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ABSTRACT 
 
In this paper, the equations describing the performance of the series hybrid electric vehicle are 
derived. Performance characteristics for each part in the vehicle system are obtained when the 
vehicle is operating in hybrid mode in which the drive motor takes its power from main and 
peaking power sources. 

 
ك�ذلك ت�م الحص�ول عل�ى خ�واص . فى هذا البحث ت�م إس�تنتاج ك�ل المع�ادلات الخاص�ة ب�أداء مركب�ة كهربائي�ة مختلط�ة عل�ى الت�والى

الأداء لكل جزء من أجزاء المركبة فى حالة عم�ل المركب�ة ف�ى الحال�ة الت�ى تغ�ذى فيه�ا م�ن مص�در الطاق�ة الرئيس�ى ومص�درالطاقة 
     .المخزنة
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1. INTRODUCTION 
 

Hybrid electric vehicles (HEVs) contain two 
energy sources to propel the vehicle. One of these 
energy sources is mechanical, which is an internal 
combustion engine (ICE), and the other is an energy 
storage device or a peaking power supply which may 
be either an electrochemical battery, super capacitors 
or electromechanical flywheel battery [1-3]. 

Thus, the hybrid electric vehicle is a hybrid 
between the conventional vehicle, ICE vehicle, and 
the pure electric vehicle (EV), so that it can take 
merits and overcome problems concerned with these 
two types of vehicles. 

According to the orientation of the two energy 
sources in the propulsion system, there are two 
common configurations of hybrid electric vehicles; 
which are the series and parallel configurations [1-4]. 

The series HEVs only have an electric propulsion 
system coupled to the wheels and there is no 
mechanical connection between the internal 
combustion and the wheels axle however in the 
parallel hybrid electric vehicle configuration, both 
the internal combustion engine and the electric motor 
are mechanically coupled to the drive wheels. 

In series HEVs the power for the electric 
propulsion system comes from the peaking power 
source and/or an electric generator, which is coupled 
to the internal combustion engine. The internal 
combustion engine and the generator are normally 
used for highway driving while the peaking power 
source provides added power during acceleration, 

hill climbing and other periods of high power 
demand [3]. This mode of operation, in which both 
power sources are used to feed the drive motor, is the 
hybrid mode of operation.  

In this paper it will be assumed that the peaking 
power source used is a bank of electrochemical 
batteries and the performance of the series HEV in 
the hybrid mode is investigated. The system of the 
series HEV investigated is shown in Fig.1. This 
system consists of four main subsystems; which are 
the main power supply subsystem, the peaking 
power supply subsystem, the vehicle speed 
subsystem and the DC bus subsystem. 

 
2. PERFORMANCE EQUATIONS OF THE    
SERIES HEV WITH HYBRID MODE 
 

This mode of operation of the series HEV may be 
used when a large amount of power is demanded, 
such as during sharp acceleration or steep hill 
climbing. In this mode the electric motor drive takes 
its power from both the main and peaking power 
sources. 

To investigate the series HEV performance at 
acceleration it will be assumed that the vehicle is 
accelerated with the drive motor is fed from a 
variable-voltage, variable-frequency source; with its 
air-gap flux is kept constant               at the value 
corresponding to fundamental frequency.  

The tractive force developed at the shaft of the 
wheel axle during acceleration can be expressed by: 
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                          dVveh                          
FTR = km Mveh  ———  +  FRL                      (1) 
                            dt  
 

where  FRL = C0 Mveh g + 0.5 ρ CD Af  Vveh2 
Therefore the acceleration of the vehicle can be 

expressed by:  
                                      
  dVveh                1            
———   =  ————  ( FTR – FRL )              (2) 
    dt               km Mveh  
 

Thus, the torque at the shaft of the wheel axle can 
be expressed by: 

 
Twh=[C0 Mveh g + 0.5 ρ CD Af  Vveh

2] rwh +  Tb 
                                                                      (3) 
   
The developed power at the shaft of the wheel 

axle can be determined by; 
Pwh  = Twh Vveh / rwh                                      (4) 
 
The motor speed can be expressed in terms of the 

vehicle speed as: 
            Vveh                                                                         

ωm=  m   ———                                           (5) 
   rwh  
 
where m is the gear ratio of the mechanical 

coupling between the induction motor and the axle of 
the vehicle wheels.  

 
 

 
 
  
Therefore, the motor torque is expressed by: 
 
               Pwh                                                                                       
Tim =  ————                                            (6) 
      ηtmw ωm  
or by 
 
             Twh        Vveh                                                                                   
Tim =  ———  ———                                  (7) 
    ηtmw ωm      rwh 

 
   where ηtmw is the efficiency of the transmission 
between the traction motor and the wheel axle. 
The corresponding tractive force will, thus, be: 

 
           Tim ηtmw ωm                                                                                      
FTR =  —————                                        (8) 
        Vveh 
 
Substituting from eqn.(5) into eqn.(6), the motor 

torque can be expressed in terms of the vehicle speed 
as: 

 
              Pwh rwh                                                                                     
Tim =  —————                                        (9) 
     ηtmw mVveh  
 
The DC bus power can be expressed by: 
 
           Pm_in                                                                                       
Pbus =  ———                                             (10) 
   ηmc  
where ηmc is the efficiency of the converter.  
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DC Link Inverter
Traction
  Motor  Drive

Wheel

R C

  DC/DC
Converter

Battery Bank
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Converter

Main Power Supply Subsystem DC Bus Subsystem Vehicle Speed Subsystem 
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Fig.1 The Series HEV System 
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At standstill (ωm= 0) the motor developed torque 
can be determined in terms of the torque at the shaft 
of the wheel axle by the relationship: 

 
Twhst =  m Timst                                             (11) 
 
The corresponding tractive force will thus be:  
              Twhst                                                                                     
FTRst =  ———                                            (12) 
      rwh 
 

j ωe Lls j ωe LlrRr/s

EVm_ph

Rsm

I rI m_ ph

j ωe Lm

 
 
 Fig.2 Equivalent circuit of the induction motor 
 

3. PRINCIPLE OF NUMERICAL SOLUTION 
 
Starting from zero vehicle speed, the motor 

speed would be equal to zero. Then using the motor 
equivalent circuit shown in Fig.2 at known voltage 
and frequency, the developed torque of the induction 
motor at standstill, Timst, can be obtained. The 
corresponding tractive force, FTRst, can, thus, be 
obtained from eqn.(12). 

Using this value of tractive force into eqn.(2), 
the next vehicle speed can be obtained by integrating 
this equation numerically over an appropriate time 
step. For the second and following time steps of 
numerical solution, the corresponding motor speed is 
obtained from eqn.(5) and the motor equivalent 
circuit is used to obtain its developed torque and the 
corresponding tractive force is obtained from 
eqn.(8). This process continues until the vehicle 
reaches steady-state speed.  

 
4. SIMULATION RESULTS 

 
The approach presented in (3), was applied 

using 4th order Runge-Kutta numerical method of 
integration with the air-gap                     flux of the 
motor kept constant. Several performance 
characteristics of the vehicle during acceleration, at 
different voltage and frequency of the motor using 
the data of the induction motor and vehicle given in 
Appendix (A) are obtained:  

Fig.3 shows the variation of the vehicle speed 
throughout the acceleration period. From this figure 
it is clear that the vehicle reaches a higher final 

steady-state speed as the motor voltage and 
frequency increases.   

 

 
 

Fig.3 Vehicle speed versus time during 
acceleration 

 
The tractive and resisting forces, FTR and FRL 

respectively, are plotted against time during 
acceleration and until steady-state conditions are 
reached, at the same values of the voltage and 
frequency used to obtain Fig.3, as shown in Figs.4-7. 
From these figures it is clear that, as the voltage and 
frequency increase the vehicle will take a shorter 
time to accelerate to steady-state speed at which FTR 
equal FRL. 

 
Fig. 4 Tractive and resisting forces at wheel axle 

versus time (f=50 Hz, VL=380 V) 
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Fig.5 Tractive and resisting forces at wheel axle 

versus time (f=38 Hz, VL=270.1 V) 
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Fig.6 Tractive and resisting forces at wheel axle 
versus time (f=25 Hz, VL=173.5 V) 
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Fig.7 Tractive and resisting forces at wheel axle 
versus time (f=10 Hz, VL=65.4 V) 

 
  
 
 

The tractive and resisting forces, FTR and FRL, can 
also be drawn against the vehicle speed during the 
acceleration period until steady-state conditions are 
reached, for different values of motor voltage and 
frequency, as shown in Figs.8-11. From these figures 
it is clear that, for certain voltage and frequency 
values, the tractive force decreases and the resisting 
force increases as the vehicle speed increases up to 
steady-state speed at which the tractive and resisting 
forces are equal. For a certain vehicle speed, the 
tractive force decreases while the resisting force is 
constant for the several values of voltage and 
frequency used when their values decrease. 
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Fig.8 Tractive and resisting forces at wheel axle 

versus vehicle speed during acceleration (f=50 Hz, 
VL=380 V) 
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Fig.9 Tractive and resisting forces at wheel axle 

versus vehicle speed during acceleration (f=38 Hz, 
VL=270.1 V) 

 
Using the values of the vehicle speed, which are 
obtained at different values of motor voltage and 
frequency, into eqn.(3), the characterisitics of the 
torque at the wheel axle, Twh , can be drawn versus 
the vehicle speed, during acceleration until steady-
state conditions are reached, as shown in Fig.12. 
From this figure it is noticed that the torque applied 
on the wheel axle has the same shape as that of the 
corresponding tractive force shown in Fig.8 to Fig.11 
and for the same vehicle speed the torque decreases 
as the used values of the voltage and frequency 
decrease. 
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Fig.10 Tractive and resisting forces at wheel axle 
versus vehicle speed during acceleration (f=25 Hz, 

VL=173.5 V) 
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Fig.11 Tractive and resisting forces at wheel axle 
versus vehicle speed during acceleration (f=10 Hz, 

VL=65.4 V) 
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Fig.12 Torque applied on wheel axle versus vehicle 

speed 
 

From Eqn. (4) the characteristics of the developed 
power at the wheel axle, can be obtained against time 
and against the vehicle speed, at different values of 
the motor voltage and frequency, as shown in 
Figs.13 and 14 respectively.  
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Fig.13 Developed power at wheel axle versus time 
 

From Fig.13 it is clear that at certain values of 
voltage and frequency, the developed power at the 
wheel axle increases until it reaches a maximum 
value and then decreases as the time increases until 
the vehicle reaches steady-state speed at which the 
developed power becomes constant. Also, at any 
instant of time the developed power has higher 
values at higher voltages and frequencies. 
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Fig.14 Developed power at wheel axle versus 

vehicle speed  
 

From Fig.14 for certain values of motor voltage 
and frequency, the developed power at the wheel 
axle increases to a maximum value and then 
decreases as the vehicle speed increases. Also, at 
certain vehicle speed the developed power has higher 
values at higher voltages and frequencies, and the 
vehicle speed, at which the developed power on the 
wheel axle will have a maximum value, is increasing 
as the motor voltage and frequency increases. 
From Eqn. (9) the motor torque can be calculated at 
different values of the vehicle speed. Then using 
these values of the motor torque into the motor 
equivalent circuit shown in Fig.2, the motor input 
current can be determined and plotted against time 
and against vehicle speed, for different values of 
voltages and frequencies, as shown in Figs.15 and 16 
respectively.  



Ibrahim A. M. Abdel-Halim, M. Z. Elsherif, Mohamed M. Fathy,’’ Performance Characteristics of the…..’’ 
 

Engineering Research Journal, Minoufiya University, Vol. 34, No. 3, July 2011 
 

230 

0 25 50 75 100 125 150
0

50

100

150

200

250

300

Time, s

M
o
to

r 
in

p
u
t 

c
u
rr

e
n

t,
 A

f=50 Hz, VL=380 V
f=38 Hz, VL=270.1 V
f=25 Hz, VL=173.5 V
f=10 Hz, VL=65.4 V

 
Fig.15 Motor input current versus time 
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Fig.16 Motor input current versus vehicle speed 
during acceleration 

 
From Figs.15 and 16 it is clear that at certain values 
of voltage and frequency, the motor input current 
decreases as the vehicle accelerates and reaches a 
constant rms value at steady state. For any time 
instant, Fig.15, or vehicle speed, Fig.16, the motor 
input current will have larger values for higher 
values of voltage and frequency. 
Determining the motor input current and power 
factor at different values of the motor voltage and 
frequency, the motor input power, Pm_in, can be 
also computed. 
 
Using the different values of the computed motor 
input power, at different values of the motor voltage 
and frequency, into eqn.(10) the DC bus power can 
be obtained during the acceleration period as shown 
in Figs.17 and 18 respectively.  
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Fig.17 DC bus power versus time during 
acceleration 
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Fig.18 DC bus power versus vehicle speed during 
acceleration 

 
From these figures it is clear that the DC bus 

power characteristics are similar in shape to the 
motor input current characteristics which means that 
at a constant voltage and frequency, the DC bus 
power decreases as the vehicle accelerates and then 
at a constant vehicle speed the DC bus power 
decreases as the voltage and frequency decreases. 

5. CONCLUSIONS 

From the performance characteristics of the series 
HEV operating in the hybrid mode, the following is 
observed, as the motor voltage and frequency 
increases: 
• The vehicle reaches a higher final steady-state 

speed.  
• The vehicle will take a shorter time to accelerate 

to steady-state speed. 
• The tractive force increases while the resisting 

force is constant for a certain vehicle speed. 
• The motor torque increases for a certain vehicle 

speed. 
• The developed power has higher values at certain 

vehicle speed or at any instant of time. 



Ibrahim A. M. Abdel-Halim, M. Z. Elsherif, Mohamed M. Fathy,’’ Performance Characteristics of the…..’’ 
 

Engineering Research Journal, Minoufiya University, Vol. 34, No. 3, July 2011 
 

231 

• The motor input current will have larger values 
for any time instant or vehicle speed. 

• The DC bus power increases at a constant vehicle 
speed. 
Also for certain operating values of the motor 
voltage and frequency: 

• The tractive force decreases and the resisting 
force increases as the vehicle speed increases up 
to steady-state speed at which the tractive and 
resisting forces are equal.  

• The developed power at the wheel axle increases 
until it reaches a maximum value and then 
decreases as the time increases until the vehicle 
reaches steady-state speed at which the developed 
power becomes constant.   

• The motor input current decreases as the vehicle 
accelerates and reaches a constant rms value at 
steady state.  

• The DC bus power decreases as the vehicle 
accelerates.  

List of symbols 
 

Af Equivalent frontal area of the vehicle in 
m2. 

C0 Coefficient of rolling resistance. 
CD Aerodynamic drag coefficient.  
FRL Road load force in N.  
FTR Tractive force in N.  
g Gravitational acceleration constant in 

m/s2.  
km Rotational inertia coefficient. 
m Gear ratio of the gear box 
Mveh Total mass of the vehicle in kg. 
Pbus Input DC bus power in W. 
Pwh Power at at the shaft of the wheel axle 

in W. 
Pmـin Input power of the induction motor in 

W. 
rwh Radius of the wheel in m. 
Tb Frictional brake torque in Nm. 
Tim Developed torque of the induction 

motor in Nm. 
Twh Load torque at the shaft of the wheel 

axle in Nm. 
Vveh Vehicle speed in km/h. 
γ Grade angle. 
ηmc Efficiency of the motor converter. 
ηtmw Efficiency of transmission between the 

traction motor and the wheel axle. 
ρ Air density in kg/m3. 
ωm Motor speed in rad/s. 

Appendix (A) 
Data of the induction motor 
  
Pmr =41.3 kW, Vmr=380 V, fr =50 Hz, star 
connected 3-phase induction motor, nr=1230 rpm, 
sr=0.18, P = 4 poles, ηm=0.85, Rsm =0.0862 ohm, 
Rr =0.427 ohm,     Lm =0.029974 H, Lls = Llr 
=9.761503×10-4 H.   
    
Vehicle dynamic parameters 
ρ =1.225 kg/m3, CD =0.3, Af  =2 m2, Mveh =2250 
kg, rwh =0.2794 m, Tb=0, Vveh-max =120 km/h, Vf 
=100 km/h, km =1.08, C0=0.01, g =9.81m/s2, 
m=1.1,ηmc=0.98, ηtmw =0.95, Rbus=510. 
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