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 This paper deals with a simple and efficient control for a 

standalone photovoltaic (PV) water pumping system based on a 

separately excited DC motor drive. The structure of this system 

uses two power converters coupled by a DC-bus capacitor. The 

first is a DC-DC boost converter used to extract the available 

maximum power of the PV array by using a perturb-and-observe 

maximum power point tracking (P&O MPPT) technique. The 

second is a DC-DC buck converter used as an interface to supply 

the armature circuit of the DC motor with a variable voltage 

according to the produced PV power. In order to ensure a 

constant magnetic flux, the field circuit of the DC motor is 

connected to the DC-bus capacitor and the DC-bus voltage is 

regulated at a desired level. The main advantage of this structure 

is that the features of an expensive permanent magnet DC motor 

can be achieved by using a low cost separately excited DC motor. 

The usefulness of this system is verified by a digital simulation 

using Matlab/Simulink and experimentally confirmed by a real-

time implementation based on dSPACE 1104 system card. The 

illustrated results show a good agreement between simulations 

and experiments for various operating conditions. 
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1 Introduction 
 

In recent years, the excessive use of non-renewable energy resources for electricity generation leads to 

serious environmental problems in the world. These problems inevitably rise increasingly especially with the 

increasing of the economic growth. Therefore, in order to reduce these environmental impacts, significant 

amounts of efforts are being taken by the most country of the world to the development of renewable 

energies. Among several renewable energy sources currently used, the solar photovoltaic (PV) energy is 

becoming an alternative source to the non-renewable energy sources. It has an inexhaustible nature and an 

abundant availability and represents a strategic solution for overall social development [1]. It is well known 

that the output voltage and current of a solar PV array are non-linearly related, this induces a non-linear 

Power-Voltage characteristic which has only one peak called maximum power point (MPP). This MPP 

depends on different factors such as solar irradiance and temperature. Therefore, the direct coupling without 

power conditioning leads to a poor efficiency. To extract the MPP at any atmospheric condition, it is 

necessary to make the power conditioning by using an intermediate power conditioning unit equipped with a 

maximum power point tracking (MPPT) technique [2]-[4]. The PV systems are typically operated as 

standalone (off-grid) [5]-[15], hybrid [16], [17] and grid-connected systems (on-grid) [1], [18]-[20]. The 
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standalone PV systems are widely used in remote regions, where these installations are independent of the 

local grid; they are used to meet small essential electric power requirements. The standalone PV systems can 

use storage systems like batteries to store the produced energy during daytime and provide it to electrical 

loads during nighttime or cloudy days (to ensure a continuous power supply to the loads), or simply use the 

produced energy only during the daytime without electrical energy storage. 

The PV water pumping is one of most applications of the standalone PV systems. It’s important for 

domestic use and irrigation purpose. Different types of motors are used in PV water pumping systems to 

drive the pump [8]-[15]. Among these motors, permanent magnet DC motor, despite being expensive, is the 

most popular choice for PV water pumping systems [8], [13]. In this work, a standalone PV water pumping 

system is investigated. This system uses a separately excited DC motor to drive a centrifugal pump. The 

main contribution of this research work is the development of a simple conversion structure for a good 

adaptation of this drive to the PV array. The structure of this system uses two power converters linked by a 

DC-bus capacitor to which the field circuit of this motor is connected. The first is a DC-DC boost converter, 

used as an intermediate power-conditioning unit to extract the maximum power of the PV array by using a 

perturb-and-observe maximum power point tracking (P&O MPPT) technique. The P&O algorithm is largely 

employed for its simplicity of implementation, the acceptable response time, its lower cost and it is suitable 

for the PV applications. Other researchers have developed many MPPT methods based on different ideas [2], 

[3], [14], [15]. Example [15] uses a variable step size P&O-based CMPPT technique which can reduce the 

steady-state PV power fluctuation and accelerate the tracking operation under sudden irradiance change, but 

it is more complex than P&O-based MPPT method.  

The second is a DC-DC buck converter used to supply the armature circuit. The DC-bus voltage is 

regulated at a required level to ensure a constant magnetic flux. With this structure, the separately excited 

DC motor has a main advantage of being easily controlled; the flux and torque are naturally decoupled and 

are independently controlled. The field circuit consumes a constant current while the armature current varies 

according to the load and the PV power which depends on the atmospheric conditions. Therefore, the 

characteristics of an expensive permanent magnet DC motor can be achieved by using a low-cost separately 

excited DC motor. Globally, low-cost and simplicity are the advantages of this drive. The usefulness of this 

application is verified by a digital simulation under the Matlab/Simulink environment and validated in real-

time via a test bench prototype based on a dSPACE 1104 board. The remainder of this paper is organized as 

follows. Section 2 introduces the configuration of the PV water pumping system. Section 3 presents the 

mathematical model of PV module and motor-pump group. The design of the PV array, the DC-DC boost 

converter and the centrifugal pump is given in section 4. The control strategy of the PV water pumping 

system is described in section 5. The simulation and the experimental validation of the PV water pumping 

system are given in section 6. The last section presents some conclusions. 

 

2 PV water pumping system 
 

The PV water pumping system shown in Figure 1 contains two power converters. The first is a DC-DC boost 

converter connected to the PV array; employed as an intermediate power-conditioning unit, while the second 

is a DC-DC buck converter allows to supply the armature circuit with a variable voltage. The two converters 

are coupled via a DC-bus capacitor. The field circuit of the DC motor is connected to the DC-bus capacitor. 
A rheostat  is added in series with the field circuit to adjust the field current at its rated value. 

 

3 Modeling of PV module and motor-pump group 
 

3.1  PV module modeling 
 

The equivalent circuit of a PV cell is shown in Figure 2. The current-voltage characteristic of a PV cell is 

given by [21]-[23]: 
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Where 𝐼𝑝ℎ  is the photo-current, 𝐼0  is the reverse saturation current, 𝑞 is the electron charge, 𝐴 is the ideality 

factor of the diode, 𝐾𝐵 is the Boltzmann’s constant, 𝑇 is the PV cell temperature, 𝑅𝑠  is the series resistance 

and 𝑅𝑠ℎ  is the shunt resistance. 

 

 
 

Figure 1. PV water pumping system structure. 

    

 
 

Figure 2. Equivalent circuit of a PV cell. 

 

The photo-current is expressed as follows: 
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Where 𝐸 is the solar irradiance, 𝐸𝑟  and 𝑇𝑟  are respectively the solar irradiance and the cell temperature at 

standard test conditions STC (𝐸𝑟 = 1000 W/m² and 𝑇𝑟 = 25°C), 𝐼𝑠𝑐𝑟  is the short-circuit current of the PV cell 

at STC, 𝛼𝐼 is the short-circuit current temperature coefficient. 

The reverse saturation current of the diode is expressed as: 
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Where  𝐸𝑔  is the energy band gap, 𝐼0𝑟  is the reverse saturation current of the diode at STC given by: 
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Where  𝑉𝑜𝑐𝑟 is the open circuit voltage of PV cell at STC. 

The PV module is generally constructed by connecting 𝑁𝑠 series cells and 𝑁𝑝 parallel cells. So, the output 

voltage and the output current of a PV module can be expressed by: 
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Where 𝑉𝑚𝑝𝑣 and 𝐼𝑚𝑝𝑣 are respectively the voltage and current generated by the PV module.  

The output current of a PV module can be given by: 
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3.2  Motor-pump group modeling 
 

The separately excited DC motor model can be given by: 
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Where 𝑉𝑓 and 𝐼𝑓 are respectively the voltage and the current of the field circuit, 𝑉𝑎 and 𝐼𝑎 are respectively the 

voltage and the current of the armature circuit, 𝑅𝑓 and 𝑅𝑎 are respectively the field resistance and armature 

resistance, 𝐿𝑓 and 𝐿𝑎 are respectively the field inductance and armature inductance, 𝐿𝑎𝑓 is the field-armature 

mutual inductance, 𝛺 is the motor speed, 𝐸 is the back-emf, 𝑇𝑒 is the electromagnetic torque, 𝑇𝐿 is the load 

torque, 𝑘𝑒 is the coefficient of back-emf, 𝑘𝑡 is the coefficient of electromagnetic torque, 𝐽 is the inertia and 

𝑓  is the friction coefficient. 

According to the available PV power, the centrifugal pump runs at various speeds. The power-speed 

characteristic of the centrifugal pump can be given by [12]: 

 

 Ωout pP k=
3  (8) 

 

Where 𝑘𝑝 is the proportionality constant. 
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4 System design 
 

The PV array should be chosen to deliver a maximum power at STC more than the rated power of the 

separately excited DC motor which drives the centrifugal pump. The excess of this PV power can 

compensate the losses of the used converters and the DC motor. The DC-DC boost converter is controlled by 

a closed loop control such that it forces the PV array to operate at its MPP and also it generates a fixed 

output DC voltage. The latter, from its input voltage imposed by the PV array 𝑉𝑝𝑣 = 𝑉𝑝𝑣𝑚𝑝𝑝
, it must deliver 

an output voltage (the DC-bus voltage) 𝑉𝑑𝑐 a little bit taller than the rated voltage of the armature circuit of 

the DC motor. This offers a minimal value of the duty cycle, which meets these requirements, expressed as 

[5]:  
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−
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Where: 𝑉𝑝𝑣𝑚𝑝𝑝
 is the output voltage of the PV array at MPP. 

The inductance and the capacitance can be estimated by: 
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Where 𝑓𝑠 is the switching frequency, 𝛥𝐼𝐿 is the ripple of the inductor current, 𝛥𝑉𝑑𝑐 is the ripple of the 

capacitor voltage. 

The centrifugal pump can be designed from DC motor rating as [12]: 
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Where 𝑝𝑜𝑢𝑡𝑛 and 𝛺𝑛 are respectively the rated output power and the rated speed of motor. 

 

5 Control strategy 
 

5.1  DC-DC boost converter control 
 

As shown in Figure 1, the control system of this stage contains two control loops (outer and inner). The outer 

loop uses a proportional-integral (PI) controller to regulate the voltage 𝑉𝑝𝑣 at its reference value 𝑉𝑝𝑣
∗  and 

provide the reference inductor current 𝐼𝐿
∗ [24]. The reference value 𝑉𝑝𝑣

∗   is generated continuously by using an 

MPPT technique based on P&O algorithm represented by its flowchart shown in Figure 3 [2]. 

From Figure 1, the capacitor current 𝐼𝐶𝑝𝑣
 is given by [24]: 
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pv
C pv L pv

dV
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= − =  (13) 

 

By neglecting 𝐼𝑝𝑣 (considered as disturbance) and utilizing the Laplace transform, (13) becomes: 
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Figure 3. Flowchart of P&O MPPT algorithm. 

 

For a faster current loop, it can be considered that 𝐼𝐿 = 𝐼𝐿
∗, so the closed-loop control of the voltage 𝑉𝑝𝑣 can 

be presented as in Figure 4. 

 

 
 

Figure 4. Closed-loop control of the PV array output voltage. 

 

The closed-loop transfer function 𝐺1(𝑠) of the system shown in Figure 4 is given by: 
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Writing 𝐺1(𝑠) in its standard form, the gains of PI controller can be calculated as: 
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Where 𝜉, 𝜔𝑛 are respectively the damping ratio and natural angular frequency. 
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For the inner loop, a hysteresis current controller (HCC) is used. The HCC will force the inductor current 𝐼𝐿 

to track the reference current 𝐼𝐿
∗. This controller is characterized by simplicity, rapidity and high robustness. 

 

5.2 Separately excited DC motor control 
 

In this system, a centrifugal pump is driven by a separately excited DC motor. The power of the DC motor 

has a direct relationship with its speed. Therefore, the PV power and the speed of the DC motor are both 

affected by variations of atmospheric conditions. As shown in Figure 1, the field circuit of the DC motor is 

connected to the DC-bus capacitor and the armature circuit is supplied by a DC-DC buck converter. The 

control circuit uses a PI controller which ensures the regulation of the DC-bus voltage and an HCC which 

forces the inductor current 𝐼𝐿𝐹
 to track the reference current 𝐼𝐿𝐹

∗ . This control regulates the magnetic flux at 

its rated value and activates the DC-DC buck converter which continuously adjusts the armature voltage. The 

PI controller minimizes the error between the DC-bus voltage 𝑉𝑑𝑐 and the reference voltage 𝑉𝑑𝑐
∗  and 

generates the reference power 𝑃∗ to be transferred to the armature circuit. 

From Figure 1, by neglecting the current of the field circuit 𝐼𝑓, the DC-DC buck converter input current is 

given by: 

 

 
dcb dc D CI I I I= = −

1
 (17) 

 

By neglecting the disturbance term  𝐼𝐷1
. In Laplace transform form, (17) becomes: 

 

 ( ) ( ) ( )
dcb C dc dcI s I s C sV s= − =  (18) 

 

The relationship between the DC-bus voltage and the generated reference power can be expressed as:  

 

 * *
dc dc dcP V C sV= −  (19) 

 

The closed-loop control of the DC-bus voltage is shown in Figure 5. 

 

 
 

Figure 5. Closed-loop control of the DC-bus voltage. 

 

The closed-loop transfer function 𝐺2(𝑠) of the system presented in Figure 5 is given by: 
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Writing 𝐺2(𝑠) in its standard form, the gains of the PI controller can be defined as: 

 

 *

*

p dc dc n

i dc dc n

K ξC V ω

K C V ω

= −

= −





2

2
2

2
 (21) 

 

Where 𝜉, 𝜔𝑛 are the damping ratio and natural angular frequency respectively. 
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The reference current 𝐼𝐿𝐹

∗  can be obtained by:  

 

 *
*

FL
a

P
I

V
=  (22) 

 

The current 𝐼𝐿𝐹
 which has the same average value of the armature current is forced to track its reference 𝐼𝐿𝐹

∗  

by an HCC.  

 

6 Simulation and experimental validation 
 

6.1 Parameters of PV water pumping system 
 

The employed PV array is composed of two identical PV modules connected in series. Each PV module has 

the specifications presented in table 1. 

 

Table 1. Specifications of the PV module at STC. 
 

Description Value 

Maximum power point 85 W 

Open circuit voltage 22.2 V 

Short circuit current 5.15 A 

Voltage at maximum power point  17.8 V 

Current at maximum power point  4.8 A 

 

The Current-Voltage and Power-Voltage curves obtained by simulation of the used PV array at STC (solar 

irradiance 1000 W/m2 and cell temperature 25 °C) are shown in Figure 6.  

 

 
 

Figure 6. Characteristics of the PV array at STC. 

 

The specifications of the separately excited DC motor are presented in table 2.  

 

Table 2. Separately excited DC motor ratings. 
 

Description Value 

Rated power 100 W 

Rated speed 2000 rpm 

Rated armature voltage 220 V 

Rated armature current 0.63 A 

Rated voltage of field-circuit 220 V 

Rated current of field-circuit 0.08 A 

 

The power circuit parameters are shown in table 3. 
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Table 3. Power circuit parameters. 
 

Parameters Description Value 

𝑉𝑑𝑐 DC-bus voltage 240 V 

𝑅 Rheostat   250 Ohms 

𝐶𝑝𝑣 Output PV array capacitor 200 µF 

𝐶𝑑𝑐 DC-bus capacitor 1100 µF 

𝐿 Inductor of boost converter 10 mH 

𝐿𝐹 , 𝐶𝐹 Output LC Filter 200 mH, 1100 µF 

 

The proportionality constant of the centrifugal pump is calculated as: 

 

 
, /( / )
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p

n

P
k W rd s

π

−
= = = 

 
 
 

5 3
3 3

100
1 088 10

2000

30

 

 

6.2  Laboratory experimental test bench 
 

The experimental test bench developed in the laboratory is shown in Figure 7. The separately excited DC 

motor which drives the centrifugal pump is fed by a PV array. The PV array comprises two identical PV 

modules connected in series. The conversion structure uses two power converters (DC-DC boost converter 

and DC-DC buck converter) based on IGBT modules. The two converters are linked via a DC-bus capacitor 

to which the field circuit of the DC motor is connected. The rheostat added in series with the field circuit 

permits to set the voltage of this circuit at its rated value 220 V. The program of the control system is 

digitally implemented in real-time by using a dSPACE1104 system card with a sampling time of 60 μs. The 

control system necessities three voltage sensors ( to detect the output voltage of the PV array, the armature 

voltage and the DC-bus voltage), and three Hall Effect current sensors (to detect the PV output current, the 

inductor current of the DC-DC boost converter and the filter inductor current on the output of DC-DC buck 

converter). Other modules are integrated to ensure the insulation of the control signals. 

 

6.3  Simulation and experimental results 
 

The performances of the PV water pumping system are examined by several simulation and experimental 

tests. The simulation tests are performed by taking into consideration the same conditions of the 

experimental tests realized at real atmospheric conditions. 

 

6.3.1 Starting performances 
 

This test is realized to show the starting performances of the PV water pumping system. The PV array 

operates under the atmospheric conditions (900 W/m²; 70 °C). The electrical quantities (voltage, current, 

power) of the PV array and the motor speed are shown in Figure 8 (simulation results (Figure 8-a) and the 

experimental results (Figure 8-b)). These results show that after a short transient of 2 s, the MPPT technique 

ensures the operating with a maximum power of 123 W and the DC motor drives the centrifugal pump with a 

speed of 1570 rpm.  The starting of the separately excited DC motor makes a delay of 1 s. This delay is due 

to the DC-bus voltage which initially has a very weak value (37 V), where the magnetic flux is very weak, 

this leads to a very low starting torque. 
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Figure 7. Experimental test bench based on dSPACE 1104. 

 

  
 

(a) 
 

(b) 
 

Figure 8. Performances of the PV water pumping system at starting: (a) Simulation results, (b) 

Experimental results. 

 

6.3.2 Steady-state performances 
 

The goal of this test is to show the performances of the PV water pumping system in steady-state. The 

system operates with atmospheric conditions (780 W/m²; 70 °C). Figure 9 shows the waveforms of the DC-

bus voltage, the armature voltage, the generated PV power and the motor speed. From these results, it is well 

observed that the PV array generates a power of 105 W. The DC-bus voltage is well regulated around the 

imposed value 240 V; this offers a constant magnetic flux. The DC-DC buck converter adjusts the armature 

voltage to 160 V and the DC motor drives the centrifugal pump with a speed of 1500 rpm. 
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(a) 
 

(b) 
 

Figure 9. Performances in steady-state of the PV water pumping system: (a) Simulation results; (b) 

Experimental results. 

 

6.3.3 Performances of the PV water pumping system for disconnection and reconnection of the PV array 
 

  
 

(a) 
 

(b) 
 

Figure 10. System response during disconnection and reconnection of the PV array: (a) Simulation 

results, (b) Experimental results. 

 

The aim of this test is to illustrate the system response for a disconnection and then a reconnection of the PV 

array. The system operates with atmospheric conditions (900 W/m²; 70°C). Figure 10 shows the waveforms 

of the PV voltage, the PV current, the generated PV power and the motor speed. From these results, it is 

clearly observed that the PV array generates a power of 123 W to the DC motor which drives the centrifugal 

pump at 1570 rpm. At the time of the disconnection, the generated PV power directly decreases to zero, the 

PV voltage increases and then stabilities at the open circuit voltage value. After 1.2 s the DC motor is 

stopped. At the time of the reconnection, the MPPT control rapidly recuperates its functioning and tracks the 

available maximum power (123 W), the DC motor restarts and drives the centrifugal pump at 1570 rpm. 

 

6.3.4 Performances of the PV water pumping system for connection and disconnection of a resistive load 

in parallel with the PV array 
 

The purpose of this test is to study a behavior like to a fast variation in solar irradiance. In this case, the 

PV array operates under (800 W/m²; 70 °C), then after a while a resistive load of 20 Ω which consumes 40 

W is connected in parallel with the PV array and then disconnected. The waveforms of the PV voltage, the 
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PV current, the produced PV power and the motor speed are shown in Figure 11. From these results, it can 

be seen that the MPPT technique has a very good dynamic response facing these sudden variations. At times 

of connection and disconnection of the resistive load, the output PV voltage is practically not affected, while 

sudden decrease and increase in the output PV current are presented. Before the connection of the resistive 

load, the PV array provides to the DC motor a power of 109 W and the centrifugal pump is driven at 1515 

rpm. After the addition of this resistive load, the produced PV power becomes 70 W and the DC motor 

drives the centrifugal pump at 1220 rpm. 

 

  

 

(a) 
 

(b) 
 

Figure 11. System response for connection and disconnection of a resistive load in parallel with the PV 

array: (a) Simulation results, (b) Experimental results. 

 

7 Conclusion 
 

This paper has described a high-performance standalone PV water pumping system based on a separately 

excited DC motor drive. The conversion structure ensures the extraction of the available PV array maximum 

power and the transmission of the produced PV power to the DC motor. It contains two DC-DC converters 

associated with a DC-bus capacitor to which the field circuit of the DC motor is connected. The first is a  

DC-DC boost converter dotted with P&O MPPT technique and the second is a DC-DC buck converter used 

to supply the armature circuit with a variable voltage. The DC-bus voltage is regulated at a desired level to 

ensure a constant magnetic flux. The usefulness of the PV water pumping system was verified by a digital 

simulation and experimentally confirmed by a real-time implementation using dSPACE1104 system card. A 

good agreement was observed between the experimental results and the simulation results. The obtained 

results have demonstrated that the used system is characterized by good performances for steady-state and 

transient responses. 
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