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1. INTRODUCTION

Renewable energies are environmentally friendly energies, among the advantages, they are not
polluting, non-CO; waste, they fight against the greenhouse, and help create new jobs. Photovoltaic energy is
the most significant energy in renewable energy which has been attracting growing interest in recent years.
Today photovoltaic (PV) technologies are sufficiently mature and measured to take a real take-off in the field
of power applications. The basic elements are cells that convert solar radiation into current electricity
(photovoltaic effect) the creation and optimization of photovoltaic systems are the current problems, the
resolution of these problems surely leads to a better use of solar energy [1]-[5].

The doubly fed induction motor (DFIM) is the most popular due to its high performance, energy
quality [6]-[8]. However, this machine presents difficulties at the level of its control because this one presents
a nonlinear system, strongly coupled, with fast dynamics and with parameters varying in time [9]-[11]. The
flux-oriented vector control was developed to control the torque in transient conditions [12]-[15].

The control of the speed and/or the position of the rotor requires the presence of an incremental
encoder (a sensor). However, this sensor must be set up in its environment of use and additional space for its
installation. In addition, the introduction of this fragile device results in a decrease in the reliability of the
system which requires special care for itself. has become a serious subject of research study in recent years
[16]-[18]. This work will be devoted to the implementation of an algorithm for observing the speed of a DFIM
using the sliding mode observer.
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The control laws using conventional regulators give good performance in the case of systems with
constant parameters, but for systems with variable structures, the sliding mode regulator is used [19]-[21]. In
this work we are interested in the three-level inverter with nuclear pore complex (NPC) structure [22], [23].
This work concerns sensorless speed and flux control equipped with robust speed regulator for doubly fed
induction motor fed by maximum power point tracking (MPPT) photovoltaic generator.

2. SYSTEM DESCRIPTION

The proposed control structure is indicated by Figure 1. This structure comprises the following
elements: a photovoltaic generator, a boost converter (DC-DC), and a three-level inverter which supplies the
machine. The DC-DC converter permanently extracts the maximum power of the PV module ensuring at the
same time a good performance coping with power changes introduced by the change in the environmental
conditions.
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Figure 1. Block diagram of the full system

3. MATHEMATICAL MODEL FOR A PHOTOVOLTAIC MODULE
The solar cells are the main elements that make up the photovoltaic panel shown in Figure 2. Other
modules are added according to the requested power. The current 1(V) as illustrated in (1) [24]-[26].

_ _ Q(va+Rslpv) _ _ q(Vpy+Rslpy)
{Ip" = Nplpy = Nyl {e [ NSAKT 1} Np RpNs @)

The photocurrent Iy is given by (2):

Loy = [l + k(T = T)] = &)
where

L=t (5) « (- 50)« (-] Q
and

A = v tRslpy) 4

Ns
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Table 1 summarizes the electrical characteristics of the PV module supplied by the manufacturer
BP3160. We used some data, and applied it in the simulation model. The Simulink model of PV module is
presented in Figure 3. A photovoltaic cell is defined by its electrical characteristic curves (current voltage) and
(power-voltage) [27], [28]. Until the open circuit, as indicated by the characteristic 1 (V) in Figure 4(a).
Whenever the voltage increases, the current has a constant value which is equal to: 4.8 A, then arrived at a
certain value the current drops from 4.8 A to 0 A and the characteristic P (V) in Figure 4(b). Each time the
voltage increases, the power increases and then arrived at a certain value which is V = 35 V, the power drops.
— Variation of irradiation

The I(V) and P(V) characteristics of the PV generator obtained for different values of irradiation under
a constant temperature shown in Figure 5. These curves show that the output power of the solar panels is
directly proportional to the irradiance, lower irradiation results in reduced output power of the PV array.
However, only the output current is significantly affected by the irradiation while the voltage Voc varies only
very little and the change is considered negligible, because under the working principle of the solar cell, the
current is proportional to the flux of photons [29], [30].

Ipv

0 %ud o,

Figure 2. Equivalent circuit of PV cell

Table 1. Specifications of PV module BP 3160

Characteristics Values
Typical peak power 160 W
Voltage at peak power 345V
Current at peak power 455 A
Short-circuit current (lsc) 48 A
Open- circuit voltage (Voc 442V

Temperature coefficient of Isc(k1) (0.06540.015) %K
Temperature coefficient of Voc (K2)  (160+20) mV/K

Temperature coefficient of power -(0.540.05) %K
Factor of PV technology(a) 15
Serie resistance (Rs) 5 mQ
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Figure 3. Simulink model of PV module

A new approach of robust speed-sensorless control of doubly fed induction motor fed by ... (Mekki Mounira)



156 a ISSN: 2088-8694

5
\ 150
e Rt S
2 -
Do) MMM S S E— 2 100
= =
g Zv 777777777777777777777777777 % 50 \
=)
3] o

e f \

(=)

0 0 10 20 30 40 50
0 10 20 30 Voltage (V)
Voltage (V)
(a) (b)

Figure 4. Close up view (a) current vs voltage and (b) power vs voltage curves at T = 25°C and G=1000 W/m?
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Figure 5. Close up view (a) current vs voltage and (b) power vs voltage curves: effect of irradiation G

4. MODELLING OF THE DC-DC BOOST CONVERTER

A boost converter, sometimes known as a parallel chopper, is a switching power source that
transforms one DC voltage to a higher-valued DC voltage. This type of converter can be used as a source-load
adapter, ensuring that the power supplied by the photovoltaic generator is transferred to the MPP via control
action [31], [32]. We use a step-up converter in our study, since it is the most commonly used in photovoltaic
applications, particularly photovoltaic pumping systems. Different models of algorithms for searching for PPM
can be found in the literature. Hill climbing, perturb & observer (P&Q), and conductance increment (IncCond)
are the three most widely used methods [33], [34]. The P&Q method is the most of the time used in the literature
and especially in practice [35], [36].

5. MODEL MATHEMATICAL OF THREE LEVEL INVERTER

The block diagram of the proposed system is shown in Figure 6. There are three main topologies
available for multi-tier inverters, namely cascaded H-bridge topology, flying capacitor topology, and neutral
point or diode topology. The proposed system incorporates a neutral point topology (diode topology). The
system is a voltage source inverter because the input voltage level is kept constant. The basic idea of this
topology is to use diodes and generate multi-level voltages across different phases. The 3-level approach
reduces the complexity of the switching circuit. There are three branches present in the system, each branch
comprising four IGBT switches connected in series. Two diodes are connected on each leg in parallel to prevent
activation of the wrong pair of switches [37]-[39].

5.1. Important law

It defines the state of the switch, it is worth 1 if the switch is closed and 0 if it is open, the functions
of the inverter connections are related as follow [40], [41].

Fki = {1 switch closed
~ |0 open switch
With k = 1, 2 or 3, represents the number of arms.
We define the function of connecting the half-arm as follows:
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{Fbkl = Fk1.Fk2 )
FPKk0 = Fk3.Fk4

denote by: 1: Half arm up; and 0: Half arm low.
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Figure 6. Three-level inverter structure NPC

The potentials of the nodes are given by the following system:

Va Va

Vam = F1b17€ - f’oTc = (Flbl - Flbo)Vdc
Va Va

Vem = F2b1TC_F2b()7C = (FZbl _FZbO)VdC

Vac Vac
Vem = F3?1Td - 3bon = (Fg1 — F5o)Vac (6)

The voltages are given as (7)

Val | 2 -1 -1 Ffy — Fiy
VBl =Vac|[-1 2 —1| |Fh—Fj @
Ve -1 -1 2 F3y — F3

For currents, we can write the relation giving input currents id; and id, depending on the currents i4, i2 and is.

idlelbl'i1+F2bl'i2+F3bl'i3
id, = Ffy - iy + Fjy - ip + Fip - i3 8

igo current can be written as:
idy = (iy + iy + i3) = (Fy + Fiy)is — (Fy + F0)ip — (F3y + F30)is 9)

5.2. Control triangle-sine two carriers

This strategy exploits the fact that a three-level inverter is equivalent to two inverters in series at two
levels. One can use two identical carriers, out of phase by a half period from one another so as to improve the
total harmonic distortion of the output voltages.

Determination of intermediate signals V. ;,V o -

_ Vdc
Ve =2 Upr) = Vg = B

(Vrerk < Upy) @ Vg =0
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(Vresk = Upz) = Vko =0
Vdc

Vresx < Upz) = Vio = T

6. DOUBLY FED INDUCTION MACHINE MODEL
The mathematical model of the motor supplied with voltage as a function of the state variables is
given by [42]:

d . . , K 1
Elsd = —Aigq + Wslsq + T_T(prd + w'K(prq + O__stsd —Kvyq
d . . , K 1
~ilsq = ~Wslsqg — Aigg — 0. K@rg + 7 Pra + on Vsa T Kv,q
d L - 1
E(prd = T_T:lsd - T_r(prd + w. Pgr + Vg (10)
d L - 1
E(prq = T_Tlsq — W.Prq _T_r(prq T VUpq
d L . . f C
Ew = pz ﬁ((/’rdlsq - (prqlsd) - 7“’ - Tr
with:
L, Lg 1 L L%,
T,.=—;T,=—; 1= ; K= ; o0=1——; w=p.N
" R, ° R, o.T, oLgL, LgL,
The mechanical equation can be reformulated by:
pL . .
Tem = L—m(¢rd'|sq _¢rq'lsd) (11)
T

7. ORIENTATION OF ROTOR FLUX
The orientation principle consists in aligning the rotor flux on the direct axis of the Park reference,
[42], [43]. We apply:

Prq = 0,00, = @rq (12)
we find:
Tem = pll:_rm (®ra- isq) (13)

The observed flux expression found by:

@r = ®ro® + ¢rp® and 65 = tan™! (?) (14)

ra

— Sliding mode control design
The stator current |, is the important element for adjusting the speed of the machine.

The control law writes in this form [44], [45]:
e =1+ 1z, (15)
the machine speed setting surface is written in this expression:
S(w) = Wyep —w
(16)

its derivative given by:

S(®) = Qrep — @ 17)

Int J Pow Elec & Dri Syst, Vol. 14, No. 1, March 2023: 153-166



Int J Pow Elec & Dri Syst ISSN: 2088-8694

a 159

The expression for the speed is given by:

L _PLm(Isq qud )__C __a)

(18)

the replacement of the expression of the speed in the equation of the surface, one obtains the following

equation:

S((J)) _ d)ref (P Lm (Isq T€f _ ? C‘r‘ _ §(l))

the reference current Iy, is replaced by I;‘;f = Isf + I3y, after the arrangement we find:

ef
5 . PLm‘Pd eq PLm(Pd n |4 f
S((J))—(J)ref—< ]Lr I + ]Lr Isq 7CT_7a)

in the two sliding and permanent modes, we find:

S(w)=0, S(w)=0,I1% =0

the equivalent command quantity lg; is written:

eq _ J.Ly . E L
Isq - P-Lm-(P:Zf (wref + 7 G+ ] w)

This condition will always be checked.
V(w) = S(w).S(w) <0

The final replacement equation is given by:

ef
. P.L
S(w) = _—’/“L"’rd Iz,

with I, = lSqSLgn(S(a)))

8. SYNTHESIS OF THE OBSERVER BY SLIDING MODE
The machine model equations are expressed by [46], [47]:

d

dt —lsa = /usoc + wslsﬁ + (pra + w. K(prﬁ + —Kviq
da

ELSB = —wglsp — /1153 —w.Kg,, + T—T(prﬁ + J_LSUSB — Kv,p
d Lm

. 1
E(pnx = T_Tlsa - T_r(pra t W. Qrg t+ Vg

da Ly . 1
P8 = T_Tls/} — W. Prq _T_T(prﬁ‘ + v

with:

“RCTRS T ar’ T oLL L,L,

the structure of an observer is of the form:

{9? =f&u) + Gysign(y — 9)
y=h®)

were,

(19)

(20)

(1)

(22)

(23)

(24)

(25)

(26)
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X : Estimated state
U : Observer input or command
y and V¥ : Measured and estimated outputs, respectively.

or
sign(y —9) = [sign(yy —J1)  sign(y, —P2)------- sign(yp, — Jp)]

Gy : Matrix observer gain

%1, X,, %3, X, the estimates of the xy, x,, x3, x, respectively which are the state variables of isy, isg, Pra, Prp-
The observer model can be represented by [48]-[50]:

5‘21 = _2.521 + 0.)556\2 + T£5C\3 + w.K5C\4 + ivsa - KUTC! + glIS
Xy = —wsR, — A%y — w. KR5 +T£J?4 + ivsﬁ — Kv,p + gl
A Lm A A A
\ Xy =7"%— T—rx3 + w. Xy + v + g3l @7
A Lm A ~ 1 A
X, = T—rxz - w.X3 — T—rx4 + Vg + guls
where g1, g2, g3, gaare observer gains, g; = |:gjl gjz]forj €{1,2,3,4}.
The vector | is given by:
_ Sign(51)]
Is= [sign(Sz) (28)
with
fgq — 1
_ F[ ] _ [ sa Asa]
So = 52] Xy — X3 Lsp — Lsp
and
K
1 T_r —w(t)K (29)
0) L3
w(tK T
with
K 2
B = [5] + (oK (30)
we take note that & = X;-X; for je{1234} .
. K
ep=_e3t wKe, — gq1;
€ = %94 wKez — g,1s (31)
é3 = _T_Te3 —wey — g3l
€4 = —%64 + wez — gul

The stability study results in obtaining the gains g1 and g2 to have S, = 0.
The gains g5 and g, are obtained when S,;, = S = 0is locally stable.
The state variables x3(t) and x4(t) are limited and let us examine then the system (31) is given by:

g1 Y12

— -1 _
921 922]_r 4,4 [

[91 9:] = [
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931 932] _ I(ql - Tlr) 5 —w()s,

da 82w (42-7)8
were

8> P+ |fra| + e 1] + e 2]

89 > Py + |y p| + B [B1] + B 2]
with

1
arzlzmax’ b 32 (E + 2p2n%)max
|3 ()] < p3, [24 (D) < psr 12 > 0

S, = S = 0 this condition is fulfilled, then we get:
{és =085
€4 =—0z8y

where g1, g2 >0 this achieves the stability of e; and e..
— Sliding mode observer for motor speed estimation
The (30) can be rewritten as follows [48], [49], [50]:

é(w) = A(w).e + Cy(w). I4(w)

with
[0 0 Tf K.o
é r
él 0 0 Ko =
e(w)=1."]; A(w) = TG, (w) =
(w) ¢ (w) 0 0 ;_1 Y g (@)
64 r _

__.(U.61

(ql—i).é}

.8,

(

the motor speed is replaced by its estimated magnitude @ = » — Aw , the system (33) becomes:

é(@) = A(®). e + Gy(@). 1,5 (@)
with
AD) = A(w) + A0

Gy(®) = G,(w) + 4G,

and

0 —K.Aw 0
Ko 0 | . |-% sws
0 so |46 =T t0
0

—Aw 0
_Aw. 61

AA =

o O OO
o O oo

K
T_r.A(A).(S‘z
0

Aw. 6,
0

(32)
(33)
(34)
£ o 6,
Ty
Tfr .5,
—w. &,
q: Tir) .0
(35)
(36)
@37
(38)

A new approach of robust speed-sensorless control of doubly fed induction motor fed by ... (Mekki Mounira)



162 a ISSN: 2088-8694

the applied Lyapunov function is given by:

v= %e. el + i(Aa))Z (39)
we derive the (38) we find:

b= el é(®) +54w0.0 (40)
we replace the expression of € (@) in the (39), it comes:

v = eT{(A(w) + 44).e — (G, + AGy). Iy (w)} + eT. Gy Iyy — €. Gy gy + %Aw. @ (41)
after arrangement we get:

v =eT[(A(w)e — Gy. Iy (@) + (G- Isy (@) — (G4 + AG,). Igy(w))] + %Aw. @ +eT.AA.e(42)
with

el.Ad.e = Aw.{p.K.(e;.8, — e,.%3)} + p. K. Aw(e,. x5 — e;.x4) (43)

based on this equality:
%Aw.cﬁHAa;.{p.K.(el.)Q—e2.§<3)}:0 (44)

we have Aw = 0, motor speed adaptation law given by this expression:

®=MVLK.p.(e;. %y —e,.%3) (45)

& = 1K.p.((se = Esa)- Brp = (isp — Isp)- Prec) (46)
in (33) then becomes:

v=el.e+el.{Gy.Isy(@) — (Gy + AG,). I;5(@)} + p.K.dw. (€. x5 — €;.%,) (47)
If the (48) is satisfied, the system can be said to be stable:

e".{Gy. Iy (@) — (Gy + AGy). I;y(®)} + p. K. Aw. (€5.x3 — €1.x,) < 0 (48)

this result defines the stability.

9. INTERPRETATION OF SIMULATION RESULTS

To check the results of the sensorless vector control of this machine, we carried out a series of tests
such as variation of the load torque with continuation of the speed and inversion of the direction of rotation.
Figure 7 represents a three-phase machine powered by two PWM voltage inverters, one at the stator level and
the other at the rotor level, these two inverters are powered by a photovoltaic chain, a controller speed
robustness and for the estimation of the fluxes, the stator currents and the rotational speed we used a sliding
mode observer. The parameters of the 1.5 MW machine are shown in the list: 1.5 Kw, 1,450 rpm, 50 Hz,
R=1.68 Q, Rs=1.75Q, L=295 mH, L=104 mH, Lyn=165 mH, J=0.01 kg.m?, f=0.0027 kg.m?/s.

The proposed strategy is presented in Figure 8. Figure 9 (see Appendix) shows the results of an off-
load start of a motor with a reference speed of 250 rad/s, and the effect of applying a load torque of value Tr=10
Nm to the time t =1.5s and its subsequent elimination at time t=2.5s

We observe that:

— The evaluation of the rotation speed is almost impeccable shown in Figure 9(a).
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— The desired speed absolutely follows the existing speed with a static error equal to zero shown in

Figure 9(b)

— Better susceptibility to large imbalances with a short rejection time, thanks to the use of a strong and robust
control loop by the sliding mode controller. The line current is perfectly sinusoidal shown in

Figure 9(c) and Figure 9(d).

— In addition, an excellent orientation of the rotor flux is observed on the direct axis shown Figure 9(g). This
has enormous repercussions on the electromagnetic torque shown in Figure 9(e). During changes in the
setpoints, and in particular during the reversal of rotation, the change in the direction of the torque does not

degrade the orientation of the flux.
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Figure 7. Schematic of dual-feed motor sensorless vector control using a sliding mode observer fed by

photovoltaic solar panel
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Figure 9. Close up view Solar PV powered system responses with MPPT (a) motor speed, (b) error speed,
(c) stator current, (d) zoom of stator current, (e) electromagnetic torque, (f) stator flux, and (g) rotor flux

10. CONCLUSION

The results obtained clearly show the efficiency and usefulness of the MPPT algorithm for operating
the system under optimal conditions, by maintaining the power at its maximum value at each irradiation value,
whatever the climatic conditions, these results also prove that observer by sliding mode using an algorithm

based on the stability criterion of lyapunov in the estimation of the speed, allowed us to have a good estimate
of the flux and the speed of rotation of the motor.
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