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Abstract: Plug-in hybrid electric vehicles (PHEV) provide an appealing choice over conventional vehicles by reducing 
emissions and fuel consumption. This work provides an efficient methodology to improve the energy utilization 
efficiency of PHEV power train using fuzzy logic. The design of fuzzy logic controllers is responsible for the power split 
control between IC engine and electric motor in hybrid mode and gear shifting control of the IC engine. The 
effectiveness of the proposed methodology is further illustrated using the result comparison with fuel consumption and 
emission levels with and without the fuzzy controllers with the help of the ADVISOR tool of MATLAB software, which 
is utilised in benchmark studies to evaluate fuel consumption and emissions. Parameters such as torque required, 
state of charge, effective engine speed, and engine temperature are considered for efficient energy utilization. The 
efficacy of the proposed method clearly shows considerable reduction in fuel consumption and unburned 
hydrocarbons, nitrogen oxide (NOx) emissions under the Urban Dynamic Driving Schedule (UDDS). 
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1. INTRODUCTION 

Eco friendly vehicles are the only option in this era where strict emission restrictions are in place. To this end, vehicles 

have been manufactured with various new technologies, different fuels, and sophisticated controls [1]. Efforts have 

also been made in the direction of bringing up control strategies for gear shifting of the conventional IC engines so 

that the fuel consumption is drastically reduced and so are the emissions. Hybrid electric technologies prove to be a 

great step in this effort. Of all these, plug-in hybrid electric vehicles (PHEV) are the most desirable options that help 

in reducing overall fuel consumption and keeping the emissions at a very low value [2,3]. 

An attempt has been made by Eckert et al. [1] to develop an optimum fuzzy control designed for conventional vehicles 

gear shifting mechanism. It was aimed at reducing fuel consumption and decreasing the emissions of greenhouse 

gases like hydrocarbons (HC), carbon monoxide (CO) and nitrogen oxides (NOx). When PHEV is combined with 

alternative gear shifting control resulted in fuel economy and reduction in CO, NOx, and HC considerably, in 

comparison to a vehicle with IC engine [2]. Various strategies involving minimizing fuel usage for PHEVs that 

employed dynamic programming are aimed at finding optimal charge of battery that is based on path traffic and driving 

cycles [3,4]. 

Strategies for optimal utilization of energy in hybrid electric vehicles are addressed in [5]. Particle swarm optimization 

algorithm has been used by Zeng et al. [6] to optimize the energy that is consumed by IC engine and electric motor 

for better power management in PHEVs. A proportional-integral feedback controller has been used in [7] that aims at 

improving gear shifting mechanism of various PHEV configurations. Similarly, the effect of greenhouse gases that are 

emitted because of IC engine are also researched extensively in PHEVs [8-10]. Various methods have opted for 

model predictive control approach for PHEVs considering driving patterns to reduce emissions and fuel usage [11]. 

All these works concentrate in the improvement of energy efficiency of the PHEV, but not all factors are considered 

together. This work aims at providing a simple and efficient strategy in terms of efficient utilisation of the resources 

present in a PHEV, aiming at reduced fuel consumption and decreased emissions. Fuzzy logic controllers are 

designed separately for engine/electric motor power split control strategy and Gear shift control strategy of the IC 

engine. Moreover, the effectiveness of the proposed methodology is further illustrated using the result comparison 

with fuel consumption and emission levels with and without the Fuzzy controllers with the help of ADVISOR tool of 

MATLAB software, that serves as basis for various benchmark studies to evaluate fuel usage and emissions. This is 

used in proving the reduced fuel consumption and decreased emissions, for different configurations of PHEVs. 
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The paper is organized as follows. The following section provides the description of the dynamics of PHEVs 

considered in this work. Section 3 explains the design of the developed fuzzy logic controller with rules framed. The 

next section gives an idea of NREL’s ADVISOR tool and its usage on this work. The last section provides the 

simulation results and discussion. 

2. PHEV DYNAMICS 

A PHEV is an aggregation of IC engine and electric motor powered by a battery that is rechargeable.   The battery in 

PHEV can support fully for small range of distance and for long distances, it is necessarily hybrid. On the whole, 

PHEVs have an extended range capability compared to hybrid vehicles. Despite so many advantages, its behaviour 

is nonlinear and not predictable. So, efficient energy utilization strategy is required to decide the share of power 

contribution by both electric motor and IC engine, simultaneously aim at reducing fuel usage and reducing harmful 

emissions. 

This work considers a parallel PHEV configuration, where the front wheels are propelled by the IC engine and rear 

wheels by the in-wheel electric motors. The wheels’ traction torque is responsible for deciding the sharing of power 

between electric motor and the IC engine. 

The expression for the required torque Treq is given by Eq. 1 

         (1) 

Where, r is dynamic radius 

Rx is rolling resistance 

DA is vehicle aerodynamic drag 

M is Mass displacement inertia 

areq is required acceleration 

and, 

           (2) 

          (3) 

V is vehicle speed 

ρ is air density 

Af is vehicle frontal area 

CD is drag coefficient 

The value of r is given by Eq. 4, it depends mostly on its geometric radius rg, also corrected by the kv factor, which 

varies according to the vehicle speed. 

         (4) 

The total torque required would be the aggregate of frontal and rear wheels torques given by Eq. 5. 

         (5) 

3. DESIGN OF FUZZY LOGIC CONTROLLERS 

Fuzzy logic controllers are more popularly used for nonlinear systems lacking parametric expressions. Different fields 

in engineering have vast usage of fuzzy systems [15-19]. The objectives of the current work are to have intelligent 

control of power split mechanism between IC engine and electric motor, also to have an efficient gear shifting strategy 

whenever IC engine is in use. The Mamdani method of inferencing is chosen in this study as it can handle non-linear 
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systems like PHEV. Power split control technique aims at splitting the power to be drawn by the drive train from the 

IC engine and electric motor to reduce fuel usage and emissions in PHEVs. Gear shift control technique aims at the 

usage of appropriate gears to reduce emissions while the IC engine is in use. The trapezoidal linear membership 

functions are utilized to design the controllers as they have controlled linear characteristics. 

3.1 Power split control 

The power-split control helps in sharing the power between IC engine and Electric motor. As the power to be split 

depends on the charge available in the battery and other factors like output torque required and the temperature of 

the IC engine, these three are considered as input variables (Treq – Torque required, SoC – Battery state of charge, 

TempICE – Engine temperature) for the power split fuzzy logic controller. The first input variable, value of Treq is 

chosen in the range of 0 to 100 Nm. The second input to the controller is SoC, that is necessary to determine if the 

electric motor will be to drive the vehicle. A minimum charge of 40% is considered for battery SoC, beyond which 

electric motor cannot power the PHEV drive train and the IC engine take over. At this point, IC engine takes over and 

its temperature serves as the final input to the controller, as the emissions of a cold start vehicle are more prominent 

in the considered driving cycle. 

The output of the designed fuzzy controller is the value of Pc, that varies between 0 and 1, indicating the share of 

torque or power required from electric motor, as indicated by equation (6). The rest of the torque or power is 

contributed by the IC engine, given by equation (7) . 

          (6) 

          (7) 

The fuzzy logic controller for the power split control strategy is designed to have a rule base with 27 rules, as shown 

in Table. All the three input variables are divided into three membership functions each, which are divided into small 

medium and large. Based on the combination of input variables condition, and from the knowledge base driven by 

domain experience, the rules are designed. For example, Rule number 27can be explained as follows, if the state of 

charge is high, the temperature of the IC engine is high, and the torque required is also high, then to reduce fuel 

consumption and emissions, the electric motor should supply more torque. So, the PC value should be high. That is 

the contribution from electric motor should be high. 

Table 1. Fuzzy rules for power split control strategy 

Power Split Control (PC) (Output) 
Torque Required (Input) 

Treq (L) Treq (M) Treq (H) 
Battery State of charge (Input) IC Engine Temperature (Input) 

SoC(L) 

TempICE
 (L) PC (L) PC (L) PC (L) 

TempICE
 (M) PC (L) PC (L) PC (M) 

TempICE
 (H) PC (M) PC (M) PC (H) 

SoC(M) 

TempICE
 (L) PC (M) PC (M) PC (H) 

TempICE
 (M) PC (M) PC (H) PC (H) 

TempICE
 (H) PC (H) PC (H) PC (H) 

SoC(H) 

TempICE
 (L) PC (M) PC (H) PC (H) 

TempICE
 (M) PC (H) PC (H) PC (H) 

TempICE
 (H) PC (H) PC (H) PC (H) 

3.2 Gear shift control 

In order to have efficient fuel usage and to reduce exhaust emissions during IC engine’s turn to drive the PHEV, the 

gear shift control helps in deciding the gear shifting towards upward or downward directions. This is essential to run 

the vehicle efficiently with IC engine, when the battery SoC is minimum. The input variables that decide the control of 

the gear shift are Treq – Torque required, ωICE eff – Effective engine speed and TempICE – Engine temperature. Thus, 
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the fuzzy logic controller can decide upon shifting of gear during cold start and heat run periods. During cold start, 

emissions are crucial in deciding the gear shifts, and when the engine is hot, it is the fuel usage that is optimized. The 

range of the engine speed is considered from 94 rad/s to 681 rad/s.  The fuzzy output Gc is defuzzified as follows. 

The fuzzy output is compared to the lower limit Li and the upper limit Ls, and the upward or downward shift of gear is 

decided based on equation (8). The fuzzy rule base for the gear shift control is designed with 27 rules which are 

shown in Table 2. 

       (8) 

Table 2. Fuzzy rules for gear shift control strategy 

Gear Shift Control (GC) (Output) 
IC Engine Temperature (Input) 

Torque Required (Input) Vehicle Speed (Input) 
TempICE

(L) TempICE
 (M) TempICE

 (H) 

Treq (L) 

ωICE eff (L) GC (L) GC (L) GC (M) 

ωICE eff (M) GC (M) GC (M) GC (H) 

ωICE eff (H) GC (M) GC (H) GC (H) 

Treq (M) 

ωICE eff (L) GC (L) GC (M) GC (H) 

ωICE eff (M) GC (L) GC (L) GC (M) 

ωICE eff (H) GC (L) GC (M) GC (H) 

Treq (H) 

ωICE eff (L) GC (M) GC (M) GC (H) 

ωICE eff (M) GC (L) GC (M) GC (H) 

ωICE eff (H) GC (L) GC (M) GC (M) 

4. ADVISOR TOOL 

4.1 Driving cycles 

A driving cycle is a series of data points representing the speed of a vehicle versus time. Drive cycles are used to 

simulate through software, the road conditions like torque requirements, speed requirement in a given time period to 

reduce the cost of expensive physical run tests. In this study the UDDS (Urban Dynamometer Driving Schedule) 

driving cycle is considered for the simulation. This test is generally used for light weight vehicles testing. The following 

figure depicts the time v/s speed graph for UDDS driving cycle. 
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Figure 1. UDDS driving cycle 

ADVISOR (Advanced Vehicle Simulator) is an application of NREL (National Renewable Energy Laboratory) [20], it 

is a set of model, data, and script text files, that can be used in conjunction with MATLAB and Simulink. This 

application is used for fast investigation of the working of different types of vehicles like conventional, electric, and 

hybrid vehicles. Certain drive train profiles created by the user also can be simulated easily in this software. The 

specifications of the PHEV and its components are listed in Table 3 and Table 4. 

Table 3. Hybrid Vehicle base component values 

Parameter Advisor file name Specifications 

Engine power FC_SI41_emis 41kW 

Motor power MC_AC75 75kW AC induction motor 

Energy storage ESS_PB25 12V, 26Ah, 10EP VRLA battery 

Transmission TX_5SPD 5-speed transmission 

Table 4. Hybrid Vehicle parameters 

Parameter Value 

Aerodynamic drag coefficient 0.335 

Wheel radius 0.282m 

Initial state of charge 0.8 

Vehicle mass (calculated) 1659kg 

Cargo mass 445 kg 

 

5. SIMULATION RESULTS AND DISCUSSION 

The PHEVs are simulated using ADVISOR for different power train approaches like Conventional, Parallel Hybrid 

Electric Vehicle without Power split and Parallel Hybrid Electric Vehicle with Power split. 

5.1 Conventional Vehicle 

From the ADVISOR Vehicle input GUI select the Powertrain configuration as Conventional and the appropriate 

component values are selected. The corresponding results are illustrated in Figure 2. The Fuel consumptions for a 

distance of 12.2 km has come out to 7.5 Litres for 100km and emissions in grams per kilometre are 0.39, 2.501 and 

0.335 of HC, CO and NOx respectively. 

 
Figure 2. Results of Conventional Vehicle 
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Torque curve for the given driving cycle as shown in figure 3. 

 
Figure 3. Torque vs Time graph for one driving cycle 

The range of parameters considered for simulation are, the range of torque is 0–100 Nm, the range of temperature is 

20–100 °C, and the range of the state of charge is 0.4–0.8. 

One driving cycle is divided into 14 sections and simulated for every section, with the corresponding values of various 

parameters are calculated and tabulated as shown. 

Table 5. Results of Conventional vehicle 

 

Net Fuel = fuel consumption from starting to corresponding section. 

Current Fuel= fuel consumption in that corresponding section. 

From above case Total fuel consumption and emissions for 12km distance are: 

Total fuel consumption = 0.9 lit 

Total hydrocarbon (HC) emissions = 4.7458 grams 

Total carbon monoxide (CO) emissions =30.1218 grams 
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Total nitrogen oxide (NOx) emissions =4.0748 grams 

5.2 Parallel Hybrid Vehicle (without fuzzy controller) 

Select the parallel powertrain configuration from the ADVISOR vehicle input GUI and the appropriate component 

values are selected. The number of driving cycles and the initial conditions are selected, and initial state of charge as 

0.8 is considered. The corresponding results are illustrated in Figure 3. The Fuel consumptions for a distance of 12 

km has come out to 5.2 Litres for 100km and emissions in grams per kilometre are 0.284, 1.34 and 0.197 of HC, CO 

and NOx respectively. The values of all other parameters in one driving cycle are listed in Table 6. 

 
Figure 4. Results window of Parallel Hybrid Electric Vehicle 

Table 6. Parallel Hybrid Electric vehicle (without fuzzy controller) 

 

From above case Total fuel consumption and emissions for 12km distance are: 

Total fuel consumption = 0.624 lit 

Total hydrocarbon (HC) emissions = 3.408 grams 

Total carbon monoxide (CO) emissions = 16.08 grams 

Total nitrogen oxide (NOx) emissions = 2.364 grams 

Final state of charge (SOC) remained = 0.68 
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5.3 Parallel Hybrid Vehicle (with fuzzy controller): 

Select the parallel powertrain configuration from the ADVISOR vehicle input GUI and the appropriate component 

values are selected. The number of driving cycles and the initial conditions are selected, and initial state of charge as 

0.8 is considered. 

The fuel converter torque scale and motor controller torque scale are modified to divide the torque split between the 

motor and engine. The torque supplied by the motor and engine can be regulated using these values. The current 

SOC, torque required, and engine temperature are all considered when determining the power split. The fuzzy 

controller's input parameters are converted into a crisp value. It will determine the power split for the motor (based on 

equations 9 and 10) and engine. 

The fuzzy controller output is illustrated using an example. If the initial SOC is 0.8, the engine temperature is 20°C, 

and the required torque is 38.635 Nm, based on the designed fuzzy rules (Table 1), the controller produces the output 

as displayed in Figure 5. Here it gives the fuzzy output as 0.644. So, load the Electric motor to supply 64.4% torque 

and remaining by Engine. 

 
Figure 5. Fuzzy outputs for Power split control 

The corresponding results are illustrated in Figure 5. The Fuel consumptions for a distance of 12 km has come out to 

3.7 Litres for 100km and emissions in grams per kilometre are 0.13, 1.999 and 0.127 of HC, CO and NOx respectively.  

The values of all other parameters in one driving cycle are listed in Table 7. 
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Figure 5. Result figure of HEV with power split 

Table 7. Hybrid Electric vehicle (with fuzzy controller) 

 

From above case Total fuel consumption and emissions for 12km distance are: 

Total fuel consumption = 0.444 lit 

Total hydrocarbon (HC) emissions = 1.5 grams 

Total carbon monoxide (CO) emissions = 21.84152 grams 

Total nitrogen oxide (NOx) emissions = 1.416 grams 

Final state of charge (SOC) remained = 0.59 

The relative comparison of conventional, parallel hybrid vehicle (without fuzzy controller) and parallel hybrid vehicle 

(with fuzzy controller for power split) are illustrated in Table 8. 

Table 8. Fuel consumption and Emission comparison 

Vehicle Type Fuel Consumption (litres) 
Emissions (grams) 

HC CO NOx 

Conventional Vehicle 

(Only IC engine) 
0.9 4.7458 30.1218 1.0748 

Parallel HEV 

(without Power split control) 
0.624 3.408 16.08 2.364 

Parallel HEV 

(with Fuzzy Power split control) 
0.444 1.5 21.84152 1.416 

It is clear from the above results that fuel consumption is 28.84% less in Parallel HEV (with power split) compared 

with Parallel HEV (without fuzzy controller). Fuel consumption of Parallel HEV (with fuzzy controller) is 50.66% less 

compared with Conventional Vehicle. It is clear from the above results that fuel consumption is 30.66% less in Parallel 

HEV (without fuzzy controller) compared with Conventional vehicle. 

From the results emissions in Parallel HEV (without fuzzy controller) are 28.18% of HC, 46.61% of CO and 41.98% 

of NOx less compared with Conventional vehicle. From the results Emissions in Parallel HEV (with fuzzy controller) 

are 68.39% of HC, 27.48% of CO and 65.24% of NOx less compared with Conventional vehicle. From the results, 

emissions in Parallel HEV (with fuzzy controller) are 55.98% of HC, 65.24% of NOx less compared with Parallel HEV 

(without fuzzy controller). 

6. CONCLUSION 

A fuzzy logic-based torque control strategy using power split for the plug-in parallel hybrid electric vehicle has been 

designed. The simulation results show that the adaptive ability of the fuzzy logic torque control give better results in 

fuel consumption and emissions. In this work it concludes that fuzzy logic power split control decides the torque control 

between the electric motor and combustion engine, which predominantly saves the fuel and reduces the emissions. 

The threat to the environment and the burning of fossil fuels, which are harmful to the environment, can be reduced. 
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