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Abstract: Dynamic behavior analysis of electric motors is required in order to accurately 
evaluate the performance, energy consumption and pollution level of hybrid electric 
vehicles. Simulation tools for hybrid electric vehicles are divided into steady state and 
dynamic models. Tools with steady-state models are useful for system-level analysis 
whereas tools that utilize dynamic models give in-depth information about the behavior of 
sublevel components. For the accurate prediction of hybrid electric vehicle performance, 
dynamic modeling of the motor and other components is necessary. Whereas the switched 
reluctance machine is well suited for electric and hybrid electric vehicles, due to the simple 
and rugged construction, low cost, and ability to operate over a wide speed range at 
constant power, in this paper dynamic performance of the switched reluctance motor for e 
series hybrid electric vehicles is investigated. For this purpose a switched reluctance motor 
with its electrical drive is modeld and simulated first, and then the other components of a 
series hybrid electric vehicle, such as battery, generator, internal combusion engine, and 
gearbox, are designed and linked with the electric motor. Finally a typical series hybrid 
electric vehicle is simulated for different drive cycles. The extensive simulation results show 
the dynamic performance of SRM, battery, fuel consumption, and emissions. 

Keywords: Dynamic Modeling, Switched Reluctance Motor, Series Hybrid Electric Vehicle, 
ADVISOR, Vehicle Performance 
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1 Introduction 

Environmental and economical issues are the major driving forces in the 
development of electric vehicles (EVs) and hybrid electric vehicles (HEVs) for 
urban transportation. The selection of the right electric motor is of primary 
importance to the EVs and HEVs designer [1]. Several types of electrical 
machines, such as DC, induction, and permanent magnet machines, have been 
used for HEV applications [1, 2, 3, 4]. These days switched reluctance motors 
(SRM) have become more attractive for these applications due to the simple and 
rugged construction, low cost, and ability to operate over a wide speed range at 
constant power [5]. 

Several computer programs have since been developed to simulate and analyze 
HEVs. The advanced vehicle simulator (ADVISOR) is the most widely used 
computer simulation tool. The structure of ADVISOR makes it ideal for 
interchanging a variety of components, vehicle configurations, and control 
strategies. Also, the capability to quickly perform parametric and sensitivity 
studies for specific vehicles is a unique and invaluable feature of ADVISOR [6, 
7]. However, this software only models the steady-state mode, and one cannot see 
the dynamic performance of electric motors in the simulation. Furthermore, the 
model for a SRM hasn't been included in the software library of ADVISOR yet [6, 
7]. Since the dynamic behavior analysis of electric machines is required in order to 
accurately evaluate the performance, energy consumption and pollution level of 
HEVs, it is necessary to model the electric machine dynamically. 

Among the various types of HEVs, series hybrid electric vehicles (SHEVs) attract 
special attention due to their simple structure and uncomplicated energy 
management strategy. As there is no mechanical connection between the internal 
combustion engine (ICE) and load, the engine speed and torque is completely 
independent of vehicle load. Therefore, the engine can run in its optimal efficiency 
region all the time and minimize engine emissions [8]. In this paper, a co-
simulation method is implemented to dynamically model and simulate SHEVs. 
For this purpose, utilizing MATLAB/SIMULINK software, dynamic modeling of 
a switched reluctance motor is investigated and simulated separately. In doing so, 
mechanical components of a SHEV are also called from the software library of 
ADVISOR and then linked with the electric motor. Finally a typical SHEV is 
modeled and simulated for different drive cycles using the proposed method. The 
extensive simulation results show the dynamic performance of SRM, battery, fuel 
consumption, and emissions for the drive cycle. 
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2 Vehicle Performance 

The first step in vehicle performance modeling is to obtain an equation for 
calculating the required vehicle propelling force. This force must overcome the 
road load and accelerate the vehicle. The tractive force, Ftot, available from the 
propulsion system can be written as [9, 10]: 

tot roll AD grade accF f f f f= + + +  (1) 

The rolling resistance, aerodynamic drag, and climbing resistance are known as 
the road load. The rolling resistance is due to the friction of the vehicle tires on the 
road and can be written as [9, 10]: 

roll rf f M g= ⋅ ⋅  (2) 

where, M , rf  and g are the vehicle mass, rolling resistance coefficient and gravity 
acceleration, respectively. 

The aerodynamic drag is due to the friction of the vehicle body moving through 
the air. The formula for this component is [9, 10]:  

21
2AD Df C A Vξ= ⋅ ⋅ ⋅ ⋅  (3) 

where,V , ξ , DC  and A are the vehicle speed, air mass density, aerodynamic 
coefficient and the frontal area of the vehicle, respectively. 

The climbing resistance is due to the slope of the road and is expressed by [9, 10]: 

singradef M g α= ⋅ ⋅  (4) 

where, α  is the angle of the slope. 

If the velocity of the vehicle is changing, then clearly a force will be needed to be 
applied in addition to the above forces. This force will provide the linear 
acceleration of the vehicle, and is given by: 

acc
dVf M a M
dt

= ⋅ = ⋅  (5) 

A typical road load characteristic as a function of vehicle speed and vehicle mass 
is shown in Fig. 1. 

Wheels and axle convert totF and the vehicle speed to torque and angular speed 
requirement to the differential as follows: 

wheel
wheel tot wheel wheel Loss

d
T F R I T

dt
ω

= ⋅ + ⋅ +  (6) 
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( )1wheel
wheel

V s
R

ω = +  (7) 

where wheelT , wheelR , wheelI , LossT , wheelω , and s  are the tractive torque, radius of 
the wheel, wheel inertia, wheel loss torque, angular velocity of the wheels and 
wheel slip wheels, respectively. 

The torque at the wheels and the wheel angular velocity are converted to engine 
torque and engine speed requirements using the gears ratio at differential and 
gearbox as in the following: 
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Figure 1 
The road load profile as a function of vehicle speed and vehicle mass ( 0α =  deg.) 

_ _ _ _

_ _ _
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1
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d
T T T T I

dt G

d
T T T T I
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⎛ ⎞
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 (8) 

gb fd wheel

engine gb gb

G

G

ω ω

ω ω

= ⋅

= ⋅
 (9) 

where the subscripts fd and gb  stand for differential and gear box and _fd inT , 

( )_fd out wheelT T= , _fd LossT , fdI , fdG , engineT , gbω  and engineω , are the input and 
output differential torques, differential loss torque, differential inertia, differential 
gear, engine torque, gearbox and engine angular velocities, respectively. 
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3 Components Modeling of a Series Hybrid Vehicle 

In addition to design studies of overall hybrid power-train systems that tend to use 
relatively simple models for vehicle components, the authors have looked into the 
integration of system simulations with high-fidelity component models, such as 
models of motors, and engines. 

The structure of a series hybrid vehicle shown in Fig. 2 consists of two major 
groups of components: 

1) Mechanical components (Wheels and Axle, Transmission box and ICE). 

2) Electrical components (battery, electric motor and generator). 

 
Figure 2 

The model for a SHEV 

3.1 Transmission Box 

In SHEVs the differential box can be eliminated by using two electric motors. 
Because of the wide speed range operation of electric motors enabled by power 
electronics control, it is possible for SHEVs to use a single gear ratio for 
instantaneous matching of the available motor torque ( mT ) with the desired 
tractive torque ( wheelT ). The single gear ratio and its size will depend on the 
maximum motor speed, maximum vehicle speed, and the wheel radius as in the 
following [11]: 

( )max

max

m
fd gb wheelGR G G R

V
ω

= ⋅ = ⋅  (10) 
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where ( )maxmω , maxV and GR are maximum motor angular velocity, maximum 
vehicle speed, and the single gear ratio, respectively. 

3.2 Battery 

The NiMH type battery is selected for the system and the complex battery model 
reported in [8] is simplified and used in the simulations. This model can be 
described by an equivalent circuit which consists of an open circuit voltage, ocV , in 
series with an internal resistance, intR  varying with the state of charge (SOC). The 
relation between ocV , intR , SOC, and temperature can be easily obtained from the 
data available from the battery manufacturer, or simple experimental tests. The 
voltage of the battery tends to drop as the SOC decreases and as the amount of 
current drawn from the battery increases. 

SOC can be calculated from the maximum capacity of the battery as in the 
following: 

( )Max used MaxSoc Capacity Ah Capacity= −  

3600
batt

used
I

Ah dt= ⋅∫  (11) 

where Ah  and battI  stand for Ampere-hour and the current, respectively. The 
terminal voltage of the battery, battV , can be determined as follows: 

intbatt oc battV V R I= − ⋅  (12) 

It is apparent that during the motoring phase of a drive cycle, the electric machine 
draws current from the battery pack (discharging) and in the regenerative braking 
mode the machine supplies current to the pack (charging). 

3.3 Electric Machine 

One important component that can be introduced in greater detail is the electric 
machine. Electric machines are the key components of SHEVs. Some motor types 
have inherent property of operation with large extended speeds. The direct current 
motor is an example, but it has low efficiency, a high need of maintenance and 
low reliability due to the presence of the commutators. An induction motor (IM) 
can achieve a large speed range with field-oriented control. However, due to 
nonlinearity of the dynamic IM model and the dependency on motor parameters, 
the control is complex [5]. A permanent magnet motor (PM) has the highest 
torque density and therefore will potentially have the lowest weight for given 
torque and power ratings [10, 12]. However, the fixed amount of flux for magnets 
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limits its extended speed range. An SRM has certain advantages, such as rugged 
construction, fault-tolerant operation, and low cost, which makes it well suited 
with many applications such as vehicle propulsion. Design and simulation shows a 
wide speed range of 5.7 (and 6.7 times the based speed), much higher than other 
kinds of electric motors [10]. Therefore, it can be considered an excellent 
candidate for SHEVs. In this paper the dynamic model of an SRM is investigated 
in a series hybrid vehicle. 

The model of an SRM is described by its flux linkage and torque characteristics. 
Some approaches have been used to obtain these characteristics from finite 
element (FE) analysis to complex nonlinear magnetic circuit models [13]. Since 
FE analysis is time consuming, in this paper an analytical model is used to model 
the flux linkage and torque characteristics. In the analytical method, the flux 
linkage is described with an analytical equation in two positions: unaligned 
position and poles overlap position. Then, the current can be calculated as in the 
following [13]: 

ph
ph ph ph

d
V i R

dt
λ

= +  (13) 

ph ph ph ph

ph

d di d
dt i dt dt
λ λ λ θ

θ
∂ ∂

= ⋅ + ⋅
∂ ∂

  (14) 

1ph ph
ph ph ph

ph ph

di
V i R

dt i
λ

ω
λ θ

∂⎛ ⎞
= − −⎜ ⎟∂ ∂ ∂⎝ ⎠

 (15) 

where: 

ph phd BEMF
dt

λ λθ ω
θ θ

∂ ∂
⋅ = ⋅ =

∂ ∂
 

The phase torque in SRM is obtained from the co-energy method which can be 
calculated from the phase flux linkage as follows: 

0

( , )
( , )

i
ph

ph

W i
T i di

θ
λ θ

θ θ

′∂ ∂
= =

∂ ∂ ∫  (16) 

The total electromagnetic torque is obtained by: 

1
( , )

q

total phase j j
j

T T i θ
=

= ∑  (17) 

where q is number of phases. 

Fig. 3 illustrates the phase static torque versus different phase currents and rotor 
positions for an SRM with parameters given in Tables I-II. 
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Table I 
SRM Specifications 

Number of turns per pole 30 
Rotor pole width 31o 
Number of pole windings in series 2 
Number of pole windings in parallel 1 
Peak current 400 A 
Stack length 4.26 in 
Air gap 0.01 in 
Radius to the air gap at the rotor 3.895 in 
Radius to the outside rotor yoke 2.42 in 
Radius to the inside stator yoke 4.845 in 
Stacking factor 0.9 
Stator phase resistance 0.0042 ohms 
Relative permeability of magnetic 
material 

3300 

Saturation flux density 1.9 T 

TABLE II 
Vehicle Specifications 

Vehicle maximum speed  44.4 m/s 
Vehicle total mass 1020 kg 
Air drag coefficient  0.3 
Rolling resistance coefficient 0.008 
Frontal area 1.965 m2 
Wheel radius 0.305 m 
Height of CG,hg 0.57 m 
Power 40 Kw 
voltage 240 V 
Stator outer diameter 13.58 in; 
Rotor outer diameter 7.4694 in 
Stack length 7.4694 in 
Air gap 0.0373 in 
Shaft diameter 2.8135 
Rotor pole width 31 degree 
M19 steel 
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Figure 3 

Phase static torque versus rotor position at different phase currents 

The most flexible and versatile four-quadrant SRM converter is the bridge 
converter as shown in Fig. 4, which requires two switches and two diodes per 
phase. The switches and diodes must be rated to withstand the supply voltage plus 
any transient overload. Here in the circuit, an IGBT switch is used because of its 
high input impedance as in a MOSFET, and low conduction losses similar to BJTs 
[14]. This circuit is capable of operating the machine as a motor and a generator. 

 

Ph2 Ph3 Ph1 Vbus

+ 

_ 
 

Figure 4 
Converter topology 

3.4 SRM Controller 

The speed controller for an SRM is the same as for other electric motors and can 
be shown with a PI controller. However, the torque control is important for this 
motor and is different from other electric motors. In the torque control of a 
switched reluctance machine, the torque command is executed by regulating the 
current, as shown in Fig. 5. The control method alters for different speeds of the 
motor. Below the base speed, the torque is controlled by the pulse width 
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modulation (PWM) control of current where the phase voltage is switched 
between zero and Vbus (soft-chopping). Above the base speed with constant 
power, due to the high back electromotive force (BEMF), which cannot be field 
weakened, PWM control of current is not possible. Fig. 6 shows the BEMF of the 
SRM for different speeds. Operation in constant power is made possible in this 
motor by the phase advancing of the stator phase current, until overlapping 
between the successive phases occurs [15, 16]. Therefore, the torque of the SRM 
is controlled with current chopping or PWM control of current under the base 
speed, and with the phase turn-on and turn-off angles above the base speed. The 
control of the SRM in generating mode is identical to motoring mode. The only 
difference is the timing of current pulses. In motoring mode, the windings are 
excited during the rise of inductance (approaching of poles), while in generating 
mode each winding is excited when the poles separate from each other. At lower 
speeds, the current pulses are controlled by chopping the voltage between zero and 
-Vbus with fixed commutation angles. At higher speeds the generator is operated 
in single-pulse mode [15, 16]. 
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Figure 5 
SRM Controller drive 
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Figure 6 
BEMF voltage of an SRM versus rotor position at different speeds (Iph=150A) 
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Figs. 7 and 8 show the SRM characteristics in low speed motoring and generating 
modes, respectively. Since the speed is low, control of the motor is done by 
chopping the phase current around the reference current. The power supply current 
is positive and shows that the motor is absorbing energy from the battery in an 
electric propulsion system. In the generating mode, the power supply current is 
negative; therefore the machine is supplying energy to charge the battery. It is 
seen from Fig. 9 that the SRM current cannot be chopped completely due to the 
high back EMF at high speeds, and thus, control of the motor is done by the phase 
advancing of the stator phase current. Fig. 10 illustrates the SRM torque and 
power versus motor speed. 
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Figure 7 
SRM characteristics for 500 , 200 .ref loadrpm T N mω = =  



S Sadeghi et al.  
 Dynamic Modeling and Simulation of a Switched Reluctance Motor in a Series Hybrid Electric Vehicle 

 

 – 62 – 

0 1 2 3
0

500

1000

(a)

t(s)

N
(r

pm
)

3 3.05 3.1
-300

-200

-100

0

100
(b)

t(s)

T
or

qu
e(

N
.m

)

3.03 3.04
-400

-200

0

200

400
(c)

t(s)

V
ol

ta
ge

&
C

ur
re

nt
(V

,A
)

3 3.05 3.1
-400

-200

0

200

400
(d)

t(s)

iL
(A

)

 

Figure 8 
SRM characteristics for 500 , 200 .ref loadrpm T N mω = = −  
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Figure 9 
SRM characteristics for 6000 , 50 .ref loadrpm T N mω = =  
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Figure 10 

SRM torque and power versus speed 

3.5 Generator 

The model for the generator is chosen from the library in ADVISOR. This model 
is unidirectional; i.e. it has one input (the applied torque to the shaft and the rpm), 
and one output (electrical power output from the generator). From the 
characteristics of efficiency versus revolution per minute (rpm) and torque, and by 
the use of a look-up table, the model is able to calculate the output power of the 
generator and the energy losses at any instant. 

3.6 ICE 

The model of the internal combustion engine is also chosen from the ADVISOR. 
The input and output of the model are the desired torque and speed and the 
developed torque and speed, respectively. If the developed torque and speed are 
within the operating limits and are obtainable at the specified time step, then the 
response values are exactly equal to the desired values. In addition to dynamic 
calculations, the model for the ICE can predict important quantities such as fuel 
consumption and the amounts of air pollutants in the simulation. This model 
includes the effects of the inertia of the ICE on operation and the operational 
boundaries of the engine, and also the effects of temperature on fuel consumption 
and the pollutants. The modeling of an ICE is complicated, and by the use of 
engine maps the complexity is reduced to some extant. 

The governing output torque and speed equations, or in other words, the desired 
quantities for the gearbox, are written as in the following: 

_

_

engine out MAP engine engine

engine out MAP

T T I α

ω ω

= − ⋅

=
 (18) 

where, engineα , engineI , MAPT  and MAPω are the acceleration and the inertia of the 
ICE, and the torque and speed determined from the engine maps, respectively. 
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The fuel consumption and the amount of pollutants are stored in tables indexed by 
fuel converter speed and torque. The primary output of the exhaust system model 
is the tailpipe emissions (HC, CO, NOx, and PM) in g/s, as a function of time. 
Other outputs include the temperature of various exhaust system components and 
of the exhaust gas temperature into and out of each system component. 

4 Linking between the Components and the Control 
method of SHEVs 

The integration of the models of different electrical and mechanical components, 
where each block consists of two groups of inputs and two groups of the desired 
outputs, is shown in Fig. 11. One can see that the modeling of each block is a 
feed-backward. 

 
Figure 11 

SHEV Model 

As for the control strategy of a hybrid vehicle, once again the ADVISOR software 
is implemented. The main strategy of the control system in a series hybrid is to 
keep the level of charge of the batteries at a specified range, while charging the 
batteries at maximum efficiency. In this research, the following control scheme is 
implemented: 

• If the SOC of batteries goes below a specified level, the ICE is turned on to 
supply energy to the motor and the batteries via an electric generator. 

• If the ICE is already turned on, it must stay on till the SOC reaches a high 
specified level, and as soon the level is reached, the ICE is turned off. 

• While staying turned on, the ICE must operate at its maximum efficiency 
point (best operating point). 
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5 Simulation Results 

Simulation results presented here focus on the dynamic behavior of SRM and the 
battery of the vehicle. The system is simulated for a 12% road slope on the 
ECE+EUDC test cycle. The cycle is used for emission certification of light duty 
vehicles in Europe. Due to dynamic modeling of the electric motor in SIMULINK, 
the mentioned drive cycle requires about 25 hours of simulation time on a 
computer with a Pentium 4 processor and 512 MB of memory. The data for the 
SRM and EV is in the Appendix. The SRM used in the simulation is rated at     
240 V and 40 kW. Now, the required number of modules of 12- volt NiMH 
batteries with the Voc, and Rint values shown versus SOC in Fig.12 would be 
twenty. 

Since the SRM used in this simulation has a maximum speed of 8000 rpm, the 
single gear ratio can be calculated from (10) as follows: 

( )max

max

28000
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Figure 12 

Voc and Rint versus SOC 

The dynamic behaviors of the SHEV in the ECE+EUDC+12% drive cycle (Fig. 
13) are shown in Figs. 14 to 20. The SRM reference and real speeds are shown in 
Figs. 16 and 17. The SRM load torque and developed torque are also shown in 
Figs. 16 and 17. It can be seen from Fig. 15 that the torque ripple has no 
significant effect on the motor speed. The vehicle reference and real speeds are 
depicted in Fig. 18. Figs. 19 and 20 show the performance of the battery, i.e., the 
current versus time. The Figure shows the negative SRM current which can be 
returned to the battery and which therefore increases the overall efficiency of the 
vehicle. 
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Figure 13  

ECE-EUDC Drive cycle ( with 12% slope) 
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Figure 14 
SRM reference speed 
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Figure 15 

SRM actual speed 
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Figure 16 

SRM load torque 
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Figure 17 

SRM torque 
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Figure 18 

Vehicle speed and drive cycle 
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Figure 19 

Battery current 
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Figure 20 

State of charge 

Fuel consumption, the state of charge of batteries, and the level of exhaust 
emissions for the mentioned drive cycle are investigated in Figs. 21 to 24. In these 
figures, the drive cycle repeats for 15 times and the state of battery charge is kept 
between 0.4 and 0.7. The rate of pollution caused by ICE is high at the beginning 
of ICE work period because the engine is still cold. However, the amounts of 
pollutants decrease as the motor becomes warm enough. The total amount of 
exhaust emissions for 15 repetitions of the cycle is shown in Fig. 23. The variation 
of output voltage of battery is as seen in Fig. 24. 
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Figure 21 

Fuel consumption 
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Figure 22 

State of charge 
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Figure 23 

Exhaust output 
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Figure 24 

Battery voltage 

Conclusions 

A co-simulation method has been implemented to dynamically model and 
simulate the performance of a switch reluctance motor integrated into SHEVs. For 
this purpose, utilizing MATLAB/SIMULINK software, a dynamic model of a 
switched reluctance motor has been implemented. A close loop control system 
with PI controller is employed to control the speed of the motor. The mechanical 
components of a SHEV are then called from the software library of ADVISOR 
and then linked with the switch reluctance motor drive in MATLAB/SIMULINK. 
To evaluate the dynamic performance of switch reluctance motor drive, a typical 
SHEV has been modeled and simulated for an ECE+EUDC drive cycle with 12% 
of road slope. The extensive simulation results show the proper dynamic 
performance of SRM, battery, fuel consumption, and emissions for drive cycles. 
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