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The purpose of this paper is to develop a robust sensorless control based on
the sliding-mode observer applied to a doubly fed induction motor associated
with two three-level NPC-type voltage inverters fed by PWM rectifier. In this
context, the authors propose in the first part, and after the presentation of the
model of three-level NPC-type voltage inverters, this type of inverter has
several advantages over the standard two-level inverter, such as a greater
number of levels in the output waveforms, give less harmonic distortion in
voltage and current waveforms and lower switching frequencies. They also
present the control strategy of three-phase pulse width modulation rectifier.
They propose the virtual flux-based direct power control (DPC_VF) with
vector modulation (SVM). This method is applied for the enhancement of
network power quality by compensation of harmonic currents produced by a
non-linear load, and good regulation of DC-bus voltage. The second part of
the paper is dedicated to the presentation of the robust observer for sensorless
speed control of doubly fed induction motor (DFIM), based on the sliding

Space  vector  modulation mode. Simulation results of this proposed system were analyzed using
(S_VM)’ MATLAB environment.
Virtual flux
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1. INTRODUCTION

Variable speed electric drives have gained considerable importance in industry and research over the
last decade and require multidisciplinary knowledge in the field of electrical engineering such as: electrical
machines, power electronics, electronics computer science, programmable technologies and the theory of
dynamic systems control. Recent developments in these disciplines have made it possible to develop very high
performance control systems [1].

The Doubly Fed Induction Machine (DFIM) is highly popular since it has certain advantages over all
other types of AC machines. This machine has experienced particular growth in recent years, either in the
electromechanical conversion chain with variable speed, as a motor for certain industrial applications (Rail
traction, marine propulsion and pumping), or as a generator for electrical energy production (wind energy etc)
[2]. Indeed, the DFIM has been widely used because of its high efficiency, energy quality, robustness. Another
reason for the selection of this machine is due to the degrees of freedom it offers because of the accessibility
of its rotor. Therefore, the possibility of feeding it by a converter on both the stator side and the rotor side, and
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also a widening of the speed range (hypo-synchronous, hyper-synchronous). However, the control of the DFIM
can be highly complex depending on the desired performance. This complexity is mainly due to the analytical
model of the machine is non-linear, multi-variable, strongly coupled and very sensitive to variations in internal
parameters and external disturbances [3], [4]. To solve this problem, several control algorithms of DFIM have
been developed in the literature to improve its performance, robustness and stability. In this context, the Field
Oriented Control (FOC) has been developed to ensure decoupling between the flux and the electromagnetic
torque of the DFIM. This decoupling provides a fast torque response, wide speed control range and high
efficiency for a wide load variation range. But, the knowledge of the rotor speed is necessary, and requires
additional speed sensor on the machine which adds to the cost and the complexity of the drive system. In this
regard, sensorless vector control has received much attention in induction motor drives and became in recent
years, not only a track of research, but also a business challenge for industrial. In recent literature, many
researches have been carried on the design of sensorless control schemes. The advantages of speed sensorless
induction motor drives are the reduction of hardware complexity and lower cost, the reduction size of the drive
machine, elimination of the sensor cable, better noise immunity, increased reliability and less maintenance
requirements. Several strategies have been proposed in the literature to address this issue [5], [6], [7]. Due to
the important properties of variable structure systems, we propose in this work an observer based on the sliding
mode approach. However, the Field Oriented Control (FOC) also has a high sensitivity to parametric variations
in the machine. This classical technique use speed regulation based Proportional Integral (P1) controllers. The
use of conventional speed controllers does not provide a good performance when the set point varies. Faced
with this drawback, this work proposes a robust adjustment technique based on the sliding mode controller.

Inverters are widely used in various industrial applications such as variable speed drives system
because of their ability to control the magnitude and frequency of the output voltage. Recently, to reduce the
harmonics in the inverter output voltage and to meet the voltage rating of the power devices the multi-level
structures are used. Multilevel inverters have been more advantages, due to its performance like power ratings,
improved harmonic performance [8], [9]. The multilevel inverter consists of three topologies, and we are
proposing in this work the NPC three-level inverter for DFIM-supply.

PWM rectifier has the advantage of low net side current harmonic, unit power factor, bidirectional
energy flow and constant dc voltage control. There are many types of PWM rectifier control strategy, including
direct power control strategy, its superiority is fast track power, power factor is high, the structure and the
algorithm is simple, fast dynamic response [10], [11]. Generally, there are two types of DPC technique:
voltage based DPC (VDPC) and virtual flux based DPC (VF DPC) [12], [13]. This paper puts forward a kind
of three-phase PWM rectifier direct power control strategy which is based on virtual flux control.

According to the authors' knowledge, no work has been reported on the application of the three-level
inverter fed by PWM rectifier system as DC source input for sensorless control for a doubly fed induction
machine operating in motor mode

The main contributions of this work are:

= Improve the performance and robustness of sensorless control of doubly fed induction motor
facing to the load torque and speed variation.

= Synthesize a robust control based on a sliding mode controller is developed to improve the
dynamic speed response of DFIM.

= Application of the three-level inverter fed by PWM rectifier system as DC source input, this
method is applied for the enhancement of network power quality by compensation of
harmonic currents produced by a non-linear load, and good regulation of DC-bus voltage.

2. DOUBLY FED INDUCTION MOTOR MODEL
A dynamic model of the doubly fed induction motor in stationary reference frame can be expressed

by:
d. . . K 1
alsd =—Agy + Wslgg +f¢rd +w'K¢rq +7stsd -Kvyg
. . . K 1
—lsg = —slgg —/usq -0Kdy +—¢5rq Vg erq
dt T ol
d L 1 1)
— g =iy —— g Oy +V,
dt ¢rd Tr sd Tr ¢rd ¢qr rd
d Ly - 1
— g =gy — Oy —— g +V,
dt ¢rq Tr sq ¢rd Tr ¢rq rq
d T o f cC
am:p Tr:(¢rdlsq_¢rq|sd)_jw_7r
with:
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The electromagnetic torque is expressed by:
L . .
Tem = % (¢rd dgg — ¢rq 'Isd) (2)
T

3. THREE LEVEL NPC INVERTER

With the increasing popularity of multi-level inverters, the room for improvement of the performance
of voltage source inverters has continuously been tested for various applications [15], [16], [17]. The three-
level NPC VSI, presented in Figure 1, is one of the most commonly applied multilevel topologies.

The three level NPC topology consist of 12 switches including 6 diodes. It is necessary to connect
two capacitors in series both charged with Vq.. Each phase led contains 4 series switches with two diodes
clamped in series. The main function of the diodes is to clamp the upper switches at higher potential to the zero
dc-link point. A particular switching pattern will give the output of three level NPC inverter. The circuit
diagram shown in Figure 1 gives idea about the arrangement of the power circuit required for the three level
NPC inverter. In this circuit, the diodes are arranged in such a way that it yields different stages of voltages
with respect to neutral point N. The splitting of the voltage level is considered according capacitors C; and C;
arranged in series with each other having neutral point N in between them. The division of voltages are obtained
as Vae/2, 0, -Vg/2. So it is named as three level topology.

Su1 Sa
Du Dy
“T Sz S22 —
Ve == N
Si3 —”%? S23 —”3
C. —— _|<__ L

D12 D2

Sia —||<} S —a

Figure 1. Three level NPC inverter

4. DIRECT POWER CONTROL STRATEGY

The presence of harmonics in the electrical network is one of the important phenomena causing the
degradation of the quality of the energy, more particularly the deformation or the distortion of the voltage
wave, [18]. One of the interesting solutions for harmonic reduction is the use of a PWM rectifier, [19].
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D, D, Ds

Load

kg,

Figure 2. Topology of three-phase PWM rectifier

Over the years, alternative strategies have been proposed in the literature for the control of the PWM
three-phase voltage rectifier, among them Direct Power Control (DPC), this command is developed by analogy
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with the direct torque control (DTC) of induction motors. It consists in controlling the instantaneous, active
and reactive powers, instead of the torque and flux through two internal loops, [20], [21]. In this work, we are
interested in the virtual flux-based direct control (DPC_VF) with vector modulation (SVM). This control
strategy provides a high power factor and a quasi-sinusoidal waveform of the currents absorbed with a low
THD while keeping the advantage of a control without line voltage sensor. The structure of the DPC_VF with

vector modulation (SVM) is given by Figure 3.
Rectifier
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Figure 3. Structure of the DPC_VF with vector modulation (SVM)

The components of the virtual flux are calculated from the following equations, [22]:
- di
=|(u,, + L—=)dt
¢La j ( sa dt )

~ di
= | (u,, + L—£2)dt
by = [ WUy + L2
We can write:
é., =Li, +Iusadt
by =Li, + [u,dt
Estimation of the instantaneous power based on the virtual flux, [19]:

@{ﬂ: Je.

P Jeﬂ_

- ¢sa _ J.Um_
¢c_|:¢sﬁ}_ Iusﬂ_

The voltage equation is written in the following form, [23]:

o oodo
e :R|+E(L|+¢C)

In practice, the resistance R can be neglected, which gives

d/. -
g =—I\Li+
o Li+)
Using complex notation, instantaneous powers can be calculated as follows, [23]:
p= Re(e.i'*)

®)
(4)

()
(6)

()

(8)

©)

(10)

1)
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q= Im(e.i'*) (12)
The line voltage can be expressed according to the virtual flux as follows, [23]:
6= S =S lgem)=em s jugem < SPem jug (13
So the instantaneous active power is calculated by, [23]:
p= ¢;d Iy + W 4iq (14)
For a balanced three-phase sinusoidal voltage system, we have, [23]:
M — 025 =iy, (15)

Which means that only the component of the current orthogonal to the flux vector that produces the
instantaneous active power.
Similarly, the instantaneous reactive power can be calculated as follows, [23]:

dég

4= dt Iy +Wd 4l (16)
d . .
—gtLd =0=q=wgl4 (7
The power estimator must use the quantities related to the stator o._g:
_ dg dg . .
€= d_tLa d_tL JW(¢L,1 + J¢Lﬁ) (18)
o d .d . . . ..
el = it +Jﬁ +JW(¢LQ+J¢Lﬁ) (Ia_JIﬁ) (19)
dt |, dt 5
What allows to give, [23]:
. dg deé.| . . .
p= dtL d—tLﬂ.lﬂ +W(¢Lalﬂ —¢Lﬂ|a) (20)
. d d . . .
Q=—% cﬁLﬂ'I“ +w(¢La|a +¢Lﬂ|ﬂ) (21)

For sinusoidal and balanced line voltages, the derivatives of the flux are zero. Instantaneous active and
reactive powers are calculated as follows, [23]:

p= W(¢Laiﬁ - ¢L/3ia) (22)
q= W(¢Laia + ¢L/3iﬁ) (23)

- Synthesis of PI controllers of active and reactive powers
The coefficients of the PI regulators of the power can be calculated by a simplified model of the

rectifier in the reference (d, ).
The model in the referential (d, q) is:

ed = Rld + del_:—WL|q +Usd

: (24)
. dig .
8q =Rig+ L.E—W.L.lq +Ugq
The phase shift of the flux 4, and the voltage € is (%) , we will have, [24]:
3 . .
eqs =0, & :E:\/;Em and p=E.i,, g=E.j4
Hence the equation (24) becomes:
0=Riy + L.(LI—;’—W.L.iq Fuy (25)
~di .
E=Rig+ L.E—W.L.Iq +Ugg (26)
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The voltage of the line is considered as a constant disturbance and will have to be compensated for by the
integral part of the PI corrector.

The closed loop transfer function is given by
E(k,s+k;)

H(s)= 27
©) Ls®+(Ek, +RJs+Ek; @0
The transfer function of a closed loop second order system is given by:
1
Fle)-o———— (28)

% +2Ew, 5+ o,
By identification we will have

L. 2
and k; = Do

k

2LEw, -R
PTTE

5. VECTOR CONTROL BY DIRECT ROTOR FLUX ORIENTATION OF DFIM
The main objective of the vector control of DFIM is as in DC machines, to independently control the

torque and the flux; this is done by using a d-q rotating reference frame synchronously with the rotor flux space
vector. The d-axis is then aligned with the rotor flux space vector [25]. Under this condition we get:

¢rq =0 ’ ¢r = ¢rd (29)
So, we can write :
L .
Tem = pL = (¢rd 'Isq) (30)

For the direct rotor flux orientation (DFOC) of DFIM, accurate knowledge of the magnitude and
position of the rotor flux vector is necessary. The flux estimator can be obtained by the following equations,

[26]:
b = b +os” and 6, = tanl[zﬁJ (31)

ro

5.1. Sliding Mode Speed Control
A Sliding Mode Controller (SMC) is a Variable Structure Controller (VSC). SMC method is a kind
of robust control technique which is extensively utilized in nonlinear systems where parameter uncertainties
exist. Basically, a VSC includes several different continuous functions that can map plant state to a control
surface, whereas switching among different functions is determined by plant state represented by a switching
function [27].
Speed adjustment is done by controlling the stator current 1, .

So, the command law can be expressed as:

I =15 +1g, (32)
The expression of the speed control surface has the form:
S(w) =t —@ (33)
The derivative of the surface is
S(®) = @ref — @ (34)
Then the mechanical equation equal to:
& =2 (g plg ) =20 — L (35)

By replacing the mechanical equation in the equation of the switching surface, the derivative of the surface
becomes:
. . P.L re 14 f
$(@) = Gref — (]—Lm (sq- 1) =G = 7w) (36)
By replacing the current I, by the current Isrgf =1g +1g , it is found that the command appears
explicitly in the derivative of the surface, the latter will be written in the following form:

f ref
. . _ (PLm#rd req | Plm®rd m P, f
S(®) = @y ( L dsq v g =G @ (37)

During the slip mode and in steady state, we have:
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S(w)=0, S(w) =0,I%, =0 (38)
From which one derives the magnitude of equivalent command, Is"g is written;
eq _ J.Ly . B £
Isq - P-Lm-(p:flf (wref + 7 G + ] (‘)) (39)

During the convergence mode, condition V(w) = S(w).S(w) < 0 must be verified. By replacing the
expression of the equivalent command in the expression of the derivative of the surface, we obtain:
f
: _ _ PLin@rg n
S(w) = L Isq

In which IS”q = Kisqsign(S(a))) , the Kisq constant must be positive.

(40)

6. SLIDING MODE FLUX OBSERVER DESIGN
The objective of the sliding mode flux observer (SMFO) is to reconstruct the stator currents and rotor
flux components and use them for speed estimation.
Based on the equations of the stator currents and the equations of the rotor flux of the machine in the fixed
reference frame (a ,B3), we can write [28],[29]:

d. . . K 1
alsa :_ilsa +a)s|sﬂ +f¢ra +w'K¢rﬂ +O__stsa - era
. . . K 1
alsﬂ =—CUS|Sﬂ _ﬂ’lsﬂ —a).K¢m +f¢rﬂ +O_—LSVS/3 — erﬂ
d L 1 (1)
—@, =—i, —— @, + .45 +V
C(Ijt ¢ra Tr sa Tr ¢ra ¢rﬁ ra
L. . 1
— Gy =iy — 0, — =y +Vyy
dt r Tr S r Tr y r
With:
pobep Lo, LG
"R ° R oT,’ ol L, LL,

Let’s X, X,, X3, X, be the estimates of the X;, X,, X5, X, respectively which are the state variables of

isa, isﬂ,¢m , ¢rﬂ . The observer is only a copy of the original system to which one adds the control gains with
the terms of commutation; thus, [30]:

4 o o , K4 o 1
X = =A% + weX, X+ w. K%, Vs — Kvpq + 911
T N

2 ~ ~ A K A 1
{lxz = —wX, — A%, — w. KX +T—TX4 +U—stsﬁ - erﬁ + 9215

A Lim A~ N ~ (42)
X3 = T—Tx1 —T—Tx3 + w. Xy + Vg + g3l
A Lim A A A
Xy = T—sz — . X3 —Tirx4 + Vg + guls
Where g1, 02, gs, gaare observer gains, g; = [gil gjz] for je {1,234}
The vector I is given by:
sign(S
I, = .g (Sp) (43)
sign(S,)

With

s b:|:sl:|zr|:xl_§(1:|:l—- s —lsg
° S, X, =% s —lsp

The dynamics of estimation error are given by:
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. K
el = T_re:; + CL)Ke4_ _glls
. _ K
€ =€~ wKe; — g,1;
T
.1
63——T—e3—we4—g3ls
r

. 1
ey = _T_re4 +we3 _g4IS

- Estimation of speed by sliding mode observer
Consider the error dynamics of the flux observer given by equation (44), this equation can be rewritten

in the following form, [31]:

é(w) = A(w). e + Cy(w). Igg(w)

With
00
2:1 O O —
é@) = |32 A -
é, 00
00

Suppose now that the rotor speed w is replaced by its estimated @ = v — Aw, s0:

5 K.o
Tr
K.o 5
r .
-1 "Gy (@) =
-
.
-1
a) JE—
TI’

(D) = A@). e + Gy(@). L5 ()

With

A6) = A(@) + AQ

Gy (@) =Gy (@) + AG,

lsg =sign

And

ﬁ.ez.Aa)
T

B

0 -KAw
KA 0
AGy =
0 Aw
-Aw 0

(49)

K Aw.0;
T

r

0

| —Awd

(44)

(45)
% @.0,
% 8
— .0,
{% - %jﬁz |
(46)
(47)
(48)

ﬁ AC()52
T

r

0

Aa).52
0

The idea is to apply the criterion of stability of lyapunov to see the convergence of the er_ror towards zero,
for this one chooses the function of lyapunov of the following form, [30]:

velee+ L (Aw)?

2

22

The derivative of equation (49) with respect to time is:

v=el

(D) +340.B

Let us replace é(&) by its value, then equation (50) becomes:

v = eT{(A(w) + 44).€ — (Gg + 4Gy). s ()} + €7 Gy Iyg — €7 Gy. Ig + 7 4w

An adaptation law for the rotor speed is deduced:
(A);\ = A. K.p. (61.f4 - 62.5('\3)

d)\ =AK.p. ((isa - isa)- (ﬁrﬁ - (isﬁ - isﬁ)- @ra)

(49)

(50)

(51)

(52)
(53)
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7. RESULTS AND DISCUSSION

For the validation of the proposed DPC strategy, the system has been modelled and built in
MATLAB/SIMULINK software environment and tested under various conditions.

The control of three phase rectifier aims to maintain a constant dc-link voltage, and it is controlled
using DPC_VF method based on virtual flux estimator with vector modulation (SVM).

The main electrical parameters of the system are given in tablel.

Table 1. Parameters of the power circuit

Peak

. . Line Load Source voltage . DC-Voltage
Line resistance . - amplitude of
inductance resistance frequency - Reference
line voltage
R=0.25Q L=10 mH Rewv=100 Q. 50 Hz 2 220V Vge= 600 V

The simulation results obtained are illustrated in Figures 4-9 below:

°%0 € 4000
< \Y =
Z dc-ref 1<)
[«b] dc g
g g
= 600 = 2000
> 2
< _
; it
550 - g - = 0d
0 0.5 1
Time (s) Time (s)
Figure 4. DC output voltage Figure 5. Active and reactive powers
< -
LA RAAT 1
S o0 &
SN EVEVEVEVEY N b
= 20 [a
Jd I VAR VA VAR VAR
2 E - I3 0- E E
o 0.2 0.25 0.3 0 0.5 1
Time (s) Time (s)
Figure 6. Voltage and current waveforms of Figure 7. Power Factor
phase ‘a'
<10
=
o
5
o
S
s 0
(O]
(%2}
@
<
&
310 - : -
0.2 0.25 0.3
Time (s)

Figure 8. Zoom of line current
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Figure 9. Line current harmonics spectrum

From Figure 4, we clearly see a good tracking at steady state between the DC voltage and the reference
one. The active and reactive powers estimated follow perfectly their references (Figure 5). The line voltage
and current are in phase and the power factor is almost unity (Figures 6 and 7). The line current is substantially
sinusoidal with a low harmonic distortion ratio THD which equals to 0.55% (Figures 8 and 9).

To test the robustness of the proposed technique (VFDPC_SVM) and in order to show these dynamic
performances, a variation of the reference DC voltage from 600 V to 700 V has been carried out. In this case;
we notice that the active power and the line current increase starting from 0.5 s and then it stabilizes perfectly
at steady state while the reactive power remains fixed to its reference. This is due to the good regulation of the

DC voltage.

700

650

600 >

DC voltage (V)

550 [+

dc-ref

0

Figure 10. DC output voltage

40
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Time (s)

4
) X 10
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o
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S
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1 = 7o 05 1
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Figure 11. Active and reactive powers
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Figure 12. Voltage and current waveforms of

TR TN Y o
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LY g o5

TR .
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Figure 13. Power Factor

The objective of this work is to provide a robust sensorless vector control of a doubly fed induction
motor associated with a sliding mode observer (Figure 14). The power system consists of a three-level inverter,
its source of continuous energy is obtained by a PWM rectifier. in this work, we propose a robust speed
adjustment technique based on the sliding mode controller.
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Figure 14. Block diagram of sensorless direct vector control of DFIM using a sliding mode observer

In order to evaluate the performance of the sliding mode estimation algorithm and therefore the overall
drive system performance, we subjected our system to simulation tests for direct oriented rotor flux (Figure

15).

To test the static and dynamic sliding mode observer performance, DFIM fed by two voltage inverters
(Three-level NPC Inverter) and DPC-VF-SVM is used. This test concerns a no-load starting of the motor with
a reference speed @rer = 250 rad/s and then a load disturbance torque (10N.m) is suddenly applied between 1sec
and 2sec, followed by a consign inversion (-250rad/s) at 2.5 s. This test has objection to the study of controller

behaviors in tracking and regulation.
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Figure 15. Dynamic responses for proposed sensorless control drives of DFIM using 3 level NPC
inverter and DPC-VF-SVM

The simulation results show a good performance (speed, stability and precision). The estimated speed
tracks perfectly the real speed with a static error which equals almost to zero. We also notice that there is good
sensitivity to load disturbances as observed, with a relatively low rejection time.

We clearly see again an excellent orientation of the rotor flux on the direct axis, during the changes
of the set points, and in particular during the inversion of rotation. However, the change of direction of the
torque does not degrade the orientation of the fluxes.

8. CONCLUSION

In this paper, in the first part a robust DPC control was presented, based on virtual flux estimator for
a better control of the PWM rectifier. The effectiveness of this control was obtained by correcting the active
and reactive power at the same time andit can be found that its are independent of each other. Moreover, the
result shows that the THD of the source current is 0.55% and this control ensures a power factor equal to unity.
Application of the three-level inverter fed by PWM rectifier system as DC source input for sensorless control
for a doubly fed induction machine operating in motor mode is presented in the second part and to solve
different drawbacks of the PI speed controller, a sliding mode controller is proposed.

The features of the proposed method can be summarized as follows: good speed estimate, good
dynamic control of flux and torque, sinusoidal stator currents waveform, a unit power factor and low THD.
Sliding mode controller provides effective improvements and ensures a good regulation of speed whatever the
operating ranges studied and load disturbances.

APPENDIX
Table 2. DFIM Parameters
Item Data Item Data

DSIM Mechanical Power 1.5 Kw Rotor self inductance 104 mH
Nominal speed 1450 rpm Mutual inductance 165 mH
Pole pairs number 2 Moment of inertia 0.01 kg.m?
Stator resistance 1.68Q friction coefficient 0.0027kg.m?/s
Rotor resistance 1.75Q Nominal Frequency 50 Hz
Stator self inductance 205 mH
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