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power, traction motor power and battery capacity on fuel consumption, electric
consumption and carbon oxide emission is studied using AUTONOMIE. The simulation
is designed and run using AUTONOMIE with example of commands used in MATLAB.
The overall simulation results show that the fuel consumption decreases as the motor
power increases with the same battery capacity and engine power. In additions, the
simulation results also show that the electric and fuel consumptions are contrary to
each other. Meanwhile, the carbon oxide emission and fuel consumption increase

following each other’s.
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1. Introduction

Nowadays, electric vehicle (EV) is one of the alternatives for reducing the dependency on
petroleum in the transportation system. Hybrid electric vehicles (HEV) and plug-in hybrid electric
vehicles (PHEV) are an example of popular EV. HEV is the combination of both the technology from
electric vehicle and conventional internal combustion engine (ICE) platforms. The propulsion in HEV
uses ICE and electrical system (electric motor and battery). Meanwhile, PHEV is a HEV with
rechargeable battery pack installed in the architecture of vehicle powertrain. The main difference
between HEV and PHEV is the battery capacity, where PHEV has a larger battery capacity compared
to HEV [1]. Vajedi et al., [2] and Shahverdi et al., [3] stated that the powertrain components; battery
cells, the engine power and the traction motor power, have significant effect on performances of the
PHEV. These three powertrain components are the main contribution on fuel consumption of the
vehicle. The Autonomie software is built based on MATLAB and Simulink, which is a high- fidelity
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vehicle-modeling environment for MATLAB/Simulink developed by ANL. Most of the research used
Autonomie software to build and simulate the model of electric vehicle [2-12]. The software is
preferred by the researchers because it provides a library of the vehicle system and component
models, primarily based on experimental data, created at the Argonne National Library (ANL) [13].
The most common used of PHEV and HEV model for simulation purposed are based on the Toyota
Prius [13-20].

This paper studies the effect of powertrain components on minimizing fuel consumption, electric
consumption and emission. The different sizes of engine power, traction motor power and battery
capacity are chosen as the parameters of the powertrain components. The rest of the paper is
organized as follows, In Section 2, the uses of power split PHEV and input variable named in
Autonomie are described. Section 3 introduces the drive cycle used in the simulation. The explanation
of the simulation is given in Section 4. Results and discussion of the simulation are presented in
Section 5 and finally, the conclusions come in Section 6.

2. Power Split Phew in Autonomie

In this study, the default PHEV model in Autonomie is used as a baseline vehicle platform to study
the effect of PHEV powertrains on fuel consumption, emission and electric consumption. The default
PHEV model, namely as plug-in Prius is a model of two wheel drive default model of the hybrid
powertrain system with power-split architecture, which is based on 2004 Prius model. Figure 1
shows the baseline vehicle component models in the Autonomie software.

The different values of parameter for selected powertrains such as engine power, motor power
and battery capacity are used. Table 1 show the input variable name used in Autonomie while Table
2 shows the parameter value of the powertrain. The default value of the parameter is the default
value obtained from Autonomie for Prius model.
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Fig. 1. Baseline vehicle component models in the Autonomie software
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Table 1
Input variable name used in Autonomie
Variable name Description
veh.plant.init.mass Mass of vehicle
eng.plant.scale.pwr_max_des Maximal engine power
mot.plant.scale.pwr_max_des Maximal motor power
ess.plant.scale.cap_max_des Maximal battery capacity
ess.plant.init.soc_init Initial State of Charge (SOC) of the battery pack
ess.plant.init.soc_min Minimum SOC of the battery
ess.plant.init.soc_max Maximum SOC of the battery
Table 2
Parameters value of the powertrain
Variable name Value Default
Maximal engine 20, 30, 40, 50, 60, 70 94.803
power, Pe (kWh) ,80and 90
Maximal motor 20, 30, 40, 50, 60 and
power, Pm (kWh) 70 65.677
Maximal battery
capacity, Be (Ah) 10, 20, 30, 40 and 50 39.449
Initial SOC - 0.9
Minimum SOC - 0.2
Maximum SOC - 0.9

3. Drive Cycle

The vehicle behavior can be seen by selecting the appropriate driving cycle. The driving cycle will
be determined by the requirement of the motor and engine components. For example, driving at
highway required more power, making the size of the engine and motor component also larger.
However, driving at urban or low speed areas only required small engine and motor components.
In this study, Urban Dynamometer Driving Schedule (UDDS) is used and the drive cycle is known as
“fuds1” in Autonomie shown in Figure 2. The characteristic of UDDS tabulated in Table 3.
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Fig. 2. UDDS drive cycle
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Table 3

UDDS characteristics

Description Value

Total Time 1369 s
Distance 7.450 mile
Average Speed 24.142 mph
Maximum Speed 56.700 mph
Maximum Acceleration 1.475 m/s?

4. Simulation

A two-wheel drive PHEV with a power-split conguration is chosen as a platform for simulation.
All specifications were set according to values available in the Autonomie Prius model. In the
Autonomie, the platform is known as “split_midsize_PHEV _2wd_single_ mode default”. The
simulation can be run using batch simulation runs file provided by Autonomie to be used in MATLAB
as shown in Figure 3. Table 4 shows the output variable name used in Autonomie to provide the
output results for the simulation.

15 results = auton reload buses(command bind (command load...
16 ('split midsize PHEV 2wd single mode default.a vehicle'),...
17 'fudsl.a process'));

18

19 results = auton_set parameter value all(results,...

20 'eng.plant.scale.pwr max des',70000);

21 results = auton_set parameter value all(results,...

22 'ess.plant.scale.cap max des',20);

23 results = auton_set parameter value all (results,...

24 'mot.plant.scale.pwr max des',30000);

25

26 results = run sandbox simulation(results);

Fig. 3. Example of using batch simulation runs

The command “command load” is used to load the vehicle from file into a cell array of structures
and “command bind” is used to combine the vehicle with a process file. Next, the command
“auton_reload_buses” is used to reset the predefined value in the buses that have been overwritten
by users. Then, “auton_set_parameter_value_all” is used to set the value based on scalar parameter
of the input variable name. Finally, the command “run_sandbox_simulation” is used to save the
current workspace and run the defined process. After the commands are run, the results of the
simulation are saved in “data.mat” file.

Table 4
Output variable name used in Autonomie
Variable name Description

ess.plant.results.elec_  Total electric consumption
consumption

eng.plant.results.fuel_  Total fuel consumption
consumption.total

eng.plant.results.emiss Total CO2 emission
ion_co2.total

ess_plant_soc_simu Output SOC
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5. Results and Discussion

Figure 4(a-c) show the fuel consumption again motor power for different values of engine power
and battery capacity. If the motor power is considered at 20 kWh, the fuel consumption is increased
as the engine power increases. This is due to the distribution power between the engine and the
motor, where engine is required to propel the vehicle because of the small motor power. The small
motor power is unable to provide the required power by the vehicle. However, the fuel consumption
is decreased if the motor power is increased. This is expected because the required power for the

vehicle that is provided by the motor to propel the vehicle is sufficient.
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Fig. 4. Fuel consumption again different motor power (a-c) and engine power (d-f)
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Figure 4(d-f) show the impact of engine power on fuel consumption for different values of
motor power and battery capacity. On the overall, the fuel consumption for vehicle using low motor
power (30 kWh) consumes more fuel compared to high motor power. This is expected based on the
explanations given earlier on. If a higher motor power is used, the fuel consumption is lower. As
shown in Figure 4(e) and 4(f), there is no use of fuel consumption for the vehicle using 70 kWh motor
power with 20 kWh and 30 engine power.

On the overall, the fuel consumption for vehicle using low motor power consumes more fuel
compared to high motor power. This is expected based on the explanations given beforehand, if the
higher motor power is used, the fuel consumption is lower. Figure 5 (a) and 5(b) show the
comparison between the total electric and total fuel consumption for constant battery capacity (30
Ah), respectively. The electric and fuel consumption is contrary to each other as the vehicle chose
the engine used for the propulsion based on the power required from the drive cycle. Then, the
comparison between the total carbon oxide (CO3) emission and total fuel consumption for constant
battery capacity (30 Ah) is shown in Figure 6. The total CO, emission follows the trend of the
total fuel consumption. As seen in Figure 6(a), the total CO; emission increases as the total fuel
consumption increases. The total CO, emission can be minimized if the total fuel consumption
decreases. It can be achieved by increasing the motor power of the vehicle to minimize the total
fuel consumption.
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6. Conclusion

The three main powertrain components namely, engine power, motor power and battery
capacity can affect the total fuel consumption, electric consumption and CO; emission of the PHEV.
The engine power and motor power are directly affecting the total fuel consumption and electric
consumption, respectively. Meanwhile, the fuel and electric consumptions contradict each other.

Acknowledgement

The authors would like to acknowledge the Ministry of Education Malaysia for providing financial
assistance under the FRGS (59435) grant and School of Ocean Engineering, UMT for all their
technical and research support for this work to be successfully completed.

References

[1] Chehresaz, Maryyeh. "Modeling and design optimization of plug-in hybrid electric vehicle powertrains." Master's
thesis, University of Waterloo, 2013.

[2] Vajedi, Mahyar, and Nasser L. Azad. "Ecological adaptive cruise controller for plug-in hybrid electric vehicles using
nonlinear model predictive control." IEEE Transactions on Intelligent Transportation Systems 17, no. 1 (2015): 113-
122.

[3] Shahverdi, Masood, Michael S. Mazzola, Quintin Grice, and Matthew Doude. "Pareto front of energy storage size
and series HEV fuel economy using bandwidth-based control strategy." IEEE Transactions on Transportation
Electrification 2, no. 1 (2015): 36-51.

[4] Larsson, Viktor, Lars Johannesson Mardh, Bo Egardt, and Sten Karlsson. "Commuter route optimized energy
management of hybrid electric vehicles." IEEE transactions on intelligent transportation systems 15, no. 3 (2014):
1145-1154.

[5]  Vajedi, Mahyar, Amir Taghavipour, Nasser L. Azad, and John McPhee. "A comparative analysis of route-based
power management strategies for real-time application in plug-in hybrid electric vehicles." In 2014 American
Control Conference, pp. 2612-2617. IEEE, 2014.

[6]  Shen, Junyi, Serkan Dusmez, and Alireza Khaligh. "Optimization of sizing and battery cycle life in
battery/ultracapacitor hybrid energy storage systems for electric vehicle applications." IEEE Transactions on
industrial informatics 10, no. 4 (2014): 2112-2121.

[77  Wu, Baifan, and Bo Chen. "Study the performance of battery models for hybrid electric vehicles." In 2014
IEEE/ASME 10th International Conference on Mechatronic and Embedded Systems and Applications (MESA), pp. 1-
6. IEEE, 2014.

[8] Niu, Geng, Alejandro Pozo Arribas, Mohamad Salameh, Mahesh Krishnamurthy, and Jose M. Garcia. "Hybrid energy
storage systems in electric vehicle." In 2015 IEEE Transportation Electrification Conference and Expo (ITEC), pp. 1-
6. IEEE, 2015.

[9]  Taghavipour, Amir, Nasser L. Azad, and John McPhee. "Multi-parametric energy management system with reduced
computational complexity for plug-in hybrid electric vehicles." In 2015 European Control Conference (ECC), pp.
3377-3382. IEEE, 2015.

[10] Shahverdi, Masood, Michael S. Mazzola, Quintin Grice, and Matthew Doude. "Bandwidth-based control strategy
for a series HEV with light energy storage system." IEEE Transactions on Vehicular Technology 66, no. 2 (2016):
1040-1052.

[11] Bovee, Katherine, Amanda Hyde, Travis Trippel, Vignesh Vimalesan, Sabarish Gurusubramanian, Kishore
Kumaraswamy Sai, Shawn Midlam-Mohler, and Giorgio Rizzoni. "Rapid Vehicle Architecture Selection With Use of
Autonomie." In ASME 2012 5th Annual Dynamic Systems and Control Conference joint with the JSSME 2012 11th
Motion and Vibration Conference, pp. 119-128. American Society of Mechanical Engineers Digital Collection, 2013.

[12] Sakhdari, B., and N. L. Azad. "An optimal energy management system for Battery Electric Vehicles." IFAC-
PapersOnline 48, no. 15 (2015): 86-92.

[13] Mozaffari, Ahmad, Mahyar Vajedi, and Nasser L. Azad. "Real-time immune-inspired optimum state-of-charge
trajectory estimation using upcoming route information preview and neural networks for plug-in hybrid electric
vehicles fuel economy." Frontiers of Mechanical Engineering 10, no. 2 (2015): 154-167.

[14] Taghavipour, Amir, Mahyar Vajedi, Nasser L. Azad, and John McPhee. "A comparative analysis of route-based
energy management systems for PHEVs." Asian Journal of Control 18, no. 1 (2016): 29-39.

[15] Karbowski, Dominik, Vadim Sokolov, and Jeong Jongryeol. "Fuel saving potential of optimal route-based control
for plug-in hybrid electric vehicle." IFAC-PapersOnLine 49, no. 11 (2016): 128-133.

55



Journal of Advanced Research in Applied Sciences and Engineering Technology
Volume 16, Issue 1 (2019) 49-56

(16]

(17]

(18]

(19]

(20]

Karbowski, Dominik, Namwook Kim, and Aymeric Rousseau. "Route-based online energy management of a PHEV
and sensitivity to trip prediction." In 2014 IEEE Vehicle Power and Propulsion Conference (VPPC), pp. 1-6. IEEE,
2014.

Mozaffari, Ahmad, Mahyar Vajedi, and Nasser L. Azad. "Real-time immune-inspired optimum state-of-charge
trajectory estimation using upcoming route information preview and neural networks for plug-in hybrid electric
vehicles fuel economy." Frontiers of Mechanical Engineering 10, no. 2 (2015): 154-167.

Rousseau, Aymeric, Shane Halbach, Lawrence Michaels, Neeraj Shidore, Na Kim, Namwook Kim, Dominik
Karbowski, and Michael Kropinski. "Electric drive vehicle development and evaluation using system
simulation." IFAC Proceedings Volumes 47, no. 3 (2014): 7886-7891.

Lewis, Anne Marie, Jarod C. Kelly, and Gregory A. Keoleian. "Evaluating the life cycle greenhouse gas emissions
from a lightweight plug-in hybrid electric vehicle in a regional context." In 2012 |IEEE International Symposium on
Sustainable Systems and Technology (ISSST), pp. 1-6. IEEE, 2012.

De-xing, Liu, Zou Yuan, and Liu Teng. "Modeling and control for the Toyota Prius under consideration of emissions
reduction." In 2014 IEEE Conference and Expo Transportation Electrification Asia-Pacific (ITEC Asia-Pacific), pp. 1-
5. IEEE, 2014.

56



