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Abstract—In an effort to reduce fuel costs and gas emissions,
the U.S. Army is looking into replacing their diesel high-mobility
multipurpose wheeled vehicle (HMMWYV) with hybrid electric
vehicles. The aim of this paper is to present the simulation of the
series hybrid electric HMMWY based on a multidomain model us-
ing Ansoft Simplorer. Emphasis is placed on the vehicle’s transient
response to desired speeds dictated by drive cycles based on an
urban dynamometer driving schedule and SAE J227a Schedule D.
Also included in this paper were the vehicle’s responses to hill
climbing up to 60% grade.

Index Terms—High-mobility multipurpose wheeled vehicle
(HMMWY), hybrid electric vehicle (HEV), modeling, simplorer,
simulation.

I. INTRODUCTION

YBRID ELECTRIC vehicles (HEVs) are increasingly

gaining popularity due to their high fuel efficiency.
The U.S. military, especially the U.S. Army, is interested in
HEVs as a solution in reducing fuel costs. Currently, the U.S.
Army has approximately 250 000 vehicles that consume about
200 million gallons of fuel per year for an estimated cost of
$3.5B annually [1]. In addition, the cost of fuel can be as much
as $400 per gallon when transported into the battlefield [2].
Initiatives to achieve 30% reduction in yearly fuel consumption
will lead to a vast amount of savings for the Army.

One unique feature of HEVs is their capability to run in silent
mode. The conventional heavy-duty trucks, such as the high-
mobility multipurpose wheeled vehicle (HMMWYV), use diesel
engines that are very noisy. By using the battery in the hybrid
system, the vehicle can run silently for an estimated range of
about 24 mi [3]. This feature is a desirable and powerful tool in
military applications.

Another reason for the Army’s interest in HEVs is the HEVs’
capability to supply auxiliary power. The battery in HEVs is
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estimated to supply up to 150 kW of power for many uses [4].
The HEV may be used to supply power to command centers
and missile-defense shelters when needed. It can also be used
to run weapon systems. This feature reduces the need for and
cost of portable generators that need to be transported into the
battlefield [5].

The demand for HEVs is expected to increase in the future.
The hybrid electric HMMWV (HE-HMMWYV) is one of the
early HEV models being funded and developed by the U.S.
Army in response to that anticipated future demand. The U.S.
Army, together with the Department of Defense, is working
on the Future Combat Systems program, whose goal is to
eventually transform 10% of the HMMWYV fleet into HEVs [1]
and reduce fuel consumption by 75% [4].

Several papers have presented the modeling and simulation
of the HE-HMMWYV and HEVs in general [6]-[9]. Bargar et al.
used the PNGV Systems Analysis Toolkit to simulate the HE-
HMMWYV based on component manufacturers’ specifications
to predict vehicle performance in the Federal Urban Drive
Cycle [6]. The study showed significant fuel economy improve-
ment by the HE-HMMWYV (17 mi/gal) over the conventional
HMMWYV (11 mi/gal). Fish et al. developed a mathemati-
cal model of the HE-HMMWYV using MATLAB/Simulink to
predict the vehicle’s and other similar vehicles’ performances
in hill-climbing conditions [7]. Onoda and Emadi simulated
different electric and HEV configurations using the power
electronics simulation (PSIM) software. This paper validated
PSIM’s capabilities in combining electrical, mechanical, and
thermal systems of a vehicle [8]. Butler ef al. developed a sim-
ulation package based on MATLAB/Simulink that simulated
EVs, HEVs, and conventional vehicles [9].

This paper is focused on simulating the dynamic/transient
response of the HE-HMMWYV using Ansoft’s Simplorer with
focuses on the transient response to drive cycles, acceleration
(step response), and hill climbing.! Simplorer is a multidomain
simulation software capable of simulating an electric motor,
power electronics components, and a vehicle model. The SAE
J227a Schedule D and urban dynamometer driving schedule
(UDDS) are used to predict the transient response of the ve-
hicle. Acceleration and hill-climbing capability of up to 60%
grade are presented.

ISimplorer is a registered trademark of the Ansoft Corporation. Simulations
using Simplorer were used under the Ansoft University Licensing Program,
www.ansoft.com/university.
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Fig. 2. Control strategy of the HE-HMMWV.

II. HE-HMMWYV SPECIFICATIONS

The HE-HMMWYV prototype that the U.S. Army and its con-
tractors have built is a series HEV consisting of four permanent-
magnet (PM) motors with one on each wheel, an internal
combustion engine (ICE), a generator coupled to the ICE, and a
battery pack. The ICE drives the generator to charge the battery
pack. The battery then provides power to the electrical motors
on each wheel. The rated vehicle top speed is 80 mi/h with a
gross vehicle weight of 4136 kg [10]. The specifications of the
components are the following.

1) ICE: The vehicle uses water-cooled 1.9-L diesel engine,
which is directly coupled to the generator.

2) Generator: The generator is rated at 2000 r/min, 55-kW
continuous power, and 75-kW peak power.

3) Battery: The traction battery pack is air-cooled Li-Ion
battery. It consists of 14 modules of Li-Ion battery
and connected in series/parallel configuration to provide

¥ Battery
&8 o Power Split fully
Mode charged

300 VDC, 150-kW peak power, and 80 Ah capacity.
These batteries are monitored by a battery management
and equalization system.

Electric motor: The four drive motors are liquid-cooled
PM motors. Each motor directly drives a 5.43: 1 gear set.
The motors are independently controlled, and each drives
a single wheel. The motors have a continuous rating of
55 kW and a peak rating of 75 kW. The controller/inverter
units for each motor are located above the rear
wheel wells.

4)

III. VEHICLE OPERATING MODES

The configuration of the vehicle is shown in Fig. 1. The four
wheel motors are located on each of the axles to eliminate the
need for transmission and differential. The system is capable
of operating in seven different modes. The control strategy is
shown in Fig. 2.
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Fig. 3. Block diagram of the vehicle system as simulated in Simplorer.

A. Stationary Charge

When the driver activates the vehicle, the system checks for
the battery/cap state-of-charge (SoC). If the SoC is below a
certain preset threshold, the engine is started, and the battery
is charged.

B. Cranking

The generator can be used to start the engine. Further, if a
diesel engine is used, the generator may be designed to fit in
the flywheel of the engine.

C. Launch

When the battery SoC is above a preset threshold, the motors
start the vehicle with power supplied by the battery. If the SoC
is below a preset threshold, then the engine is started, and
the vehicle is launched using the engine only. Energy is not
provided by the battery.

D. Combined Mode

During acceleration or hill climbing, the battery/ and the
IEC/Generator both provide power to the wheel motors.

E. Power Split Mode

During cruising, when the engine provides more than the
vehicle need, part of the energy is used to charge the battery
while delivering power to the wheel motors.

F. Engine Alone Mode

During cruising, when the battery is fully charged, the
ICE/Generator provides energy directly to the wheel motors.

G. Braking Mode

The kinetic energy is recovered and used to charge the
battery. Mechanical braking is necessary during hard braking
or when the battery is already fully charged.

IV. MODELING OF THE VEHICLE SYSTEM

The simulation model consists of the following major com-
ponents: PM motor, proportional-integrator (PI) controllers,
dc—dc converter, battery and battery management system,
ICE/Generator, and the drive cycle or desired speed as shown
in Fig. 3.

A. Vehicle Model

The vehicle model is based on Newton’s second law of
motion. The total tractive force is

Frr :ngT+Froll+Fad+ma
=mgsin(B) + mg(Co + Cyvxr) sgn(vyr)

+0.5pCp A (ver + 19)? *sgn(vyr) + ma (1)
where Frrr is the tractive force, Fyyr is the gravitational
force, Fyo is the rolling resistance force, and Fap is the
aerodynamic drag force of the vehicle. 3 is the grade angle,
m is the mass, and g = 9.81 m/s2. Cy and C| are the rolling
resistance coefficients. vy is the vehicle speed. p is the air
density, Cp is aerodynamic drag coefficient, Ap is the equiv-
alent frontal area of the vehicle, and vy is the head wind
velocity [11].

B. Battery and Battery Management

The battery was simulated using a capacitor in series with
an internal resistance and a battery management system that
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Fig. 5.
of the motor while another controls the current of the motor.

monitors the SoC of the battery, as shown in Fig. 4. The
following equations are used to calculate the SoC [11]:

Qr=CV

2

t

Qr~ [itryir | /@

0

SoC 3)

where @ is the theoretical capacity of the battery, C' is the
capacitance, V is the battery voltage, and ¢ is the output current
of the battery.

C. ICE

The ICE is used to operate the generator. The ICE model
is run at only one speed at its maximum efficiency range. The
following equation is used in simulating the engine:

T, 1

- 14 74s

T )

€desired

where T, is the engine torque, and 7 is the engine constant.

D. Generator

The generator is used to charge the battery. The current used
to charge the battery is

I = (Vgen — Vbat)/Rbat (5)

Motor control design. The control of the drive motor uses two PI controllers, which control the dc—dc converter. One PI controller regulates the voltage

where Vgcp, is the generator output voltage, Vi,at is the battery
voltage, and R}, is the battery’s internal resistance.

E. Motor

A mathematic model of the PM motor can be expressed using
the following equations:

diq .
V.= E+ Lé ti.R, (6)

N

where V, is the input voltage, F is the back EMF, L is the
armature inductance, i, is the armature current, R, is the
armature resistance, k is motor constant, ® is the flux, and
w is the motor speed.

E = kdw

F. DC/DC Converter

A dc—dc converter is used to operate the motor and to
achieve regenerative braking. The switching of the converter
is controlled by pulse width modulation signals from the PI
controllers, as shown in Fig. 5.

G. PI Controllers

Two PI controllers are used to control the dc—dc converter
switches such that the actual vehicle speed follows the desired
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Fig. 6. (a) Simulation results for SAE drive cycle. The dotted curve is the driving cycle based on the SAE J227a Schedule D drive cycle, while the solid curve
is the actual vehicle speed. (b) Battery voltage of the HEV model for the modified SAE J227a Schedule D drive cycle. (c) Current. The solid curve shows the
armature current, while the dotted curve shows the current supplied by the ICE/generator to charge the battery. (d) Motor torque.
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Fig. 7. (a) Simulation results for the modified UDDS drive cycle. The dotted curve is the driving cycle based on the UDDS drive cycle, while the solid curve is
the actual vehicle speed. (b) Battery voltage of the HEV model for the modified UDDS drive cycle. (c) Current. The solid curve shows the armature current, while
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vehicle speed. One PI controls the input voltage to the motor
while another controls the input current of the motor.

H. Driving Cycles

A modified SAE J227a Schedule D [11] standard driving
cycle and a modified UDDS driving cycle [12] were used to
test the vehicle model.

V. SIMULATION RESULTS

The vehicle model is implemented in Simplorer simulation
package. In the model setup, the battery is charged using the
ICE/generator whenever the battery SoC is less than 60%.
However, during regenerative braking, the ICE/generator is
turned off. During launch, when the vehicle speed is less than
9 m/s while the battery SoC is larger than 60%, the engine is
turned off. During acceleration, if the vehicle speed is greater
than 26 m/s and the battery is less than 80%, the engine is
turned on.

Fig. 6(a) shows the simulation result for the simulated vehicle
drive cycle and the desired SAE drive cycle. The simulated
vehicle speed closely follows the desired speed during accelera-
tion, constant speed, and braking. The wheel motors provide the
braking torque needed to achieve regenerative braking without
mechanical brakes.

Fig. 6(b) shows the battery voltage as a result of the mod-
ified SAE J227a Schedule D drive cycle. The curve shows
a faster consumption of energy when the vehicle accelerates
(0 to 27 s) than when the vehicle runs at a constant speed
(27 to 78 s). Fig. 6(c) shows the armature current (solid curve)
and the ICE/generator current (dotted curve). Combined mode
operation occurs at 0 to 28 s. Fig. 6(c) also shows regen-
erative braking from 78 to 97 s. Fig. 6(d) shows the motor
torque.

Gradability at different speeds when motor is operated with continuous power and with peak power.

Fig. 7(a) shows the simulation results for the modified UDDS
drive cycle. The dotted curve is the driving cycle based on the
UDDS drive cycle, while the solid curve is the simulated vehi-
cle speed. The simulated vehicle speed closely follows the de-
sired speed throughout the drive cycle, during acceleration, and
during rapid braking. Fig. 7(b) shows the battery voltage of the
HEV model for the modified UDDS drive cycle. Fig. 7(c) shows
the armature current (solid curve) and the ICE/generator current
(dotted curve). Combined mode operation occurs around 570 to
780 s. Fig. 7(d) shows the motor torque.

Simulations were also conducted with a step function of
40 m/s as the desired driving cycle to determine the vehicle’s
maximum speed during hill climbing. The battery is set up to
start at 300 V and recharged when its SoC drops to 60%.

Fig. 8 shows the gradability of the vehicle for climbing
different grades with the motor providing continuous power and
peak power, respectively. It can be seen that with continuous
motor power, the vehicle can achieve 40% gradability. The
vehicle is able to achieve 60% gradability with peak motor
power. However, since the motors can only operate at peak
power for a very short period of time, achieving 60% gradability
will not be practical.

Fig. 9 shows hill climbing of the vehicle at 60% grade with
peak motor power. It shows that the vehicle is able to achieve a
maximum speed of 10 m/s with 60% grade in about 3 s.

VI. CONCLUSION

This paper shows that simulations make it possible to reason-
ably predict the performance of the overall system. Simulations
allow engineers to improve designs before building actual
prototypes and therefore save costs.

The objective of this paper was to simulate a series HE-
HMMWYV with focus on transient response and gradability. The
simulation model of the vehicle consists of an ICE/generator,
a battery, a battery management system, a dc—dc converter,
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Fig. 9. Step function of 8 m/s is used as the desired speed to simulate the vehicle’s response for an incline of 60% grade. (a) Vehicle speed. (b) Battery voltage.

a PM dc motor, PI controllers, and a vehicle model. The
ICE/generator charges the battery, which provides power
to the PM dc motor. The motor provides the tractive force for
the vehicle model. The dc—dc converter regulates the power
from the battery to the motor and also charges the battery during
braking. The PI controllers supply the switching signals to the
dc—dc converter.

The simulation results show that the vehicle speed closely
follows the desired speed during slow and fast acceleration,
constant speed, and deceleration of the modified SAE J227a
Schedule D and UDDS driving cycles. The vehicle only uses
the braking torque from the electric motor to brake. The simula-
tion results show that the battery management system performs
as specified—the battery charges and discharges when its SoC
is between the preset thresholds. The simulations also reveal
that the vehicle is capable of running at maximum 10 m/s
while climbing an incline with up to 60% grades with the peak
motor power. Also, as the incline gets steeper, the number of
charge/discharge cycles of the battery increases, as expected.

The series HEFHMMWYV was successfully simulated using
Ansoft’s Simplorer simulation package. The work in this paper
may be used as a framework in simulating other similar series
HEVs as well as parallel HEVs.

Simplorer is a good simulation tool for electromechanical
components that have nonlinear characteristics—components
that would otherwise be difficult to model. Simplorer is capable
of simulating systems with electrical, mechanical, and thermal
characteristics.

ACKNOWLEDGMENT

The authors would like to thank the Ansoft Corporation for
providing the full version of Simplorer.

REFERENCES

[11 S. 1. Erwin. (2002, Apr.). Army’s next battle: Fuel, transporta-
tion costs. Nat. Defense Mag. [Online]. Available: http://www.
nationaldefensemagazine.org/issues/2002/Apr/Armys_Next.htm

[2] E. Book. (2002, Mar.). Pentagon needs accurate accounting
of fuel. Nat. Defense Mag. [Online]. Available: http://www.
nationaldefensemagazine.org/issues/2002/Mar/Pentagon_Needs.htm

[3] J. W. Hodgson, W. R. Hamel, C. B. Rutherford, and J. S. Armfield,

“Design of a low production cost hybrid HMMWYV,” in Proc. 17th Digital

Avionics Syst. Conf., Oct. 31-Nov. 7, 1998, vol. 2, pp. 146/1-146/8.

F. Colucci. (2004, Jan.). Military vehicles could benefit from hybrid

electric engines. Nat. Defense Mag. [Online]. Available: http://www.

nationaldefensemagazine.org/issues/2004/Jan/Military_Vehicles.htm

K. Winters, Hybrid Electric HMMWYV. Huntsville, AL: PEI Electron. Inc.

[Online]. Available: http://www.cte.tv/darpa/HyHMMW V.pdf

[4

=

[5

—



DUCUSIN et al.: MODELING OF SERIES HYBRID ELECTRIC HIGH-MOBILITY MULTIPURPOSE WHEELED VEHICLE 565

[6] H. E. Bargar, J. Li, D. J. Goering, and J. H. Lee, “Modeling and verifica-
tion of hybrid electric HMMWYV performance,” in Proc. 29th Annu. Conf.
IEEE IECON, Nov. 2-6, 2003, vol. 1, pp. 939-944.

[7]1 S. Fish, T. Savoie, and H. Vanicek, “Modeling hybrid electric
HMMWY power system performance,” IEEE Trans. Magn., vol. 37, no. 1,
pp. 480-484, Jan. 2001.

[8] S.Onodaand A. Emadi, “PSIM-based modeling of automotive power sys-
tems: Conventional, electric, and hybrid electric vehicles,” IEEE Trans.
Veh. Technol., vol. 53, no. 2, pp. 390-400, Mar. 2004.

[9] K. L. Butler, M. Ehsani, and P. Kamath, “A Matlab-based modeling and
simulation package for electric and hybrid electric vehicle design,” IEEE
Trans. Veh. Technol., vol. 48, no. 6, pp. 1770-1778, Nov. 1999.

[10] DRS Test & Energy Management Inc., Hybrid Electric High Mobility
Multipurpose Wheeled Vehicle (H-HMMWYV) for Tactical and High Per-
formance Applications: Features/Characteristics. [Online]. Available:
http://www.pei-idt.com/hmmwv 1.htm

[11] 1. Husain, Electric and Hybrid Vehicles. Boca Raton, FL: CRC, 2003.

[12] EPA Urban Dynamometer Driving Schedule (UDDS) for Heavy-
Duty Vehicles, 2004. Brampton, ON, Canada: Ecopoint Inc. [Online].
Available: http://www.dieselnet.com/standards/cycles/udds.html

Margaret Ducusin (S’04-A’06) received the Bach-
elor’s degree (with high distinction) and the Master’s
degree from University of Michigan—Dearborn,
Dearborn, in December 2002 and December 2005,
respectively, both in electrical engineering.

From 2003 to 2005, she worked as a Teach-
ing and Research Assistant with the Electrical and
Computer Engineering Department, University of
Michigan—Dearborn. In January 2006, she joined
Robert Bosch Corporation, Farmington Hills, ML, as
a Professional Development Trainee in the Chassis
Division’s Hardware Group.

Sonya Gargies (S’04-A’06) received the B.S.
degree from Wayne State University, Detroit, M1, in
2002 and the M.S. degree in electrical engineering
from University of Michigan—Dearborn, in 2005.

She is currently with the U.S. Army TARDEC,
Warren, MI, on the Hybrid Electric Research Team.
Her research fields of interest include bidirectional
converters and control, modeling and simulation,
batteries, and electric motors.

Chunting Mi (S’00-A’01-M’01-SM’03) received
the B.S.E.E. and M.S.E.E. degrees from Northwest-
ern Polytechnical University, Xi’an, Shaanxi, China,
and the Ph.D. degree from University of Toronto,
Toronto, ON, Canada, all in electrical engineering.

From 1988 to 1994, he was with the Rare-Earth
Permanent Magnet Machine Institute of Northwest-
ern Polytechnical University. In 1994, he joined
Xi’an Petroleum Institute as an Associate Professor
and Associate Chair with the Department of Automa-
tion. From 1996 to 1997, he was a Visiting Scientist
with University of Toronto. In 2000, he joined General Electric Canada Inc.,
Peterborough, ON, as an Electrical Engineer, responsible for designing and
developing large electric motors and generators. He has recently developed a
Power Electronics and Electrical Drives Laboratory within the University of
Michigan—Dearborn, where he is an Assistant Professor. His teaching and
research interests are in the area of power electronics, hybrid electric vehicles,
electric machines and drives, and renewable energy and control.

Dr. Mi is the recipient of many technical awards, including the Government
Special Allowance (China), Technical Innovation Award (China), and the
Distinguished Teaching Award from University of Michigan, Dearborn. He is
the Vice Chair of the IEEE Southeastern Michigan Section.




