Journal of Power Electronics, Vol. 14, No. 1, pp. 125-134, January 2014 125

JPE 14-1-13

http://dx.doi.org/10.6113/JPE.2014.14.1.125
ISSN(Print): 1598-2092 / ISSN(Online): 2093-4718

Robust Sensorless Sliding Mode Flux Observer for
DTC-SVM-based Drive with Inverter Nonlinearity
Compensation

Ahriche Aimad’, Kidouche Madjid”, and Saad Mekhilef™

T*Applied Automation Laboratory, Dept. of Automation, University of Boumerdes, Boumerdes, Algeria
“Power Electronics and Renewable Energy Research Laboratory, Dept. of Electrical Engineering,
University of Malaya, Kuala Lumpur, Malaysia

Abstract

This paper presents a robust and speed-sensorless stator flux estimation for induction motor direct torque control. The
proposed observer is based on sliding mode approach. Stator electrical equations are used in the rotor orientation reference frame

to eliminate the observer dependence on rotor speed. Lyapunov’s concept for systems stability is adopted to confine the observer
gain. Furthermore, the sensitivity of the observer to parameter mismatch is recovered with an adaptation technique. The

nonlinearities of the pulse width modulation voltage source inverter are estimated and compensated to enhance stability at low

speeds. Therefore, a new method based on the model reference adaptive system is proposed. Simulation and experimental results

are shown to verify the feasibility and effectiveness of the proposed algorithms.
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I. INTRODUCTION

Nowadays, manufacturers prefer to use induction motors in
most applications thanks to the affordability and high
performance of these motors. However, the use of these motors
at variable operating modes (adjustable speed, torque control,
etc.) requires voltage source inverters (VSIs). Thus, the
conventional six-switch topology is widely wused. The
popularity of this topology is attributed to the introduction of
advanced electronic devices (e.g., IGBT transistors, diodes)
and high-speed microcontrollers (e.g., DSP, FPGA). On the
other hand, the control techniques have been greatly evolved to
improve their usefulness. One of the control techniques for AC
drives is direct torque control (DTC) that employs space vector
modulation (SVM). This technique is reliable and has a good
performance because it offers low current total harmonic
distortion (THD) and low torque ripple [1]-[3]. The
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speed-sensorless approach is usually favored since it solves all
sensor-delay problems and exhibits high accuracy at a wide
speed range. Unfortunately, sensor replacement has several
disadvantages, especially at very low speed and when the
estimated speed depends on other observed quantities, such as
rotor or stator fluxes. In this context, many studies have
designed accurate estimators and introduced new sensorless
schemes [4]-[20], including magnetic-saliency methods
[4]-[7] (which present limitations in terms of precision and
usefulness for low-saliency motors) and observer-based
techniques [8]-[16] (which suffer from parameter mismatch,
particularly at very low speeds and standstill operations). The
artificial intelligence approach has been introduced recently to
solve these problems [17]-[20]. However, their exigencies in
real-time implementation make them unattractive. In this study,
a speed-sensorless algorithm is designed based on the variable
structure control (VSC) principle [32]. The rotor speed value is
disregarded by considering all speed terms as disturbances. On
the other hand, since the proposed drive is based on PWM-VSI,
the inverter nonlinearities like dead time and the voltage drop
across the power devices should be compensated. Many
noteworthy solutions were implemented in [21]-{30]. The
effects of nonlinearities on AC drive performance were
depicted in most of these solutions, and several adaptive and
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non-adaptive compensation methods were proposed. In [30],
nonlinearities were distinguished and compensated for
separately; two different techniques were suggested for each
type. Special attention also was provided to the compensation
of measurement noises. A feed-forward current-based
algorithm was discussed; this configuration significantly
improves the current and voltage waveforms. Unfortunately,
the proposed scheme did not function well in some variable
load operating modes. Thus, a voltage feed-back scheme was
introduced to enhance the feed-forward compensator. In fact,
the challenges posed by turn ON/OFF variable delay were
successfully overcome. However, the technique reduces the
quality of the current and voltage at zero crossing. The
voltage drop across switches was evaluated by considering
semiconductor devices of the same characteristics. Despite
the substantially minimized calculation, better result was
attained when the diodes and transistors was considered with
different characteristics.

In the present paper, a speed-sensorless sliding mode
observer (SMO) is developed for stator flux estimation. The
DTC-SVM principle is presented by a flux-linkage model. A
SMO is then designed with only the stator electrical equations
in the rotor orientation reference frame. Furthermore, in order
to confine the observer gain under stability conditions, a
candidate Lyapunov function is selected. Also, the stator
resistance and rotor time-constant mismatch are discussed, and
an adaptation method for rotor time-constant is adopted. In
addition, a model reference adaptive system (MRAS)
algorithm is proposed for nonlinearity estimation and
compensation in PWM-VSI. Simulation and experiments are
carried out with Matlab/Simulink and a TMS320F240 digital
signal processor to verify the feasibility and the effectiveness
of the whole proposed algorithm.

II. SVM FOR INDUCTION MOTOR DIRECT
TORQUE CONTROL

In a vector-matrix representation, the induction motor
dynamic can be described by a two-dimensional state space
model with both stator flux and stator current as state variables
[see Equation (1)]. All variables are referred to an arbitrary
rotating reference frame denoted by (e) [31].
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where i, and w, are the stator current and stator flux
respectively, u, is the system input and A4,,, 45, 421, A2, b1,
b, are the matrix coefficients provided as follows:
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Fig. 1. Block diagram of the DTC-SVM-based induction motor
drive.
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wy, 0,, and w, are the electrical pulsations of the base, rotor,

and reference frame respectively. R, R’,, x,, X', X,, are the
motor model parameters (see Appendix).
The motor torque value can be calculated as

©_3 P ( (@) _, e
) =2 VA -0 @

where P is the number of poles.

In induction motor DTC-SVM, both stator flux and motor
torque can be directly controlled without any current control
loop. Thus, it’s offering fast dynamic and high efficiency.
The control is mainly related to the synthesis of terminal
voltage. Thus, the relationship between the motor terminal
voltage components (u,, ,u,,) and both stator flux and motor
torque must be determined. In stator flux orientation denoted
by (sf), equations (1) and (2) become

w&;” _
d,/,( sf)

= g;f )~ Ry, , 3)
Tn(ff) 4R Sf)(u(Yf) 5 ‘//YS/))

where w, is the referential frame angular speed. The block
diagram of DTC-SVM for a speed-sensorless induction motor
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drive is shown in Fig. 1.
The commanded voltage components u
synthesized separately using both stator flux and motor

@ and uW)sq are

torque errors, respectively. For this purpose, two PI
controllers are designed based on the classical
pole-placement method employed in [34]. The estimated
values of flux and torque are provided by a SMO, whereas
the reference values are generated based on the speed profiles
(the proposed scheme operates with constant rotor flux).
Finally, the commanded voltage components are sent to an
SVM block to synthesize the appropriate switching signals.

III. SMO-BASED STATOR FLUX ESTIMATION

A number of considerations must be introduced in the
observer selection step depending on the available data and
the important features of the control scheme. In the proposed
scheme, the most significant challenge is the design of the
inherently sensorless observer that can compensate for
disturbances, such as motor parameter mismatch and
measurement noises. Thus, several state variables and
reference frames are analyzed. Both stator flux and stator
current in the rotor frame are selected to identify the
configuration that does not require rotor speed adaptation.

A. SMO Design

In the rotating reference frame fixed to the rotor, the
induction motor formula in Equation (1) becomes

i(r)

’ d Ji ) x' .
it e L
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Where (r) denotes the rotor orientation of the reference frame.
According to the sliding mode control principle [32] and
assuming that all terms that contain the motor back-EMF
(jw,,) are regarded as disturbances, if we consider the stator
current as the system output, the full-order SMO based on
Equation (4) can be expressed as follows:
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The superscript (*) signifies estimated values, k.is the current
observer gain, and e; represents the current error given by
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Fig. 2. Proposed SMO-based flux estimation.

The PI control was introduced here to handle the error
convergence. A sigmoid function (f) is employed instead of
the traditional sign function in [10] to enhance the dynamics
and reduce the chattering phenomena.

2
f(x)= ;E:)) = %td}j : )

1+ e_axq

Where (@) is an adjustable positive parameter used to tune the
sigmoid function slope. The proposed scheme with a PI
sliding mode surface and sigmoid function is illustrated in
Fig. 2. The sliding mode mechanism is enclosed within a
dashed rectangle.

B. Stability Analysis

To confine the value of k. under stability conditions, a
candidate Lyapunov function is selected as follows:

) e

We assume that non-mismatch exists in the induction
motor model parameters. By subtracting Equation (4) from
Equation (5), the derivatives of the current and flux errors are
obtained as

ir) ,
de(; ) :Ee(gm)_[& b ]e(xa)Mc
de ZEV) )
(dt )zé‘

where
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Through the above equations, we can define the attractivity
condition of the sliding surface as

T
A7
ar _ de(ig )) (-(r))
——| e|i\/]<0.
dr de (1D
By substituting Equation (9) in Equation (11), Lyapunov’s
function becomes
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Thus, when the sliding mode surface and its derivative reach
zero, equation (12) is verified if
e )rowtd ] (13)
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Overall, the sliding mode dynamics and its asymptotic
stability are guaranteed when £, is sufficiently large. The flux
error in Equation (9) becomes

k. > ma){

e[
@: ey}, (14)

The ratio (1/T,) represents the inverse of the rotor time-
constant which determines the dynamics of the flux observer.

C. Rotor time-constant Adaptation

The designed SMO is supposed to be robust in terms of
parameter detuning and measurement noise reduction.
However, the values of the stator and rotor time-constants
may deviate widely because of the heating of the windings.
This phenomenon will introduce errors in flux estimation and
result in the inaccurate estimation of electromagnetic torque.
The effects of stator resistance mismatch on the proposed
SMO are omitted, since all terms that contain stator resistance
in Equation (5) have the same gain and sign (-w; Ryiy).
Whereas, the rotor time-constant 7, appears only in the
current equation in (5). This can cause significant errors

according to the rotor resistance variation. Thus, the
adaptation of such parameter becomes necessary.

Under assumption that the rotor time-constant is variable,
in sliding mode, the Equation (9) can be written as

()= 8- 20 o,

aely?) 09

dt =

where AT =7 —T..
The new candidate Lyapunov function is considered as

=l o) 25 a9

follows:

r

where k7, is a positive constant. The derivative of Equation
(16) is

g, M e(l//(r))+ki[d 1 ] (17)

e | dr dr AT,

Setting Equation (15) in Equation (17) yields
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where

H=yU") _ X (), (19)
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In order to verify the second Lyapunov condition
(dV/dt<0), we write

T,.L'L. <0 (20)
and
d 1
TLTH+kTr[d AT] 0. (21)
Finally, the rotor time-constant is online adapted as
LN (L] Ha. (22)
T T, ky

D. Speed and Motor Torque Estimation
The real-time elaboration of the DTC-SVM requires

knowledge of the rotor speed and motor torque instantaneous
values. Therefore, a speed calculation method is implemented
based on the flux estimated values.

o = -y, (23)

where wy;, is the slip speed and w, is calculated using the
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Fig. 3. Basic circuit of a three-phase six-switch VSI-fed
induction motor based on DS1104.
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The slip speed can be calculated by dividing the estimated
motor torque by the square of rotor flux.

aA)(S) _ 2wbRsTr£iY)

slip — 3P‘//(s)2 . (26)
r

The estimated electromagnetic torque can be derived from
Equation (2), where the estimated stator flux and the
measured stator currents are used

Ais) 3 P (). ~(8);
) = EE(W&)&) —i iy ) (27)
The superscript (s) denotes the stator orientation reference

frame.

IV. ONLINE INVERTER NONLINEARITY ESTIMATION
AND COMPENSATION

PWM-VSIs have a highly nonlinear characteristic in
low-speed operating modes for AC drives; this characteristic
causes distortion in the terminal voltage and generates
instability in the control loop. The most recognized inverter
nonlinearities are due to the behavior of power devices and
the blanking time necessary to prevent DC-link short circuit.
Fig. 3 shows the basic circuit of a three-phase six-switch
VSI-fed induction motor based on a DS1104 controller board.
The inverter includes two identical DC sources (£) and six
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Fig. 4. Actual and ideal waveforms for one-leg PWM
implementation.

bidirectional switches. Each switch consists of an IGBT (7)
mounted anti-parallel with a freewheeling diode (D). The
gate drive signals (gr;,gp) are provided by a DS1104
controller board. In practical cases, turn ON or turn OFF an
IGBT requires finite times (7,, and T,;) to be performed.
Thus, the consideration of the dead zone (7},) is compulsory
to prevent a DC-link short circuit.

Fig. 4 provides a comparison of the ideal and actual
waveforms for one-leg PWM implementation. In the actual
implementation, the positive edges of the commanded gate
drive signals (g 7,8 54) are delayed with 7, although the
negative edges are maintained. The effective output voltage
Vg is shifted due to the T, and T,; of the power devices.
Moreover, the effect of IGBT saturation voltage V,, and
diode forward voltage drop V;is exhibited in the peak-to-peak
actual voltage.

Overall, each phase output voltage (V;yz) can be
synthesized as follows:

1, 1 e
(Vdc - V.&‘at + Vf)(STL --) __(Vsat + Vf) if ip 2 0
_ 272 28
(Vdc - V.&‘at + Vf )(SBL _E) +E(Vsat + Vf) if ip < 0
where (L=4, B, or C) denotes the inverter leg or phase and V.
is the average value of the DC-link voltage. Sy and Sp; are the
effective top and bottom switching signals represented as
St1 = &1, ORETL(Tyfr _Ton)

(29)
Spr =881 NOREBL Ty _Ton)

and

grr = [g *rp AND g *TL(Td)J
(Ton) , (30)

gpL = [g *r NORg *TL(Td):|(T0n)

where gr; and gp; are the gate drive signals after shifting
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Fig. 5. Space vector diagram of the effect of inverter
nonlinearities on output voltage.

with T,

Thus, the synthesis of V;yz is based on the following three
considerations.

e Behavior of the used switches

e States of the gate drive signals (g7, g5;1)

e Motor current direction (i;)

The ideal output voltage is calculated with only the upper
commanded gate drive signals (g*TL) and V. as follows:

€2))

After comparing Equations (28) and (31) over several

%
Ving =Vac(gry —0.5).

switching periods (7), an offset in the output voltage
waveform of each inverter leg (Vyyz, Vang Veng) 1s observed.
Thus, a voltage error (AV) appears in the space vector
diagram as shown in Fig. 5.

An adaptive method based on MRAS is performed to
estimate and compensate for the aforementioned error. The
proposed MRAS involves two flux-linkage models in
stationary reference frame (a, /). The first does not include 7,
T,, and T, as the reference model, whereas the second
includes as an adjustable model. The block diagram of the
proposed technique is shown in Fig. 6.

The stator flux estimation under ideal voltage is given as

dyrs
dt

=Vinr — Rsapipy- (32)
Similarly, the adapted flux model can be presented using the
estimated real output voltage as follows:

dyrp

P (33)

=Ving — Rywpirp.

Similar to [24], the relationship between the reference and
actual duty cycle signals (d*, d';z) is established as
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Fig. 6. MRAS based inverter nonlinearities estimation.

dip=d; —Adj, (34)
where
. |[Tp+T.—-T;—T,, if (t)=0
Ady = e A on , (39)
Td+TOn_quf_Tc 1f€(f)<0

T, is an estimated time that can be used to control the average
error of the output voltage [24].
T,
T.=Ty+T1,, - Toff +V_(Vsat0 + VfO) (36)
de
Viao and Vy are the threshold voltages of the IGBT and
anti-parallel diodes respectively (shown in Appendix 2).

V. SIMULATION RESULTS

A computer simulation is conducted to determine the
features of the proposed algorithms. A flux-linkage-based
model for a 0.9 Kw, two-pole pair squirrel cage induction
motor is used. The motor specifications and data are listed in
Appendix 1. The switching frequency is set to 2.5 kH, and the
sampling period is 70 pus. However, when the inverter
nonlinearities are introduced, the sampling period is reduced
to 4 us, which represents the dead time value (7). The flux
reference value is obtained based on its equivalent voltage
(w,=540 V). Observer gain k. and both kp and £; are set as k., =
510, kp=1, and k;= 1000.

Fig. 7 shows the estimated stator flux components (d,q) as
well as flux amplitude and angle at low speed (15 rpm) with
full-load test (6 N.m). The flux estimation error is likewise
shown in the same figure. The line current waveforms at 4 Hz
with and without nonlinearity compensation are shown in Fig.
8. Amplitude, frequency and THD are given with an FFT
analysis tool, which is available in Matlab/Simulink.

Overall, the observed value replicates well the actual one
since the estimation error converges to zero. Moreover, the
current waveform is improved by means the MRAS
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Fig. 9. Experimental setup.

algorithm; this result is verified by the decrease in THD. On
the other hand, the proposed method is more reliable than
other simple methods as in [30] since it combines the merits
of both current- and voltage-based techniques. In fact, the
proposed method has the robustness of the voltage feedback
method and compensates the motor current effect by
comparing the actual and ideal line currents (i;; and i;z).

VI. EXPERIMENTAL RESULTS

The effectiveness of the proposed algorithm is verified
with an arranged experimental setup (Fig. 9). A high-speed
TMS320F240 digital signal processor is well suited to
implement the whole algorithm; a program code is created
using Matlab/Simulink software. The controller signals are
sent to a SEMITOP inverter (manufactured by SEMIKRON
R&I) in order to control the induction motor. It is noted that
the similar motor specifications and data are used in the
simulation and experiments. The inverter parameters are
available in the manufacturer data sheet (see Appendix 2).
The induction motor is tested with a DSP6000-based
programmable test bench under different operating conditions.
The obtained results are displayed by a LeCroy Wavesurfer
24MXs-B oscilloscope. The switching frequency is set to
2.5 kH for all experiments.

A no-load test at 300 rpm is firstly performed to evaluate
the proposed SMO at high speeds. Fig. 10 shows the
estimated stator flux components (d,q) and their circular
trajectory. The flux magnitude and angle in steady state are
also shown in the figure.

From Fig. 10, it can be seen the similar waveforms
compared to those of classical methods. However, the
observation accuracy should be valued. Given the
unavailability of the flux sensor, accuracy was verified using
the speed estimation error. Fig. 11 shows the measured and
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Fig. 10. Experimental results for no-load test at 300 rpm. From
top to bottom: stator flux components (dg) and flux locus, stator
flux magnitude, and stator flux angle.
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Fig. 11. Experimental results for measured and actual motor
speed comparison at 300 rpm.

estimated rotor speed at 300 rpm. The speed error signal is
also presented in the same figure. The above result indicates
that the proposed SMO is accurate because the speed
equation (extracted from Equations (23) and (26)) was based
on the rotor-flux estimated value.

In second step, a speed reverse test at £150 rpm (£10% of
the synchronous speed) is performed. The motor is operated
for 5 s at +150 rpm in motoring mode and then reversed to
—150 rpm while the torque is almost unchanged (braking
mode). Fig. 12 shows the estimated rotor speed and position.
The stator current is also presented. Other experiments at low
speeds (+30 rpm) are also conducted. Fig. 13 shows the speed
estimation error as well as actual and estimated rotor speeds.
The transient periods of speed when the speed reference is
changed from 300 rpm to 30 rpm are shown in the same
figure. The rotor electrical angle is likewise presented.
Overall, the proposed SMO follows the actual value under all
operating conditions, at high, medium, and even low speed

- Estimated Rotor Speed LeCroy|

L] Measured Stator Current e

Estimated Rotor position

Fig. 12. Experimental results at £150 rpm. From top to
bottom: rotor speed (200 rpm/div), stator current (5 A/div),
rotor position (5 rad/div).
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Estimated Rotor Speed \
. Measured Rotor Speed t 200rpm

- Estimated Rotor position  {

Fig. 13. Experimental results. From top to bottom: rotor
position and estimated and actual rotor speeds during the
reversal.

ranges. During reversal, the speed estimation error remains
acceptable. This finding indicates that the flux observer is
insensitive to speed reversal. On the other hand, the current
waveforms of the simulation and experimental results exhibit
a similarity despite the neglect of all discretization and delays
in the continuous models. This result reflects the suitability of
the DS1104 features in such drive.

VIL CONCLUSIONS

An  experimental investigation of robust and
speed-sensorless SMO-based stator flux estimation was
performed in this study. The proposed SMO was tested with a
wide range of speeds for a DTC-SVM induction motor drive.
The stability conditions were verified in the context of the
Lyapunov theorem. A simple method was adopted because of
the need for rotor time-constant adaptation. Moreover, an
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MRAS-based algorithm was introduced to estimate and
compensate for the inverter nonlinearities. The feasibility of
the whole algorithm was verified by an experimental setup
that consists of a DS1104 controller board and a DSP6000
programmable motor test bench.

APPENDIX

A. Appendix 1
MOTOR RATED SPECIFICATIONS

AND DATA
Power 900 W
Voltage 380/660
Current V2.6 A
Frequency 50 Hz
Torque 6N'm
Speed 1420 rpm
Pole-pairs 2
R 21.00 Q
R, 22.63Q
X 330.68 Q
X, 339.57 Q
Xm 313.00 Q

B. Appendix 2

INVERTER SPECIFICATIONS
(FROM SEMIKRON R&D DATASHEET)

I max 35A

V4 max 750V
V.. max 1200 V
T,max 1/15 kHz

Vo 22V

Vo 1.8V
R.. (125 C) 26.10° Q
R4(125 C) 16.10° Q

T4 (hardware) 4 us
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