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Abstract

one or more derived from rechargeable energy storage systems [2]. The advantages of them are potential for lower
emissions, increased eﬃciency of operations, and greatly
improved performance of the electrically distributed power
system over its mechanically distributed counterpart [3].
The objective of this paper is to provide a comprehensive
system model and control strategy for the most commonly
proposed hybrid electrical vehicle conﬁgurations.

The authors develop and present a new model of a hybrid vehicle
and control strategy. The hybrid vehicle is a general class of vehicles
in which the prime power and the driveline are decoupled. The
conﬁguration considered in this paper consists of a diesel engine
driving a permanent magnet generator that supplies rectiﬁed power
to a DC link, which in turn supplies power through an inverter
to an induction motor for traction. The control system proposed

2. System Configuration

is hierarchical with controllers at the component, subsystem, and
system level. Direct torque control (DTC) algorithm is applied to

The system conﬁgured as shown in Fig. 1 can be divided
into subsystems; the architecture to be studied here will
thus consist of a main power supply subsystem, a loadleveling power supply subsystem, a vehicle speed subsystem, and a DC link connecting the subsystems. The main
power supply subsystem consists of a diesel engine, a threephase AC permanent magnet synchronous generator, and
a pulse width modulated (PWM) controlled converter to
couple the generator to the DC link. The load-leveling
power supply subsystem is simply a ﬂywheel battery composed of a mechanical ﬂywheel, a three-phase AC permanent magnet synchronous machine, and a PWM controlled
converter to couple the machine to the DC link. Finally,
the vehicle speed subsystem consists of a PWM controlled
converter to couple the traction motor to the DC link,
a three-phase induction motor, which is used as traction
motor, and the vehicle dynamics. This paper proposes the
development of computer models to represent the vehicle
power system on the order of the system-level dynamics
and also the design of a robust stable control system to
eﬀectively manage the power ﬂow through this system.
We propose to manage the power ﬂow in the vehicle by
using a hierarchical control scheme. At the top level of the
control system, an intuitive energy management controller
will be used to control the various subsystems in order to
balance the loads with the sources and to prevent machines
from exceeding rated power. The second level of the
control hierarchy consists of controllers at the subsystem
level. The main power supply subsystem, consisting of
the prime mover, main generator, and mechanical and
electrical couplings, is proposed to be controlled with a
combination of sliding mode control (SMC) to control

control the induction motor. The subsystem controllers consist of
feedback control loops encompassing sliding mode, bang-bang, and
conventional control laws. At the system level, a logic controller
balances source and loads on the system bus.

All models and

controllers are simulated using MATLAB and SIMULINK computer
program.

The performance and scalability of each subsystem

controller is demonstrated in stand-alone computer simulations. The
modelling and control strategy proposed in this paper provides a
robust, scalable system model for simulating the eﬀects of standard
driving cycles on the power system of a given vehicle conﬁguration
over long time scales.

Key Words
Hybrid vehicle, induction motor, direct torque control, vehicle
dynamics, FUDS data

1. Introduction
Electric vehicles are those powered by one or more energy
storage systems, which must be charged and recharged by
a power source external to the vehicle [1]. Conventional vehicles are powered by a combustion engine or other source
of power derived from the consumption of fuel. Hybrid
electric vehicles combine elements of both electric and conventional vehicles. That is, they have two or more sources
of power, one or more derived from fuel consumption and
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Figure 1. System conﬁguration.
across the machine terminals, and the shaft coupling speciﬁes the mechanical speed. The permanent magnet machine
is responsible for specifying iqs and ids to the controlled
converter and Td to the shaft coupling. In order to solve for
the inputs in terms of the outputs, (1–2) can be solved together for iqs and ids , resulting in (4). With these currents
known, developed torque can be solved explicitly using (3).

engine speed and feed forward/feedback control to control
generated DC current. The load-leveling power supply
subsystem controller will be a simple on/oﬀ controller to
control the ﬂywheel battery state of charge (SOC). Finally,
a time-optimal bang-bang control algorithm will be used to
simulate a human driver attempting to control the vehicle
speed. The third and lowest level of control is control of
the AC machines on the order of the electrical transients.
Each of the machines is to be controlled with torque vector
control, in which the ﬂux and torque are decoupled and
controlled independently. The controller solution proposed
here will be demonstrated through stand-alone subsystem
computer simulations.
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3.2 Model of an Induction Machine

3. Modelling of the System

The motor model calculates the torque, stator ﬂux, and
shaft speed based on the measurement of two-phase currents and the intermediate circuit dc voltage [6, 7]. Torque
and ﬂux references are compared with these values, and
control signals are produced using a two-level hysteresis.
The optimal switching logic deﬁnes the best voltage vector
based on torque and ﬂux references [8].
The expression for the developed torque of an induction
motor is:

Modelling of the system involves the complete design of
electrical machines and mechanical decoupling. The major
electrical machines involved in hybrid electric vehicle are
permanent magnet synchronous machine (PMSM) and an
induction machine. Controllers for these electric machines
are designed for the vehicle from the machine modelling.
3.1 Model of PMSM
The PMSM is used in the vehicle model as the main
generator and as the ﬂywheel machine, which is a twopole, three-phase, star-connected, symmetrical permanent
magnet synchronous machine [4, 5]. The model used in the
vehicle simulation does not consider electrical transients,
as these transients occur on a time scale much smaller than
the time scale of interest. The steady-state equations are
given in (1) and (2). The developed torque in the machine
is given by (3).
vqs = −Rs iqs − ωr Ld ids + ωr ψm

(1)

vds = −Rs ids + ωr Lq iqs

(2)

Td =

3
(ψm iqs + (Ld − Lq )iqs ids )
2



T =

Np M ψs ψr sin δ
σLs Lr

(5)

where σ = 1 − M 2 /(Ls Lr ), ψs = stator ﬂux, ψr = rotor ﬂux,
and δ = torque angle between stator and rotor ﬂuxes.
Under normal operating conditions, the amplitude of
the working ﬂux is kept constant at the maximum value.
Hence the developed torque is proportional to the sine of
the torque angle “δ” between stator and rotor ﬂuxes, and
can be controlled by suitably changing the angle “δ”. As
the time constant of rotor current is large compared to
stator, the stator ﬂux is accelerated or decelerated with
respect to the rotor ﬂux to change the torque angle. Stator
ﬂux is a computational quantity, which is obtained using
the stator-measured current “Is ” and voltage “Vs ”.

(3)
t

(Vs − Is Rs ) · dt

ψs =

PMSM receives as inputs vqs , vds and ωr . The controlled converter sets the voltage amplitude and frequency

0
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3.3 Vehicle Dynamics

4. Design of System Controllers

The vehicle model consists only of a mass moving along a
one-dimensional path. Elements included in the model are
axle drag torque proportional to speed, aerodynamic drag
torque proportional to the vehicle speed squared, and dry
friction or rolling resistance proportional to the mass of
the vehicle.
As a contained unit, the vehicle model takes as input
the axle shaft torque and frictional brake torque. The outputs of the vehicle are axle shaft speed and velocity of the
vehicle. Because there is only one energy-storing element
in this model—the mass of the vehicle—the dynamics of
the vehicle are ﬁrst order. Again, this model is not intended to enable a detailed analysis of vehicle dynamic
response. It is given in this form to provide a simple yet
somewhat realistic load by which to judge the performance
of the vehicle power system. The velocity state equation
in the vehicle model is:

In the design of this system controller, the two most significant factors inﬂuencing the overall methodology are the
necessity of a practical design and limitations on control
actuators. A practical controller in this case is a controller
that allows human-in-the-loop input from the driver in the
form of accelerating and braking torque commands. The
driver is simulated as a simple control loop in this paper but
will have unpredictable dynamics in the physical system.
A control system that would not be practical would be one
in which the entire velocity proﬁle of the vehicle would be
required to set certain control parameters prior to operation. For instance, a full-state feedback optimal controller
requires such knowledge to specify the feedback control
gains as a function of time such that some system performance index is minimized. In this case, the performance
of the system would be less than optimal. One method of
alleviating this problem is to have decentralized subsystem
controllers that only act to control their own subsystems
based on power ﬂow information provided by a top-level
controller. With this approach, each subsystem controller
may then be controlled by whatever control technique best
suits that particular subsystem. In addition, this makes
the system more modular in that additional subsystems
and their associated controllers could be easily incorporated into the system model by altering only the power ﬂow
logic in the top-level controller. Because the top-level controller is responsible for the power ﬂow management in the
system, it is dubbed the Energy Management Controller.
Because all power must ﬂow in electrical form to or from
the DC link, it is natural to specify the common boundary
of each subsystem at this point. The Energy Management
Controller is then responsible for determining the limits on
power that may be drawn from or supplied to the system
bus. Likewise, each subsystem controller must be able to
maintain stability in spite of limited resources. Here the
top-level of control is the Energy Management Controller,
which is tasked with balancing the power ﬂow on the system bus. The second level, or mid-level, of control is each
subsystem controller. Finally, the lowest level of control is
at the induction motor torque control level. The revelation
of and justiﬁcation for the particular control technique
used in each instance of low-level and mid-level control is
highlighted.

Vveh =

1
Meff

Ta − ba ωa − Tb
r



1 2
Vveh
ρVveh A + Fm
−
Cd
|Vveh |
2

(7)

where Vveh is the velocity of the vehicle, Meff is the eﬀective
inertia of the vehicle, r is the radius of each tire, Cd is the
aerodynamic drag coeﬃcient, ρ is the density of air, A is
the frontal area of the vehicle, Fm is the dry friction force,
Ta is the axle shaft torque, ωa is the axle shaft speed, ba is
the axle drag torque constant, and Tb is the frictional brake
torque. Here the eﬀective inertia of the vehicle, Meff , is
the mass of the vehicle in addition to the eﬀective mass of
the traction motor as propagated through the drive train.
The vehicle dynamics is developed by SIMULINK package.
Other models are mechanical coupling, ﬂywheel, and
DC link. Brieﬂy, the mechanical coupling is modelled as a
simple gear with viscous drag torque. The ﬂywheel model
is a simple lumped inertia model with viscous drag torque.
The equation for ﬂywheel shaft speed is:
ωf =

1
(τf − bf ωf )
Jeff

(8)

where ωf is the rotational speed of the ﬂywheel, τf is the
external applied shaft torque, bf is the viscous damping
coeﬃcient for ﬂywheel drag torque, and Jeff is the constant
eﬀective lumped moment of inertia of the ﬂywheel and
anything rigidly connected to it. Usually when it is decided
to neglect the electrical transients in one component of a
system, it is necessary to neglect all electrical transients in
the system. Otherwise, the transients that are modelled do
not reﬂect the true electrical dynamics of the system. In
modelling the DC link, one electrical state, the bus voltage,
is included. The state equation for the system bus voltage
may be derived as:
vb =

1
Cb


isources − isinks −

vb
Rb

4.1 Vector Control of Permanent Magnet Machine
In the permanent magnet machine model, recall that the
inputs to the machine (via its controlled converter) are
∗
∗
and vds
. It is assumed that the machine controller
vqs
has access to the measured shaft speed of the machine
as well. Thus, the object of the machine controller is to
∗
∗
and vds
based on τg∗ and ωr such that τg = τg∗ .
specify vqs
Note that in a real system, there would most likely be
feedback of all the voltages and currents across the stator
windings, and there would be a feedback portion of the
controller that would try to drive the actual voltages and
currents to their reference values. With vector control of
a permanent magnet synchronous machine, maximum per


(9)
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Table 1
Basic Switching

unit armature current is obtained when ids is held at zero
and iqs is varied to control the torque [10].

Sector
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4.2 DTC of Induction Motor
Cψ CT

The core of DTC consists of hysteresis controllers of torque
and ﬂux, optimal switching logic, and precise motor model
as shown in Fig. 2. In principle, the DTC method selects
one of the inverter’s six voltage vectors and two zero vectors
as shown in Fig. 3 in order to keep the stator ﬂux and
torque within a hysteresis band around the demand ﬂux
and torque magnitudes [9, 10]. The motor model calculates
the torque, stator ﬂux, and shaft speed based on the
measurement of two-phase currents and the intermediate
circuit dc voltage. Torque and ﬂux references are compared
with these values, and control signals are produced using
a two-level hysteresis. The optimal switching logic deﬁnes
the best voltage vector based on torque and ﬂux references.
Table 1 deﬁnes selection of voltage vectors. From the table,
it is observed that Cψ is change in ﬂux and CT is change
in torque. The voltage vectors V1 , V2 , V3 , V4 , V5 , and V6
are enable vectors and V0 and V7 are disable vectors.

↑

↓

1

2

3

4

5

6

↑

V2 V3 V4 V5 V6 V1

0

V0 V0 V0 V0 V0 V0

↓

V6 V1 V2 V3 V4 V5

↑

V3 V4 V5 V6 V1 V2

0

V0 V0 V0 V0 V0 V0

↓

V5 V6 V1 V2 V3 V4

bus voltage, engine throttle position, and generator torque
command. The outputs of this subsystem are engine shaft
speed and generated DC current. The purpose of this
subsystem is to produce a commanded DC current as eﬃciently as possible.
This controller interfaces with the lower level of control
by adjusting the engine throttle setting and sending a
command torque to the permanent magnet machine vector
controller. This controller interfaces with the higher level of
control by receiving a DC current command and specifying
the amount of DC current that may be supplied to the rest
of the system.
The main power supply subsystem controller uses the
inputs engine shaft speed and reference and actual generated DC current to determine the appropriate values for
the outputs permanent magnet machine torque command
and engine throttle setting. First, the engine speed and
reference DC current are used to determine the optimal
engine reference speed. Next, this reference speed and
the actual and reference values of DC current are used
to determine the required throttle setting to produce the
necessary DC current. Finally, this throttle setting and the
reference and actual engine speeds are used to determine
the permanent magnet machine torque command that will
control the engine speed.

Figure 2. Model of direct torque control.

4.4 Vehicle Speed Subsystem
The vehicle speed subsystem consists of the induction motor, its controlled converter and direct torque controller,
the mechanical coupling, and the vehicle dynamics. The
inputs to this subsystem are system bus voltage and induction machine torque command, and the outputs are DC
current drawn from the system bus and vehicle speed. The
objective of this subsystem is to use induction motor and
brake torque to control the speed of the vehicle.

Figure 3. DTC space vectors.

5. Simulation Procedures
4.3 Main Power Supply Subsystem
The computer simulation illustrates the main power supply
subsystem model and controller performance. In this
simulation, the bus voltage is assumed to be constant and
the input to the subsystem is reference DC current. In
order to test the main power supply subsystem controller,

The main power supply subsystem consists of the diesel
engine, mechanical coupling, permanent magnet machine,
controlled converter, and permanent magnet machine vector controller. The inputs to the subsystem are system
83

a step input of reference DC current is applied and then
removed after equilibrium has been reached. The step is
from 0 to the maximum DC current that may be obtained
from the main power supply subsystem. To test the
scalability of the subsystem model and its controller, this
test will be performed for the lowest and highest expected
values of rated engine power, with all other parameters
scaled. This simulation was performed in SIMULINK with
the 4th-order Runge-Kutta integration routine with a ﬁxed
time step of 0.1 second. The system was simulated for 60
seconds, with the step input applied during the ﬁrst 30
seconds and removed during the remaining 30 seconds.

and θ = 1 corresponding to the fully open position. The
other state to be controlled in this subsystem is the engine
shaft speed. Its response is shown in Fig. 6 for the 50-HP
main power supply. In this ﬁgure, the reference speed
shown as a dash-dotted line is actually the ﬁltered reference
speed. It is apparent from this ﬁgure that the shaft
speed follows the reference speed well within the 10 rad/sec
error bandwidth, as expected with a sliding mode control
principle. The control input here is the generator torque,
shown in Fig. 8. The trajectory of the generator torque
appears to be proportional to the generated DC current.
Finally, the fuel usage during this one-minute simulation is
illustrated in Fig. 9. In the 1 MJ ﬂywheel battery test, the
bus voltage is maintained to within 1 volt of the reference

Downloaded by [University of Ottawa] at 13:36 19 October 2015

6. Results and Discussion
The SIMULINK code for the entire vehicle system model
is used in this paper. For convenience, the SIMULINK
code was simulated from the MATLAB command line in
a script ﬁle [11]. This script ﬁle enables a single batch
process to obtain all relevant data required to evaluate
the results. For simulation, 50-HP rated traction motor
and engine are used. The Federal Urban Driving Schedule
(FUDS) data is speciﬁed for 1372 seconds; it is required
to simulate a total of 405*1372 = 555660 seconds or 154.34
hours in order to evaluate the performance index. If the
vehicle model considered electrical dynamics, the required
time step would be much smaller, thus making the time
to simulate much longer. The general rule in simulating
dynamic systems is that simulation time is inversely proportional to the integration time step. Using the maximum
time step for which a stable response is obtained. Fig. 4
shows the graph of FUDS data, in which vehicle speed is
in miles per hour and time is in seconds.

Figure 5. Generated DC current.

Figure 6. Engine shaft speed.

Figure 4. Federal urban drive schedule.
For the 50-HP engine conﬁguration, the DC current
response is given in Fig. 5. In this ﬁgure, the dash-dotted
line represents the reference DC current and the solid line
is the actual DC current produced. As seen in this ﬁgure,
the steady-state error is less than the desired 2% of rated
DC current. The control variable that produces this result
is the engine throttle position, shown in Fig. 7. As shown
in this ﬁgure, the throttle position is in nondimensional
form with θ = 0 corresponding to the fully closed position

Figure 7. Engine throttle position.
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value, as shown in Fig. 10. This represents a maximum
error of 0.2%. In fact, if it were not for the leakage in
the DC link, the voltage would be precisely maintained
and the feedback portion of the voltage controller would
be unnecessary. This is due to the fact that the models
used in the feed forward controller are exactly the same
as the models in the subsystem. The only diﬀerence is
that the leakage has been neglected in the feed forward
controller. The DC current produced by the ﬂywheel
battery that maintains bus voltage is shown in Fig. 12.
The machine torque that was used to produce this current
is given in Fig. 13. Note that the machine torque does not
appear to be directly proportional to generated current as
it did in the main power supply subsystem. This diﬀerence

may be attributed to the rapidly varying shaft speed in
the ﬂywheel battery, which greatly aﬀects the relationship
between developed torque and generated current. The
shaft speed of the ﬂywheel, which is designed to operate
at 36,000 RPM when fully charged, is shown in Fig. 11.
The state of charge of the ﬂywheel battery is the square of
the nondimensional ﬂywheel speed. The resulting ﬂywheel
battery state of charge for this test case is given in Fig. 14.
From the state of charge data, it is seen that the ﬂywheel
battery requires 61 seconds to charge and 52.5 seconds to
discharge. This is exactly as expected from the charge
time analysis above. The diﬀerence between actual and

Figure 11. Flywheel speed.
Figure 8. Generator torque.

Figure 12. Generated DC current.

Figure 9. Engine fuel remaining.

Figure 10. DC link voltage.

Figure 13. Torque developed.
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0.0473 or 4.73% of engine design torque, which is adequate
for robust control system development. For the 50-HP
motor conﬁguration, the vehicle speed response is given
in Fig. 18. From this result, it is clear that the traction
motor is not large enough to drive the vehicle at the 60mph reference speed. A steady-state velocity lower than
60-mph is reached when the power losses in the traction
motor, coupling, and vehicle dynamics are equal to the AC
terminal power in the machine. The steady-state error in
this test is 4.2 miles per hour. Several noteworthy facts
may also be obtained from Fig. 18. The steady-state
velocity is approached asymptotically, but appears to be
fairly level at the 150-second mark. Thus, the acceleration
in this conﬁguration is fairly low. In contrast, the time to
stop from 55.8 mph is 18 seconds. This is of course due to
the aerodynamic, viscous, and Coulomb drag in the vehicle
dynamics assisting the deceleration. The control variables
that produce this result are the traction motor torque and
brake torque, shown in Figs. 17 and 15 respectively. The
brake torque shown in Fig. 15 is referred to the traction
motor shaft for easy comparison with the traction motor
torque. In the physical system, this torque is likely to
be applied directly at the hub of one or more wheels for
maximum eﬃciency in braking. Finally, the DC current
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Figure 14. State of charge.

Figure 15. Mechanical brake torque.

Figure 17. Torque developed in 50-HP traction motor
(induction motor).

Figure 16. Engine torque curve ﬁt results.
theoretical charge and discharge time is attributed to the
fact that there are power losses in the permanent magnet
machine and mechanical coupling, which prevent all of the
energy entering the machine terminals from being stored
in the ﬂywheel.
Fig. 16 shows the normalized shaft torque of the
engine based on the curve ﬁt analysis. With the help
of this graph, maximum normalized torque error between
the design model and the truth model can be calculated.
For the 50-HP diesel engine data, the maximum error is

Figure 18. Vehicle speed.
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required to produce the desired traction motor torque is
given in Fig. 19.
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7. Conclusion
In this paper, the development and testing procedures of
various component models and a system control strategy
for a new hybrid vehicle have been proposed. The system model and corresponding SIMULINK code used in
this paper are appropriate for long-time-scale simulations
in which the dynamics on the order of the electrical frequencies in the machines may be neglected. As such, it
has been proven stable for integration time steps up to 0.1
second. The system model has been developed for and is
particularly well suited for parametric system studies, in
which the main parameters in the vehicle are varied while
holding the velocity proﬁle constant as shown in the model
using the FUDS driving cycle. To aid in its use as such,
an appropriate scaling strategy was presented. Using this
strategy, all parameters necessary to simulate the vehicle
are scaled from the design power of the engine, the energy
capacity of the ﬂywheel battery, and the design power of
the traction motor.
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8. Nomenclature
ids
iqs
Ld
Lq
Lr
Ls
Lm

d-axis stator current
q-axis stator current
d-axis inductance
q-axis inductance
Rotor inductance
Stator inductance
Mutual inductance

ΨS
ΨdS
ΨqS
Ψdr
Ψqr
Tem
vs , is

Rr Rotor resistance

Rb

Rs Stator resistance
ωr Angular speed

Cb
Vds ,
Vqs

Stator ﬂux linkage
d-axis stator ﬂux linkage
q-axis stator ﬂux linkage
d-axis rotor ﬂux linkage
q-axis rotor ﬂux linkage
Electromagnetic torque
Stator voltage and
current
DC bus leakage
reactance
DC bus capacitance
Stator voltages in d and
q axes
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