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Abstract: This paper presents a sliding mode observer
for estimating the back emf and thereby, position and
speed of a permanent magnet synchronous motor to
achieve sensorless drive system. Sliding mode observer
design consists of sliding surface, controller design
guarantying the sliding mode existence. Extended
non-singular terminal sliding surface is a superset of
conventional non-singular terminal sliding surface,
which guarantee the convergence of system state to
zero in finite time. It also overcomes the restriction on
the range of the exponent of a power function, of
non-singular sliding surfaces, whose exponent is a
rational number with positive odd numerator and
denominator, with the exponent of power function being
a positive real number. The stability of the proposed
observer is verified using Lyapunov second method and
the validity of the observer is demonstrated by
simulation and verified by experimental results.
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1. Introduction

The Permanent Magnet Synchronous Motor has been
widely used in many industrial applications because of
its high efficiency, maintenance free operation and high
controllability. Since PMSM receives a sinusoidal flux
from the permanent magnet of the rotor, precise
position data are necessary for an efficient vector
control. Generally, the rotor position can be detected by
a resolver or by an absolute encoder. As an important
application of PMSM, the motion control not only
requires the accurate rotor position for field orientation
but also the information of rotor speed for closed loop
control. Cost and volume reduction, wires removal and
increased reliability are in favour of position sensorless
control of PMSM drives [1], using estimation of the
rotor position.

Nowadays, Field Programmable Gate Array’s (FPGAs)
have become more effective as they allow the
implementation of complex control strategies. Earlier,

Digital Signal Processor’s were used [2], which made
the sensorless control technique of PMSM possible. At
present, the sensorless control technology can mainly
be classified into two types: the estimation method
based on observer [3-7] and the high frequency
injection method using the salient effect of motor
[8-11]. The estimation based method based on observer
relies on the accuracy of the motor model to some
extent whereas high frequency injection method is
independent of the motor model. But, the high
frequency signal injection brings high frequency noise,
leading to system performance degradation. Given the
aforementioned circumstances, the sliding mode
observer (SMO) is used because of its simple algorithm
and robustness, which makes up for the dependence of
observer on the model to a certain extent. The SMO
maintains good robustness of variable structure control
[12-14].

The control loop in an ordinary observer is replaced by
a sliding mode variable structure, and when the system
error reaches the sliding mode, the system dynamic
performance depends entirely on sliding surface, which
ensures good robustness of the entire system to
parameter  variations. The fundamental design
procedure of the sliding mode control is to design a
stable sliding surface s, satisfying the desired
specifications, and design a feedback control law u
which is discontinuous, such that the sliding surface
could be reached and retained in the sense of Lyapunov,
despite the presence of modeling uncertainties and
disturbances.

This paper is organized as follows. The mathematical
model of PMSM is reviewed in Section 2. Conventional
sliding mode observer is presented in Section 3. New
sliding mode observer is proposed in Section 4.
Estimation of rotor position and speed is given in Section
5 .System configuration is given in Section 6. Section 7
is presented with simulation and experimental results.
Some conclusions are given in Section 8.

2. Mathematical Model of Pmsm
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The dynamic equations of a PMSM without saliency
in the stationary reference frame [15] can be
expressed as follows,
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where i, ig, Ug Up, and e, eg are the phase currents,
phase voltages, and back EMF in the stationary
reference frame, respectively, R is the stator phase
resistance, L is the stator phase inductance, s is the
flux linkage of the permanent magnet, o, is the
electrical angular velocity, and 6 is the electrical rotor
position. The relation between the stator coordinates
and the synchronous coordinates is graphically
represented in Fig. 1.

Fig.1. Relation between stator reference coordinates
and synchronous rotating coordinates  systems.

It can be seen from the back EMF function in (3) and
(4) that the back EMF signal contains the information
of rotor speed and position. Therefore, after the back
EMF signal is estimated by using the observer, the
information of rotor speed and position can be obtained.

3. Conventional sliding mode observer
The sliding mode observer has its base on the
variable structure theory. In order to design a sliding
mode observer, first a sliding surface has to be defined.
The sliding surface [15] is defined as,
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where s =[ia iﬁ] is the estimated value of current

and Is=[la Ip]is its measured value.

With reference to the mathematical model of PMSM in
the stationary reference frame, the equations governing
sliding mode observer is expressed as follows,
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where ‘a’ is an adjustable parameter and k is the
observer gain. In equation (6) and (7) signum function
is replaced with sigmoid function [15], by which the
switching between 0 and 1 will be smooth so that the
effect of chattering will be very less and hence the
requirement of a low pass filter at the output and its
phase angle compensation requirement can be avoided.
Speed and position of the rotor can be estimated with
the help of this observer. The output of this sliding
mode observer will be back emfs of the machine in the
stationary reference frame. This can be employed to
estimate the speed and position as follows,
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is integrated to obtain position.

and speed

4. Proposed sliding mode observer

A complete survey of SMO design methods is
introduced in [7] and [16]. Among these methods, the
so called terminal sliding mode (TSM) control [3]
proposed a non linear sliding surface that guarantees
the reachability of the sliding mode s=0 in finite time,
which is a significant improvement in comparison with
the conventional sliding mode control of linear sliding
surface, which only ensures asymptotical convergence
of s [6]. During the control design of fast terminal
sliding mode controllers, there often exists a singularity
problem. The reason is that the designed controllers
have non-linear terms which results in the
unboundedness of the control input when the state
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Fig. 2. Structure of proposed SMO.

variable diminishes to zero [10]. Here, the state
variables refer to stator currents in stationary frame.

The structure of proposed sliding mode observer is
shown in Fig 2. In Fig.2, current observer is supplied
with transformed two phase voltage. Output of the
observer is estimated current and the error between the
actual, estimated current is given as input to the
extended non singular terminal sliding surface, ensuring
error is zero. Control law maintains the error being kept
in zero. Control signal, which is also the the estimated
back emf is feedback to the observer ensuring the
stability of observer in closed loop operation of
sensorless control system shown in Fig.3. With the
estimated back EMF, rotor position and speed is
calculated. Conventional terminal sliding mode
controllers use terminal sliding surfaces, designed using
a power function of a system state which guarantee the
system state reaching zero in finite time. However, the
surfaces suffer from singularity problem and have
restrictions on the range of the exponent of a power
function. The exponent should be a rational number
with positive odd numerator and denominator [17].

To overcome the restrictions on the range of the
exponent of power function and singularity problem,

the non-singular terminal sliding surface (s,) is
proposed [18] as,
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where, ia=la—lia, Ip=lIp—Iig and i« , Ip

represent the current errors and derivatives of current
errors of the stator current in stationary frame. Also
sgn(.)

is the signum function, C is a positive constant, and ¥ <
p < 1is a real number. . For the system (1) and (2) the
following controller [18] guarantees that the sliding
mode condition holds:
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where, [u1 Uz2]=[e« e€p] are the estimated back
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torque(disturbance)  with a — being a positive
constant.



5. Estimation of rotor position and speed

The non-singular terminal sliding surface (s,) is
used to realize the second order sliding-mode control.
After s, reaches zero in finite time, both estimated
current and its derivative will reach zero in finite time
and stay on the second-order sliding mode. From (12a
and 12b), utilizing the second-order sliding mode, back
EMF is estimated:
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where,  @e-estimated rotor position, we- estimated
speed, v - rotor flux.

Finally, from (13) and (14) rotor position and speed
is calculated.
6. System configuration

The PMSM is modeled in three-phase stationary
coordinates, and is transformed into the (d,q) two-phase
synchronous coordinates system for vector control. In
the control of speed and current references, the PI
control is used to effectively reduce the accumulative
errors. The current is supplied to the stator of the motor
through the SVPWM control in the form of sinusoid.
Using the estimated position and velocity of the rotor,
the closed loop sensorless control of the motor is
implemented. The specifications of the SMPMSM
utilized in this research are listed in table 1. Fig.3
shows the block diagram of the sliding mode observer
based sensorless speed control system. Using the
estimated position and velocity of the rotor, the closed
sensorless control of the motor is implemented.
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Fig . 3. Block Diagram of proposed sensorless speed control system.

7. Simulation and experimental results

Simulation is carried on MATLAB / SIMULINK
environment to validate the proposed observer, with the
specifications of SMPMSM in table 1.
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Fig.4.a. Back EMF obtained from observer.
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Fig.4.b. Back EMF obtained from observer.

Back EMF, ealpha and ebeta obtained by simulation is
shown in Fig. 4.a and Fig .4.b.
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Fig.5. Estimated speed.

Estimated speed is shown in Fig. 5. Speed reference is
set as 2500 rpm, and set value is tracked attaining
steady state in 0.15seconds.
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Fig.6. Speed estimation error.

Fig.6. Shows speed estimation error which is less than 5
rpm.
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Fig.7. Estimated rotor position.

Fig.7. shows estimated rotor position in radians.
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Fig.8. Position Estimation Error.

Fig 8. Shows position estimation error which is nearly
zero.

Simulation results are verified experimentally in the
laboratory  environment. SMPMSM  with the
specifications listed on table one is used with intelligent
power module, PEC16DSMO01, rated 25A and 1200V
supplying the setup. XILINX VPE SPARTAN 6 AD is
the digital controller used. In the experiment, instead of
maximum torque per ampere operation, g-axis current
command is generated from the speed control loop and
d-axis current command is set to zero. The sampling
period for current control and rotor position estimation
is chosen to be 0.1ms, and the switching frequency of
the PWM inverter is 10 kHz. The space vector PWM
algorithm was applied and updated every 100 ps with
respect to switching frequency. Fig. 9. shows the
experimental setup. To control the PMSM, the
three-phase coordinates need to be transformed into d—q
synchronous coordinates, which are a part of the vector
control. As a result of the vector control, a reference
current is generated and passed to the stator of the
motor through the inverter. Using the error between the
command and estimated speed, the
proportional—integral (PI) control is implemented,
which is also used for the current control.
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Fig.10 shows back EMF values estimated in stationary
reference frame. Back EMF waveforms obtained appear
sinusoidal, which is by the design of motor itself.
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Fig.11. Speed with step change.

Fig.11 shows speed, which tracks the set value of 42
radians per second and responds to the step change
attaining the value of 60 radians per seconds.
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Fig.12. Speed and torque.

Fig.12 shows the variation in torque to the step change.
When, step change is applied at 10s, torque changes
and attains steady state at 18s.
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Fig.13. Rotor position.
Fig.13 shows the rotor position in radians.
Table 1

Parameters of tested pmsm

Number of pole pairs 2
Rated speed 4600 rpm
Armature resistance R, 3.07Q
d-axis inductance Lq 6.57X10°
mH
g-axis inductance L, 6.57X10°
mH
Flux of permanent 0.2 Wb
magnet
Rated torque 2.2Nm

7 . Conclusions

An Extended non-singular terminal sliding mode
observer is designed. Proposed design overcomes



restriction on exponent of power function being rational
with positive odd numerator and denominator in the
sliding surface design by extending with positive real
number. Back EMF estimated from observer is used to
calculate rotor position and speed of Permanent Magnet
Synchronous Motor. From the experimental results it
can be observed that the operation of vector control
system with proposed observer is satisfactory.

Appendix
Proof of the stability[18] of the proposed SMO:

Let the Lyapunov candidate be:
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if [lsy=0, from (1), (2) and (12), the following

equation can be obtained:
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where g = T J-moment of inertia of the rotor,

y -rotor flux and Np-number of poles.

which implies that:
di
(s—
dt
Thus, it is clear that if|is| =0and S#0, is deviates

lis=0) < —kis® —als| ()

from zero; that is, the set of points |is| =0and
s # 0, is not an attractor.
In phase space, these points are all points on the

horizontal axis that save the origin. Therefore, we can
conclude that s goes to zero.
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