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Abstract—- In this paper a quasi-static model of a parallel HEV
powertrain is developed and applied for model based control. An
effective set of features have been derived from a city drive cycle
to characterize traffic congestion levels. This characterization
model was later used with a power management strategy to
control the torque split between engine and motor.
Simulationswere carried on Indian Urban Cycle and the
feasibility andeffectiveness of the control strategy is tested with
the stateof charge (SOC) and fuel efficiency. The benefits of the
model are demonstrated through simulation results.
Keywords - Parallel hybrid, model-based design, PCA-fuzzy
control, QSS toolbox

propulsion systems and has been extensively referred in this
work [7]. The battery model takes into account the
regenerative braking capabilities of an HEV. The design of
control algorithm is the key to utilizing the full potential of a
hybrid powertrain. Power or energy management acts as a
supervisory control algorithm to control the torquesplit
between engine and motor. Karbaschian M. A. et al. have put
together a review that explains and compares various power
management approaches for HEVs [8]. A Fuzzy Logic
Controller (FLC) based power management strategy that
decides the torque split ratio between the engine and the motor
has been implemented in this paper [9].

I. INTRODUCTION

P

ollution caused by transport is a heavy burden. According
to an UN study, India, China and South-East Asia are
among the few geographic locations, which are undergoing
rapid urbanization, leading to an increase in emission of CO2
and other Greenhouse gases [1]. Moreover, stringent
governmental regulations [Euro 5, Bharat Stage V] around the
world have increased the demand of cleaner vehicles.
Introduction of hybrid vehicles would help automotive
manufacturers meet these regulations. In comparison to electric
and fuel cell vehicles, Hybrid Electric Vehicles (HEVs) have
proved to be economically viable due to the use of smaller
battery pack and their similarities to conventional vehicles [2].
This paper demonstrates a model-based design of a parallel
HEV in Matlab/Simulink®. Mahapatra S. et al. have shown
how the model-based approach is viable in overcoming multidomain complications that arises from the complex interaction
between various mechanical and electrical components [3].
Gadda C. and Simpson A. have published an eloquent work by
Tesla Inc. on model-based design of the Tesla Roadster [4].
This work emphasizes on a quasi-static approach to model the
drivetrain of the vehicle. The quasi-static model simulations
are carried out using QSS toolbox that has an integrated
environment facilitating the combination of various
subsystems [5]. A backward-facing HEV has been
implemented, based on the power flow. Fig 1 gives a brief
insight into parallel HEV design and model implementation.
The work started with analysis of a sample urban drive cycle to
find parameters that have a comparatively high impact on
improving the overall efficiency of a vehicle.
Principal Component Analysis (PCA) has been used to find
patterns in the data.The parameters are then compressed
without much loss of information [6].The work by Guzzella L.
and Sciarretta A. has provided detailed insight into the
mathematical modeling and subsequent optimization of vehicle
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Fig 1Power flow in a backward-facing Parallel HEV Model

In Section II a brief analysis of the drive cycle is provided.
Section III focuses on the mathematical framework and
modeling of the drivetrain where the modeling of each block is
followed by the results pertaining to that particular block. The
control strategy is explained in detail in Section IV. Results
and conclusion are detailed in Section V.
II. DRIVE CYCLE ANALYSIS
A. Sample Collection and Representative Features
To exploit regenerative braking in hybrid vehicle, a city
drive cycle is an ideal choice. The frequent slowing-down, stop
and go situations indicate greater chances of regeneration and
hence a better fuel economy. Here, Indian Urban Cycle [10]
has been used to carry out the analysis and simulation. Sample
of Indian Urban Cycle is shown in Fig 2.
A review on driving style recognition algorithms provides a
summary of parameter used to recognize drive cycles. The
study shows that parameters based on velocity and acceleration
are the most frequently used [11]. However, too many
parameters cause higher hardware cost, longer computational
time and the parameters need to balance with the “curse of
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dimensionality”. In this work, seven representative features,
namelyaverage power, average speed, maximum speed,
maximum acceleration, maximum deceleration, average
acceleration and average deceleration have been consideredand
are extracted from the velocity profile [12-13]. Average power
was calculated from drive cycle. Idle time during the cycle was
not considered in the calculation of principal components
unlike the work by Hongwen He et al.[13].

Fig 4 Variance in average and maximum velocity of 150 sec window to
varying step size

B. Principal Component Analysis (PCA)

Fig 2Indian Urban Cycle

The characteristic features are calculated periodically
depending upon the number of segments into which the drive
cycle is divided. These segments are called windows ranging
between 100-300 sec.Murphey Y. L. et al analyzed different
window sizes based on the validation of a trained neural
network and settled on a 150 sec window [12]. In the present
work, a numerical experiment was carried out to obtain
optimum window size based on variance of average and
maximum velocity of the window segment w.r.t. the average
and maximum velocity of the drive cycle. The change in
variance with the window size is shown in Fig 3. It is clear
from the plot that 150 sec is the smallest window that is
representative of the drive cycle [14]. Similarly the step size
was chosen to sample the 150 sec window. Fig 4 shows
variance of average and maximum velocity of the window
segment with change in step size.Again it can be seen vividly
that a step size of 10 sec results into minimum variance, both
w.r.t. average and maximum velocity.

From the above analysis a 150 sec window and a 10 sec
time step sampling rate was found to be most suitable. The first
step in PCA is the calculation of the covariance matrix (Table
I). The grey area shows the parameters that are most significant
in the drive cycle for a window of 150 sec and a step time of
10 sec. The second step in PCA is the calculation of Eigen
vectors and Eigen values. The Eigen vectors of covariance
matrix are given in Table II. The dark shaded region in the
table shows that the contribution of maximum and average
velocity is the most significant. The first six Eigen values
corresponding to the Eigen vectors are 13.787, 2.327, 0.363,
0.246, 0.037 and 0.008 respectively.
TABLE I COVARIANCE MATRIX
cov
Pavg

Pavg
1.48

Vmax
2.11

Vavg
2.84

amax
0.06

dmax
0.04

aavg
0.02

davg
0.04

Vmax

2.11

7.51

5.30

0.23

-0.11

0.08

-0.08

Vavg

2.84

5.30

7.44

0.14

0.02

0.06

-0.02

amax

0.06

0.23

0.14

0.11

-0.09

0.03

-0.03

dmax

0.04

-0.11

0.02

-0.09

0.17

-0.03

0.04

aavg

0.02

0.08

0.06

0.03

-0.03

0.01

-0.01

davg

0.04

-0.08

-0.02

-0.03

0.04

-0.01

0.02

TABLE II EIGEN VECTORS
v1

v2

v3

v4

v5

v6

0.27

-0.25

0.87

-0.25

-0.08

-0.11

0.67

0.73

0.02

0.05

0

0

0.68

-0.62

-0.36

0.07

0.01

0.03

0.02

0.03

0.06

-0.56

0.76

0.24

0

-0.05

0.23

0.73

0.60

-0.16

0

0

-0.03

-0.16

0.18

-0.42

0

-0.02

0.17

0.18

-0.02

0.85

Fig 3 Variance in average and maximum velocity per window to average and
maximum velocity of the drive cycle
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III. MODEL CONSTRUCTION

In this section the mathematical framework and modeling
required for the analysis of vehicle mechanics is presented.
Simulations are carried using QSS toolbox, whichemploys a
quasi-static approach to model the system [5]. The
Matlab/Simulink® model of the drivetrain is shown in Fig
7,attached at the end of the paper. The model is split into
grouped units, which are explained in the subsections below.
The content of this section is referred from the text Vehicle
Propulsion Systems [7].
Fig 5 Percentage contribution of principal components

The first Eigen vector, having the largest Eigen value,
represents the new dimension along which the first principal
component varies. The same also represent the best fit for the
drive cycle data points. Each succeeding component in turn
will have higher variance under the constraint that it is
orthogonal to the preceding components. Fig 5 shows a pie
chart representing the contribution ratio of the principal
components.The variations of principal components as well as
the variation of mean subtracted maximum and average
velocity are shown in Fig 6. It can be seen from the figure that
the first principal component, labeled PC-1, has great
influences of maximum and average velocity. The second
principal component, PC-2, has positive contribution of
maximum velocity whereas negative contribution of average
velocity as given in Table II. Hence, PC-1 to a large extent
follows the profile of maximum and average velocity, whereas
PC-2 does not follow the same everywhere. The variation of
the third component PC-3 can be seen less significant
compared to the other two, having less significant eigen value
of 0.363 only. As can also be seen third value onward the
Eigen values are less significant. It can be concluded here that
drive cycle is most significantly affected by two principal
components only.

A. Drive Cycle and Vehicle Dynamics
The drivetrain in Fig 7, attached at the end of the
paper,models a parallel hybrid. Within the function block
„Vehicle‟, the tractive force required at the wheels is
calculated. The tractive effort can be broken down into the
following four main categories [15].


tire rolling resistance (Frolling)



aerodynamic drag (Faero)



vehicle inertia (Finertia)



road inclination or grade (Fgrade)
𝐹𝑟𝑜𝑙𝑙𝑖𝑛𝑔 = 𝐶𝑟𝑟 0 𝑚𝑔 + 𝐶𝑟𝑟 1 𝑚𝑔𝑉 ≈ 𝐶𝑟𝑟 0 𝑚𝑔
𝐹𝑎𝑒𝑟𝑜 =

1
𝜌𝐶 𝐴 𝑉 2
2 𝐷 𝑓

𝐹𝑖𝑛𝑒𝑟𝑡𝑖𝑎 ≈ (𝑚 + 𝑚𝑒𝑞 )

(1)
(2)

𝑑𝑉
𝑑𝑡

(3)

𝐹𝑔𝑟𝑎𝑑𝑒 = 𝑚𝑔 sin 𝜃

(4)

Once the tractive effort is found out, the torque and power
required at the wheels can be calculated using
theMatlab/Simulink® block diagram shown in Fig 8. The
torque and angular speed required at the wheels for the drive
cycle is shown in Fig 9. In hybrid vehicles, the large required
torque (200-600 Nm) is divided among number of power
sources, which in the present work is two, namely engine and
motor.

Fig 8 Block diagram showing the calculation of total tractive effort
Fig 6 Variation of Mean subtracted values of maximum velocity, average
velocity, 1st principal component, 2nd principal component and 3rd principal
component. The window numbers are based on a 150 sec window segment
and a 10 sec time step sampling
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B. Torque Coupling
The power from the Internal Combustion Engine (ICE) and
motor/generator (MG) are added together by a mechanical
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coupler. In this work, a torque coupler has been modeled that
represents a through-the-road coupling system [15]. In torque
coupling, the coupler adds the torques of the ICE and MG
together and delivers the total torque to the driven wheels. The
quasi-static model of the torque coupler with m = 2 power
sources is sketched based on the equations below.

Fig 10 Torque required at the engine shaft

C. Continuously Variable Transmission (CVT)
A CVT allows the engine speed to be decoupled from the
vehicle speed, such that the operating point of the engine can
be optimized; besides it helps in reducing the engine torque
requirement using variable gear ratio. Block diagram of Fig 11
shows the quasi-static model of the CVT. Input to the CVT is
the torque split of IC engine part with angular speed required at
the road. The output of the CVT is the optimized torque (T2)
and the required angular speed at the engine shaft.

Fig 9 Torque and Speed required at the wheels

In general, the speed at each power shaft is given as,
𝑤𝑗 𝑡 = 𝛾𝑗 𝑤𝑚 +1 (𝑡), j = 1,2…m

(5)

where𝛾𝑗 are the transmission ratios of the power sources to
the output gear. Usually, the primary power sourcehere ICE,
have a unitary transmission ratio (gamma 1) to the output,
while gamma 2 has been taken as 3 in the present work.The
power balance across the device yields,
Fig 11 Quasi-static model of a Continuously Variable Transmission (CVT)

𝑚

𝑇𝑚 +1 =

𝛾𝑗 𝑇𝑗 𝑡 − 𝑇𝑙 (𝑡)

(6)

From the definition of transmission ratio v,

𝑗 =1

where𝑇𝑙 𝑡 is a loss term, modeled as constant and m = 2.
The torque at each shaft is calculated as,
𝑇1 𝑡 =
𝑇2 𝑡 =

𝑢 𝑡
𝛾1

𝑇3 𝑡 + 𝑇𝑙 𝑡

1 − 𝑢(𝑡)
(𝑇3 𝑡 + 𝑇𝑙 (𝑡))
𝛾2

(7)
(8)

where, 𝑢 𝑡 is the torque-split ratio, which is to be obtained
from the controller based upon the principle components. The
total torque (Fig 9) is split between the motor and the IC
engine based on the torque split ratio so obtained. Fig 10
shows the required torque at the engine shaft. As can be seen
clearly, it requires ICE of larger capacity and hence will not
bring any advantage of hybrid system. With 𝛾1 being unitary,
the required angular speed at the engine shaft will remain same
as shown in Fig 9.
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𝜔2 𝑡 = 𝑣(𝑡)𝜔1 (𝑡)

(9)

where𝜔1 (𝑡) is the input angular speed to CVT which is
same as the angular speed required at the road (Fig 9). 𝜔2 (𝑡)is
the required angular speed of the ICE shaft. The core of a
CVT consists of a transmitter element and two pulleys. The
final expression for torque is given by equations (10),
where𝛩1 𝑡 and 𝛩2 𝑡 represents the moment of inertia of the
pulleys and 𝑇𝑙 𝑡 accounts for torque losses.
𝑇2 (𝑡) 𝛩2 + 𝛩1 𝑣 2 𝑡 𝑑
+
. 𝜔2 𝑡
𝑣(𝑡)
𝑣 𝑡
𝑑𝑡
(10)
𝑑
+ 𝛩1 𝑣 𝑡 𝜔2 𝑡
𝑑𝑡
The variation of the gear ratio 𝑣(𝑡) is determined by a
CVT controller. The controller determines the rotational speed
at which that power is best generated by the engine, taking into
account goals such as minimum consumption, running
smoothness, as well as gear ratio limitations of the CVT. As a
result, the enormous torque requirement from the engine as
seen in Fig 10 is brought down by the CVT as shown in Fig
12.
𝑇1 𝑡 = 𝑇𝑙 𝑡 +
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𝑈𝑜𝑐 = 𝐾2 𝜉 𝑡 + 𝐾1

(11)

where𝜉(𝑡) is the ratio of the electric charge Q that can be
delivered by the battery to the nominal battery capacity Qo
called state of charge (SOC). K1and K2 are parameters that
depend on the battery design and the number of cells in the
battery which can be considered a constant.
The internal resistance of a battery takes into account
several phenomena. In principle, it is a combination of ohmic
resistance (Ro), resistance associated with charge transfer
(Rct)and resistance associated with the diffusion of ions in the
electrolyte due to concentration gradient (Rd). However, an
affine relationship for the internal resistance can be given as
follows.
𝑅𝑖 𝑡 = 𝐾4 𝜉 𝑡 + 𝐾3
Fig 12Torque and speed required from the engine with a CVT. The engine
idles at 100 rad/sec.

It can be seen from Fig 12 that the minimum speed from
ICE is 100 rad/sec, which takes into account the idling
conditions of IC engines. Fig 13 shows the operating points of
ICE with and without the CVT. The red profileindicates
optimum operating points of a hybrid vehicle [5]. The function
of the controller is to decide gear ratio as well as required
torque at the engine shaft such that the operating points remain
closest to the optimum profile. The points marked “+” are
input to the CVT and those marked “.” are output of the CVT.

(12)

whereK3 and K4are constants.
Based upon the above equations, the charge/discharge
equation can be written as shown in equation 13.
𝑈𝑏 𝑡
𝐾1 + 𝐾2 𝜉(𝑡)
=
2

(13)

(𝐾1 + 𝐾2 𝜉(𝑡))2
±
− 𝑃𝑏 (𝑡)(𝐾4 𝜉 𝑡 + 𝐾3 )
4
where𝑃𝑏 𝑡 is the terminal power and 𝑈𝑏 (𝑡) is the terminal
voltage.
IV. CONTROL STRATEGY
The control strategy is based on fuzzy logic control. The
concept of FLC is instantaneous determination of torque split
ratio based on logical rules and local constraints. An FLC has
distinct advantages over more conventional approaches when
the process is highly non-linear [8]. The FLC system basically
comprises of three main subsystems i.e., FLC input fuzzy
variables, output fuzzy variables, and the fuzzy logic rules. The
input variables are the principal components and SOC and the
output variable is the torque split ratio of the through-the-road
coupling system.
A. Input/Output membership functions for FLC

Fig 13Operating points of ICE with and without a CVT

D. Battery Management
The battery can be treated as a „black box‟ which has a
range of performance criteria. These criteria will include
specific energy, energy density, specific power, typical
voltages, amp hour efficiency, energy efficiency, commercial
availability, cost, operating temperatures, self-discharge rates,
number of life cycles, recharge rates, etc.

The membership functions of SOC are shown in Fig 14,
where the linguistic variables H and L represent high and low
battery state of charge respectively. For efficient operation of a
parallel HEV, parameter L should be approximately equal to
the lowest SOC corresponding to the minimum
charge/discharge resistance of the energy storage system
module. The parameter H should be set slightly higher than L,
at a value less than the SOC at which the either the charge or
discharge resistance increases dramatically i.e., both the
minimum charge and the minimum discharge resistances
should lie between H and L [16].

The open circuit voltage of a battery can be given as,
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B. Fuzzy rule base
The performance of the FLC depends heavily on its fuzzy
rules. Results from PCA show that maximum velocity and
average velocity are the most significant parameters of the
principal components. The fuzzy rule base is framed based
upon the variation of maximum velocity and average velocity,
as shown in TableIII below.
TABLE III FUZZY RULE BASE

i

Vmax

Vavg

Driving
Condition

SOC

u

1

-

-

-

Low

Nil

2

Low

Low

Heavy Traffic

High

High

3

Low

Med-low

Medium Heavy

High

Med-high

4

Med

Low

Medium Traffic
(Normal)

High

Med

5

Med

Med-low

Intermittent
Traffic

High

Med-low

6

Med

Med

Cruising (Low)

High

Low

7

Med

Med-high

Cruising
(Medium)

High

Low

8

High

Med

Highway
Cruising (Low)

High

Very low

9

High

Med-high

Highway
Cruising
(Medium)

High

Very low

10

High

High

Highway
Speeding

High

Nil

Fig 14 Membership functions of SOC

Fig 15 Membership functions of 1st Principal component

Fig 16 Membership functions of 2nd Principal component

The membership functions for the 1st and 2nd principal
component are shown in Fig 15 and 16 respectively. The
universe of discourse of each component is the complete range
of variation which is expressed by linguistic variables into low,
medium-low, medium, medium-high and high. Fig 17shows
the linguistic variables, membership functions and universe of
discourse of the torque-split ratio. Here, it can be seen that at
its maximum the motor can contribute 50% of the total torque
requirement.

Here, Vavg indicates the presence of traffic and Vmax
indicates the degree of traffic intensity. Considering the case
when Vavg is low and Vmax is medium, the traffic condition is
Normal Medium Traffic. When Vavg is medium and Vmax is
high, the traffic condition is Low Highway Cruising.Similarly
when Vavg is high and Vmax is high, the traffic condition is
Highway Speeding.
V. RESULTS
Fig 18shows the velocity, battery SOC and torque split
ratios throughout the drive cycle. It is considered here that the
motor is able to regenerate only for 1/3rd of the retarding
torque. The other 2/3rd of the retarding forces are accounted to
friction brakes [17]. The torque-split ratio rises when there are
braking instances and lowers down when there are greater
stretches of cruising.

Fig 77 Membership functions of Torque Split Ratio
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Fig 7 Matlab/Simulink® model of the parallel HEV
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