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In this paper, a comparative study between the PI and the cas-
caded sliding regulator is made, based on rotor flux orient-
ed control for the  photovoltaic pumping system. In order 
for the  motor-pump to be always optimized and operate 
at the  maximum power for each change of illumination or 
temperature, it is necessary to integrate the MPPT tracking 
system, we used the fuzzy MPPT technique. The three-phase 
converter is controlled by the technique of vector width mod-
ulation (SVPWM), characterized by low response time and 
oscillation. Simulations of the  proposed structures are vali-
dated under Matlab/Simulink. The  obtained results show 
the  superiority of cascaded sliding mode control combined 
with fuzzy MPPT technique, they confirm the effectiveness of 
this control structure in terms of parametric robustness and 
ensure proper operation over the entire speed range.

Keywords: photovoltaic generator, pumping system, rotor 
flux oriented control, PI and sliding regulators, and fuzzy 
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INTRODUCTION

The energy production is a challenge of great im-
portance for the next years. It is strongly related to 
the energy needs of the industrialized companies. 
Nowadays, most of the  worldwide production of 
electrical energy is produced by combustion of 
nonrenewable resources like oil, natural gas and 
coal. The consumption of these sources gives place 

to gas emissions with the greenhouse effect, which 
provide the increase of  pollution [1].

Development of green sources based on renew-
able energy is more and more solicited by both en-
ergy producers and public authorities. Nowadays, 
the photovoltaic generator (GPV) is considered as 
one of the most attractive green sources of electric 
energy. The photovoltaic cell is the basic electron-
ics component of a  photovoltaic generator using 
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the photoelectric effect to convert the electromag-
netic waves emitted by the sun into electricity. Sev-
eral cells connected between them form a photo-
voltaic solar module [2].

The photovoltaic pumping system consists of 
collecting solar energy via photovoltaic panels 
to produce electricity which supplies an electric 
pump to ensure drainage of water [3]. In the direct 
coupling of the  pumping system with the  GPV, 
the  operating point is sometimes very far from 
the  maximum power point (PPM), in particular 
for low illumination. An adaptation stage, com-
prising one or more static converters, makes it 
possible to transform the  continuous electrical 
quantities into quantities adapted to the load. This 
stage can be controlled by one or more control 
laws in order to optimize the power produced by 
the generator. In this sense, and in order to opti-
mize the power supplied by the GPV, a three-phase 
converter must be introduced between the source 
and the AC load. This adaptation stage must be as-
sociated with a command to search for the maxi-
mum power point.

The energy delivered by the photovoltaic cells 
depends on a complex equation relating the solar 
radiation, the temperature and the total resistance 
of the  circuit, which leads to a  nonlinear output 
power. The  goal is to get the  maximum power, 
through the MPPT algorithm [4]. MPPT based on 
the fuzzy logic technique allows performance op-
timization of the photovoltaic production system 
according to illumination variation, the advantage 
of which is to adapt disturbance in order to opti-
mize time response with precision [5].

The photovoltaic pumping system is composed 
of a  GPV, a  power converter and a  motor pump 
system. Nowadays, induction motors (IM) have 
taken place of DC motors because of their good 
performance: reliability, robustness, low cost and 
simple maintenance. On the other hand, the con-
trol of induction motors is very complex. This com-
plexity is due mainly to the following reasons: an 
analytical model of IM is nonlinear, multivariable 
and strongly coupled. The presence of parametric 
uncertainties gives an additional constraint. Subse-
quently, several nonlinear control techniques have 
been proposed for IM control. Sliding mode con-
trol, which is characterized by simplicity of con-
struction and robustness to external disturbances 
[6], is here used as regulator to simplify the rotor 

flux oriented control scheme and make it similar 
to a DC machine.

In this paper, the photovoltaic pumping system 
is studied. To operate GPV at its maximum pow-
er condition, an efficient fuzzy MPPT technique 
is used. A  VSI is used to convert the  DC power 
into the AC power to feed a three-phase induction 
motor driving a  water pump. To control this IM 
a comparative study between a PI and a cascaded 
sliding regulator is made based on rotor flux ori-
ented control structure. In this structure, the non-
linear adaptive speed and rotor flux control algo-
rithm combined with field orientation for IM drive 
has been developed.

Nomenclature:

I Current supplied by the cell

Iph Photo current

T Temperature

V Voltage at the cell terminals

Rs Resistance series

Is Saturation current

ω Mechanical pulsation

ωs Stator pulsation

ωr Slip pulse

ρ Density of water 1000 kg/m3

g Gravity acceleration 9.81 m2/s

Q Water flow

H Total manometric head

kr Proportionality coefficients [Nm/(rad.s-1)2]

Cs Static torque, very small

PROPOSED SYSTEM CONFIGURATION

Global structure design
The different levels of the  proposed photovoltaic 
pumping system are illustrated in Fig. 1. The gen-
eral structure mainly includes a photovoltaic gen-
erator, a  voltage inverter transforming the  direct 
voltage delivered by the  GPV into an alternating 
voltage by forcing it to operate at the  maximum 
power delivered by the  panel, and a  centrifugal 
pump driven by an induction motor.

Solar PV generator
The photovoltaic cell is represented by the ‘stand-
ard’ model with a diode. This model has one less 



26 Ines Zerimeche, Abdeslam Haouam, Fateh Mehazzem, Khalil Nabti, Rachid Chenni

diode compared to the two-diode model. Figure 2 
illustrates the one-diode model of the photovolta-
ic cell [4].

The expression of current I then becomes

( )
*1 .

sq V R I
nKT s

ph s
p

V I RI I I e
R

+ 
  
 

  + = − − −
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The parallel resistance Rp is very large com-
pared to the  series resistance Rs, the parallel re-
sistance generally represents the  leakage current 
of the  junction, being generally very important; 
one can neglect it on the equivalent diagram. This 
model, which is widely used, becomes easier to 
study. The  simplified model of the  photovoltaic 
cell is shown in Fig. 3 [2, 7].

So,
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Modelling under Simulink
In order to have a simple model to use, we pro-
ceeded to the  implementation of a  model of 
the  photovoltaic panel under Matlab-Simulink 
which will be used in the  continuation of our 
work. The  model, based on Equation  2, has 
two input parameters (temperature and illu-
mination) and two output parameters (voltage 
and current). Figure  4 illustrates the  model of 
the photovoltaic panel.

In our study, the  TE500 panel is chosen as 
a simulation model under MATLAB. The module 

Fig. 1. Global structure design for PV water pumping

Fig. 2. Electric model equivalent to a diode of the photovoltaic cell

Fig. 3. A simplified equivalent electric model of the photovoltaic cell
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is made up of 36 multi-crystalline silicon solar 
cells in series and provides 60 W of the maximum 
rated power.

Fig. 5. I(V) and P(V) characteristics for a variable temperature and an illumination of 1 kW/m2

Fig. 4. The TE500 module cell
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The influence of climatic parameters on 
the optimal operation of the PV solar panel can 
be represented by

A. Influence of temperature
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The most significant effect of increasing the cell 
temperature is on the open circuit voltage, which 
decreases with increasing temperature; thus 
the efficiency of the cell decreases and the current 
gains a  little intensity when the  temperature in-
creases. This can be explained by better absorp-
tion of light. The  increase in current can be ne-
glected at the point of maximum power and even 
at the overall behaviour of the cell.

B. Influence of irradiation
The open circuit voltage increases logarithmically 
by increasing solar radiation, while the short cir-
cuit current increases linearly. Curves I(V) shift 
towards increasing values allowing the module to 
produce greater electrical power.

DC-AC converter
The inverter used consists of transistors of 
the IGBT type controlled by the technique of vec-
tor width modulation (SVPWM) whose principle 
consists in imposing voltages, chopped at a fixed 
frequency, at the terminals of the machine [8].
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[Ck] = [C1C2C3]
T ; [Vsabc] = [Vsa Vsb Vsc]

T.

The relation between the  reference mark abc 
and the  stationary reference mark d–q is shown 
in the following figure.

Fig. 6. I(V) and P(V) 
characteristics for var-
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The general expression to change time in any 
sector can be found as follows:
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TZ = T1 + T2 + T0. Thus T0 = Tz –T1 –T2.          (11)

Ta b l e  1 .  Switching sequences

Sector
Switching segment

1 2 3 4 5 6 7

1
→
V0

→
V1

→
V2

→
V7

→
V2

→
V1

→
V0

2
→
V0

→
V3

→
V2

→
V7

→
V2

→
V3

→
V0

3
→
V0

→
V3

→
V4

→
V7

→
V4

→
V3

→
V0

4
→
V0

→
V5

→
V4

→
V7

→
V4

→
V5

→
V0

5
→
V0

→
V5

→
V6

→
V7

→
V6

→
V5

→
V0

6
→
V0

→
V1

→
V6

→
V7

→
V6

→
V1

→
V0

Induction motor
In a  frame with rotating field (θs  =  θ  +  θr)  ⇒ 
(ωs = ω + ωr), the model of the induction motor 
is given by [9]
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Fig. 8. Reference spatial vector generation using a switching state 
vector

Fig. 9. Relation between the  reference mark abc and 
the stationary mark d–q
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such as
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The electromagnetic torque equation is given 
by
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And the mechanical equation becomes
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Induction water pump
A  pump is a  machine that provides energy to 
a fluid according to its displacement from a point 
to another. The general expression of the hydrau-
lic power in Watt is given as follows [10]:

PH = ρ.g.Q.H. (15)

The centrifugal pump applies a  load torque 
proportional to the square of the rotational speed 
of the engine 

Tr = krω
2 + Cs. (16)

Mechanical power Pmec, which must receive 
the pump to ensure the hydraulic power (mecha-
nical power necessary to the  pump), is expres-
sed in kW and depends on the  efficiency ηp of 
the pump: 

.
η
H

mec
p

PP �  (17)

And the relationship between the mechanical 
power of the pump and the speed is given by

Pmec = kpω
3. (18)

CONTROL OF THE PROPOSED SYSTEM

Fuzzy MPPT algorithm
Fuzzy logic based MPPT is developed to ob-
tain the MPP of a PV system [11]. The diagram 

of the  fuzzy controller is shown in the  next 
figure.

Fig. 10. General structure of a fuzzy controller. SE, SCE: input gains; 
SdD: output gain; E: the error between dP/dV and ΔE: the variation 
of the error

These methods make it possible to formulate 
a  set of decisions in linguistic terms, using fuz-
zy sets to describe the amplitudes of the error, its 
variation and the appropriate command. By com-
bining these rules, we can draw decision tables al-
lowing to give the values of the controller output 
corresponding to the situations of interest.

Ta b l e  2 .  A flowchart of the fuzzy MPPT technique

EE NG NM NP Z PP PM PG

NG NG NG NG NG NM NP Z

NM NG NG NG NM NP Z PP

NP NG NG NM NP Z PP PM

Z NG NM NP Z PP PM PG

PP NM NP Z PP PM PG PG

PM NP Z PP PM PG PG PG

PG Z PP PM PG PG PG PG

The architecture under the  Matlab-Simulink 
of the  MPPT system and Photovoltaic panel is 
the following:

Two values E and ΔE then pass by a filter of 
saturation to make sure that E and ΔE will be well 
included in the universe of the speech defined in 
the fuzzy partitions (it is about the interval [-10, 
10] in both cases). The  criteria input the  fuzzy 
controller.

This last product, an increment ΔV, has to add 
to the value V of the input. 

During the development of the MPPT, we have 
met a problem of division by 0 in the determina-
tion of dP/dV. Indeed, V is null at the beginning 
and consequently dV as well. The selected solu-
tion is presented in the diagram in Fig. 13.
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Fig. 11. A flowchart of the fuzzy MPPT technique

Fig. 13. System architecture to solve the divide by zero problems

Fig. 12. Structure of the photovoltaic system and fuzzy MPPT under Matlab-Simulink

Vref

The algorithm for finding the maximum oper-
ating point will be done as follows:

• Determine, for a given illumination and tem-
perature, the characteristic I(V) of the generator 
and maximum power point (Vpm, Ipm, Ppm).

• Determination of the optimal reference speed 
of the machine according to the characteristics of 
the photovoltaic generator, which are themselves 
a  function of the  illumination and the  tempera-
ture, through the following procedure:
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We have Equation (18):

Pméc = kp·ω
3. (18)

We know that

Pméc = ηp·Pm, (19)

where ηp is the pump yield, and Pm is the engine 
power.

The power of the engine also can be given ac-
cording to the yield of this last as follows:

Pm = ηm·Pc. (20)

Here ηm is the engine yield, and Pc is the power at 
the output of the converter.

Likewise,

Pc = ηc·Ppm = ηc·Vpm·Ipm, (21)

where Ppm is the maximum power that the photo-
voltaic generator can deliver.

Therefore,

Pméc = kpω
3 = ηp·ηm·ηc·Vpm·Ipm. (22)

So the optimal reference speed, a function of 
maximum values of the current and voltage, is

3
η .η .η . .

ω ,p m c pm pm
opt

p

V I
k

�  (23)

where ηc·ηm·ηp are, respectively, the yield of the in-
verter, the engine and the pump.

Flux oriented control (FOC)
The objective of the  control by orientation of 
the  flux of inductions machines is to improve 
their dynamic and static behaviour, using a con-
trol structure similar to that of a  DC machine. 
The axis component d of the stator current plays 
the  role of excitation and allows one to adjust 
the value of the flux in the machine, and the axis 
component q plays the  role of induced current 
and allows one to control the torque. This com-
mand called ‘Flux Oriented Control’ is based 
on a  judicious choice of the  reference mark (d, 
q). The  latter is oriented so that the  axis d is in 
the phase with the desired flux.

The expression of the torque is then simplified 
and is only a function of the flux and quadrature 
current. So, keeping the flux at a constant value, 
the torque only depends on the quadrature com-
ponent of the  stator current Isq and can be con-
trolled by this one.

Fig. 14. Rotor flux orientation
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General expression of the control
Φr flux being oriented on the  axis d, there-
fore the  model of the  induction motor ena-
bles us to express Vsd, Vsq, Isd and ωs, with 
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Vsd and Vsq influence at the same time Isd and 
Isq, thus the flow and the couple. It is thus neces-
sary to carry out a decoupling:

� �
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1 2
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Therefore, the  functional diagram corre-
spondent of the control is represented in Fig. 15.

RESULTS AND DISCUSSION

The simulation results have been obtained under 
a constant rotor flux = 0.8.

Figure  16(c) shows the  increased power ef-
fect, caused by an increase in sunshine, which 
causes a  change of the  maximum power point 
(MPP) for the proposed fuzzy MPPT algorithm 
with the  increase in current and speed. Once 
the sunshine stabilizes, the power returns to its 
state of stability with a low ripple. It can be seen 
that, despite the  change of sunshine, the  fuzzy 
MPPT algorithm has kept the  optimal values 
of the  power. These results demonstrate very 
clearly that the proposed scheme (fuzzy MPPT 
controller) exhibits a fast dynamic response and 
a  stable steady-state output power, even when 
the weather conditions are rapidly changed.

From the curves representing the speed and 
the  torque we can distinguish the  effectiveness 
of the  indirect flux oriented control (IFOC) 
combined with an intelligent tracking technique 
(fuzzy MPPT), the  results presented a  tracking 
of the  speed to its reference with a  robustness 
with respect to the changes of the climatic con-
ditions, with a shorter transitory mode.

Cascade sliding mode control
In order to obtain a  better performance for 
the IM-pump control, the sliding mode control 
structure is used to replace the traditional non-
linear feedback PI of the control system for rotor 
speed and rotor flux regulation.

Fig. 15. A bloc structure diagram of the IM control
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The application of the sliding mode algorithm 
consists of many steps:

Step 1. Design of the switching surfaces
We have four PI controllers; we will define four 
sliding surfaces:

S1(ω) = ωref – ω,

S2(c = Ørdref – Ørd, (27)

S3(Isq) = Isqref – Isq,

S4(Isd) = Isdref – Isd.

Step 2. Control design
Sliding mode controller’s law has the form

uc = ueq + un, (28)

where ueq is the so-called equivalent control, and 
un is the so-called nominal control.

1. Rotor flux regulation

� �2
0  ,

rd R rdref
rd sdeq

sr

T
S I

M
� � �

� � � �
�

� (29)

Ṡ2(Ørd) S2(Ørd) < 0 ⇒ Isdn = KØ.sign(S2(Ørd)). (30)

Fig. 16. PV system performances with variable irradiation
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Direct current regulation

Ṡ4(Isd) = 0⇒

σ ,

σ

ω

sdeq s sdref sm sd

sr
s s sq rd

r R

V L I R I

ML I
L T

� � �

� �  (31)

2

2 ,sr r
sm s

r

M RR R
L

= +

Ṡ4(Isd)S4(Isd) , 0⇒ Vsdn = Kd.sign(S4(Isd)).     (32)

2. Speed regulation

� �1
ω 0

ω

sqeq

ref r

sr
rd

r

S I

J Fw T
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L

� � �
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�
 (33)

         
,

Ṡ1(ω) S1(ω) < 0 ⇒ Isqn = Kω.sign(S1(ω)).         (34)

3. Quadratic current regulation

Ṡ3(Isd) = 0⇒

σ ,ω ω

sqeq s sqref sm sq

sr
s s sd rd

r

V L R I

ML I
L

i� � � �

� �  (35)

Ṡ3(Isq) S3(Isq) < 0 ⇒ Vsqn = Kq.sign(S3(Isq)). (36)

The following gains (Kd, Kq, KØ, Kω) should be 
chosen positive, to satisfy the stability condition 
of the system [12].

In the induction motor indirect field-oriented 
control (IFOC), we need the estimation of the ro-
tor flux:

˙ 1
α α  , α .rd r rd sr r sd

r

R M R I
L

� � � � � �
 

(37)

The mechanical equation of the estimated load 
torque is

.sr
r rd sq

r

pM dwT I J Fw
L dt

= ∅ − −  (38)

RESULTS AND DISCUSSION 

The simulation results are given in order to check 
the PV system performances.

From Fig. (b–f) we verify the performance of 
the fuzzy MPPT technique. It improved the tran-
sient regime and reduced the  fluctuations in 
the static state.

From the figures given above, we distinguish 
the  effectiveness of sliding mode control com-
bined with an intelligent tracking technique 
(fuzzy MPPT). Using the  sliding mode we ob-
tain a good speed tracking of its reference with 
a high stability, as well as a good robustness.

Fig. 17. A bloc structure diagram of the IM control
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CONCLUSIONS

In order to improve the efficiency of the pump-
ing system photovoltaic, we made the  compar-
ative study between two nonlinear structures 
order combined with an effective fuzzy MPPT 
approach: the  classic control based on PI reg-
ulators, which depends on the  machine para-
meters, and the cascaded sliding mode regulators 
to guarantee an independence to the parameters 
change. The simulation results show performance 
of the proposed structures. The first part of this 
study concerns the induction speed control. Fig-
ures 16(b) and 18(c) show the superiority of in-
duction cascade sliding mode control where we 
notice a  good speed tracking with a  very short 
transitory mode, as well as a good robustness.

The second part concerns the MPPT strategy. 
From the  curves representing the  speed, torque 
and voltage we can distinguish the  efficiency of 
the induction cascade sliding mode control with 
an intelligent tracking technique (fuzzy-MPPT), 

and we have better pursuit of the maximum point 
with a low ripple rate of voltage and power.

Appendix
We chose the model TE500, this generator state-
ment is composed of 36 cells series-connected 
(ns = 36).

Ta b l e  3 .  Photovoltaic panel parameters

Maximal power Pm 60 W

Voltage for maximal 
power

Vpm 17.9 V

Current for maximal 
power

Ipm 3.35 A

Current of short circuit Icc 3.7 A

Voltage of open circuit Vco 22.5 V

Temperature coefficient 
(Icc)

K0 (0.065 ± 0.015)%/°C

System maximum 
voltage

Vm 600 V

Fig. 18. PV system performances with variable irradiation
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These data represent the typical performance 
of the panel TE500 measured with these outputs, 
and do not include the effect of additional equip-
ment like the  diodes and the  cables. The  data 
are based on the measures under the conditions 
standards SRC (Standard Reporting Conditions, 
also STC or Standard Test Conditions) which are 
as follows: 

Illumination of 1  kW/m2  (1  sun) to a  spec-
trum AM 1.5;

Temperature of the cell 25°;
Kd = 500, Kq = 500, KØ = 400, Kω = 300;
kp  =  3.3e–4, kr  =  3.3e–4, ηc  =  0.95, ηm  =  0.92, 

ηp = 0.74.

Ta b l e  4 .  Induction machine parameters

RS 1.34 Ω

Rr 1.24 Ω

MSR 0.17 H

Lr 0.18 H

LS 0.18 H

P 2

J 0.0153 kg/m2

P 1 kW
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PROPORCINIO-INTEGRALINIO (PI) IR 
KASKADINIO SLENKANČIOJO ALGORITMŲ 
VALDIKLIO, REALIZUOTO PAGAL 
ROTORIAUS MAGNETINIO SRAUTO 
KRYPTĮ, PALYGINAMOJI STUDIJA, SKIRTA 
FOTOVOLTINEI SIURBLIŲ SISTEMAI, 
IR NERAIŠKIĄJA LOGIKA PAREMTO 
MAKSIMALIOS GALIOS TAŠKO SEKIMO 
OPTIMIZACIJA

Santrauka
Atlikta fotovoltinei siurblių sistemai skirta palygi-
namoji studija tarp proporcinio-integralinio (PI) ir 
kaskadinio slenkančiojo algoritmų, kurių veikimas 
realizuotas pagal rotoriaus magnetinio srauto kryp-
tį. Saulės elektrinės maksimalios galios taško sekimo 
algoritme naudojama neraiškioji logika. Trifazis kei-
tiklis valdomas SVPWM būdu – pulso pločio modu-
liacijos atmaina, charakterizuojama greitu reakcijos 
laiku ir žemais virpesiais. Pasiūlytas algoritmas pui-
kiai veikia esant bet kokiai temperatūrai ir apšvietai. 
Modeliavimas ir rezultatų adekvatumo vertinimas 
atliekamas Matlab  /  Simulink programinio paketo 
aplinkoje. Iš gautų rezultatų matyti kaskadinio slen-
kančiojo valdymo su neraiškiąja logika pagrįstu MPPT 
privalumai.

Raktažodžiai: fotovoltinis generatorius, hidrauli-
nių siurblių sistema, valdymas pagal rotoriaus magne-
tinio srauto kryptį, PI reguliatoriaus, kaskadinis slen-
kantysis algoritmas, neraiškiąja logika pagrįstas MPPT


