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Abstract: Three configurations (series, parallel, and series-parallel) of the hybrid electric vehicle (HEV) are 
studied, this study investigates the advantages and disadvantages of three HEV in the paper. Power flow 
simulations are conducted with the MATLAB/Simulink-based software Advanced Vehicle Simulator 
(ADVISOR). These simulations are used to study how efficiency and agility are affected by the motor, fuel 
converter, and hybrid configuration for the City Hybrid bus design. Input cycles are created based on rough 
estimates of track geometry. The output from these ADVISOR simulations is a series of plots of velocity profile 
and energy storage State of Charge (SOC) that provide a good estimate of how the City Hybrid bus will perform 
on the given course. The most noticeable discrepancy between the input cycle and the actual velocity profile of 
the HEV occurs during deceleration. Results show that the series-parallel HEV configuration is optimal, and 
provides the references in both parameter optimization and performance debugging for the development of City 
Hybrid bus. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

Due to the increasing rate of global petroleum 
consumption, there is a critical need to develop more 
efficient power generation systems for the 
transportation sector. HEVs are garnering more 
attention with a global energy crisis looming in the 
next decade. Hybrid vehicle technology involves 
more complex HEV design than traditional gasoline-
powered vehicles. The cost of HEV design can be 
mitigated by utilizing vehicle simulators to predict 
the performance of the vehicle and its  
onboard subsystems under a variety of driving 

conditions. Simulations are particularly useful for the 
automotive industry, but can also be applied to 
academic projects.  

This study will demonstrate the application of 
ADVISOR software to HEV configuration 
optimization for a City Hybrid bus. ADVISOR was 
intended to ease the numerical simulation process for 
vehicles under development. Previous research has 
shown the utility of the ADVISOR program. Wang 
Qing-Nian et al. [1] come up with a method of 
assigning the required power to each energy source. 
Using this method, an optimal matching of three 
energy sources has been done as a reference indicator 
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in the Fuel economy, energy conversion efficiency, 
life and cost of electrical power supply system. 
Narasimha Bolloju et al. [2] presented a knowledge-
based object modeling advisor for developing quality 
object models, explained its combined backward–
forward calculation approach and demonstrated its 
accuracy, speed, and flexibility. Diane Kelly [3] 
provided a practical overview of ADVISOR, 
including the layout of the graphical user interface, 
capabilities and limitations of the program, and 
power source modeling options. Jin Jia-Qi et al. [4] A 
model for the simulation of rear w heel drive 
electronic mechanical continuously variable 
transmission vehicle was established. R. Myers [5] 
applied tools in the Simulink environment to model a 
hybrid drive train for a postal service delivery 
vehicle. Qi Li et al. [6] utilized the ADVISOR 
program to analyze a basic vehicle used for studying 
hybrid fuel cell/battery passenger cars. Finally, Li Jun 
et al. [7] In view of PHEV, a fuzzy logic control 
strategy for power distribution was designed, based 
on the electrical auxiliary control strategy. Its model 
was embedded in the simulation software ADVISOR, 
which was simulated in the condition of CYC_EUDC 
cycling road condition.  

The vehicle required specific controls and 
components not provided in the software. Li Jun et al. 
found the simulation and results analysis tools to be 
convenient and useful in proving the capabilities of 
their design. We applied ADVISOR to compare three 
HEV configurations (series, parallel, and Series-
parallel) based on overall efficiency and energy 
consumption. Although the vehicle described herein 
was designed and built according to the specific 
requirements of the City Hybrid bus, the application 
of ADVISOR to HEV optimization can be extended 
to general vehicle design. 
 
 
2. ADVISOR Capabilities 
 

ADVISOR was created in the 
MATLAB/Simulink environment. The program uses 
an iterative calculation scheme to generate outputs of 

a vehicle’s velocity and energy use at all times during 
a given simulation. ADVISOR uses a combined 
backward/forward method. In a forward-facing 
approach, operator inputs such as throttle position 
and braking are defined by a driver model based on 
the desired speed. These inputs are used to calculate 
the required torque and energy use rate of the vehicle 
drive train. The computation proceeds forward from 
the engine, through the transmission and to the 
wheels, finally resulting in calculation of an attractive 
force at the tire/road interface. The forward-facing 
approach is desirable for hardware development and 
detailed control simulation, but the simulation speed 
is slow. A pure forward approach is too time-
consuming for preliminary design. A simplified block 
diagram of a generic forward-facing simulation 
approach is presented in Fig. 1. 

In contrast to the forward-facing approach, which 
begins with a driver model, a backward-facing 
approach is driven by the required vehicle velocity. 
The backward-facing approach does not include a 
driver model. The force required to accelerate the 
vehicle through the time step is calculated directly 
from the speed trace of the driving cycle that is being 
simulated. The simulation determines the torque and 
speed of drive train components that is necessary to 
overcome the inertial forces of the vehicle and reach 
the desired velocity. The calculation proceeds 
backwards from the tire/road interface through the 
drive train, ending with the energy source (typically 
an internal combustion engine and fuel tank). The 
backward-facing approach allows for simple and fast 
calculation, but is not useful for studying control 
systems due to the lack of throttle and brake 
information. Because the backward-facing model 
assumes that the vehicle meets the required speed 
trace, a pure backward approach is not suited to 
analyze best-effort performance (i.e., acceleration 
tests). A simplified block diagram of a generic 
backward-facing simulation approach is presented in 
Fig. 2. By combining the forward- and backward-
facing methods, ADVISOR can take advantage of 
advanced battery and component models effectively 
while maintaining a relatively fast simulation speed. 

 
 

 
 

Fig. 1. Generic forward-facing calculation approach. 
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Fig. 2. Generic backward-facing calculation approach. 
 
 

The user manipulates a series of Graphical User 
Interface (GUI) screens to input various vehicle 
parameters and drive cycle requirements and monitor 
their impact on vehicle performance, fuel economy, 
and emissions. The three main GUI screens in 
ADVISOR are the vehicle input screen, the 
simulation parameters screen and the results screen. 
Examples of these screens are shown in Fig. 3, Fig. 4 
and Fig. 5. In the vehicle input screen (Fig. 3), the 
user builds a vehicle of interest by selecting options 
from a series of drop-down menus. Each list includes 
several preprogrammed parts for use in the vehicle. 
The user may also create custom components by 

editing the properties of each part. This feature makes 
ADVISOR convenient for innovative vehicle design 
and simulation. In the simulation parameters screen 
(Fig. 4), the user defines the drive cycle parameters 
for the event over which the vehicle is to be 
simulated. Vehicle performance can be reviewed in 
the results screen (Fig. 5), where fuel economy and 
emissions are displayed alongside detailed plots of 
time-dependent outputs. The user can select from a 
wide array of output options related to speed and 
torque, fuel consumption, emissions, battery charge 
level, etc., and display up to four  
plots simultaneously. 

 
 

 
 

Fig. 3. Vehicle input screen. 
 
 

 
 

Fig. 4. Simulation parameters screen. 
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Fig. 5. Results screen. 
 
 
3. The ADVANTAGES of HEV 
 

Compared with ordinary engine driving vehicles, 
HEV has the following advantages. 

1) High level of efficiency: the engine efficiency 
of modern vehicles is about 38 %, while the ultimate 
efficiency is only 12 % because of frequent braking, 
low speed driving and signal waiting. But HEV 
suffers no lost of idles, and 80 % of the e-power can 
transfer from motor into vehicle motion. Besides, it 
can retrieve power when braking. 

2) Low level of environmental pollution. 
3) Low rate of noise: The noise and vibration of 

the automobile depends on the engine and the driving 
condition. Compared to engines, HEV has much 
fewer vibration sources, its noise level is much lower 
than engine vehicles. 

4) Multiple energy resources available: Not 
restrained by petroleum resource, HEV can acquire e-
power from public power grid. Thus any method to 
acquire e-power can apply to HEV, such as hydro 
power, nuclear power, thermo power, wind power, 
subterranean heat and solar power. 

5) Energy feedback According to the energy 
resource combination mechanism, we can easily 
retrieve the braking energy or potential energy when 
declining. Thus the continual mileage and the 
stability are going to increase. All the new HEV 
developed in recent years have energy retrieving 
system, which can increase the continual mileage  
by 10 %-15 %. 
 
 
3.1. The Requirements of HEV to Driving 

Control System 
 

In a HEV, motor is driven by the motor 
controller, the motor transfers the e-power into 
mechanical power to drive the vehicle. The basic 
requirements of the EV to the driving control system 
are as follows: 

1) High specific power. To account in maximum 
power, usually reaches (2-3.25) kW/kg. 

2) Large range of motor speeding, usually in 
30 %-100 % maximum speed, the motor may have a 
performance of small torque, permanent power, 
which can fulfill the requirement of the maximum 
speed and highway patrol of the HEV. 

3) Sufficient starting torque to qualify the demand 
of fast starting, accelerating, climbing and frequent 
start/stop. Usually the overload factor of the motor 
reaches 3-5. 

4) Fast torque response, the driving system can 
control the driving torque and braking torque quickly 
and mildly in all kinds of speed ranges; in multiple 
motor system, the motors should have high 
controllability, good steady state precision and 
dynamic characteristics. 

5) Good environmental adaptability, can do 
reliable work in harsh environments. 

6) High rate of energy retrieve in  
regenerative braking. 

7) Have good characteristics of efficiency, can 
acquire optimum efficiency in a wider speed/torque 
range, increase the continual driving distance after 
charging 2 times, usually should acquire 80%-90% 
efficiency in typical circuit driving zone. 
 
 
3.2. The Dynamic Characteristics of the Motor 
 

As to the traditional engine vehicle, the function 
of its engine is to transfer the heat energy into the 
rotating mechanical energy, which is transmitted to 
the wheels through gearing, differential and clutch. 
As the engine’s maximum output torque changes 
with the speed change, the vehicle’s speed should 
correspond with the switch of the reducer. In this 
way, the engine can keep working with a maximum 
power. However, HEV are driven by the motors, 
which can generate torque in low speed range 
without switch the reduce gears, as shown in Fig. 6. 



Sensors & Transducers, Vol. 171, Issue 5, May 2014, pp. 68-77 

 72

Besides, the motor can operate in permanent power in 
small torque by using the weakening control method. 

Thus HEV can adopt these characteristics flexibly in 
different kinds of driving resources. 

 
 

 
 

Fig. 6. Dynamic characteristics of the motor. 
 
 
3.3. Choosing the Motor’s Power 
 

Motors have specific efficiency characteristics, 
that is, certain speed and power correspond to certain 
efficiency. As the HEV energy resource is limited, 
we have to ensure that the motors operate in a high 
efficiency range, to get high energy conversion 
efficiency. The choice of motor power should not 
only satisfy a certain speed, but also operate under 
the condition of full load. HEV maximum speed must 
be satisfied, so that the vehicle can travel in a 
relatively high speed. 

HEV is mainly applied as the civil transport 
device, in most conditions they travel in mid-low 
speed. Considering this situation, we should not 
choose high power motors; otherwise they will work 
under part load condition, which can make the motor 
efficiency much lower, thus waste the limited e-
power. Given the expected maximum speed, the 
power value of the chosen motor should generally 
equals to but not be smaller than the power needed 
when traveling in the highest speed.  
 
 

4. HEV Configurations 
 

The two main configurations used in HEV are the 
series and parallel configurations. A series HEV 
configuration uses the gasoline engine for electrical 
energy generation while an electric motor provides 
full propulsion to the wheels. Fig. 7 represents a 
typical series HEV configuration. The batteries 
provide a relatively constant supply of power in a 
series configuration, but some variation in the SOC 
occurs during driving. Packaging and control systems 
for a series HEV are relatively simple because there 

is no direct mechanical coupling between the engine 
and the vehicle drive, and therefore no need for 
clutches. In lieu of a conventional transmission, the 
control systems alter the amount of current to the 
motor, which controls the torque applied to the 
wheels. The battery pack in a series configuration is 
large because it must accommodate peak  
power requirements during driving. This makes a 
series HEV configuration more expensive than a 
parallel configuration. 

Parallel HEV systems are more common in 
present production vehicles. A parallel configuration 
includes an electrical generator and motor combined 
in a single unit, often located between the combustion 
engine and the transmission. Fig. 8 represents a 
typical parallel HEV configuration. A high-voltage 
battery pack stores energy from the generator. The 
most common parallel HEV motor configurations 
utilize a belt drive or a mechanical gearing 
arrangement in which the motor may be integral with 
the engine, replacing the normal flywheel. This 
allows power from the internal combustion engine, 
the electrical motor, or both, to move the vehicle. 

A third option for the City Hybrid bus is a series-
parallel HEV configuration. Power production is 
shared between electric motor and the internal 
combustion engine. Fig. 9 illustrates the 
configuration. Series-parallel HEV configuration 
involves the same power flows and component 
requirements as a parallel hybrid system, but requires 
additional controls to provide the differential when 
cornering. A similar effect can be achieved by 
placing an electric motor in the front to power the 
front wheels. The City Hybrid bus (Fig. 10) would 
require careful design. 
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Fig. 7. Series HEV configuration. 
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Fig. 8.  Parallel HEV configuration. 
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Fig. 9. Series-parallel HEV configuration. 
 
 

 
 

Fig. 10.  City Hybrid bus. 

5. HEV Models 
 
5.1. Dynamics Models of  HEV 
 

Only forward motion along a path is considered 
for modelling the vehicle dynamics, and 
consequently only a single spatial dimension with 
states of velocity and position is required to capture 
the vehicle’s external dynamics. The state equations 
for velocity, ( )tv and position ( )td  take the standard 

form shown in the following equations, where 0c   

and 1c  are positive constants representing  

drag coefficients: 
 

 ( ) ( ) ( )( )

( ) ( )







=

−−=

tvtd
dt

d

ctvctF
m

tv
dt

d
01

1
, 

(1) 

 
The total applied force ( )tF  is constrained to the 

range: [ ]maxmax , db FFF −∈  where max
bF  and 

max
dF are positive numbers representing maximum 

allowable braking and driving forces, respectively. 
Although not shown explicitly for ease of notation, 
the values max

bF  and max
dF  may be state or  

time dependant. 
Depending on the nature of applied force, the 

vehicle state is subsequently decomposed into three 
possible phases, referred to as consuming  
(when F > 0), coasting (when F = 0) and regenerating 
(when F < 0) phases. 

During the consuming phase, the engine and 
motor combine to produce the driving force, which is 
proportionally related to the total driving torque by 
the gear ratio, 2c , i.e.: 

 
 ( ) ( )tctF totalτ2= , (2) 

 
Assumption 1. The gear ratio, 2c , is the constant. 

This assumption is used only in the control-
oriented modelling. However in general gear changes 
are relatively sparse events and the implementation of 
the proposed controller will result in a parametric 
solutions using limited traffic preview which are 
recalculated repeatedly. Consequently the value of 

2c  may be reset at the start of each calculation to 

reflect the current selected gear. 
The torque split ratio u  is defined as the ratio of 

the torque produced by the engine, 
engτ to the total 

torque required for the vehicle, 
totalτ , and following 

from (2), it is the ratio of the force produced by the 
engine, 

engF to the total force required: 

 
 ( ) ( )

( )
( )

( )tF

tF

t

t
tu eng

total

eng ==
τ
τ

, (3) 
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where the range of u  is [ ]max,0 uu ∈ . The 

achievable upper bound, maxu , will depend on the 

driving force and gear ratio. The HEV mode of 
operation during the consuming phase can now be 
defined based on the value of u : 

a) u = 0: pure electric mode; 
b) 0 < u < 1: hybrid mode; 
c) u = 1: pure engine mode; 
d) u > 1: recharging mode. 
During the regenerating phase, the clutch 

disengages the engine from the drive line. The 
electric motor alone remains engaged to recuperate 
energy and thus acts as a load torque. Henceu does 
not exist during the regenerating phase. Similarly, 
during coasting the torque split is undefined  
since F = 0. 

The following assumption is now made regarding 
the engine efficiency,

engη , used in the control-

oriented HEV model: 
Assumption 2. The engine efficiency, 

engη (
engτ ), satisfies the following two conditions: 

 

 

( ) ( ) 21
2

2

1

1 ττ
τμ

τ
τμ

τ ≥≥ for
engeng

, (4) 

 

 

( ) 00 →→ τ
τμ

τ
as

eng

, (5) 

 

The non-decreasing requirement (4) is weaker 
than assuming constant efficiency as contained in the 
analysis of Wei et al. [8], Ambuhl et al. [9] (although 
a constant engine efficiency will clearly satisfy 
Assumption 2). It can be valid over wide operating 
ranges of the engine, (or indeed the entire engine 
operating region as in Fig. 11 of (Ambuhl et al., [9])) 
however it may ignore the existence of local maxima 
in the efficiency contours. Furthermore, 
Assumption 2 ignores any dependence of the 
efficiency on engine speed, unlike in the works cited 
above. This is reasonable as the gear selection 
strategy should maintain the engine speed within a 
reasonably tight band. 
 
 

 
 

Fig. 11. Engine operating points overlaid on engine 
efficiency map. 

As in (C. Zhang, A. Vahidi, [10]), from 
Assumption 1 it follows that the mass of fuel 
consumed is proportional to engine power delivered 
divided by the engine efficiency, i.e. 
 

 

( )uF

vuF
M

eng
f η

∝ , (6) 

 

Eq. (6) indicates that the engine is turned off 
when the vehicle is stationary or coasting, and uses 
no fuel. Furthermore, there is no fuel penalty 
associated with restarting the engine. 
 
 

5.2. Electrical System 
 

In modelling the electrical system of the vehicle, 
the following assumption is made: 

Assumption 3. The combined motor and  
battery efficiency is constant throughout the 
operating region. 

This is a stronger assumption than Assumption 2, 
however is representative of the flatter efficiency 
curves describing the electrical system, and is 
reasonable for relatively small fluctuations in battery 
state of charge. It also indicates the electricity 
consumption of the vehicle is directly proportional to 
the electric motor power output. 

Under Assumption 3, the dynamics of the battery 
state of charge during the consuming phase may be 
represented by: 
 

 ( ) ( )( ) ( ) ( ) 0,13 >−−= FtvtFtuctq
dt

d , (7) 

 

where 3c  is the positive constant that reflects 

motor/generator efficiency. It is worth noting that (7) 

applies for max0 uu ≤< . During the regenerating 

phase, only the fraction of braking power captured 
regeneratively, denoted R, can accumulate the state 
of charge since the engine disengages from the 
driveline. In this work R is assumed constant 
throughout all braking events, leading to the state of 
charge dynamics during the regenerative phase being 
represented in the control-oriented model by: 
 

 ( ) ( ) ( ) 0,3 <−= FtvtRFctq
dt

d , (8) 

 

During the coasting phase, F = 0, there is no 
change to the state of charge. 

Now that the control oriented vehicle model has 
been specified in (1)–(8), the overall control 
objective is formulated to minimize energy 
consumption while preventing net depletion of the 
battery over a journey. 
 
 

5.3. Simulink Control Systems 
 

Figs. 12 and 13 show the Simulink control 
systems for series and parallel HEV configurations, 
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respectively. These block diagrams represent how 
ADVISOR applies the drive cycle and vehicle 
properties (such as inertial forces and frictional forces 
due to drag and rolling resistance) to analyze the 
power flow. ADVISOR applies a dynamic gain to 
determine whether the desired power flow can be 
provided to each element represented in the  
block diagram.  

Through discrete time step solution methods, 
Simulink is able to solve the characteristic 
differential equations of the system. ADVISOR 

enables the user to modify many variables in a HEV. 
Each major component in the HEV can be changed 
independently to simulate different configurations. 
Our simulation was based on designs from previous 
City Hybrid bus. The power requirement calculations 
were compared to earlier drive trains to determine the 
appropriate engines and motors for the simulation. 
Our objective was to construct a comparison between 
HEV configurations, and therefore the values for 
some non-critical components were held constant at 
defaults across the three configurations. 

 
 

 
 

Fig. 12.  Block diagram of series HEV configuration. 
 
 

 
 

Fig. 13. Block diagram of parallel HEV configuration. 
 
 

6. Simulation Results 
 

The primary outputs from the ADVISOR 
simulations were plots showing the velocity profile 
and SOC as a function of time over the course of a 
lap in the City Hybrid bus design. Fig. 14 shows the 
results for the series HEV configuration; Fig. 15 
represents the parallel HEV configuration, and  
Fig. 16 represents the series-parallel HEV 

configuration. The top graphs display the input drive 
cycle against the actual simulated velocity of the 
HEV. The bottom graphs display the SOC of the 
energy storage system. These profiles provide a good 
estimate of how the City Hybrid bus will perform on 
the given course. There was a noticeable discrepancy 
between the input deceleration and the actual 
deceleration of the HEV.  
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Fig. 14. Velocity profile and SOC from the Series  
HEV configuration. 

 

 
 

Fig. 15. Velocity profile and SOC from the Parallel  
HEV configuration. 

 
 

 
 
Fig. 16.  Velocity profile and SOC from the Series-parallel 

HEV configuration. 
 
 

This was initially attributed to the maximum 
deceleration allowed by the coefficient of rolling 

friction. However, based on a coefficient of friction 
of 0.8, the maximum acceleration or deceleration is 
13.2 ms-2. ADVISOR does not model conventional 
brakes, but instead uses only a regenerative braking 
model to slow the HEV. Modifying the MATLAB 
files associated with deceleration was beyond the 
scope of the City Hybrid bus, and this discrepancy in 
deceleration was therefore accepted. The series-
parallel HEV configuration yields the highest 
estimate out of the three options. 
 
 
7. Conclusions 
 

In this paper, the ADVISOR is a mathematical 
modeling tool that is useful for HEV design. This 
application demonstrates the utility of ADVISOR 
when applied to a HEV tailored to the City Hybrid 
bus design guidelines. To determine the optimal HEV 
configuration for the City Hybrid bus design. 
Simulation results indicate that a series-parallel HEV 
system, consisting of an electric motor to drive the 
front wheels and an internal combustion engine to 
power the rear, is the best for this application. 
Transmission gearing is sufficient, future testing on 
the energy storage system is recommended. The 
favorable simulation results for the series-parallel 
HEV configuration as the technology matures. 
Computer simulations for optimization of HEV 
design, as described in this study, can potentially be 
applied to other areas of academics and industry. 
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