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Abstract— In this paper, the authors present a FOC drive 
scheme for an isolated photovoltaic water pumping system.  The 
photovoltaic panel is used for supplying a centrifugal PMSM 
coupled pump. The permanent magnet synchronous motor 
(PMSM) receives the required active power from the 
photovoltaic panel (PV) through a buck converter and an 
inverter. The models of the photovoltaic panel, the PMSM, the 
buck converter, the inverter and the centrifuge pump are 
developed and used in the control scheme. The dynamic 
performances of the photovoltaic panel, the buck converter and 
the motor are analyzed. The simulation results have shown that 
the proposed methodology is an efficient solution of a fully 
control system. 
Keywords— Photovoltaic panel, water pumping system, FOC, 
PMSM, Buck converter. 

I. INTRODUCTION 
In the remote areas as the mountains, the islands and the 

rural zones, where the electrification is a very delicate and 
expensive operation, the use of the renewable energy such as 
photovoltaic and wind energy is an improved solution for such 
applications as water pumping system [1-6].  

Different types of motors are used for the water pumping 
system application such as DC motors [7], [8], Induction 
motors and permanent synchronous motors [3], [9].  

Many techniques of control have been applied to permanent 
magnet synchronous as direct torque control (DTC) and field 
oriented control. The concept of field oriented control (FOC) 
is firstly developed by Blasche, [10]. The FOC is a flux-torque 
decoupling technique applied to AC machines. Two 
approaches are possible: the direct field orientation (DFO) 
based on the rotor flux angle given by a flux observer or 
estimator and the indirect field orientation (IFO) based on the 
rotor slip calculation, [11], [12]. 

In this paper a field oriented control is synthesized for 
permanent synchronous motor (PMSM) associated to an 
isolated photovoltaic water pumping system.  

II. THE PHOTOVOLTAIC WATER PUMPING SYSTEM MODEL 
Fig. 1 shows the proposed photovoltaic water pumping 

system considered in this research work. The considered load 
is composed of a permanent synchronous motor (PMSM) 
coupled to a centrifuge pump, the motor receives the required 
voltage thought an inverter.  In order to adapt the panel 
produced supply to the inverter need voltage, a buck converter 
is used.  A storage battery is associated to storage the energy 
that can be used when the insulation is insufficient. 
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Fig. 1  Proposed wind turbine pumping system  
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A. Cell and PV Models 
Photovoltaic cell is an electric component generally used to 

convert the solar energy to electrical energy. In the literature 
different model are used, [3], [13-17].  

Denote by phI , , D scR  and pcR  respectively the light-
generated current source, the diode, the series and parallel 
resistances; the electric model used is this work is shown in 
fig. 2. 
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Fig. 2 Equivalent solar cell’s electric circuit 

 
At the reference condition characterized by the cell junction 

temperature  and the insulation , the photocurrent 
 is equal to the reverse saturation current  

_c refT refG

_ph refI _sc refI .  
The cell photocurrent  is given by phI (1) where SCTK  

represents the short circuit current temperature coefficient: 
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The desired reverse saturation current rsI  can be expressed 

according to relation (2), where gE , ,  and q k β  are given in 
table II. 
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The fundamental cell’s characteristic is described by 

relation (3) relating the current cI  to the voltage . cV
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If we consider that the solar panel is composed of  

branch of modules assembled in parallel configuration; each 
one formed of 

pN

sN modules assembled in series arrangement. 
Also, we consider that a module contain sn cells associated in 
series configuration. Theses considerations express the 
relations between the panel’s and the cells parameters as 
shown in relation (4). 

 

;

;

p p c p s s c

s s s s
sp sc pp

p p

I N I V n N V

n N n N
R R R

N N

= =⎧
⎪
⎨ = =⎪
⎩

pcR
          (4) 

 
In this consideration, the non-linear characteristic equation 

related the panel current  to its voltage  is shown in pI pV (5). 
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B. PMSM model 
In the Concordia stationary reference frame, applied to the 

machine winding, the ohm’s law is given by equation (6):  
 

s
s s s

d
v R i

dt
ϕ

= +                        (6) 

 
The stator flux vector sϕ  is linked to the stator current si , 

the rotor flux rϕ  and the electric rotor position rθ  by relation 
(7) : 
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i i e i i eθ θϕ ϕ= + − + +     (7) 

 
The magnitude rΦ of the rotor flux vector rϕ  is constant so 

that we have at any instant:  
 

rj
r re

θϕ = Φ                      (8) 
 
The electromagnetic torque is given by (9) where  is the 

pair pole number of the machine. 
p

 

em s sC p iϕ= ∧                    (9) 
 
Developing  (9) leads to:  
 

(em sd sq sq sdC p i i )ϕ ϕ= −                      (10) 
 
When Park synchronous reference frame with the rotor is 

used, (6) becomes as follows,   where rω  is the electric rotor 
speed:  

 
s
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The components of stator flux vector are linked to those of 

current vector by:  
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sd r d sL IΦ = Φ + d                  (12)  

 
sq q sL IΦ = q             (13)  

C. Centrifugal pump model 
The centrifugal pump model can be described by the will 

known mechanical characteristic illustrated in relation (14). 
 

2 2
0 1 2r rh a a Q a Qω ω= − −                 (14)   

 
The hydraulic power HP  and the load torque of the 

centrifugal pump can be described respectively by (15) and 
(16). 

 
HP gQHρ=                                   (15) 

2
r rC k C= Ω + s                  (16) 

 
The mechanical model of the electric motor can be 

described by (17) where mf  and  represent respectively the 
motor’s friction coefficient and the hydraulic load torque of 
the centrifugal pump. 

rC
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D. Buck Converter Model 
The schematic of the buck converter power stage that 

provides a stepped-down voltage to the load is given in fig. 3, 
[3], [5]. 
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Fig. 3 Structure of the buck converter 

We designate by  c  a Boolean variable that takes the value 
 if the key is switched off and the diode is switched on 

and takes the value (  if the key is switched on and the 
diode is switched off.  Thus, the model is given as, [5]: 
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E. Current and voltage inverter  models 
Fig. 4 shows the general diagram of a three-phase voltage 

inverter where the model including a geometric progression is 
presented in [3], [5]. 
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Fig. 4 Inverter-PMSM Configuration 

 
In a fixed Concordia reference frame, the input inverter 

current  can be derived from the PMSM stator current idci

si and an inverter modulate function iks  depending on the 
inverter keys states and expressed by the following relation 
where represent the scalar product: (.)

 
2 .
3idc s iki i= s                     (20) 

 
The output inverter voltage is related to the input voltage 

by the following relation: 
 

2
3s dc ikv V= s                     (21) 

 
The inverter modulate function iks , defined and developed 

in the previous works [3], [5] and called inverter keys state 
vectors,  is supported by 8 vectors that can be classified in two 
groups; the first one is composed of two null vectors, the 
second is composed of  6 active vectors that can be presented 
as a geometric progression defined by the first term 1  and the 

ratio 3
j

e
π

, relation (22): 
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The space representation of these vectors indicating the 
combination of the associated keys states  is 
illustrated by fig. 5.  
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Fig.5 Diagram of the three-phase inverter state vectors 

III. THE PMSM FIELD-ORIENTED CONTROL STRATEGY 
After arrangement, the system of equation (11) can be 

represented by (23) where the different related terms are given 
by (24) and (25). 
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The direct and the quadratic transfer functions 

current/voltage   are respectively given by  (26) and (27). 
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If the pole-zero cancellation method is used, the 

expressions and the parameters of the PI current controller can 
be respectively expressed by (28) and (29). 
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IV. SIMULATION RESULTS AND DISCUSSION 
The simulation in this work has been developed in 

Matlab/Simulink environment.  

A. Analyses of physical sizes relating to the photovoltaic 
panel and the buck converter 

The command of the buck converter is based on the DC 
voltage required by the load. This value is computed as a 
reference buck voltage term. The figures 6 and 7 give 
respectively the panel voltage and the output buck converter 
voltages. The second one (fig. 7) converges towards the 
required DC voltage according to the first one. 
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Fig. 6 Panel voltage response 
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Fig. 7 Output buck converter voltage  

In consideration of the rated motor current as a base value, 
fig. 8, fig. 9 and fig. 10 respectively give the panel current, the 
capacitance C1 current and the inductance L2 current. These 
figures show that the panel current is smoothly continuous 
with a good choice of the capacitance value relatively to that 
of the inductance. The alternative current component of the 
coil current is absorbed through the capacitance.  
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Fig. 8 Panel current  
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Fig. 9 Capacitance C1 current  
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Fig. 10 Inductance L2 current   

B. Analyses of physical sizes relating to the PMSM  
Initially, the PMSM is at stopped, at , a reference 

direct current equal to zero and a reference quadratic current 
(fig. 11) was applied to the motor. 

0.2t = s
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Fig. 11 Reference quadratic current  

 
The response of the direct and the quadratic current are 

respectively given fig. 12 and fig. 13. It’s shown that they 
converge strictly to their reference. 
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Fig. 12 Direct current response 
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Fig. 13 Quadratic current response 

The electromagnetic torque response is given by fig. 14, it 
converges towards the rated value.  
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Fig. 14 Electromagnetic torque 

V. CONCLUSION 
The presented research work leads to the development of an 

FOC drive scheme for an isolated photovoltaic water pumping 
system. 

Photovoltaic panel supplying a PMSM coupled to a 
centrifuge pump has been found suitable for remote area 
application. An inverter is used to adapt the supply conversion 
an order to perform the FOC PMSM drive. 

The buck converter provides a stepped-down voltage to the 
load when panel voltage stepped-up in order to adapt the 
required voltage load against insolation variation. 

Simulation results are presented highlighting the overall 
proposed good performances of the system. These promising 
results open the possibility for the reconstitution of the 
proposed scheme to be set up for an on-line implementation.  

TABLE I.  PMSM PARAMETERS 

TABLE II.  PARAMETERS OF PV CELL (POLLY-CRYSTALLINE SILICON) 

Rated voltage    sV  220 V 

Rated current NI  3.3 A 

Rated torque  emNC 8.1 N.m 

Rated speed NΩ  210 rad / s 

Pole pairs  p 4 

Rotor flux  rΦ  0.61 Wb 

Stator resistance  sR  2.015 Ω 

d-axis inductance  dL 22.2 mH 

d-axis inductance  qL 22.2 mH 

Open circuit voltage:  ocV 0.6058 V  

Short circuit current : scI  8.1 A  

Parallel cell’s resistance: pcR  0.833 Ω  

Series cell’s resistance: scR  0.0833 mΩ  

Solar cell’s ideal factor :  k 1.450  

reverse diode saturation current rsI  3.047 - 7 e A  

Short circuit current temperature coefficient SCTK  1.73 - 3 /e A K°  

Reference cell’s temperature:  _c refT 25 C°  

Boltzmann’s constant: β  1.38 - 23e  

Band gap energy: gE  1.11ev  
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TABLE III.  PARAMETERS OF PV MODULE [17] N. Hidouri, T. Mhamdi, S. Hammadi, L. Sbita, “A New hybrid 
photovoltaic-diesel system control scheme for an isolated load,” 
International Journal of Research and Reviews in Applied Sciences, vol. 
9.2, pp. 270-281, 2011. 

Rated output power 216W  

Open circuit voltage:  ocV 36.35 V  

Number of series cells: sn  60  

 
 

TABLE IV.  PV ARRAY PARAMETERS 

 

Open circuit voltage:  ocV 763 V  

Short circuit current : scI  8.1 A  

Number of series modules: sN  21  

Number of parallel modules: pN  1  
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