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Modeling of a Hybrid Electric Vehicle Powertrain
Test Cell Using Bond Graphs
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Abstract—A Bond Graph model of a hybrid electric vehicle
(HEV) powertrain test cell is proposed. The test cell consists of a
motor/generator coupled to a HEV powertrain and powered by a
bidirectional power converter. Programmable loading conditions,
including positive and negative resistive and inertial loads of any
magnitude are modeled, avoiding the use of mechanical inertial
loads involved in conventional test cells. The dynamics and control
equations of the test cell are derived directly from the Bond Graph
models. The modeling and simulation results of the dynamics of
the test cell are validated through experiments carried out on a
scaled-down system.

Index Terms—Bond Graphs, hybrid electric vehicle (HEV),
mechatronics, modeling, powertrain test cell, road vehicle control,
road vehicle electric propulsion, road vehicle electronics, road
vehicle testing, simulation.

I. INTRODUCTION

HYBRID ELECTRIC VEHICLES (HEV) are propelled
by an internal combustion engine (ICE) and an electric

motor/generator (EM) in series or parallel configurations. The
ICE provides the vehicle an extended driving range, while the
EM increases efficiency and fuel economy by regenerating
energy during braking and storing excess energy from the ICE
during coasting. Design and control of such powertrains in-
volve modeling and simulation of intelligent control algorithms
and power management strategies, which aim to optimize the
operating parameters to any given driving condition.

Traditionally there are two basic categories of HEV, namely
series hybrids and parallel hybrids [1]. In series HEV, the ICE
mechanical output is first converted to electricity using a gener-
ator. The converted electricity either charges the battery or by-
passes the battery to propel the wheels via an electric motor.
This electric motor is also used to capture the energy during
braking. A parallel HEV, on the other hand, has both the ICE and
an electric motor coupled to the final drive shaft of the wheels
via clutches. This configuration allows the ICE and the electric
motor to deliver power to drive the wheels in combined mode, or
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ICE alone or motor alone modes. The electric motor is also used
for regenerative braking and for capturing the excess energy of
the ICE during coasting. Recently, series-parallel and complex
HEV have been developed to improve the power performance
and fuel economy [2].

The HEV powertrain design process is aided by modeling
and simulation. Several models and control algorithms were
proposed and implemented [3]–[6]. Issues such as battery
modeling, torque management, control algorithms and vehicle
simulation, were addressed by using simulation tools such as
Matlab/Simulink. Computer models are readily available for
these purposes [7].

Due to the complexity involved in the operation of HEVs,
prototypes must be validated by testing through alternative drive
cycle scenarios. This testing is usually performed in laboratory
dynamometers with the capability of recreating road load condi-
tions and measuring the performance of different control strate-
gies [8], [9]. This paper proposes a test cell capable of repro-
ducing inertial and resistive loads of any magnitude. The model
and control equations of the powertrain and the test cell are de-
veloped and simulated using Bond Graphs.

Created by Paynter in 1959, Bond Graphs are a graphical
tool used to describe and model subsystem interactions in-
volving power exchange [10]. This formulation can be used in
hydraulics, mechatronics, thermodynamic and electrical sys-
tems. Bond Graph has been proven effective for the modeling
and simulation of multidomain systems [11]–[14] including
automotive systems [15]–[24]. Bond Graphs were also used
to model a hybrid electric vehicle drivetrain [25]. Dynamic
models for each of the drivetrain components were presented,
including ICE, transmission, chassis/body, battery, and ac
induction motor.

Developing the model of the test cell with Bond Graphs pro-
vides the ability to interface the test cell directly with the models
used in the design stage. Road models and loading parameters
are inputs to the test cell model. Simulation results of powertrain
torque and speed are presented in the paper. Experiments were
carried out on a scaled-down setup using a 2 kW dc motor and
a 2-kW induction motor. The test results of powertrain torque
and powertrain speed matches the simulation results, therefore,
validated the proposed model.

II. INTRODUCTION TO BOND GRAPH MODELING

In a Bond Graph model, a physical system is represented by
basic passive elements that are able to interchange power: resis-
tances (R), capacitances (C), and inertias (I). Although these
names suggest a direct application in electrical systems, they are
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Fig. 1. A Bond Graph modeling example. (a) Schematic of a mechanical
system including two masses connected by springs and mechanical dampers.
(b) Bond Graph of the mechanical system.

used in any other domains as well, e.g., friction as a mechanical
resistance, a compressible fluid as a capacitance and a flywheel
as an inertial element.

Each element has one or more ports where power exchange
can occur. This power (P) is expressed as a product of two vari-
ables: effort (e) and flow (f). These names are used extensively
in all domains, but have a unique name on each domain: force
and speed in mechanical, voltage and current in electrical, pres-
sure and flow in hydraulics, and so on. Additional variables are
defined: momentum (p) as the time integral of effort and dis-
placement (q) as the time integral of flow.

Additional elements are needed to fully describe a system:
Sources of effort (Se) and Sources of Flow (Sf) are active ele-
ments that provide the system with effort and flow, respectively;
Transformers (TF) and Gyrators (GY) are two port elements
that transmit power, but scale their effort and flow variables by
its modulus; and One Junction (1) elements are multiport ele-
ments that distribute power sharing equal flow, while Zero Junc-
tion (0) elements distribute power, having equal effort among all
ports.

Bond graph elements are linked with half arrows (bonds) that
represent power exchange between them. The direction of the
arrow indicates the direction of power flow when both effort
and flow are positive. Full arrows are used when a parameter is
to be passed between elements, but no power flow occurs.

A Bond Graph can be generated from the physical structure
of the system. For example, the mechanical system shown in
Fig. 1(a), which includes two masses connected by two springs
and two mechanical dampers, can be modeled using Bond
Graphs shown in Fig. 1(b), where each element in the Bond
Graph diagram correlates to a physical entity of the system.

In Fig. 1(b), the One-Junctions represent the speed of each
mass. An inertia is attached to each speed (I:M1 and I:M2). The
force acts on M1, therefore a Source of Effort, is applied to the
One-Junction corresponding to M1. The difference of speed be-
tween the two masses drives the spring-damper system (D1, K1)
through a Zero-Junction and a One-Junction. The Zero-Junction
generates the difference of speed maintaining a constant effort,

while the One-Junction feeds the speed difference to both D1
and K1, and splits the effort between both elements. This is ac-
complished in a similar way with D2 and K2, but since the wall
system has zero speed, a Zero-Junction is not needed and the
elements connect directly to the One-Junction.

After the system is represented by Bond Graph elements, the
next step consists of assigning the power bonds and active bonds
between elements. Power bonds are assigned according to the
direction of positive power flow. This power convention can be
set arbitrarily.

Once the power bonds are assigned, causality must be es-
tablished within the Bond Graph. This causality analysis is
determined by rules described in Bond Graph theory [10]. A
causal stroke located at the end of a power bond indicated
that effort is the driving force to the element, while a stroke
located at the beginning of the bond indicates that flow is the
input to the element. For example, in Fig. 1(b), on the element

the causal stroke is located on the beginning of the
power bond, therefore the element equation should be written
as . On the other hand, has
a power bond with a causal stroke at the end, therefore, its
equation should be written as .

Causality in Bond Graph models is indicated with a vertical
stroke at the start or end of the bond arrow. This causal stroke
establishes the cause and effect relationships between elements.
Causality in Bond Graphs enables the extraction of systems dy-
namics equations. It also provides an insight of the dynamic be-
havior or the model and is useful to predict modeling problems
such as algebraic loops, differential causality, and causal loops.

Bond Graph is a powerful tool to model a system involving
mechanical, electrical, and electromagnetic elements such as the
HEV powertrain test cell proposed in this paper.

III. THE TEST CELL LAYOUT

Fig. 2 depicts the proposed test cell connected to a parallel
HEV powertrain. The test cell consists of a motor/generator, ca-
pable of working in motoring and generating modes, a bidirec-
tional power electronic converter, and a grid synchronizer con-
nected to a three phase power supply (power grid). The test cell
elements perform the following operations:

1) Motor/generator: coupled to the powertrain transmission,
this component is able to absorb or deliver power to the
transmission. Torque is adjusted to achieve the desired
loading condition.

2) Power electronic converter: this component drives the
electric motor/generator. It is able to deliver energy to
the motor, as well as accepting energy from the motor.
The energy delivered to the motor is taken from the
power grid, while the absorbed energy is sent to the grid
synchronizer.

3) Grid synchronizer: when the cell accepts power from the
powertrain, this energy is taken from the power electronic
converter and sent back to the grid. This element avoids
the dissipation of high amounts of energy into heat, ren-
dering an energy efficient test cell.

4) Controller: based on DSpace/DSP controllers, this com-
ponent drives the power electronic converter to adjust the
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Fig. 2. Test cell layout showing a parallel hybrid powertrain connected to it. The powertrain shown has a parallel configuration with both the ICE and the motor
connected to a planetary transmission. The test cell shown consists of an electric motor/generator connected to a power grid through a power converter and grid
synchronizer.

Fig. 3. HEV powertrain model connected to a simple road model.

motor/generator torque. This controller is also responsible
of controlling the grid synchronizer.

The key advantages of this test cell are: a) the motor/generator
can operate in either motoring or generating modes, therefore
enabling the recreation of any loading condition needed, and b)
most of the powertrain generated energy can be recovered and
sent back to the grid, resulting in a highly energy efficient test
cell.

The controller is the main component of the test cell which
controls the loading applied to the powertrain. The control al-
gorithm is obtained from the HEV powertrain and road models.
These models are developed using Bond Graph methods which
allow rapid extraction of control equations from the graphs.

IV. POWERTRAIN AND ROAD MODELS

Fig. 3 shows the Bond Graph model of a powertrain con-
nected to a simple road model. The powertrain is represented by
the combination of sources of effort ( , , and ).
These sources represents the torque produced by the ICE, the
motor/generator and brakes, respectively. The magnitudes of
these torques are controlled by the powertrain controller (com-
mand block), where internal equations reproduce the character-
istic behavior of every element and implement the powertrain
control algorithms.

The internal combustion engine and motor/generator are con-
nected to a transformer representing the transmission
and final drive. The gearbox block monitors the ICE speed and
sets the gear ratio accordingly. The HEV brakes are applied right

after transformer since the braking force is applied to the
wheels. The output of the powertrain is the sum of all torques at
the one junction.

On the road model side, transformer converts the pow-
ertrain torque into a tangential force at the wheels. This force
is used to propel the vehicle mass and to overcome all road
resistance, being the rolling resistance and the aerody-
namic drag. Road slope is modeled with an additional source of
effort that provides a force applied directly to the vehicle.
Equations of control are presented in Table I. The HEV power-
trains parameters were obtained from [26]–[28].

The powertrain is driven by an EUDC urban driving cycle
shown in Fig. 4(a) [7]. The drive cycle speed is compared to the
actual vehicle speed and the error is fed to a proportional-inte-
gral (PI) controller. This will give the appropriate command to
the powertrain to obtain the desired speed. The resulting torque
is shown in Fig. 4(b). Additional components can be added to
this model by including the necessary elements: resistive (R),
inertial (I), compliance (C), sources (Se, Sf), etc.

The dynamics of the system can be obtained by writing state
equations for every energy-storing element (I and C elements).
From Fig. 3, there is only one state variable corresponding
to the element . Therefore, can be solved.

(1)

where the effort e(PWT) represents the powertrain torque at the
output of the final drive, is the wheel radius, the effort
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TABLE I
DESIGN EQUATIONS AND PARAMETERS OF THE

HEV POWERTRAIN AND ROAD MODEL

Fig. 4. Simulation of the HEV powertrain connected to a road model.
(a) The engine RPM and powertrain speed, while following a drive cycle.
The transmission has five gears. (b) Total torque developed by the HEV
powertrain, ICE torque, and electric motor torque.

at each , the road slope effort and is the vehicle linear
momentum. Replacing each effort in (1) by its respective equa-
tion from Table I, the vehicle acceleration can be solved.

(2)

Fig. 5. Simplified HEV powertrain model connected to the motor/generator of
the test cell.

From (2), it can be seen that the dynamics of the system is
a function of the powertrain torque and the powertrain speed at
the wheels . The remaining parameters can be constant or
time dependant. Given the input variables, the powertrain speed
can be found by solving (2) for .

V. TEST CELL MODEL AND CONTROL EQUATIONS

The HEV powertrain is coupled to the test cell through
an electric motor/generator. This motor/generator provides
the loading to the powertrain and its torque is set by the cell
controller to match the desired system’s dynamics.

Since the test cell has its own dynamics, different from the
road model dynamics, it is necessary to develop dynamic equa-
tions for both systems to match their response.

Fig. 5 shows the HEV powertrain connected to the motor/
generator. In this case, the rotational inertia and me-
chanical resistance of the test cell motor/generator are
much smaller compared to the resistances and inertias that the
powertrain is subject to in the road model. The objective is to
achieve the same dynamic response presented by (2). In this
case, the motor/generator uses its torque as variable
to match the dynamics of both systems.

The HEV powertrain in Fig. 5 has been simplified and the
output is the torque at the wheels, including all sources of ef-
fort: ICE, electric motor/generator and brakes. The powertrain
is connected directly to the test cell model. The speed at the One
Junction represents the angular speed of the powertrain.

The test cell is described with three elements, as shown in
Fig. 5. The cell resistance represents the mechanical
losses of the motor/generator. This resistance can be constant
or a function of speed. The inertia of the motor/generator is
represented by , while its developed torque is represented
by a modulated source of effort MSe. The internal equations
used in this model are shown in Table II. The motor/generator
parameters were obtained from [26] and [28].

The dynamics of the system depicted in Fig. 5 can be solved
by writing the state equations for . The HEV powertrain
is simplified as a source of effort with variable magnitude. The
powertrain angular acceleration can be solved.

(3)
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TABLE II
DESIGN EQUATIONS AND PARAMETERS OF THE TEST CELL MODEL

The test cell controller will use the torque to load the
HEV powertrain and match the road model dynamics described
by (2). The control equation is obtained by matching the dy-
namic response of both systems. Therefore, the cell angular ac-
celeration from (3) must match the angular acceleration of the
powertrain from (2)

(4)

Substituting (2) and (3) to (4), can be solved.

(5)

Equation (5) represents the control equation for the test cell
controller. The only unknown is the torque produced by the pow-
ertrain e(PWT). The parameters related to the road model ( ,
A, m, etc.) can be set arbitrarily, while the motor/generator pa-
rameters inertia and resistance can be determined
from experiments and can be constant or functions of speed .

The torque produced by the powertrain can be obtained by
using a torque sensor between the powertrain and the test cell
motor/generator. Sensor-less operation is also possible by ob-
serving the speed from (3).

Since and are known at all times, speed can
be observed by solving (3) for e(PWT)

(6)

The test cell is simulated in Fig. 6 with the urban driving cycle
and road model presented in Fig. 3 and Table I. The exerted
powertrain torque shown in Fig. 6 matches the result obtained
shown in Fig. 3(b).

In order to obtain the same total powertrain torque as shown in
Fig. 3(b), the motor/generator of the test cell develops a torque
determined by (8) and (9). This torque is shown in Fig. 6.

The test cell is further simulated with a UDDS driving cycle
[7]. The required powertrain torque and resulted test cell motor
torque are shown in Fig. 7 along with the vehicle speed. It can
be seen that the powertrain torque and the test cell motor torque

Fig. 6. Simulation of the HEV Powertrain coupled to the test cell and results
of HEV powertrain torque and motor/generator exerted torque. The powertrain
output torque matches the results obtained in Fig. 4(b).

are almost identical because the motor losses are negligible in
these drive cycles.

VI. EXTENDED TEST CELL MODEL

The models presented in Fig. 3 and 5 can be extended to
include detailed information regarding the system’s dynamic
response to transients. For control purposes, a higher level of
information can be used to derive the controller equations and
analyze system’s stability and controllability.

The test cell motor/generator dynamic model depends on the
type of electric machine used (i.e., permanent magnet brushless
motor, squirrel cage induction motor, brush dc motor, etc.). A
generalized model can be derived for all electrical machines,
assuming that they all operate from a constant source of voltage
and its equivalent circuit can be represented as shown in
Fig. 8(a). This approximation is straightforward when using dc
machines. If the motor/generator uses a time-varying source
of voltage, motor control theories must be used to convert the
time-varying voltages to constant sources (e.g., vector oriented
control for induction machines). If this conversion is not pos-
sible, the equivalent circuit must contemplate this situation.

The Bond Graph model of the equivalent circuit is shown in
Fig. 8(b). A source of effort represents the control voltage
of the motor/generator. The windings resistance and inductance
are symbolized by Rs and Ls. The remaining power from is
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Fig. 7. Simulation of the HEV Powertrain test cell with a UDDS driving cycle. (a) Vehicle speed. (b) Required powertrain torque. (c) Resulted test cell motor
torque.

transferred through a gyrator to the mechanical domain of
the motor. This gyrator produces a torque proportional to the ef-
fective current circulating through the machine’s windings. This
proportionality constant is usually known as the motor torque
constant, often abbreviated as . The output of the gyrator
(mechanical torque) is used partly to drive the machine’s an-
gular inertia and to overcome its mechanical resistance .
The remaining torque goes to the test cell.

Causality analysis on the Bond Graph of Fig. 8(b) shows the
mechanical inductance in derivative causality. This means
that this inductance will not contribute with a state variable to
the system dynamics. This derivative causality implies that the
dynamics of the mechanical inertia is dependant on another
state variabe, the test cell’s inertia as shown in Fig. 5.
Both inertias can be added and represented by a single inertia
element.

The test cell model can also include mechanical compliances
(torsional deflections of shafts due to applied torque) between
the powertrain and the cell motor/generator. This compliances
directly affect the powertrain observed torque calculated from
(6). This compliance is represented by a capacitor (C-element)
in the Bond Graph model. This element may introduce instabil-
ities to the system that might render sensor-less operation im-
possible.

Fig. 9 shows a complete Bond Graph model of the test cell.
For dynamic analysis, the HEV powertrain should be expanded
to account for individual inertias, compliances and resistances.
It is also necessary to have a detailed implementation of the con-
trol algorithm and its dynamic response. Causality analysis of
Fig. 9 shows that has derivative causality which represents
a simulation problem since flow cannot be calculated. This sim-
ulation problem is analogous to connecting a voltage source to
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TABLE III
PARAMETERS OF THE DC MOTOR AND THE INDUCTION MOTOR

Fig. 8. (a) Simplified equivalent circuit of the test cell motor/generator. Rs
and Ls are the windings resistance and inductance.R represents the iron loss.
L is the magnetizing inductance. The generated torque is proportional to the
current I. (b) Bond Graph model of the equivalent circuit. Note that the I-element
J1 has derivative causality.

an ideal capacitor where current cannot be calculated for any
given time.

To solve this causality problem, the HEV powertrain inertia
has to be included in the Bond Graph model of Fig. 9, on the
powertrain side and before . This will result in a ele-
ment with integral causality.

VII. EXPERIMENT VERIFICATION

A scaled-down model of the powertrain test-cell was repro-
duced to validate the model results. Fig. 10 shows the test-cell
setup, where the HEV powertrain was replaced with an induc-
tion machine. The induction machine was connected to a Brush
dc motor/generator as a loading device to the powertrain. Both
machines are driven by a Powerex inverter and controlled by
DSpace real time controllers, respectively. The two inverters are
connected to a common dc bus. The parameters of the two mo-
tors are shown in Table III.

In this setup, the induction machine has to perform motoring
and generating operations similar to a HEV powertrain. A
Volt-Hertz (V/Hz) control is implemented in DSpace/Matlab
Simulink to drive the induction machine. The parameters of the
model were determined based on the machine ratings. The input
drive cycle is compared to the measured speed from the encoder
and its error is fed to a PI controller. The controller adjusts the
V/Hz command to the induction machine to follow the drive
cycle. When the machine operates in motoring mode, power

Fig. 9. Expanded Bond Graph model of the test cell, with detailed cell
motor/generator model and compliance between the powertrain and test cell.
Note that J1 and C have derivative causality.

Fig. 10. The laboratory experiment setup.

will be taken from the dc bus. While operating in generating
mode, the machine will deliver power to the dc bus.

The dc motor applies loading to the induction machine, ac-
cording to the road model developed in Fig. 3. The proposed
road model presents inertial and resistive loads to the induction
machine. Since these loads are functions of speed, the speed
feedback is used by the dc motor/generator controller to cal-
culate the required load torque. The motor speed and armature
current are used by the torque observer to calculate the observed
powertrain torque according to (6) and the machine parameters
in Table III. The observed torque and speed is used to generate
a torque command, to reproduce the road load torque of Fig. 3.
The resulting torque command is fed to a PI controller to adjust
the dc motor armature current to achieve the necessary torque.

Fig. 11 shows the measured powertrain torque and power-
train speed. The total powertrain power has been limited to a
maximum of 2 kW, corresponding to the maximum power that
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Fig. 11. Torque and speed measurements.

Fig. 12. Comparison of simulated powertrain torque and experiment results.

both induction and dc machines can handle. The resistive and
inertial load equations of the model shown in Fig. 3 are used
with scaled-down parameters. It can be seen that the powertrain
speed well follows the desired driving cycle.

To validate the results of the scaled-down experiment, a
simulation of the scaled-down model was performed. Fig. 12
shows a comparison between the simulated powertrain torque
on the scaled-down system and the measured powertrain torque.
It can be seen that the measured torque matches the simulated
torque except at some transient point. We believe that the error
is caused by the inaccuracy of the experiment model which
includes inertia and resistive torque measurements.

VIII. CONCLUSION

This paper proposed an HEV powertrain test cell capable of
producing various loading conditions, including positive and
negative resistive and inertial loads of any magnitude, avoiding
the use of mechanical inertial loads involved in conventional test
cells. The test cell was modeled using Bond Graphs. The mod-
eling method enables rapid modeling and extraction of control
equations to achieve programmable loading conditions.

By modeling the powertrain and test cell with Bond Graphs,
modeling problems were detected by causality analysis on the
power bonds. These problems were solved by modifying the

model where needed and improving the simulation results.
These models can be exported to a block diagram model suit-
able for simulation in Matlab/Simulink. Block diagrams in this
software also enables rapid implementation on DSP/DSpace
real time controllers. Experiment results added confidence to
the proposed model.

The proposed test cell is capable of testing both series and
parallel HEV powertrains. The developed algorithm through the
use of Bond Graphs enables the test cell capable of reproducing
a predetermined driving cycle with sufficient accuracy and re-
peatability in multiple control modes.
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