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Abstract

A photovoltaic-powered water pumping system, employing an induction motor pump, capable of

supplying a daily average of 50 m3 at 37-m head has been developed. The system was installed on a

desert well in Jordan, where: the average solar radiation amount to 5.5 kW h/m3/day, to provide the

Bedouins living in the well area with drinking water.

A mathematical model to enable testing the system performance by computer simulation was

developed. This model allows the representation of motor torque in function of speed (and slip) at

different supply frequencies, as well as the flow rate and efficiency of the system in function of

supply frequency and pumping head.

Prior to its installation on the desert well, the system performance, in accordance with frequency

and head, was thoroughly tested in the laboratory. As illustrated in this paper, simulation and

laboratory testing results are well matched. At constant pumping head, the flow rate is proportional to

the supply frequency of the motor. At constant flow rate, the pumping head is proportional to the

supply frequency squared only in the range below the peak efficiency of the pump. For higher flow

rate values, a special algorithm based on the experimental results could be developed.

Higher system efficiency is achievable at higher frequency. It is advisable to operate the motor

pump at the nominal frequency, flow rate and head corresponding to maximum efficiency.

Long-term field testing of the system shows that it is reliable and has an overall efficiency exceeding

3%, which is comparable to the highest efficiencies reported elsewhere for solar powered pumps.
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1. Introduction

Powering of water pumping systems with photovoltaic generators (PV) has been an

applied technology in many countries since 1977 [17].

The suitability of this technology for covering the daily water demands from wells

in isolated areas had been established through many development projects implemented

mostly in Africa, Asia and South America [1]. Thousands of systems operating at

pumping heads in the range from 0 to 120 m have been successfully realized over the

last 20 years.

Particularly in areas of average daily solar radiation intensity exceeding

5 kW h/m3/day, medium water table depths in the range l5–60 m and of water

requirements less than 100 m3/day, PV systems had proven reliability and economic

feasibility in comparison with diesel powered pumping systems [2]. In addition, these

systems need very limited maintenance, since they operate without storage batteries and

they do not pollute the environment.

Large number of papers on investigations in this field have been published in

conferences and scientific journals. Most research attention had been paid to analysis of

systems utilizing permanent magnet motors [3,4]. Systems utilizing three-phase induction

motors were rarely analyzed in detail and it was mostly satisfied with the illustration of the

testing results.

This paper reports on design, simulation testing and evaluation of a PV-powered pumping

system utilizing induction motor. The system was designed to deliver a daily average of

50 m3 at 37-m head from a desert well in Jordan. Besides developing a mathematical model

for the system, the paper presents the results of computer simulation, laboratory tests and

performance tests carried out while operating the system on the desert well.
2. System design and analysis

The PV-powered water pumping system investigated in this paper consists mainly of a

PV generator, inverter, induction motor and a centrifugal pump (Fig. 1). The system was

tested in a laboratory, then it was built on a desert deep well in Jordan, where it was tested

under natural environmental conditions. Mathematical modeling of the system

components, which is essential for testing the system through computer simulation and

real measurements, was carried out as follows.

2.1. Centrifugal pump

Since the pump represents the mechanical load of the induction motor and its

size identifies the power ratings of the other system components, including the

necessary PV peak power, it is customary to start with its analysis. The utilized pump

is a multistage centrifugal submersible one that can be characterized by the following



equations [5]

Pp Z 2:725QH (1)

hp Z
Pp

Pmech

(2)

where Pp is the hydraulic output power of the pump in W, Q is the flow rate in m3/h, H

is the pumping head (total barometric head) in meters, hp is the pump efficiency and

Pmech is the input mechanical power of the pump.

Selection of the right pump for a specific discharge rate and a definite head occurs via

the performance curves issued usually by the pump manufacturers. The curves illustrate Q

in function H of hp and in function of Q, while the stage number is a parameter [5]. For a

constant flow rate, the higher the pumping head the higher should be the stage number and

of course the associated input power.

Practically, for a definite head the maximum efficiency of the centrifugal pump varies

according to flow rate in the range from 60 to 72% [5].
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of magnetomotive force (or field) around the air gap. This field establishes a spatial

distribution sinusoidal flux density in the air gap. The speed of rotation of the field is called

the synchronous speed (us or ns), which is defined by

us4pf =p or ns Z 120f =p (3)

where f is the supply frequency and p is the number of poles [6–9]. A very useful quantity

in studying induction machines is the slip s

s Z
us Ku

u
Z

ns Kn

ns

(4)

where u or n is the speed of the rotor.

Per-phase equivalent circuit of a three-phase induction motor is shown in Fig. 2a

[6–8]. An expression for the torque of an induction machine as a function of its slip may

be obtained by application of Thevenin’s theorem to the circuit model to the circuit

model (Fig. 2b) [7]. The rotor circuit, as referred to the stator, may be considered as

being attached to an equivalent Thevenin generator, as shown in Fig. 2b. Looking to the

left into terminals 1 and 2, the open-circuit voltage will be that fraction of Vph appearing

across jXm

VTh Z Vph

Xmffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

1 C ðX1 CXmÞ
2

p (5)

The Thevenin generator impedance will be the impedance appearing at terminals 1

and 2 with the generator Vph replaced by a short:

ZTh Z
jXmðR1 C jX1Þ

R1 C jðX1 CXmÞ
Z RTh C jXTh (6)

RTh Z
R1X2

m

R2
1 C ðX1 CXmÞ

2
and XTh Z

Xm½R
2
1 CX1ðX1 CXmÞ�

R2
1 C ðX1 CXmÞ

2
(7)
Fig. 2. (a) Equivalent circuit for one phase of a three-phase induction motor. (b) Application of Thevenin’s

theorem to the induction motor circuit model. Vph, terminal phase voltage; VTh, Thevenin voltage; R1, stator

resistance; X1, stator reactance; Xm, magnetiting reactance; R 0
2, rotor resistance referred to stator; X 0

2, rotor

reactance referred to stator; ZTh, Thevenin impedance.
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An expression for I 02 may be written involving the Thevenin generator quantities:

I 02 Z
VThffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðRTh CR0
2=sÞ

2 C ðXTh CX 0
2Þ

2
p (8)

Then, the electromagnetic torque of the motor is given by [6–9]:

Tem Z
3

us

I 02
R0

2

s
Z

3

us

V2
ThðR

0
2=sÞ

ðRTh CR0
2=sÞ

2 C ðXTh CX 0
2Þ

2
(9)

Since by Eq. (5) VTh is proportional to the voltage at motor terminals, note that at any

speed the torque is proportional to square of the supply voltage.

There is a definite maximum torque Tmax in the motor range of operation, called the

breakdown torque, or pull-out torque, which is given by [6–9]:

Tmax Z
3

2us

V2
Th

RTh C
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

Th C ðXTh CX 0
2Þ

2
p (10)

The speed of induction motors can be controlled by changing the supply frequency.

But the terminal voltage can be considered proportional to the product of frequency and

flux. If the voltage is maintained fixed at its rated value while the frequency is reduced

below its rated value, the flux will increase. This would cause saturation of the air-gap

flux. At low frequency, the reactances will decrease and the motor current may be too

high. In order to avoid saturation and to minimize losses, motor is operated at rated air-

gap flux by varying terminal voltage with frequency so as to maintain the ratio of

voltage to frequency nearly constant or to maintain the breakdown torque constant

[9,10,11,14].

If the frequency is increased above its rated value, the flux and torque would decrease.

If the synchronous speed corresponding to the rated frequency fn is called base speed usn

or nsn, the synchronous speed at any other frequency becomes

us Z kousn or ns Z konsn (11)

with

ko Z f =fn (12)

The expressions for RTh and XTh in Eq. (7) become:

R0
Th Z

R1
Xm

fn

� �2

R1

f

� �2

C X1CXm

fn

� �2
and X 0

Th Z f
Xm

fn

� � R1

f

� �2

C X1

fn

� �
X1CXm

fn

� �
R1

f

� �2

C X1CXm

fn

� �2
(13)

Substituting Eqs. (5), (11)–(13) into Eq. (10), the line voltage (VL)-to-frequency

(f) ratio kv can be determined for a constant maximum torque by the following



A.-K. Daud, M.M. Mahmoud / Renewable Energy 30 (2005) 701–714706
equation

kv Z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tmax

kp

R1

f

� �2

C
X1 CXm

fn

� �2� �
R0

Th

f
C

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R0

Th

f

� �2

C
X 0

Th

f
C

X 0
2

fn

� �2
s2

4
3
5

vuuut
for f ! fn Z VLN=f for f R f ð14Þ

with

kp Z
X2

m

2usn

(15)

where ðVLN Z
ffiffiffi
3

p
VphÞ is the rated line voltage of the motor.

Therefore, the torque expression in Eq. (9) becomes

Tem Z 2kp

k2
v

R1

f

� �2

C X1CXm

fn

� �2

ðR0
2=sf Þ

sR0
Th

CR0
2

sf

� �2

C
X 0

Th

f
C

X 0
2

fn

� �2
(16)

Tem is also called the torque developed by electromagnetic energy conversion process

between the stator and rotor of the motor. Therefore, the electromagnetic power is defined

as follows [12,13]

Pem Z uTem Z kousnð1 KsÞTem Z Pmech CPLK (17)

where Pmech is the mechanical output power and PLK is the constant loss (mostly rotational

losses). Substituting Tem from Eq. (16) into Eq. (17), the slip s can be determined by the

roots of the following quadratic equation

k1s2 Ck2s CR2
0 Z 0 (18)

s Z
Kk2 K

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

2 K4k1R2
0

p
2k1

(19)

with

k10 Z
k2

v

ðR1=f Þ
2 C ððX1 CXmÞ=fnÞ

2
; k20 Z

X 0
Th

f
C

Xm

fn

� �2

;

k30 Z
2kpk10R0

2usn

fnPem

; k1 Z RTh
02 C ðk20 Ck30Þf

2; k2 Z 2R0
ThR0

2 Kk30f 2

(20)
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From the circuit model in Fig. 2a and by using Eq. (12), the equivalent input impedance

(Zin) is given by

Zin Z R1 C jkoX1 C jkoXm==ðR
0
2=s C jkoX 0

2Þ Z Rin C jXin Z jZinj!4 (21)

with

Rin Z R1 C
k2

oX2
mðR

0
2=sÞ

ðR0
2=sÞ

2 Ck2
oðX

0
2 CXmÞ

2
;

Xin Z koX1 CkoXm

ðR0
2=sÞ

2 Ck2
oX 0

2ðX
0
2 CXmÞ

ðR0
2=sÞ

2 Ck2
oðX

0
2 CXmÞ

2
; 4 Z tanK1ðXin=RinÞ

(22)

The line stator current (I1L) can be calculated by:

I1L Z Vph=jZinj (23)

The input electrical power of the motor (Pin) is given by:

Pin Z
ffiffiffi
3

p
VLI1L cos 4 (24)

Therefore, the motor efficiency is defined as:

hm Z
Pmech

Pin

(25)
2.3. Inverter

The inverter in Fig. 1 is used to convert the dc voltage into three-phase ac voltage to

supply the induction motor driving the pump. The output voltage of the inverter is

sinusoidal with variable amplitude and frequency.

The output is usually controlled by a pulse-width modulation (PWM) control circuit

forcing the voltage frequency ratio to remain constant [14]. The input voltage of the

inverter produced by the PV generator fluctuates according to solar radiation level and

ambient temperature, which results in variation of the output voltage and frequency.

However, the inverter starts delivering power to the induction motor when its output

frequency and voltage achieve 30 Hz and about 60% of the nominal voltage value,

respectively.

The efficiency of the inverter (hi) ranges from 80 to 90% and is defined as

hi Z
Pin

Pdc

(26)

where Pdc is the output power of the generator.

2.4. PV generator

The PV generator converts the solar radiation falling down on its surface into electric dc

power, which is converted to ac power by the inverter to supply the induction motor. It

consists of a number of PV modules connected in series, building a row to generate dc
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voltage suitable to the inverter input, and a number of rows connected in parallel to

generate the power (Pdc) necessary to run the pumping system [15].

The efficiency of the PV generator (hpv) is obtainable as

hpv Z
Pdc

ApvG
(27)

where Apv is the surface area of the PV generator in m2 and G is the solar radiation

intensity in W/m2. According to PV type, the maximum value of hpv varies from 8 to 14%.

Respecting the standard conditions [17], the PV peak power (Pdc) is computed as

Pdc Z
Edc

PSH
(28)

where Edc (in kW h) is the total daily energy required from the PV generator to operate the

pumping system and PSH is the peak number of sun hours on the site of the system.

To account for the effect of temperature, dust, variation of solar radiation and resistive

losses on the output power produced by the PV generator, it is necessary to multiply the

value obtained for Pdc Eq. (28) with a safety factor amounting to 1.3 [15,17].

The overall system efficiency (hT), which is the ratio of output hydraulic power to the

input solar power, is computable as:

hT Z hPhmhihpv (29)

Properly designed, specified and PV pumping system have an overall efficiency in the

range from 3 to 4.5%.
3. Performance tests, results and discussion

According to the design shown in Fig. 1 and illustrated sizing method, a PV-powered

water pumping system was designed to meet the water requirements on a desert well site in

Jordan amounting in average to 50 m3/day. The static water level of the well is 5 m, while

the dynamic water level is 30 m at an output of 19 m3/day. The height of the storage tank is

5 m which means that the total pumping head, including friction losses, is 37 m. The

climatologically data of Jordan are obtained from Ref. [16].

Considering a daily average of solar radiation intensity on the well site amounting to

5.5 kW h/m2/day, the described sizing method resulted in the component specifications

illustrated in Table 1.
Table 1

Component specifications

Component Input voltage Output voltage Output power (W)

PV generator 230 V DC 2800 (peak)

Inverter 230 V DC 3–127 V AC 3000

Motor-pump set 3–127 V AC 1100



Table 2

The motor losses in function of the supply frequency

f/Hz 30 35 40 45 50 55

PLK/W 87.7 102.6 117.2 130.2 145 160.7
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3.1. Simulation and laboratory tests

Considering the rated parameter values of the selected induction motor

n Z 2835 rpm; Pn Z 1100 W; Vn Z 127 Vac; R1 Z R0
2 Z 1:72 U;

X1 Z X 0
2 Z 3:860 U; Xm Z 60 U

we obtain by Eq. (17), the motor losses in function of the supply frequency as shown in

Table 2.

Substituting the outlined motor parameters in the developed mathematical model, we

obtain through simulation the motor torque as a function of speed (and slip) for different

supply frequencies as shown in Fig. 3. For a constant (V/f) ratio, the motor develops a

constant maximum torque, except at low speeds (or frequencies). The motor, therefore,

operates in constant torque mode [6,7,9,10]. The maximum torque will have lower value

for low frequencies (or speeds) due to stator resistance drop. When it is required that the

same maximum torque at low speeds, (V/f) ratio is increased at frequencies. When either V

saturates or reaches rated value at rated speed, it, cannot be increased with frequency in

order to maintain a constant (V/f) ratio. Therefore, above rated speed, frequency is changed

with V maintained constant, giving a constant power operation and a reduction in the

maximum torque with increase in frequency as shown in Fig. 3.

The above-specified motor-pump set were exposed to laboratory performance tests

before installing them within the pumping system on the desert well. The PV generator

was represented in a rectifier with controllable output voltage and power.
Fig. 3. Simulation results for the used induction motor; torque as a function of speed (and slip) with the supply

frequency as parameter.



Fig. 4. Simulation and laboratory measurement results for the used inverter–motor-pump set, the flow rate (Q in

m3/h) as a function of head (H in m) with the supply frequency f as parameter.
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The motor pump was submerged in a water tank, where the pumping head (adjustable)

could be simulated by means of controllable valves.

The output of inverter is also controllable, where the voltage frequency ratio remains

constant. So this pump test stand allows the measurement of all performance curves

required for characterizing the pumping system. Fig. 4 illustrates the simulation and

measuring results of the flow rate (Q) in function of pumping head (H), whereby the supply

frequency (f) is a parameter, i.e. each curve belongs to a constant rpm value of the pump. It

is clear that simulation and measuring results are well matched. Usually, pump

manufacturers offer a curve for only the nominal frequency.

For the simulation program, the 50 Hz curve HZf(Q) was needed from the data sheet of

the manufacturer to be stored in the pump-data file.

Based on practical experiments in the laboratory, the algorithms below are developed to

calculate HZf(Q)

H

H
Z

f

fn

� �2

for Q%Qhmax (30)

H

H
Z 1G

Q KQhmax

Qhmax

� �2� �
f

fn

� �2

for QOQhmax (31)

where

Qhmax Z Qnl hmax

f

fn

� �
; Qnl hmax Z Q at fn

Z 50 Hz and hmax ðC for f O fn and K for f ! fnÞ

Generally, one has to be careful to operate the pump as closely as possible to the

nominal operating point, specified by the manufacturer, to get maximum efficiency.



At constant H, it should be noted in Fig. 4 that increasing of f cause high rising of Q,

which is proportional to the input power. On other hand, at constant Q higher H is possible

by increasing of f. Fig. 5 illustrates the measured subsystem efficiency (h) in function of Q

(i.e. inverter



Fig. 7. Measurement results of G, Ppv and Q in function of day hours (T) for the complete PV-powered water

pumping system operating on a desert well in Jordan.
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3.2. Testing the pumping system on a desert well

After testing the inverter–motor-pump set in the laboratory, it was built with a PV

generator according to Fig. 1 on the previously specified desert well, to provide the

inhabitants on the well site with drinking water. With respect to the well data, the daily

water demand and the average solar radiation on the well site, the peak power of the PV

generator was determined according to Eq. (28) as 2800 W.

It consists of 4 PV strings connected in parallel and each string consists of 14 PV

modules connected in series. At maximum power point [17], this generator provides the

inverter with 230 Vdc, whereby the inverter provides the motor with 127 Vac (three phase,

50 Hz).

This pumping system was exposed to continuous computer-supported measurements

for 1 year. Fig. 7 illustrates the obtained measuring results for a clear sunny day in July,

where G proceeds almost sinusoidally

GðtÞ Z Gmax sin
p
T

t (32)

Gav Z
1

T

ðT

0
Gmax sin

p
T

t dt (33)

where Gmax and Gav are maximum and daily average values, respectively, of solar

radiation, while T is the length of solar day in hours. Applying Eq. (33) on the measured

solar radiation curve in Fig. 7, we obtain:

Gav Z
1

12:5

ð12:5

0
1000 sin

p
12:5

t dt Z 636:62 W=m2

The total daily solar energy intensity (Esr) is now computable as:

Esr Z GavT Z 636:25!12:5 Z 7957:75 W h=m2 (34)
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With respect to the measured output power curve of the PV generator (Ppv) and the total

area of the 40 cells (10!10 cm2) constituting each of the 56 PV modules, we obtain

according to Eq. (27): hpvZ8.93%.

The sinking of hpv refers to the resistive losses and to the high PV cell temperature

amounting to about 70 8C during the main day hours. hpv achieved 10.4% in days of lower

ambient temperature.

Integrating the measured water flow rate curve in Fig. 7 yields the total daily water

capacity pumped by the system

ð18

7
Q dt Z 63:5 m3=day

whereby the daily total system efficiency is computed according to Eq. (29) as hTZ3.09%.

It should be noted that hTZ3.1% at peak solar radiation, which means that it remains

almost constant during the main sunshine hours (8–15 h). At higher PV efficiency, e.g.

hpvZ10.4% a total efficiency of hTZ3.61% was measured.

Based on the above results, the efficiency of the inverter–motor-pump set is 34.72%,

while the efficiency of the motor-pump amount to 36.94%, since the inverter efficiency

was separately measured to hTZ94%.

Based on 1-year measurements via data acquisition system, where an annual solar

energy intensity on the well site of 2033 kW h/m3/year had been registered, the pumping

system had delivered 1985 m3/year.

This amount corresponds to an average of 54.4 m3/day which is very close to the design

criteria. In comparison to diesel powered water pumping systems used usually in such

remote areas of Jordan, the water costs of PV-powered systems amount to only 0.62 of

water costs pumped by diesel [2].
4. Conclusions

The developed mathematical model allows, through simulation, the analysis of PV-

powered water pumping system driven by an induction motor. Simulation and laboratory

testing results are well matched.

At constant flow rate (Q) the variation of pumping head (H) is proportional to the

supply frequency squared only in the range below the flow rate value corresponding to the

peak efficiency of the pump (Eq. (30)). At higher flow rate range, it applies the algorithm

(Eq. (31)), which we developed from the laboratory measurements.

At constant pumping head higher system efficiency is achievable at higher supply

frequency. It is advisable to operate the pump as far as possible at the flow rate and head

corresponding to the maximum efficiency given by the manufacturer.

The reliability of the used design method for the PV-powered pumping system is

verified through simulation tests and long-term field tests under natural environmental

conditions.
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