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Abstract. A sliding mode controller for the photovoltaic pumping system has been proposed in this paper. This system is composed of a pho-
tovoltaic generator supplying a three-phase permanent magnet synchronous motor coupled to a centrifugal pump through a three-phase voltage
inverter. The objective of this study is to minimise the number of regulators and apply the sliding mode control by exploiting the specification
of the field oriented control scheme (FOC). The first regulator is used to force the photovoltaic generator to operate at the maximum power
point, while the second is used to provide the field oriented control to improve the system performance.The whole system is analysed and its
mathematical model is done. Matlab is used to validate the performance and robustness of the proposed control strategy.
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1. Introduction

Algeria is one of the sunniest countries in the word. It receives
an average of 10 hours of sunlight per day, which is equiva-
lent to 8 kWh/m?, and approximately equivalent to one litre of
gasoline [4]. This advantage makes the production of electricity
from the solar energy very interesting and important to Algerian
localities, especially for isolated sites and remote rural areas far
from electrical network, and in particular for pumping drinking
water systems.

The first studies of photovoltaic pumping systems are based
on different types of DC motors coupled directly with photo-
voltaic generator. In addition, the development of power elec-
tronics allows the use of different type of DC-DC converters to
solve the adaptation problem and increases the efficiency of the
system [1]. However, the maintenance presents difficulties, in
particular at the level of hostile sites and deep layers.

The development of magnetic materials technology has per-
mitted the exploitation of PMSM. These last are more efficient
and give best performance and high adaptability as compared to
the induction motors [6—8].

The work is carried out using two converters: one is the DC-
DC for the adaptation and the other is the DC-AC for the conver-
sion [1,10, 11, 13]. These systems work well but they are costly.
This has led researchers to implement systems based only on
DC-AC converter [5, 12]. But the difficulty remains at the level
of the inverter control. The majority of the work done in this
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direction is focused on estimating one of two magnitudes: the
optimum motor speed or the optimum voltage of the PV gener-
ator that depend on the efficiency of the system [6, 15, 16]. This
approach remains approximate because of the very significant
variation in the efficiency of the system, witch depends on the
different parameters of the system.

The photovoltaic pumping system is shown in Fig. 1. It con-
sists of a PV generator, input capacitor, three-phase voltage
inverter controlled by PWM technique and a PMSM which is
coupled to a centrifugal pump. The PV generator is controlled
in order to operate at the maximum power point for weather
situations.
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Fig. 1. Synoptic scheme of photovoltaic system

The system control requires a solution that takes into ac-
count the climate change which is random and the non-linearity
of the mathematical model of the entire system. To deal with
this problem, the PMSM model are adopted in Park coordi-
nate system and the field oriented control is applied to it in
order to obtain an equivalent structure of the separately ex-
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cited DC motor [9, 18,20,21,23,24]. Despite the simplicity of
the proposed system, the variation of the parameters remains
and affects the performance of the system. For this, the sliding
mode control SMC and FOC are used [2]. With this last, the
decoupling between the direct and quadratic component of the
PMSM current allows each component to be controlled sepa-
rately. The direct component is used to control the excitation and
the quadratic component to extract the maximum power gener-
ated by the PV generator. For this, only two surfaces of sliding
mode are implanted: one depends on the (iy) component and
the second depends on the variation of the PV generator power
(dPp,/di,v = 0). From these two sliding surfaces, the functions
of the inverter switches are obtained in dg axis (Sz,S,) using
Park inverse transformation with the abc coordinate. These are
used to attack the arms of the inverter.

The mathematical modelling of the system has been done and
the simulation has been performed using Matlab.

2. Proposed system modelling

2.1. PV generator model. Equivalent electrical model of the
PV generator is depicted in Fig. 2. It consists of a photo-current
source, a diode which represents the P-N junction of the gener-
ator and a series resistance.

Fig. 2. Electrically equivalent circuit of PV generator

The relation between the voltage and current delivered by the
PV generator is described as follows [3]:

Vo Rii
ipy = Nyl — Ny, [exp (%) (NL + N—lj> — 1} . (D)

with: ip,, I, and I, represents respectively: the current of the
PV generator, the photo-current and the diode current inverse
saturation. ¥ is the diode quality factor, K = 1.38- 102 J/°K is
the Boltzmann constant, g = 1.6- 10~ C is the electron charge,
T is the ambient temperature in Kelvin. R; is the series resistance
and v,, is the voltage of the PV generator; N, represents the
number of parallel module and each module is composed of N;
cells connected in series.
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Knowing that [3]:

G
Iph = G—f (Ithref + ,ulsc(T - Tref)) ’ @
Iy = Iy oy T T Pexp | 226 (L _ L )
o =ldo—ref ref p Ky \T. T ’

where: Iy, er, Io—rey are photo-current and inverse saturation
current respectively at the reference condition, &g is the band-
gap energy of the semiconductor.

The type of the PV generator used in this study is: BP SX
150S PV module, and its characteristics are illustrated in Fig. 3
and Table 1.
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Fig. 3. ipy — Vpy, Ppy — vpy characteristics at 7' = 25°C

Table 1
BP SX 1508 PV characteristics

Parameters ‘ Value
Maximum power Py, 150 W
Maximum power current (1) 435A
Maximum power voltage (Vi) 345V
Open-circuit voltage (V) 435V
Short circuit current (/) 475 A
Voltage temperature coefficient (ty,) | —(160+20) mV/°C
Current temperature coefficient (1) | 0.065+£0.015%/°C

2.2. Photovoltaic pumping system model. In the reference dg
oriented to the rotor, an electrical equation model of the PMSM
(with smooth air gap Ly = L, = Ly) coupled to PV generator
through a voltage inverter can be formulated as:

dv . . .
pvav =lpy — (Syiq +Sqlq) ) 4)
dig . .
LSE =vg — Raiqg + pQuiy, Va = SaVp o)
dig _ i Quniy — PO = 6
Ly - Vg — Raig — p&umiq — pOmm Vg =Sqvpv, (6)
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with: R, is the stator winding resistance, L stator winding in-
ductance, ¢y, is the permanent magnet rotor flux (Wb), Q,, is
the rotational speed (rad/s), C,, is the DC link capacitor, iy, iy,
Vd, Vg, Sa,» Sy are respectively, the dg components of the stator
current voltage and switch control signals.

abc

cosO cos (9 - 2;) cos (9 + 2;)

The transformation matrix [K dqo} is given by:

2 ) 2
KZZ: -3 sin® sin| O — i sin| 6+ - (D
3 3
1 1 1
2 2 2

In dgq transformation, it can be written:
o dqo . o dqoqr:
{quO] = [Kabc ] [SabC]a [lqu] = [Kabc ] [labC]a

[quo} = [Kjl?ao 1Wabe]-

The electromagnetic torque developed by the PMSM coupled
to a centrifugal pump is given by:

. dQ
Te:p¢mlq:de—trn""kv'gm"f‘Kr'Qrzn7 (8)
de,,
D _ b0 9
dr P3em s )

with 6,, is the position angle; J,,, k,, k., p, are respectively
the moment inertia of group motor-pump [kg-m?], the friction
coefficient, the centrifugal pump constant and the pole pairs
number.

3. Design of the sliding mode controller

3.1. Theory of sliding mode technique. Let the non-linear
space-state model of the following structure:

x=f(x,0)+gx)u(r), XER", u€eR, (10)
where x is a vector function, f(x) and g(x) represents uncertain
smooth functions, and u is a command vector.

The sliding surface is described as follows [2]:

O(x) =xXper —x (11)
and the derivation of formula (10):
., _do(x)dx do(x)
o0 = 2L = S () +glu). (1)

The control law u(z) has decomposed at two components [2]:

u(t) = tteg(t) +un(t), (13)
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where u,, represent the equivalent control input, it serves to
maintain the variable to be controlled on the sliding surface
(o(x) =0), this component is obtained from the invariance con-
dition (6 (x) = 0) [2]. By substituting Eq. (13) in Eq. (12) and
take into consideration with this the last condition allows to
deduce the command .

o= |22 g00] " [ 228 ]

with <93)(Cx) g(x)) #0.

The component u,, is a switching input that controls the con-
vergence condition (o (x) - 6(x) < 0).

For the reasons of simplicity the u,, is described as:

(14)

u, = K,Sign(o(x)) (15)

Sign is a relay function, K,, is a positive constant representing
the gain of the discontinuous control.

3.2. MPPT controller design. The first control objective is to
extract the PV generator to operate at its maximum power point

MPPT (see Fig. 4).

Ns=12, Np=2, G=1000 w/mz, T=25°C

3600 MPP
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Fig. 4. Moving the operating point on the Py, — vy

From Fig. 4, we can take the expression of the sliding surface
as follows:

di .
o(vp) = vaa_pv +ip =0. (16)
Vpy
Then the derivative from this surface is:
%ipy  dipy\ v
G = 2P Ly 17
() (azv,,v - av,,v) o1 1n

The strategy of the vector control of the PMSM consists of
orienting the d axis of the dg axis to obtain the component of
the direct current equal to zero (iy = 0), (Fig. 5).
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Fig. 5. Diagram of components of S; and S; in dq axis (F OC)

From this strategy, Eq. (4) can be written as:

dvpy

Cov—gy =ipv

—Sqlq - (18)
The quadratic switch control signal S, can be expressed as a
function of equivalent quadratic signal S, ., and non-linear
quadratic commutation signal S, _, as follows:

Sq =S4 eq+Sq n- (19)

Substituting Eq. (17) and Eq. (18) into Eq. (16), and taking into

account the convergence conditions (6(v,,) = 0), we get:
ipy
Sq_eq= - (20)
U

The relationship between the non-linear quadratic commutation
input signal S,_, and the operating point position on the P,, —
Vpy curve can be expressed by:

S 0
q—n — 1

3.3. Second sliding surface. The sliding surface of the direct
current regulation i,;:

si 6(vpy) >0,

21
) <0. D

si o(vpy

o-(id) = idfref —ld (22)

6(ig) = ld_ref — (23)
We applied the vector control strategy, and replacing Eq. (5) in
equation Eq. (23), we obtain:

6(ia) = tg_rey — (Va — Raia + pQmiq) - (24)
The component of the reference direct voltage vy ,s of the
PMSM is described by:

Vd_ref = Vd_eq—ref + Vd_n_ref - (25)
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By replacing Eq. (24) in Eq. (23) and taking into account the
convergence conditions & (iy) = 0, the expression of the equiv-
alent reference direct voltage is

Vd_eq—ref = Raig+ pwmiq + Lsid,ref (26)
we deduce:
v .
Sdfeq _ d_eq—ref
Vpy
_ Raig+ pwmiq + le:dfref ) 27)

Vpy

The non-linear component of the direct switch equation can be
chosen as follows:

Sqg—n=kqy -Sign(iy). (28)

Fig. 6 shows the synoptic of the overall controller configuration
of the proposed system.

XSy -
= > =
T3 Pyl 2 O S
= o |7 Bl :
I - - >
— = lq iy 7 =
A c 0
g \ 4 4
d dgo
Z [Kabc (0)] i
Upv p“ iq . - dt
¢ yd—refzo Z
eqt (20)+ eqt (27)+
eqt (21) eqt (28)

Fig. 6. Block diagram of the proposed controller

a — Condition of existence (G (v),)6(v,y) < 0)): If we ne-
glect the effect of resistance (R;), and substituting Eq. (6) into
Eq. (15), we deduce

Py,
oy

o _ qvpy qvpy
U+ 1) 1, <1+Kﬂ)exp(,{ﬂ> (29)

o(vpy) =

d Opv q qVpy qVpy
v = ((sr oo (7 )+ (14557

q qvpv avpv
(o) [ (57 ]) o
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The system is operating in state Model the switch quadratic
function (S;—, = 0), and v, is increasing.

Iy

ot

>0 €2y
By replacing in the expression Eq. (30), he comes 6 (v,,) > 0:
From where: (6(v,y)6(vpy) < 0)

When 6 (v,,) <0
The system is operating in state Mode2 the switch quadratic
function (S;—, = 1), and v, is decreasing

IVpy

ot

<0. (32)
By replacing in the expression Eq. (30), we obtain 6(v,,) < 0:
From where: (G(v),)6(v,y) < 0)

It is concluded that the system is asymptotically stable.

b — Condition of existence (o (i;y)6(iz) <0):
Can be determined as follows:
k,

N d (. N .
o(ig)-6(iy) = 7 (ldfref — ld) Sign(ig_rey —ia)-
A

(33)

Whatever the sign of surface o(iy), Eq. (32) always yields
less than zero.

4. System simulation and discussion

The proposed system is simulated in the Matlab environment,
and the obtained results are illustrated in Fig. 8.

The PV generator is composed of two parallel chains of twelve
panels (Ny = 12,N, = 2) in order to provide the power which
will be absorbed by the PMSM of (3.6 kW) at the reference
conditions (G = 1000 W/m?, T = 25°C).

To test the performance and the robustness of the proposed
control, we apply every two seconds a variation which concerns
both the irradiation and the temperature as illustrated in the
results in Fig. 7

MPPT controller by SMC forces the PV generator to operate at
the maximum power point despite weather changes (Fig. 8 a, b).

This efficiency is observed both at the voltage level and the
PV generator power that are well regulated and follow their
references after a response time ¢t = 18 ms.

The FOC by the MGC technique verifies the decoupling be-
tween the direct and quadratic component of the current where
(iq) follows the PV generator power variation and (iy) is equal to
zero during all the functioning phases (see Fig. 8 ¢). In addition,
this setting gives very good tracking results without an over-
shoot for all the magnitudes except for the quadratic component
which stabilizes after a time of 18 ms with an overshoot of 13%.

In the second type of the test (trapezoidal shape), the MPPT
sliding mode controller deviates the operating point from the
maximum power point about 3%. Hence, the oscillations of
magnitudes remain acceptable.

Bull. Pol. Ac.: Tech. 67(3) 2019
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Fig. 7. Change of irradiation and temperature

Here, the inverter in the dq reference plays the same role of
a chopper with four switches where the components S; and S,
represent the duty cycle of the chopper (Fig. 8 g, h).

Thus, the components S;_., and S;_., are constant and limited
by the normalized components Sy , and S, _, while respecting
the principle of the sliding mode (Fig. 8 g, h).

In Fig. 8 g, h, we see that there is a delay in the response of
the system. This is due to the convergence mode of the SMC
during which the switch remains open (S,_, = 0) and we see
that the sliding surface is reached after 5 ms.

In the case of parametric variations, we took an increase of
50% in stator resistance, 30% in inductance, 200% in inertia,
30% in load, 200% in PV resistance, and 20% in quality factor.
The results obtained proved that the variations have an influence
on the increase of the response time which is observed on the
speed curve (Fig. 8a—e).

Despite the parameters variation, the behaviour of system
remains the same as compared to that of fixed parameters. Fig. 8
shows the degradations due to losses of energy.

5. Conclusions

The purpose of this work was initially to contribute to the op-
timization of photovoltaic pumping system using sliding mode
control. The choice of this technique has not been made arbi-
trarily, but because of the nature of a photovoltaic generator
which has highly non-linear characteristics, and the changes in
the climatic conditions that depend on it are highly random
phenomena.
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Fig. 8. Simulation results for different sizes of photovoltaic pumping system
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The advantage of the developed control is simplicity and
minimization of the controllers number to two. One ensures a
maximum power extraction the from the PVG and the other en-
sures good performances under dynamic behaviour conditions
using the vector control specification.

The results obtained showed that, whatever the operating con-
ditions, the control system always transfers all the energy pro-
duced by the photovoltaic generator to the motor-pump unit.
It is important to mention that despite the consideration of the
effects of the change in the system parameters; the simulation re-
sults showed good dynamic performance of the proposed control
system. The Chattering problem appears in the interval where
the changes in irradiation and temperature are progressive but
remains acceptable.

This regulation presents a simple robust control algorithm
that has the advantage of being easily implantable in calculator.
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Appendix

Parameters of three phase PMSM motor and PV generator:

P, =3kW,V, =230V,I,=23 A, R, =2.83Q, L, = 2.83 mH,
p=4,7,,=0.03 kg-m?, ¢, = 0.177 Wb, k; = 0.005 Nm-s/rad,
Cpy = 3300 uF, fiy = 15 kHz, P,, = 3.6 KW, N, = 12, N, = 2.

Parameters of sliding mode:
kg =0.25, ky = 200.
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