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Abstract—This paper is intended to design a controller and 
an observer of a sensorless PMSM (permanent magnet 
synchronous motor) in electric vehicle application. The 
controller uses the field orientation control (FOC) method and 
the observer type is the fifth order extended Kalman filter 
(EKF). The designed controller and observer are tested by 
varying the elevation angle of the route that is several times 
abruptly changed. The simulation result shows that the 
designed controller and observer can respond to the elevation 
angles given.  

Keywords—Sensorless PMSM, FOC, EKF, electric vehicle, 
elevation angle, torque load 

 

I. INTRODUCTION  

The development and utilization of electric vehicles are 
getting higher along with the increasing awareness of the  
environmental friendly energy. Consumer users need electric 
vehicles that can not only be used in the city, but can also be 
used in the rural and country side. In the rural and country 
side, one challenge encountered is the ascending route. The 
elevation angle in the rural and country side is higher than 
those in the city. The elevation angle in the rural and country 
side also changes abruptly. Therefore, it takes an electric 
vehicle that is able to respond to different types of elevation 
angles. 

The elevation angle of an ascending route affects the 
torque load that is handled by the motor. In combustion 
vehicle application, the relation between the elevation angle 
and the torque load was developed by Kamalakkannan [1]. 
This model can be used in developing the mechanical part of 
the electric vehicle model. 

The motor used is the sensorless PMSM that is equipped 
with neither the sensor of the rotational speed of the rotor nor 
the sensor of the rotor/electric angle position [2]. One of 
them is needed to run PMSM. To obtain the rotational speed 
of the rotor or the rotor angle position, an EKF observer is 
used in this design. 

The EKF was used in many applications that use 
sensorless PMSM. The EKF for sensorless PMSM was 
developed by Zheng et.al [3], Termizi et.al [4], and Walambe 
et.al [5]. They developed the fourth order EKF that is able to 
estimate stator currents in dq-axis, rotational speed of rotor, 
and electric angle position. The fourth order EKF did not 
estimate torque load. If the torque load changed abruptly, the 
fourth order EKF could not estimate the rotation speed of 
rotor and the electric angle position accurately, but it could if 
the torque load is relatively or slightly constant. Without 
rotation speed of rotor and electric angle position, field 
orientation control (FOC) algorithm could not control 

PMSM. The developed fourth order EKF was only tested by 
using one shot of torque load in short term of many seconds. 
It did not ensure the controller and the observer could work 
in long term continuously. 

In order to respond to the elevation angle of the route that 
changes abruptly, this paper will develop the fifth order EKF.  
The fifth order EKF is able to estimate stator currents in dq-
axis, rotation speed of rotor, electric angle position, and 
torque load.  

The controller and the fifth order EKF is also tested by 
varying the elevation angle of the route in long term of 
several hundred seconds. The elevation angle of the route 
given is several times changed abruptly. 

II. ELECTRIC VEHICLE MODEL 

The electric vehicle model consists of four parts, i.e. the 
mechanical part, the PMSM part, the controller part, and the 
fifth order EKF. The block diagram of the electric vehicle 
model is shown in Fig. 1. 

 

Fig. 1. The electric vehicle model block diagram 

A. Mechanical 
In an ascending route, there are four forces that work, i.e. 

inertia force, gradient force, rolling resistance force, and  
aerodynamic drag force (see Fig. 2)[1].  

The inertia force is a force that works when the vehicle 
accelerates or decelerates. The inertia force is expressed by  ௜݂ = ݉௩ܽ௩ = ݉௩ݎ௪ߙ௪ (1) 
where ௜݂  is the inertia force,	݉௩ is the mass of the vehicle, ܽ௩  is the vehicle acceleration/deceleration in translation 
movement, 	r୵  is the wheel radius, and ߙ௪ is the wheel 
acceleration/deceleration in rotational movement. 

The gradient force is a force that works while the vehicle 
is on an inclined plane. The gradient force is expressed by 
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௚݂ = ݉௩݃ sin ߜ (2) 

where ௚݂ is the gradient force, m୴ is the mass of the vehicle, 	g  is the gravity acceleration, and ߜ  is the elevation angle of 
the inclined plane. 

 
Fig. 2. The electric vehicle on an inclined plane 

The rolling resistance force is a friction force between the 
wheels and the road. The rolling resistance force is expressed 
by ௙݂ = ܿ௥݉௩݃ cos  (3) ߜ
where ௙݂  is the rolling resistance force, ܿ௥  is the friction 
coefficient between wheel and road, 	m୴ is the mass of the 
vehicle, 	g is the gravity acceleration, and δ is the elevation 
angle of the inclined plane. 

The aerodynamic drag force is a force that works when 
the vehicle is moving with respect to the surrounding air. The 
aerodynamic drag force is expressed by ௔݂ = ௩ݒ௙ሺܣ௔ܿௗߩ	0.5 +  ௔ሻଶ (4)ݒ
where ௔݂  is the aerodynamic drag force, ߩ௔  is the mass 
density of air, ܿௗ is the drag coefficient of air, ܣ௙ is the front 
area of the vehicle, ݒ௩ is the vehicle velocity, and ݒ௔ is the 
air velocity. 

By considering the four forces, the total torque load of 
the wheel is expressed by ௪ܶ = ௪൫ݎ ௜݂ + ௚݂ + ௙݂ + ௔݂൯ (5) 
where ௪ܶ is the total torque load of the wheel and r୵ is the 
wheel radius. 

The wheel and the motor are connected by a gear. The 
gear is the mechanical part that is used to change the speed 
and the torque between the wheel and the motor. The relation 
speeds between the wheel and the motor is expressed by  ߱௪ = ߱௠݊௚  (6) 

where ߱௪  is the rotational speed of the wheel, ߱௠  is the 
rotational speed of the motor, and n୥ is the gear ratio. 

The relation torques between the wheel and the motor is 
expressed by  ௪ܶ݊ߟ௚ = ௠ܶ (7) 

where ௪ܶ is the torque of the wheel, ௠ܶ is the torque of the 
motor, ݊௚ is the gear ratio, and ߟ is the efficiency coefficient 
of gear. 

In rotational movement, the relation between rotational 
acceleration and torque is are expressed by ܬ௠ ݀߱௠݀ݐ = ௘ܶ − ௠߱௠ܤ − ௠ܶ଴ − ௠ܶ (8) 

where ܬ௠ is the moment inertia of the motor rotor, ߱௠ is the 
rotational speed of the motor, ܤ௠ is the friction of the motor, 

௠ܶ଴ is the initial torque of the motor, and ௠ܶ   is the total 
torque load of the motor. 

By substitution (1)-(7) to (8) obtains the relation between 
rotational speed and the torque load of the motor is expressed 
by ቆܬ௠ + ௚ଶ݊ߟ௪ଶ݉௩ݎ ቇ݀߱௠݀ݐ= ௘ܶ − ௠߱௠ܤ − ௠ܶ଴− ௚݊ߟ௪ݎ ൫ ௚݂ + ௙݂ + ௔݂൯ 

(9) 

B. PMSM 
In this paper, the electrical model of PMSM is expressed 

by [2] ݀݅ௗ݀ݐ = −ܴ௦݅ௗܮௗ + ܰ߱௠ܮ௤݅௤ܮௗ + ݐௗ (10) ݀݅௤݀ܮௗݒ = −ܴ௦݅ௗܮ௤ − ܰ߱௠ܮௗ݅ௗܮ௤ − ܰ߱௠߰ܮ௤ + ௤ܮ௤ݒ  (11) 

௘ܶ = ܰ߰݅௤ + ௗ݅ௗ݅௤ܮܰ − ݐߠ݀݀ ௤݅௤݅ௗ (12)ܮܰ = ܰ߱௠ (13)
where ݅ௗ is the stator current in d-axis, ݅௤  is the stator current 
in q-axis, ݒௗ  is the stator voltage in d-axis, ݒ௤  is the stator 
voltage in q-axis, ௘ܶ is the electric torque that is generated by 
the PMSM, ߱௠ is the rotational speed of the motor, is the 
electric angle position, ܰ is number of pole pairs, ܴ௦ is the 
stator resistance, ܮௗ  is the inductance in d-axis, ܮ௤  is the 
inductance in q-axis, and ߰   is the magnetic flux of the 
PMSM. The PMSM block diagram is shown in Fig.3. 

Fig. 3. The PMSM block diagram  

C. Controller 
The controller part is composed of speed controller, 

linear current controllers, and nonlinear decoupling 
references calculation [3]. The controller block diagram is 
shown in Fig.4. 

 

Fig. 4. The controller block diagram 
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The speed controller uses PI controller. It is expressed by ݅௤௥௘௙ = ௣௪൫߱௠௥௘௙ܭ − ߱௠௘௦௧൯+ ௜௪ܭ න ൫߱௠௥௘௙ − ߱௠௘௦௧൯݀ݐ௧
଴  

(14) 

where i୯୰ୣ୤ is the reference value of the stator current in q-
axis,  	ω୫୰ୣ୤ is the reference value of the rotational speed of 
the motor, ߱௠௘௦௧  is the estimated value of the rotational 
speed of the motor. 

The controller sends the stator voltage references to 
PMSM. The stator voltage references contained the linear 
references and the nonlinear references. The linear references 
are adjusted by two PI controllers that are expressed by ݑௗ = ௣௜ௗ൫݅ௗ௥௘௙ܭ − ݅ௗ൯ + ௜௜ௗܭ න ൫݅ௗ௥௘௙ − ݅ௗ൯݀ݐ௧

଴ ௤ݑ (15)  = ௣௜௤൫݅௤௥௘௙ܭ − ݅௤൯ + ௜௜௤ܭ න ൫݅௤௥௘௙ − ݅௤൯݀ݐ௧
଴  (16) 

where uୢ is the linear stator voltage references in d-axis, and ݑ௤ is the linear stator voltage references in q-axis, ݅ௗ௥௘௙  is the 
reference value of the stator current in d-axis ݅௤௥௘௙ is the 
reference value of the stator current in q-axis, 	iୢ is the actual 
value of the stator current in d-axis, and  i୯ is the actual value 
of the stator current in q-axis. On the other hand, the 
nonlinear stator voltage references is to consider coupling 
mechanism in the PMSM.  

The total of the stator voltage references are adjusted by 
two low pass filters and decoupling equations that are 
expressed by ݀݅ௗ௟݀ݐ = 1ܶௗ ൫݅ௗ௥௘௙ − ݅ௗ௟൯ (17) ݀݅௤௟݀ݐ = 1ܶௗ ൫݅௤௥௘௙ − ݅௤௟൯ (18) ݒௗ = ௗݑ − ܰ߱௠௘௦௧ܮ௤݅௤௟ (19) ݒ௤ = ௤ݑ − ܰ߱௠௘௦௧ܮௗ݅ௗ௟ − ܰ߱௠௘௦௧߰ (20) 
where ݅ௗ௟  is the low pass filter output of the stator current in 
d-axis, ݅௤௟is the low pass filter output of the stator current in 
q-axis, ݒௗ  is the total of the stator voltage references in d-
axis, ݒ௤  is the total of the stator voltage references in q-axis, ݑௗ is the linear stator voltage references controller in d-axis,  ݑ௤ is the linear stator voltage references in q-axis, ߱௠௘௦௧  is 
the estimated value of the rotational speed of the motor, 	N  
is number of pole pairs, 	Lୢ is the inductance in d-axis, ܮ௤ is 
the inductance in q-axis, and ߰ is the magnetic flux of the 
PMSM. 

D. EKF 
 In this research, the fifth order EKF is designed to 
estimate the stator currents in dq-axis, the rotation speed of 
motor, the electric angle position, and the torque load. 

 x୩ = ሾiୢ i୯ ω୫ θ T୐ሿ୘ (21) 

In designing the fifth order EKF, the PMSM model that 
is used is expressed by ݀݅ௗ݀ݐ = −ܴ௦݅ௗܮௗ + ܰ߱௠ܮ௤݅௤ܮௗ + ௗܮௗݒ  (10) ݀݅௤݀ݐ = −ܴ௦݅௤ܮ௤ − ܰ߱௠ܮௗ݅ௗܮ௤ − ܰ߱௠߰ܮ௤ + ௤ܮ௤ݒ  (11) ݀߱௠݀ݐ = ܰ߰݅௤ܬ௠ + ௠ܬௗ݅ௗ݅௤ܮܰ − ௠ܬ௤݅௤݅ௗܮܰ − ௅ܶܬ௠ (22) ݀݀ݐߠ = ܰ߱௠ (13) 

There are five calculation steps in the algorithm EKF. 
The five calculation steps are [4,5] ࢞௞௙ = ௞ିଵ௘࢞ሺࢌ ሻ (23) ࡼ௞௙ = ௞ିଵ௘࢞௙ሺࡶ ሻࡼ௞ିଵ ቀࡶ௙ሺ࢞௞ିଵ௘ ሻቁ் + ௞ࡷ ௞ିଵ (24)ࡽ = ௞௙ࡼ ቀࡶ௛൫࢞௞௙൯ቁ் ൬ࡶ௛൫࢞௞௙൯ࡼ௞௙ ቀࡶ௛൫࢞௞௙൯ቁ்+  ௞൰ିଵࡾ

(25) 

௞௘࢞ = ௞௙࢞ + ௞ࡷ ቀࢠ௞ − ௞ࡼ ௞௙൯ቁ (26)࢞൫ࢎ = ቀࡵ − ௞௙ࡼ௞௙൯ቁ࢞௛൫ࡶ௞ࡷ  (27) 

III. IMPLEMENTATION AND TEST SCENARIOS 

The mathematic model of the electric vehicle is written 
in the C MEX and simulated by using Matlab/Simulink. The 
realization of the electric vehicle model is shown in Fig. 5. 
The parameters of PMSM and mechanical part are listed in 
Table I and II [6]. 

TABLE I.  PMSM PARAMETERS 

Parameters Quantities Unit 
N 4 pole pairs ߰ 0.08975 V.s/rad ܮௗ  0.202 mH ܮ௤  0.29 mH ܴ௦ 8.669 mΩ ܬ௠ 0.01 kg.m2 

TABLE II.  MECHANICAL PARAMETERS 

Parameters Quantities Unit ܿ௥ 0.014 [-] ݃ 9.81 m.s-2 ߩ௔ 1.2041 kg.m-3 ܿௗ ௙ܣ [-] 0.31   2.11 m2 ݎ௪  0.2933 m 0.96 ߟ [-] ݊௚ 12.5 [-] ݉௩  900 kg ݒ௔  2 m.s-1 

The electric vehicle model is tested by two test scenarios. 
Each scenario of the system is done by varying the elevation 
angle of the route. The first test scenario represents the 
elevation angle up and down gradually and the second test 
scenario gives the abrupt changes of the elevation angle of 
the route. 

In the first scenario, the elevation angle given are 0 deg. 
between 0-50 sec., then 5 deg. between 50-80 sec. and 10 

deg. between 80-110 sec., then 15 deg. between 110-140 sec. 
and 20 deg. between 140-170 sec., then 25 deg. between 170-
200 sec. After that, the elevation angle given was 20 deg. 
between 200-230 sec., then 15 deg. between 230-260 sec. 
and 10 deg. between 260-290 sec., then 5 deg. between 290-
320 sec. and back to 0 deg. between 320-350 sec.(see Fig. 6).

Proceeding of EECSI 2018, Malang - Indonesia, 16-18 Oct 2018

256



 
 
Fig. 5. The implementation of the electric vehicle in Simulink/Matlab  
 

In the second scenario, the elevation angle given are 0 

deg. between 0-50 sec., then 22 deg. between 50-80 sec. and 
back to 0 deg. between 80-110 sec., then 22 deg. between 
110-140 sec. and back to 0 deg. between 140-170 sec., then 
22 deg. between 170-200 sec, and back to 0 deg. between 
170-200 sec., then 22 deg. between 200-230 sec, and back to 
0 deg. between 230-250 sec. (see Fig. 7). 

In both scenarios, the rotational speed of the motor is 
kept constantly in 200 rad/s as shown in Fig. 8. 

 
Fig. 6. The elevation angle (δ) in (deg) in the first test scenario 

 
Fig. 7. The elevation angle (δ) in (deg) in the second test scenario  

 
Fig. 8. The speed motor reference 

IV. RESULT AND DISCUSS 

The simulation shows that the controller and the fifth 
order EKF are able to regulate the actual value and the 
estimated value of the rotational speed of the motor that are 
close to this reference value.  

The additional elevation angle results in the actual value 
and the estimated value of the rotational speed decrease in 
the beginning then follow this reference value. On the other 
hand, the decrease of the elevation angle results in the actual 
value and the estimated value of the rotational speed increase 
in the beginning then follow this reference value (see Fig. 9-
12).  

Fig. 9 and 10 show that the response of the controller and 
the fifth order EKF in the first test scenario. Fig. 11 and 12 
show that the response of the controller and the fifth order 
EKF in the second test scenario. These results show that the 
controller and the fifth order EKF can respond to the changes 
given. 

Fig. 10 and 12 show the magnitude changes of the 
elevation angle influences the over-shoot transient of the 
actual value and the estimated value of the rotational speed. 
The 10 deg. magnitude changes influences the over-shoot 
transient of 15 rad/s (see Fig. 10). The 22 deg. magnitude 
changes influences the over-shoot transient up to 33 rad/s 
(see Fig. 12).  

 
Fig. 9. The reference value (blue), the actual value (red), the estimated 
value (green) of the rotational speed of the motor in the first test scenario 
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Fig. 10. Zooming the reference value (blue), the actual value (red), the 
estimated value (green) of the rotational speed of the motor in the first test 
scenario  

 
Fig. 11. The reference value (blue), the actual value (red), the estimated 
value (green) of the rotational speed of the motor in the second test scenario 

 
Fig. 12.  Zooming the reference value (blue), the actual value (red), the 
estimated value (green) of the rotational speed of the motor in the second 
test scenario 

Fig. 13 shows the comparison of the actual value (green) 
and the estimated value (blue) of the electrical angle 
position in the first test scenario. This result shows the fifth 
order EKF designed is able to estimate the electric angle 
position that close to the actual value.  

 
Fig. 13. Comparison of the actual value (green) and the estimated value 
(blue) of the electrical angle position in the first test scenario 
 

Fig. 14 and 15 show the response of the motor current. 
The response of the motor current in q-axis follows the 
changes of the elevation angle. On the other hand, the 
response of the motor current in d-axis is influenced by 
nonlinear coupling in PMSM. These results also show the 
controller and the fifth order EKF can work in the changes 
given. 

Fig. 16 and 17 show the torque load in the mechanical 
part and the estimated value of the torque load in the fifth 
order EKF part. The torque load in the mechanical part is 
represented by green line, and the estimated value of the 
torque load in the fifth order EKF part is represented by blue 

line. Both of the torques are able to respond to the changes of 
the elevation angle that is given in both test scenarios 

 
Fig. 14. Motor currents in the first test scenario (id blue, iq green) 

 
Fig. 15. Motor currents in the second test scenario (id blue, iq green) 

 
Fig. 16. The estimated value of the torque load in the fifth order EKF part 
(blue) and the torque load of the mechanical part (green) in the first test 
scenario 

 
Fig. 17. The estimated value of the torque load in the fifth order EKF part 
(blue) and the torque load of the mechanical part (green) in the second test 
scenario 

The difference between the torque load in the mechanical 
part and the estimated value of the torque load in the EKF 
part  is cause by the differences in the definition. The torque 
load of the mechanical part is expressed by (29).  ቆܬ௠ + ௚ଶ݊ߟ௪ଶ݉௩ݎ ቇ ݀߱௠݀ݐ= ௘ܶ − ௠߱௠ܤ − ௠ܶ଴ − ௅ܶି௠௘௖௛ (28) 

௅ܶି௠௘௖௛ = ௚݊ߟ௪ݎ ൫ ௚݂ + ௙݂ + ௔݂൯ (29) 

The estimated value of the torque load in the fifth order EKF 
part is expressed by (31). The result shows the fifth order 
EKF designed for the PMSM can be used in the electric 
vehicle model, without changing the model structure of the 
observer. 

Proceeding of EECSI 2018, Malang - Indonesia, 16-18 Oct 2018

258



௠ܬ ݀߱௠݀ݐ = ௘ܶ − ௅ܶିா௄ி  (30) 

௅ܶିா௄ி = ௠߱௠ܤ + ௠ܶ଴ + ௚ଶ݊ߟ௪ଶ݉௩ݎ ݀߱௠݀ݐ+ ௚݊ߟ௪ݎ ൫ ௚݂ + ௙݂ + ௔݂൯ 
(31) 

V. CONCLUSION 

The controller and the fifth order EKF designed are able 
to regulate the actual value and the estimated value of the 
rotational speed of the motor in accordance with the 
reference value. The fifth order EKF is able to estimate the 
stator currents in dq-axis, the rotation speed of rotor, the 
electric angle position, and the torque load accurately 
although the elevation angle of route was changed several 
times. The result shows the fifth order EKF designed for the 
PMSM can be used in the electric vehicle model, without 
changing the model structure of the observer. 
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APPENDIX ࢞௞ = ሾ݅ௗ ݅௤ ߱௠ ߠ ௅ܶሿ் (A1) 

ଵ݂ = ݅ௗ − ܴ௦݅ௗΔܮݐௗ + ܰ߱௠ܮ௤݅௤Δܮݐௗ + ௗܮݐௗΔݒ  (A2) 

ଶ݂ = ݅௤ − ܴ௦݅௤Δܮݐ௤ − ܰ߱௠ܮௗ݅ௗΔܮݐ௤ − ܰ߱௠߰Δܮݐ௤+ ௤ܮݐ௤Δݒ  
(A3) 

ଷ݂ = ߱௠ + ܰ߰݅௤Δܬݐ௠ + ௠ܬݐௗ݅ௗ݅௤Δܮܰ − −௠ܬݐ௤݅௤݅ௗΔܮܰ ௅ܶΔܬݐ௠  
(A4) 

ସ݂ = ߠ + ܰ߱௠Δݐ (A5) ହ݂ = ௅ܶ (A6) 

௙ࡶ = ێێۏ
௙ଵଵܬۍێێ ௙ଵଶܬ ௙ଵଷܬ ௙ଵସܬ ௙ଶଵܬ௙ଵହܬ ௙ଶଶܬ ௙ଶଷܬ ௙ଶସܬ ௙ଷଵܬ௙ଶହܬ ௙ଷଶܬ ௙ଷଷܬ ௙ଷସܬ ௙ସଵܬ௙ଷହܬ ௙ସଶܬ ௙ସଷܬ ௙ସସܬ ௙ହଵܬ௙ସହܬ ௙ହଶܬ ௙ହଷܬ ௙ହସܬ ۑۑے௙ହହܬ

 (A7) ېۑۑ

௙ଵଵܬ = 1 − ܴ௦Δܮݐௗ  (A8) ܬ௙ଵଶ = ܰ߱௠ܮ௤Δܮݐௗ  (A9) ܬ௙ଵଷ = ௗܮݐ௤݅௤Δܮܰ  (A10) ܬ௙ଵସ = 0 (A11) ܬ௙ଵହ = 0 (A12) ܬ௙ଶଵ = −ܰ߱௠ܮௗΔܮݐ௤  (A13) ܬ௙ଶଶ = 1 − ܴ௦Δܮݐ௤  (A14) ܬ௙ଶଷ = ௤ܮݐௗ݅ௗΔܮܰ− − ܰ߰Δܮݐ௤  (A15) ܬ௙ଶସ = 0 (A16) ܬ௙ଶହ = 0 (A17) ܬ௙ଷଵ = ௠ܬݐௗ݅௤Δܮܰ − ௠ܬݐ௤݅௤Δܮܰ  (A18) ܬ௙ଷଶ = ܰ߰Δܬݐ௠ + ௠ܬݐௗ݅ௗΔܮܰ − ௠ܬݐ௤݅ௗΔܮܰ  (A19) ܬ௙ଷଷ = 1 (A20) ܬ௙ଷସ = 0 (A21) ܬ௙ଷହ = −Δܬݐ௠ (A22) ܬ௙ସଵ = 0 (A23) ܬ௙ସଶ = 0 (A24) ܬ௙ସଷ = ܰΔݐ (A25) ܬ௙ସସ = 1 (A26) ܬ௙ସହ = 0 (A27) ܬ௙ହଵ = 0 (A28) ܬ௙ହଶ = 0 (A29) ܬ௙ହଷ = 0 (A30) ܬ௙ହସ = 0 (A31) ܬ௙ହହ = 1 (A32) ࡶ௛ = ቂ1 0 0 0 00 1 0 0 0ቃ (A33) 

ࡽ = ێێێۏ
2ۍ 0 0 0 00 2 0 0 00 0 2 0 00 0 0 2 00 0 0 0 ۑۑے2

 (A34) ېۑ

ࡾ = ቂ2 00 2ቃ (A35) 
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