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Abstract: This article presents a sensorless control system of permanent magnet synchronous motor (PMSM) for solar electric tuktuk
(E-tuktuk) application. This study purposes a new method of control algorithm of PMSM for E-tuktuk with low-cost by using the
sensorless strategy. The sensorless strategy covers the estimated rotor speed and position of PMSM, and a sliding mode observer
(SMO) is proposed in this study. The SMO is the most popular method of sensorless control because of its nonlinear control structure,
deterministic nature, robustness, and high performance. The sigmoid function is used to reduce the chattering in the observer system.
The Field Oriented Control (FOC) is a popular control algorithm because it is based on two fundamental ideas; flux and produced
torque that can be controlled separately. The FOC was originally developed for medium-high performance motor applications that
were required to operate smoothly over the full speed range and had an excellent dynamic performance. The proposed control
algorithm is simulated by using MATLAB/Simulink, and the performance of the system is analyzed and developed. The simulation
results indicate that the proposed method in this case study is capable of tracking the actual values of rotor speed and position of
PMSM with small deviations, robustness, high dynamic performance, and sufficient for precise control. Lastly, this study is
considered the first stepping stone toward real experiments with real parameters to confirm the performance in future work.

Keywords: Sensorless; SMO; FOC; Sigmoid function; PMSM.

1. INTRODUCTION nonlinear systems [2]. The voltage/frequency (V/F) control
technique is the method that controls the output torque under
Permanent magnet synchronous motor (PMSM) is a widely constant air gap flux and does not require rotor position, as
used electric motor for an electric vehicle or hybrid electric described in Semenov et al. [1], W. J. Kim and Kim, [3]. Direct
vehicle (EV/HEV) application because of its simple structure, torque control (DTC) controls the magnitude and the angle of
small size, lightweight, small inertia, high power density, with the flux vector concerning the flux of the permanent magnets to
very suitable for limited space as EVs. Furthermore, its high achieve the desired output [4-6]. Field Oriented Control (FOC),
efficiency, high power factor, torque to inertia, robustness, and the vector control of this algorithm was based on two
high output torque, particularly at low speeds, make it ideal for fundamental ideas; flux and torque producing which can be
starting and acceleration [1]. controlled separately. FOC was originally developed for
Currently, there are many control strategies and algorithms medium-high performance motor applications that were
for PMSM. The vector control is characterized by high accuracy, required to operate smoothly over the full speed range and had
sensitivity, wide speed range, and a simple control system. The excellent dynamic performance [7,8].
control techniques method was proposed in the literature for the The conventional position sensor not only adds the motor
motor drive control. Fuzzy logic control (FLC) usually provides volume and shaft rotation inertia but also reduces the powder
a nonlinear controller that was capable of performance that is density of the motor. The position sensor increases the
different complex nonlinear control actions even for uncertain complexity of the motor structure, as well as the price and
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difficulty of maintenance [9]. The sensorless control system can
determine the rotor position in real-time by measuring the current
and voltage of the port motor. Sensorless speed and position
estimation are the widely desired need for high-performance
permanent magnet motor drives to save costs, shrink size, and
increase dependability. Many researchers have studied sensorless
control strategies for multi-phase PMSMs, such as Kalman filter
(KMF) and Extended Kalman filter (EKF) has been widely
studied [10-13]. It can effectively suppress the influence of
system error and measurement error on state estimation and
improve accuracy. Luenberger observer was used for developing
robustness  estimation  concerning measurement  noise.
Luenberger utilized some measurable states in the estimation
results. The pole assignment of the system was optimized to get
better dynamic performance [14,15]. Model reference adaptive
system (MRAS) is an easy way to achieve sensorless control and
the major advantage brought by the strategy is simple to design,
robust to disturbance, insensitive to machine parameters, and
high dynamic performance [11,15,16]. Back electromagnetic
force (Back-EMF) observer was presented in Yousfi et al., [17],
Urbanski, [10], Bedetti et al., [18], Lee, [19]. Extended state
observer (ESO) was introduced as the second observer in cascade
structure to improve the rotor speed estimation accuracy and fast
response [20,21]. Maximum torque per ampere (MTPA)
operation with two control loops based on the d-axis current. This
technique requires a complex control algorithm with two Pl
controllers, and two arctangent functions were utilized in the
stabilization process [3]. Sliding mode observer (SMO) is the
most popular method because of its nonlinear control structure,
deterministic nature, robustness, and high-performance [11,22].
The problem of chattering caused by the discontinuous switching
function causes system oscillation and instabilities [23], which
has been addressed by using higher-order SMO and filtering
methods. The implementation of the sigmoid-based SMO, and
hybrid SMO was computationally intensive [24]. The advantages
of sigmoid function over signum function are presented in
[25,26]. To avoid the low pass filter (LPF), replacing the signum
function with a hyperbolic tangent function, and solving the
problem of calculation delay with a current pre-compensation
approach based on dual sampling technique in one sample
interval [24,27].

In cities, auto-rickshaws or tuktuk are the common public
transportation mode of last-mile connectivity. In this case, the
author wants to modify the ICEs of the fuel tuktuk to the electric
tuktuk (E-tuktuk) instead. The basic structure of any E-tuktuk
involves an energy storage system (ESS) including the batteries,
ultra-capacitors, etc., and an electric propulsion system (EPS)
which includes an electric motor and a power electric converter as
shown in Fig. 1.

This study presented the sensorless control of PMSM using
sliding mode observer for the solar E-tuktuk application. The
proposed sensorless sliding mode replaces the traditional sliding
mode signum function with the sigmoid function. To define the
state estimation problem for PMSM, the system and measurement
have been modeled. The study of this topic is crucial for
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developing an accurate PMSM mathematical model and deciding
which algorithm to use to estimate the speed and position of the
motor rotor in the next step. The authors propose an estimation
scheme to weaken chattering. The Sliding mode observer and Pl
controller are to determine the difference between the estimated
position and the actual rotor position to zero. Natural chattering
is eliminated, and the robustness of the rotor position and rotor
speed estimation is improved. Starting from this control
algorithm, the simulation study is proposed. MATLAB/Simulink
is used to design and simulate the results of the system.

T T A | ]

[ T e

iF e SRE

I-I-I!!! i

Ul aiber 40

PV Panel

DC/DC Converter |

PMSM  Motor Drive I‘
=

—

T T ——

Fig. 1. Solar E-tuktuk System

2. SYSTEM MODELING
2.1 PMSM model

In general, the dynamic model of a PMSM with the rotor
reference frame can be described as:
v, = Ri, + L%—Fes (Eq. 1)
dt

where v; are the voltage vector of phases a, b, ¢

is are the current vector of phases a, b, ¢

es are the induced electromotive force of phases a, b,

c

R is the winding resistance of phases a, b, ¢

L is the winding inductance of phases a, b, ¢

Fig. 2. Electrical Schematic of a PMSM



The mechanical of PMSM presented as torque production is
given as below:

d_a)+ Bw+T,
dt

Ton = J0 (Ea. 2)
where Tem is the mechanical torque
Jm is the moment of inertia
B is the viscous friction
o is the rotor angular velocity
Ty is the load torque
After simplification, the mathematical model of PMSM in the

stationary frame (af frame) can be expressed:

v, =Ri, +Ldi+ea
dt

di (Eq. 3)
v, =Ri +L—Iﬁ+e
p =Rt

where:
e, =—Awsiné,
e, = Awsin g,

and , 6,, A,V,,,V,,i,,i,,

electric angle, rotor magnetic flux, a-axis voltage, p-axis voltage,
o-axis current and S-axis current, rotor resistance, and inductance
winding respectively.

The value of the produced electromagnetic torque in the af
reference frame can be described using the following expression:

R, L are electric angular speed, rotor

:gp(zaiﬁ ~4,i) (Eq. 4)

where Te, P, 44, g are produced torque, poles pare, a-axis and
p-axis flux respectively.

2.2 Sliding mode observer

The sliding mode observer for estimating rotor position is
based on the stator current estimator using discontinuous control.
Only stator currents are directly measurable in the PMSM drive.
The sliding mode surface is defined as:

S(x)=0
S=i, —I
Directly measurable in a PMSM drive, the sliding mode

manifold is S(x) =
Sliding mode observers of PMSM are defined as:

Lo Ry LIy, “KGsign(R)
d LT L (Eq.5)
di, R~

=——1 +ivﬁ K (sign(i,))

dat L’
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where 1 =1, —i,, iﬁ:fﬁ—iﬂ, I, and fﬂ
current error of a-axis, the current error of g-axis, the current
estimation of a-axis, and the current estimation of p-axis
respectively.

sign(x) is the signum function of the traditional control

equation of SMO, which has a serious chattering problem
presented in [23] . To suppress the chattering phenomenon,
replacing the signum function with the continuous sigmoid
function was used in [24] , which is defined as:

represents the

sigmoid (x) = 2 -1

Eq. 6
1+exp(—ax) (Ea. ©)

where a is a positive constant and its value affects the
convergence property of the function (used to adjust the
sharpness of the transition between lower and upper bounds).
Then SMO of PMSM can be expressed as:

di, :—Ef + 1v - K(sigmoid (i, ))

d:[ L* L “ (Eq. 7)
di R . L

E:—?,ﬁ v, —K(sigmoid(i,))

where K is the switching gain of the discontinuous control
and normal positive.

2.3 Stability analysis

Lyapunov function:

V=3sTs (Eq. 8)
:%[Erﬂf '[EB]:%[EZ‘H;ZJ>O (Eq. 9)

From the Lyapunov stability theorem, the sliding mode
condition can be derived to satisfy condition V > 0 and V <0
where V =S"$

The error equation can be determined by (Eq. 7) and (Eq. 3)
as equation (Eq. 10):

di, =_EE +£ea —K(sigmoid (i,))

d__t L L (Eq. 10)
di— R|_+1e — K (sigmoid (i,))

dt L7 L” : ’

From the (Eq. 8) and (Eg. 10), the time derivative of
Lyapunov function can be written as:

V=8'S=1,i,+i,i, (Eq. 11)



V= %@eﬂ ~ KT, (sigmoid (T, )))
+%(;eﬂ —Ki, (sigmoid (i, )))
R0

where the observer gain K can be derived to satisfy V <0 as:
K > max(é, |/é,) (Eq. 12)

where éa,éﬂ represented the back EMF estimations in a, S

frames respectively.

The chattering problem is solved and the estimation is proved
to be stable.

From back-EMF voltages, estimated rotor speed and position
can be expressed as [24].

A o yi]
= Eq. 13
' 2 (Eq. 13)
6 = —arctan -« (Eq. 14)
€s
where ¢ = K(sigmoid(x)) = K 2
1+exp(—ax)

3. SIMULATION STUDY

After finishing the system modeling in part 2, the simulation
study is discussed in this section. Starting with speed control,
FOC was applied to the control method of PMSM. The block
diagram of vector control is shown in Fig. 3. There are three
feedback loops, two are current loops and one is speed loop.
Three-phase stator current abc are measured from the sensor then
convert to dq reference frame using Park’s transformation for
current loops and converted to af reference frame using Clark’s
transformation for speed loop. The outer loop is the speed loop
where speed is estimated by an SMO observer and compared with
the reference value. The speed Pl controller is controlling the
error generating reference value for quadrature axis current ig.
The error between reference value iq and measured value iq is
given to the PI controller generating vq. The reference value of
the direct axis current iq is zero for maximum torque. The PI
controller works on this error generating vq. The output of these
two Pl current controllers generates reference signals for the
current controller to generate the switching signals for the
inverter used in PMSM.

The simulation testing is done in MATLAB/Simulink. The
SMO observer block is designed following equations (Eq. 13)
and (Eq. 14) for estimating the rotor speed and position of
PMSM. Fig. 4 shows the SMO system block diagram. The
system’s results were compared to the values measured in the
control system’s output. The block diagram parameters have been
adjusted according to the experimental components and
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the values of the calculations.
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The parameters of the PMSM motor used in this study are

given in Table 1.
Table 1 Parameters of PMSM

Parameters Value Unit
Rated power 1 KW
Rated voltage 220 \Y
Rated current 44 A
Rated speed 262 Rad/s
Rated torque 4 N.m
Rotor inertia 2.97x10* Kg.m?
Resistance 1.83 Q
Inductance 4.72 mH
Flux linkage 0.175 Wb
Frictional Constant 0.0001 N.m.s
Pole pairs 4

4. RESULTS SIMULATION

The simulation is carried out by showing the speed of

PMSM for 4 different conditions. In case 1, the motor is running
with speed change without load. In case 2, the motor is running
with the speed change and with load torque at 4 N.m. In case 3,
the motor is running at a constant speed with the load varies and
in case 4, the motor is running at speed change with varying load.
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Fig. 5. Actual and estimated speed of PMSM with no load

In case 1, the response performance and robustness of the
system (SMO Observer) with varying speeds of the motor from
50 rad/s to 250 rad/s at 0.5 second without load are verified. The
simulation results are shown in Fig. 5, It can be seen that the
estimated rotor speed is consistent with the actual rotor speed.
When the motor started, the speed of the motor started from 0 to
50 rad/s immediately then the motor increased its speed to 250
rad/s immediately at 0.5 second. The estimated speed can quickly
follow the set speed and converge to the actual speed, which
shows that the system has good dynamic and static performance.
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|
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Fig. 6. Actual and estimated position of PMSM with no load

Fig. 6 shows the comparisons of actual and estimated values
of rotor position while running at varying speeds and no-load. It
can be seen that the estimated rotor position can maintain good
consistency with the actual rotor position, which shows that the
observer (SMO) has a good estimation effect. The controller
(SMO) is well tracking with the actual position of PMSM
whatever the speed is changed at 0.5 seconds. The rotor position
will change the wavelength when the speed of PMSM is varied.
The estimated angle is the same as the actual angle, which
effectively weakens the high-frequency noise and harmonics in
the back EMF and makes the output stable, and the control effect
meets the performance control requirements of PMSM.

Fig 7, demonstrates the comparison of the measured a-axis
current command i, and the measured f-axis current command is.
The currents are the form of sinusoidal with amplitudes 0 A.
There is some noise in this waveform to make the bandwidth of
the current waveform.
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Fig. 7. The current waveform of PMSM with no-load
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Fig. 8. The load torque of PMSM

In this condition, the load torque of the PMSM is set to zero
which means that the motor is spinning without load. Fig. 8,
shows the graph of load torque at 0 N.m constantly with corrupted
noise.
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Fig. 9. Actual and estimated speed of PMSM with load

In case 2, Fig. 9 shows the comparison of rotor speed
waveforms corresponding to the SMO methods. It can be seen
that the estimated rotor speed is consistent with the actual rotor
speed that the given target speed of the motor is 50 rad/s and
changed to 250 rad/s at 0.5 second with constant load torque 4
N.m (maximum torque) is studied. The speed of PMSM with the
load torque of 4 N.m. It can be seen that the speed response when
start-up motor needs 0.4 seconds to reach the desired speed at 50
rad/s. The estimated speed is almost equal to the actual speed
when it is stable, but there will be large chattering in the speed
estimation at the moment of low speed and speed change. The
SMO Observer can track reference speed accurately.

Fig. 10, shows the rotor position of PMSM while running at
varying speeds and load torque. As shown in Fig. 10, the
estimated value and actual value are started from different points.
The estimated value started from 6 rad and the actual started from



0 rad then the estimate and actual were almost the same after the
motor ran in a steady state. Due to the high-frequency chattering
component, the estimated position of the rotor lags behind the
actual position, and there is a fixed error, which cannot be
corrected and improved and will affect the dynamic response
performance of the system. The rotor position will change the
wavelength when the speed of PMSM is varied too.
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5]

I~
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Fig. 10. Actual and estimated position of PMSM with load
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Fig. 11. The current waveform of PMSM with load

Fig. 11 shows the current waveform of PMSM in af frames.
The currents are the form of sinusoidal with amplitude 4 A. There
is some noise in this waveform and it will change the wavelength
when the speed of PMSM is varied. The varies load torque, the
currents also change the amplitudes. So when increasing load
torque, the amplitude also increases, and when decreasing load
torque, the amplitude also decreases as well.

Fig. 12, shows the output of the load torque of PMSM. This is
the load torque applied in the system control of PMSM. The 4
N.m is the maximum load torque of the motor that is used
constantly in the whole simulation.
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Fig. 12. The varies load torque of PMSM
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Fig. 13. Actual and estimate the constant speed of PMSM with varies
load

In case 3, the performance of the sensorless system with
constant speed at 270 rad/s and varying load torque from 0 N.m
to 4 N.m at 0.5 seconds are tested. The simulation results are
shown in Fig. 13, the speed of PMSM with varying load torque.
It can be seen that the speed response when varied the load torque
at 0.5 second, the motor needs 0.4 second to reach the desired
speed at 270 rad/s. The SMO Observer can track the reference
speed accurately. The corresponding speed waveform curve is
much smoother. The estimated speed can quickly follow the set
speed and converge to the actual speed, which shows that the
system has good dynamic and static performance.
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Fig. 14. Actual and estimated position with load

Fig. 14 shows the rotor position of PMSM with varying load
torque. Therefore, the proposed sliding mode sensorless control



algorithm can effectively estimate the speed and rotor position of
the permanent magnet synchronous motor.
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Fig. 15. The current waveform of PMSM with load

Fig. 15 shows the output step load torque of PMSM. In this
condition, the load torque changes from 0 N.m (minimum load
torque) to 4 N.m (maximum load torque) at 0.5 seconds for the
simulation test. So when increasing load torque, the amplitude
also increases as well.
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Fig. 16. The waveform varies load of PMSM

Fig. 16, shows the output step load torque of PMSM. In this
condition, the load torque changes from 0 N.m (minimum load
torque) to 4 N.m (maximum load torque) at 0.5 seconds for the
simulation test.
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Fig. 17. Sensor and estimated speed of PMSM with sensors

In case 4, the simulation results of the sensors and estimated
speed of the PMSM using sensors control with variable speeds
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and torques are shown in Fig. 17. The performance of the sensors
control with varying speeds from 50 rad/s to 260 rad/s at 0.5
seconds and varying load torque from 0 N.m (minimum load
torque) to 3 N.mis studied. In Fig. 17, it can be seen that the speed
response of the motor when no load torque is applied to the
system, the motor reaches desired speed immediately (desire
speed 50 rad/s) and started from 0.5 seconds, the load torque 3
N.m is applied. The motor needed 0.3 seconds to reach the desired
speed of 260 rad/s at 0.8 seconds after applied load torque. For
the sensors control with FOC when applied load torque, the
feedback from sensors with the FOC method is not working well
due to the PI controller but the SMO observer can be tracking
accurately with speed measured by sensors although there is some
oscillation when applying load torque and need time reach the
desired speed.
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Fig. 18. Sensor and estimated rotor position of PMSM

Fig. 18 shows the rotor position of PMSM while running at
various speeds and load torque with sensors. As the speed
waveform, the rotor position also oscillates after applying the
load torque but the SMO observer can well track the actual
position of PMSM whatever the rotor position is changed at 0.5
second.
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Fig. 19. The current waveform of PMSM with sensors

Fig. 19 shows the current waveform of PMSM in af frames.
The currents are the form sinusoidal with amplitude 0 A when no
load torque and when 3 N.m of load torque is applied; the
amplitude is changed too.
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Fig. 20. The load torque of PMSM with sensors

Fig. 20 shows step load torque applied to the PMSM. In this
condition, the load torque change from 0 N.m (minimum load
torque) to 3 N.m at 0.5 second for the simulation test.

5. CONCLUSIONS

In this paper, the sensorless sliding mode observer for the
permanent magnet synchronous motor is proposed for solar E-
tuktuk application. Firstly, the sliding mode observer is studied
and designed for sensorless control PMSM motors. From the
sliding mode observer, we estimate the speed and rotor position
and reduce the chattering by replacing the sign function with the
continuous sigmoid function. The vector control operation of the
drive is successfully demonstrated using MATLAB/Simulink
base simulated results and discussed in section 4. The sensorless
sliding mode control algorithm of permanent magnet
synchronous motor is suitable for solar E-tuktuk by the system
control has a fast response and robustness. The prototype setup
will be implemented and tested in future work.
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