Accepted Manuscript
Original Article
Chattering-free sliding mode observer for speed sensorless control of pmsm
Mahmoud M. Gaballah, Mohammad El Bardini, Mohammad Sharaf
PII:
DOI:
Reference:

S2210-8327(16)30138-7
http://dx.doi.org/10.1016/j.aci.2016.12.002
ACI 60

To appear in:

Applied Computing and Informatics

Received Date:
Revised Date:
Accepted Date:

23 June 2016
18 November 2016
21 December 2016

Please cite this article as: Gaballah, M.M., El Bardini, M., Sharaf, M., Chattering-free sliding mode observer for
speed sensorless control of pmsm, Applied Computing and Informatics (2016), doi: http://dx.doi.org/10.1016/j.aci.
2016.12.002

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

CHATTERING-FREE SLIDING MODE OBSERVER FOR
SPEED SENSORLESS CONTROL OF PMSM Mahmoud M. Gaballah ,
1

Mohammad El Bardini 2, Mohammad Sharaf 3
Dept. of industrial electronics & control engineering
Faculty of Electronic Engineering, Minufiya University, 32852, Egypt

1: The corresponding author:
Mahmoud Mohammed Gaballah
Technical Manager, Sigma electronic industries, Cairo, Egypt
Ph.D Student, Minufiya University, Egypt
Cellular no: +201095540075
Email: Mahmoud.Gaballah1@gmail.com
2: Mohammad Abd Al Azeem El Bardini
Professor, Faculty of Electronic Engineering, Minufiya University, Egypt
Cellular no: +201092243079
Email: dralbardini@ieee.org
3: Prof: Mohammad Mabrouk Sharaf
Professor, Faculty of Electronic Engineering, Minufiya University, Egypt
Cellular no: +201005206858
Email: mohamed.sharaf@el-eng.menofia.edu.eg

CHATTERING-FREE SLIDING MODE OBSERVER FOR SPEED SENSORLESS
CONTROL OF PMSM
ABSTRACT
This article presents a new speed observer based on fuzzy logic for speed sensorless control
applications of permanent magnet synchronous motor “PMSM”. The switch function in traditional
Sliding Mode Observer “SMO” replaced by a rule based fuzzy logic system. The proposed observer not
only improves the system dynamic performance during disturbances or parameter variations, but also
has a high accuracy tracking performance with sufficient chattering reduction. The validity of the new
observer corroborated through experimental results using TMS320F28069M Digital Signal Processor
“DSP”.
Keywords: PMSM, Sensorless Control, Fuzzy logic.

Notation
Derivative operator, Proportional integral
Voltages in stationary reference frame
Measured currents in stationary reference frame
Estimated currents in stationary reference frame
Estimation error in current signal
EMFs in stationary reference frame
Phase resistance and Phase inductance
Flux linkage
Angle speed of the rotor
Position of the rotor
Observer gain

Introduction
Permanent Magnet Synchronous Machine “PMSM” become a good choice in servo drives, and is on
the way to step beside induction machines in traction applications. Traditional PMSM drives employ
position sensors to measure the speed, and rotor angular position. These sensors present several
disadvantages, such as reduced reliability, susceptibility to noise, additional cost and weight and
increased complexity of the drive system. Recently, there has been much interest in developing a
sensorless algorithms in which the motor controlled using the estimated values of the angular speed of
the rotor [1, 2].

Several methods developed to estimate the rotor speed or position, among them Flux Linkage
Observer “FLO”, Extended Kalman Filter “EKF” based observer, and Sliding Mode Observer “SMO”. The
latter has a fast response, good robustness for external disturbances, and machine parameter
variations [3, 4]. The SMO uses a sliding mode variable structure in the control loop to compensate the
parametric uncertainties keeping the observer independent of the unknown signals during the sliding
motion with a stable dynamic error [5, 6]. The estimated values in an ordinary SMO contains high
frequency oscillation components because of the discrete switch control. The switch function is critical
to the observer performance and it allows appearing the chattering phenomenon that can excite high
frequencies which isn’t desirable in high performance speed drives [7, 8]. Several solutions proposed to
make a tradeoff between chattering phenomenon reduction, and observer robustness. In [9, 10, 11] a
first order and second order SMO proposed, the chattering phenomenon reduced but low pass filter
causes unavoidable and unpredictable time-delays in the estimated values which need a compensation
technique. In [12], the ordinary switch function replaced with the sigmoid function, low-pass filter
avoided but there is a tracking error. In [13] a higher-order sliding mode “HOSM” observer presented,
the estimation accuracy improved, but selecting sliding mode gains and boundary layer are difficult as
they are dependent on the rotor speed. Other algorithms such as artificial neural network [14] and
artificial intelligence (AI) methods [15], can achieve high performance, but they are relatively
complicated and require large computational time.
This paper introduce a new Fuzzy Sliding Mode Observer (FSMO) in which the switch function in
traditional Sliding Mode Observer “SMO” replaced by a rule based Fuzzy Logic System “FLS”. The
proposed observer not only ensures on the robustness for various disturbances, but also improves the
dynamic performance. The observer was experimentally tested out on a TMS320F28069M DSP
Controller, experimental results introduced to validate the proposed observer covering digital
implementation cost, position estimation accuracy, and speed response.

MOTOR MODEL AND SLIDING MODE OBSERVER
Based on these assumptions the motor appears to be or becomes unsaturated; all the stator
resistance, self-and mutual inductances for each phase are the same; and neglecting the iron losses.
The PMSM model in the stationary reference frame described by the following equations [16]:

(1)

(2)
To observe the EMF components, the sliding mode observer designed as follow [17, 18]:
(3)
(4)
Subtracting equation (1) from equation (3), Vα cancel Vβ, and the error equations will be:

(5)
To guarantee the observer convergence based on lyapunov’ direct theory, the observer gain “k” should
be [11]:
(6)
Once the system reaches the sliding surface, then:
(7)
Substituting equation (7) in equation (5), the back EMF can obtained as:
(8)

,

The back EMF in equation (8) are usually contain high frequency components [19]. To relieve this noise
a low pass filter applied:
(9)
, and

is the cut off frequency of the filter.

Finally the rotor position, and rotor speed can be calculates as:
(10)

DESIGN OF FUZZY SLIDING MODE OBSERVER (FSMO)
The idea behind SMO is to select the switching gain so the sliding function
compensate the
parametric uncertainties keeping the observer independent of the unknown signals during the sliding
motion insuring a stable dynamic error [20, 21]. The discontinuous sign function in equation (4) is
critical to the observer performance and needs fast switching of motion states, which will cause
chattering [22. 23]. To eliminate the chattering phenomenon in classical SMO, the fixed numerical
values of the switching function replaced by linguistic variables, and the switching function calculated
through fuzzy logic system. The new Fuzzy SMO “FSMO” will have the robustness property of SMO
with sufficient chattering reduction via Fuzzy Logic System “FLS”. The FSMO block diagram is depicted
in figure 1, and built as:

Figure 1. Block diagram of FSMO.

(11)
(12)
The proposed FSMO will have 49 if-then rule base, two input variables
which define the
current error and its rate of change, respectively, and one crisp output
. All fuzzy variables have
the same universe of discourse [-1 to 1], and divided into seven fuzzy sets (A0, A1, A2, A3, A4, A5, A6)
and (B0, B1, B2, B3, B4, B5, B6) for the input variables, and (NB = negative big, NM = negative medium,
NS = negative small, ZE = zero, PS = positive small, PM = positive medium, and PB = positive big) for the
output variable. Membership functions chosen in the form of symmetrical triangular as in Figures 2.

Figure 2. Input MFs, and Rule base of FSMO Algorithm.

The output fuzzy ‘Fs’ set is normalized in the interval [-1, 1] therefore,
. A simple fuzzy
rule table is constructed considering the following reaching and stability requirements;
1. When
becomes a positive value, the membership function of
is set in such a way that its sign
becomes similar to that of
and therefore,
2. When
is a negative value, the reaching condition would be satisfied automatically. In this case,
the membership function of
could be changed with negative or even positive sign to enhance the
tracking performance.
Regarding seven membership functions for each input variable of the fuzzy rule base, 49 if-then rules of figure 2
are obtained using expert engineering knowledge in the navigation field and satisfying the above-mentioned
stability and reaching conditions. The FLS output is calculated based on singleton fuzzification strategy,

center-average defuzzification and product inference. At each input values the FLC give an output
signal corresponds to the increase or decrease of sliding function
to satisfy the dynamic stability
of the observer.

EXPERIMENTAL SETUP
To assess the performance and the robustness of the proposed observer, field oriented control
strategy applied to an experimental DSP-based PMSM drive apparatus. The block diagram of the
experimental setup is shown is Figure 3. It consists of power inverter, PMSM with parameters shown in
table 1 and loading arrangement, voltage and current sensing circuits, and floating point
TMS320F28069M digital controller.

Figure 3. Sensorless PMSM field-oriented control algorithm block diagram.

The controller running clock and Pulse Width Modulation “PWM” switching frequency is 50 MHz and
10 kHz, respectively. To avoid the switching harmonics in the samples phase currents, the sampling
frequency is selected as 10 kHz for the current control loops and 1 kHz for the speed control loop. Two
PI controllers are used for current, and speed control loop, the tuning process of controller constants
are designed to get a bandwidth of 400 HZ, and 40 HZ respectively. The resultant PI controller
constants are KP=10-4, Ki=0.97 for current controllers, and KP=167.32, Ki=28.58 for the speed controller.
Rated Speed
Rated Torque
Maximum Voltage
Maximum Current
Stator resistance
Stator inductance
Inertia
Torque constant
Pole Pairs

4000 rpm
0.125 N.m
24 V DC
5A
0.39 Ω
0.69 mH
48 g-cm2
0.0355 N.m/A
4

Table 1. PARAMETERS OF THE APPLIED PMSM MOTOR

EXPERIMENTAL RESULTS
Several tests have been carried out to verify the correctness and robustness of the proposed observer.
Test 1: Speed step increase reference from 10% to 100% of rated speed with constant load; this test
examine the steady-state performance of the proposed observer at low and high-speed, comparing its
performance with the traditional SMO. Figure 4, and Figure 5 shows the experimental results for
traditional SMO, and the proposed observer respectively.
The actual and estimated rotor speed for traditional SMO is shown in Figure 4(a), while figure 4(b), and
Figure 4(c) shows the waveforms of the actual and estimated rotor positions obtained for traditional
SMO respectively. The rotor position error is shown in Figure 4(d). The average steady-state speed
error is (300/4000=7.5%) at 4000 rpm, and (55/400=13.7%) at 400 rpm.
The actual and estimated rotor speed for FSMO is shown in Figure 5(a), while Figure 5(b), and Figure
5(c) shows the waveforms of the actual and estimated rotor positions obtained for FSMO respectively.
The rotor position error is shown in Figure 5(d). The average steady-state speed error is (50/4000=1.25%) at 4000 rpm, and (10/400=2.5%) at 400 rpm. It can be observed that the FSMO is accurate with
sufficient chattering reduction compared with traditional SMO.
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Figure 4. Traditional SMO speed response and rotor
position waveforms at speed step reference from 400 to
4000 rpm
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Figure 5. FSMO speed response and rotor position
waveforms at speed step reference from 400 to 4000 rpm

Test 2: The speed response to bipolar command from 400 rpm to -400 rpm with constant load; this test
examine the performance of the proposed observer at low speed bipolar command. The bipolar speed
command is a square waveform with a half cycle of 2.5 seconds and bipolar references ±400 rpm.
Figure 5 shows the waveforms of the actual and estimated rotor speed, actual and estimated rotor
positions, and the rotor position error respectively. It can be observed that the estimated speed

approaches the real value and responds correctly to the bipolar command. The dynamic response
seems satisfactory.
Test 3: Observer robustness to motor parameters variation; the body temperature of a running motor
increases because of the core loss, copper loss and mechanical frictions. As a result, the stator winding
resistances increase. The main purpose of this test is to examine the robustness of the proposed
observer in case of doubling the motor resistance. This test was done by connecting 1 Ω resistor in
series with the stator winding, and a speed step reference from 400 rpm to 4000 rpm.
Figure 6 shows the waveforms of the actual and estimated rotor speed, actual and estimated rotor
positions, and the rotor position error respectively. Although position estimation error exists, it is very
small because of high rotating speed. In this case, about 55 rpm speed estimation errors appear at
transient time. But they converge to zero very quickly. Test results prove the good performance of the
proposed observer, in despite of the variations of stator resistance, in the speed range from 10% of
rated speed to full one.
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Figure 6. FSMO speed response and rotor position
waveforms at bipolar command from 400 rpm to -400 rpm
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Figure 7. FSMO speed response and rotor position
waveforms when doubling the stator resistance

CONCLUSION
A new efficient fuzzy based SMO algorithm for sensorless vector control of PMSM was introduced. The
chattering reduction is achieved by using linguistic variables, and the switching function is calculated
through fuzzy logic system. The proposed algorithm is successfully implemented on a DSP controller,
and the performance is compared to the traditional SMO. Experimental results prove that the
proposed FSMO have sufficient chattering reduction along with a good estimation accuracy, and high
immunity to the motor parameter’s variations. In future work, a research is suggested to develop a
Genetic based sliding mode controller “GAs-SMC”, which will be used to choose the appropriate SMC
discontinuous part’s gain to reduce the problem of chattering in SMC.
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