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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

L 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
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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.
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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
fi = mya, = myr,a, (1)
where f; is the inertia force, m, is the mass of the vehicle,
a, is the vehicle acceleration/deceleration in translation
movement, r,, is the wheel radius, and «,, 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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fg =m,gsiné (2)

where f; is the gradient force, my is the mass of the vehicle,
g is the gravity acceleration, and § 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

ff=¢mygcoséd (3)
where f; is the rolling resistance force, ¢, is the friction
coefficient between wheel and road, m, is the mass of the
vehicle, g is the gravity acceleration, and 6 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

fa=105 paCdAf(vv + va)z (4)
where f, is the aerodynamic drag force, p, is the mass
density of air, ¢4 is the drag coefficient of air, Ay is the front
area of the vehicle, v, is the vehicle velocity, and v, is the
air velocity.

By considering the four forces, the total torque load of
the wheel is expressed by
Twzrw(fi+fg+ff+fa) (5)
where T,, is the total torque load of the wheel and r,, 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
(‘)m
Wy, =—
v =, (6)
where w,, is the rotational speed of the wheel, w,, 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

Ty

Y _T

=T 7)
where T, is the torque of the wheel, T,, is the torque of the
motor, ng is the gear ratio, and ) is the efficiency coefficient

of gear.

In rotational movement, the relation between rotational
acceleration and torque is are expressed by
dw,,
]m? = Te - Bmwm - TmO - Tm (8)
where J,,, is the moment inertia of the motor rotor, w,, is the
rotational speed of the motor, B,, is the friction of the motor,

Tmois the initial torque of the motor, and T,, 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
2
Ty m,\ dw,
(]m " nng® ) dt
=T, — Bpwn — Tmo (9)

—%(fg+ff+fa)

B. PMSM

In this paper, the electrical model of PMSM is expressed
by [2]

di —R.i Nw,L,i, v
2 _ std m~a-q +_d (10)
dt L, Ly Ly
di —Ri Nw,,L;i Nw. v
“ta — std _ mbdtd _ mlp +_q (11)
dt L, L, L, L,
Te = Nlplq + NLdidiq - NLqiqid (12)
deo

where i, is the stator current in d-axis, i, is the stator current
in g-axis, v, is the stator voltage in d-axis, v, is the stator
voltage in g-axis, T, is the electric torque that is generated by
the PMSM, w,, is the rotational speed of the motor, is the
electric angle position, N is number of pole pairs, Ry is the
stator resistance, Lg is the inductance in d-axis, L, is the
inductance in g-axis, and ¥ is the magnetic flux of the
PMSM. The PMSM block diagram is shown in Fig.3.
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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.
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Fig. 4. The controller block diagram
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The speed controller uses PI controller. It is expressed by

iqref = pr ((‘)mref - wmest)

t
+ Kin- (wmref - wmest)dt
0

where igrr is the reference value of the stator current in g-
axis, Wprer 1S the reference value of the rotational speed of
the motor, w,,.s; 1S the estimated value of the rotational
speed of the motor.

(14)

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

t
Ug = Kpig(igres — ia) + KiidJ- (igres — ia)dt (15)
0

t

Ug = PiQ(iqrEf - iq) + Kiiqf (iqref - iq)dt (16)
where ugq is the linear stator Voltagoe references in d-axis, and
Uq is the linear stator voltage references in q-axis, iqye is the
reference value of the stator current in d-axis igeris the
reference value of the stator current in g-axis, iy is the actual
value of the stator current in d-axis, and 14 is the actual value
of the stator current in g-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

digg 1 . .
T = T_d (ldref - ldz) (17)
di 1
ql _ , .
T, (igrer — lqr) (18)
Vg = Ug — NwmestLq iql (19)
Vg = Uq — NwpestLalar — NWmese ) (20)

where iy is the low pass filter output of the stator current in
d-axis, [4is the low pass filter output of the stator current in
g-axis, v, is the total of the stator voltage references in d-
axis, v, is the total of the stator voltage references in g-axis,
ug is the linear stator voltage references controller in d-axis,
Uq is the linear stator voltage references in g-axis, Wpmeg; iS
the estimated value of the rotational speed of the motor, N
is number of pole pairs, Lg is the inductance in d-axis, L, is
the inductance in g-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.

X =[la g om 6 TT (22)

In designing the fifth order EKF, the PMSM model that
is used is expressed by

di Rii; Nw,L,i, v
Za_ _sd, TTmrqq + Za (10)
dt Ly Lq Lq
& _ _Rsiq 3 NwyLgig B Nw,, Vq (11)
dt L, Lq Lq L,
dwy, _ Nyi, 4 NLgigiq B NLgigig 3 E (22)
dt Jm 46 Jm Jm Jm
E = N(l)m (13)

There are five calculation steps in the algorithm EKF.
The five calculation steps are [4,5]

xf = f(xi-) (23)
f e e T

P, =Jr(xk_)Py_4 (]f(xk—l)) + Qk-1 (24)

T T
Kie = PL(1(xD)) (1nGDPL (D) -
- 25
x5 = x| + K, (zk - h(xi)) (26)
P = (I1-KJu(xf)) Pl (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 L PMSM PARAMETERS
Parameters Quantities Unit
N 4 pole pairs
P 0.08975 V.s/rad
L, 0.202 mH
L, 0.29 mH
s 8.669 mg
Jm 0.01 kg.m?
TABLE IL MECHANICAL PARAMETERS
Parameters Quantities Unit
Cr 0.014 [-]
g 9.81 m.s?
Pa 1.2041 kg.m™
Cq 0.31 [-]
Af 2.11 m?
Tw 0.2933 m
n 0.96 [-]
ng 12.5 [-]
m, 900 kg
Uy 2 ms’!

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).
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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
0deg. 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.
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Fig. 6. The elevation angle (J) in (deg) in the first test scenario
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Fig. 7. The elevation angle (3) in (deg) in the second test scenario
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Fig. 8. The speed motor reference
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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).
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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
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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
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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.
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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 g-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

350

i I 1 H 1 i
50 100 160 200 260 200 360
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Fig. 14. Motor currents in the first test scenario (id blue, iq green)
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Fig. 15. Motor currents in the second test scenario (id blue, iq green)
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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
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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).

+rW2m,, dw,,
Jm nng? ) dt (28)

=T, — Bpwp

- TmO - TL—mech
Tw

T, —mech = _(fg +ff +fa) (29)
nny

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.
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dw
]md_tm =Te — T _pkr (30)
r,2m, dw
T,—gkr = Bnwm + Tipo + Wn zvd_tm
g (31)

+,7%g(fg+ff+fa)

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
xk = [ld iq (A)m 6 TL]T (Al)
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=iy - + + A2
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fo=lg=— === Tl
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Lq
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= o+ 1§q 4 d]dq 3 q]qd
Im
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