In this simulation, the control unit of the HEV, which had two levels of control, is studied and 

analyzed. The functions of the supervisory control level are to determine the torque value of the generator to 

make the ICE operate within the OOL range, evaluate the value of the reference speed of the ICE and motor, 

check the operating conditions in the Motor_mode, and finally manage the ON/OFF of both the ICE, motor, 

and generator. To make the ICE operate within the range of the OOL, this is done by setting the torque values 

of the ICE from among the torque values in the range of the OOL. This value is extracted by the 1-D lookup 

table block, which contains the points of OOL, where the input of this block is the required ICE speed and 

the output of this block is the torque value of the ICE, which is belonging to the range of the OOL. The 

extracted ICE torque value is used to obtain the required generator torque through (9), and this generator 

torque value is calculated using the supervisory control level. As for the PI-controller of the ICE to handle 

the difference between the required speed of the ICE and the actual speed. The required ICE speed is 

determined by matching the signal generated in the drive cycle to the ICE speed using the 1-D lookup table 

block in MATLAB/Simulink, and also the PI-controller of the motor is handling the difference between the 

required motor speed and the actual motor speed. The required motor speed is determined by using (7), 

where V in this equation is the required speed in the drive cycle. While the function of checking operating 

conditions in Motor_mode is to compare the power required by the vehicle at the speed under 45 km/h with 
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the maximum power of the motor at a certain speed. If the power of the motor is greater than the power 

required by the vehicle and the vehicle speed is under 45 km/h, then the output of this unit is (EV_Mode=1) 

or otherwise, it is (EV_Mode=0), and this function determines whether the motor can operate alone at the 

Motor_mode. 

The last and important function of the supervisory control level is the ON/OFF management of the 

ICE, motor, and generator. This is done by applying the rules of the rule-based strategy to assign the vehicle's 

operating mode, as each mode contains a specific mechanism is done by turning on-off each of the ICE, 

motor, and generator. The unit that contains this function is called the ON/OFF management unit, it has the 

entries: vehicle speed, SOC, EV_Mode, ICE speed, and braking. Whereas its outputs are the ICE-Enable, 

Mot-Enable, and Gen_Enable. Figures 7 and 8 represent the state of the inputs and outputs of the ON/OFF 

management unit in this simulation. 

 

 

 
 

Figure 7. The inputs of the ON/OFF management unit 

 

 

 
 

Figure 8. The outputs of the ON/OFF management unit 

 

 

During the NEDC the vehicle traveled a distance of 10.9 km. Which the vehicle traveled a distance 

of 2.461 km and it was operating in the single-mode. While the vehicle was operating in the combined-mode 

in the remaining distance. We find this clear by watching the outputs of the ON/OFF management unit. We 

notice that the motor operates throughout the trip, while the ICE operates at certain stages, and these stages 

are in which the vehicle operates in the combined-mode, and what remains represents the single-mode by 

operating the motor only, whether to propel the vehicle or re-capture kinetic energy when the decelerated 

vehicle. The fuel consumed in the vehicle is measured using 2-D lookup tables, where the values of the 

torque and rotational speed of the ICE represent the two dimensions of this table. The 2-D lookup table also 

contains the values of the fuel mass flow rate [g/s] for each value of the torque and rotational speed of the 
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ICE. Where the amount of fuel consumed is calculated by the integration process for the fuel mass flow rate 

[g/s] during the driving period. In this way, the fuel consumption of the HEV model was measured during the 

simulation, as the vehicle consumed about 0.4702 liters of fuel during this trip. It is noted that SOC during 

the driving cycle passed through different stages, including the stages of discharging and charging. Whereas, 

the value of the SOC at the start of the simulation is 85% and SOC during the drive cycle was higher than the 

lower bound the SOCmin. In this simulation, PSO was used to tune the parameters of PI-controller units for 

the ICE and motor. Where the PSO parameters used for the PI controller for both the ICE and motor are 

shown in Table 4. 

Figure 9 compares the actual ICE speed using the PI-controller, where its parameters were tuned by 

using the Simulink discrete PID controller block and the PID tuner tool. The Simulink PID controller design 

model is used for this purpose [30], [10], and their values were (Kp=0.02, Ki=0.01), and the actual ICE speed 

using the PI-controller whose parameters were tuned by the PSO algorithm and its values were (Kp=0.06, 

Ki=0.06). Where the drawing also contains the required speed of the motor. We note when using the PSO 

algorithm, there was an improvement in response and enhancement of the dynamic performance of the 

system, as well as a slight improvement in terms of fuel consumption. Where the vehicle consumed about 

0.4701 litter fuel during this trip when using the PSO algorithm to tune PI-controller parameters. Figure 10 

compares the actual motor speeds resulting from the use of the PI-controller, whose parameters are tuned by 

the two methods mentioned above, where the values of the parameters of the first method were (Kp=500 and 

KI=300), while the values of the parameters by using the PSO algorithm were (Kp=864.8098 and 

KI=869.8186). We also notice an improvement in the response of the system. 

 

 

Table 4. The PSO parameters of the PI-controller for the ICE and motor 
 Pop size iteration 𝑐1 𝑐2 Search space 𝑤 

ICE 20 20 1.5 1.5 [0.01,0.06] 0.729 

Motor 20 20 1.5 1.5 [820,875] 0.729 

 

 

 
 

Figure 9. Speed controller signals of the ICE 

 

 

 
 

Figure 10. Speed controller signals of the motor 
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Table 5 demonstrates a comparison between the fuel consumption of the model of the HEV when 

the ON/OFF management unit is activated and when it is deactivated during the drive of the HEV model by 

the NEDC. It was noted that the fuel in the case of deactivated the ON/OFF management unit is consumed 

more. Where the amount of fuel consumed in the case of deactivation is approximately 1.38 times the fuel 

consumed in the case of activating the unit. The reason is due to the ICE’s contribution over the cycle to 

propel and feed the motor with energy through the generator. 

 

 

Table 5. The fuel consumption of the HEV 
ON/OFF management unit Activate Deactivate 

Total fuel used (Litter) 0.4702 0.6507 

 

 

5. CONCLUSION  

The control unit was built in a series-parallel HEV model that works to meet the energy required by 

dividing the energy between the sources in the HEV, which reduces fuel consumption and improves the 

performance of the vehicle. This unit has two levels of control, firstly, the SCL which is built based on the 

rule-based strategy that is easy to implement and computationally fast. Additionally, to make the ICE 

operates within the range of the OOL. It is assumed that the ICE does not operate at low efficiency operating 

points as this leads to fuel consumption. Therefore, it must be made to operate at highly efficient operating 

points represented by the OOL and operates only when needed. The appropriate HEV operation modes are 

chosen to achieve the required power from the vehicle as well as reduce fuel consumption, for example, the 

vehicle should only rely on the motor to drive when the required power of the vehicle is less than the 

maximum motor power and the SOC is within the permissible. The second level is the LCL, which is 

composed of two PI-controller units for each ICE and motor, and to obtain a convenient approach to tune the 

parameters of the PI controller, the PSO algorithm was used, which works effectively to improve the overall 

performance in terms of fuel consumption and system response. 
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