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Abstract 

The matching of 3-phase induction motor to photovoltaic generators (PVGs) for maximum power transfer
using enhanced version of Akbaba model for I–V characteristic of PVGs is investigated. Investigations are
performed in time domain in order to be able to predict both the transient and as well as steady state
performance of the system. The load is a water pump and a double step-up DC to DC converter and a six step
voltage source inverter is used as power conditioning unit between the motor and PVG. The power conditioning
unit forces the PVG is operated on its maximum power trajectory and power transfer from PVG to water
pumping unit, which is composed of motor and pump. The PVG is modeled by recently developed Akbaba
model. The system under investigation is fully modeled and the effectiveness and accuracy of the proposed
system is demonstrated through numerical results. It is shown that almost full available power of the PVG is
utilized and hence maximum power transfer to the motor is achieved. Energy utilization efficiency of as high as
98.3% is achieved. 
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1. Introduction

Solar energy is one of the most important
elements of renewable energy sources and the
photovoltaic generators (PVGs) are standing at
its heart. It is expected that photovoltaic (PV)
power generation will play a key role in meeting
future demands for electricity. Therefore the use
of PV energy is increasingly being promoted by

governmental policies. For example Japanese
government has set an ambitious target of 4.5
GW of electricity to be generated by PV system
by the year 2010 [1]. One of the important char-
acteristics of the solar energy is its invariant
nature. It does not extract any material from the
earth and it does not return any pollutant to the
environment. Another important advantage of
PV cells is that the main raw material, silicon, is
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the second plentiful element available on the
earth. 

Intensive efforts are being made for develop-
ing new processes for manufacturing photo-
voltaic cells (PVs) and methods for enhancing
their conversion efficiency are currently being
explored. These efforts aim at reducing the cost
per peak watt and narrowing the gap between
prices of PVG power and conventional power
sources for many applications, such as water
pumping systems, especially in isolated areas. It
is not economically viable to connect remote
areas to the national grid; so water-pumping
systems based on PV energy sources are suitable
for those areas. In most cases PV water pumping
schemes are driven by d.c. motors. Therefore,
many studies have been devoted for analysis of
cell generator driven d.c. motors [2–10]. Other
references are also given in [9,10].

However d.c. motors are most complicated
and expensive motors. Sliding brush contacts
and commutator are the cause continuous prob-
lem and need routine inspection and periodic
maintenance. Commutator arcing problem lim-
its the motor size and speed and also makes
these motors unsuitable for hazardous areas.
Hence the water pumping system based on
induction motors, that are more rugged and
cheaper than d.c. motors, is a more attractive
alternative to the d.c. motor driven PV pumping
system. Such a system is more reliable and
maintenance-free as compared to d.c. driven
system. The only disadvantage of the induction
motor based PV pumping system is the
increased cost of more complex control circuit.
But continuous decrease in the cost of solid state
switching devices and rapid increase in their
performance/cost ratio overshadows the disad-
vantage of induction motor-based PV pumping
system. On the other hand few investigations
devoted to induction motor based PV pumping
[11–13]. Therefore in this paper a PV water
pumping system driven by a three-phase induc-
tion motor is studied. Also some investigations

are repeated to PV water pumping systems
based on brushless d.c. motors [14–16]. Since
the control of brushless d.c. motors is more
complicated then control of induction motor and
brushless motors are more expensive it is obvi-
ous the PV water pumping systems based on
induction motors is more attractive than the ones
based on brushless d.c. motors.

Therefore in this paper induction motor-
based PV pumping system is considered. The
system under investigation is composed of
induction motor driven pump load supplied
from a PVG via a dc–dc step-up dc–dc converter
and a six-step voltage source dc–ac inverter.
The whole system is modeled in time domain.
Through numerical experiments it is shown that
the system under investigation is capable of uti-
lizing the maximum available power of PVG.

2. Modelling the system under investigation 

The power source of the pumping system is
a PVG. As it is well known that its I–V or V–I
characteristic is highly nonlinear. When neglect-
ing the internal shunt resistance, the I–V charac-
teristic of PVGs is given by the following
traditional Eqs. (2–7).

(1)

or as 

(2)

Eq. (2) is valid for a single cell as well as for cell
generators where only the numerical values of
the parameters (Rs, Λ, Iph and Io) are different. In
this paper, the PVG given in [2] is taken as the
base for comparison between the traditional
model and the enhanced version of the Akbaba
model. The parameters of this PVG for 100%
solar radiation (Maximum solar radiation is
taken as 1000 W m–2) are I0 = 0.0081 A, Λ =
0.042 V–1, Rs = 0.90 Ω, and Iph = 13.615A.

I I I V I R= − + −ph 0 sexp  [ ( ( )) ]Λ 1

V I R I I I I= − + − + (1/ )  ln[ ( )/ ]s ph 0 0Λ
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Both of the traditional models given in Eqs.
(1) and (2) do not easily lend themselves for
analytical manipulations. For example, evalua-
tion of the maximum power trajectory requires
lengthy iterative process. Also it is not possible
to obtain closed form solution for the perfor-
mance when operating on load. To avoid these
difficulties Akbaba [17] has proposed the
following model for the I–V characteristic of
PVGs 

(3)

where the coefficient A is the ratio of the open-
circuit voltage, Voc, to the, short-circuit current,
Isc of the panel, i.e. 

A = Voc/Isc (4)

Power of the PVG then expressed as 

 (5)

The full details of obtaining parameters A, B,
and C are given in ref [17]. Characteristics of
the PVG used in this paper is computed for dif-
ferent levels of solar radiation and maximum
power trajectory (MPT) are computed from Eqs.
(2) and (3) and are compared in Fig. 1. Exami-
nation of this Figure shows that the Akbaba
model simulates the external I–V characteristics
of the solar cell generators very accurately. 

The parameters of the Eq. (3) is given directly
in percent solar radiation as follows [17]: 

(6)

(7)

Since parameter A is defined as A = Voc/Isc

(Eq. (4)) then Voc and Isc are also expressed in
terms of percent solar radiation as follows: 

(8)

 (9)

where G is the percent solar radiation, the val-
ues of the curve fitting coefficients d, e, f, g, h,
k, m, p, q and s are obtained as [20]: d = 0.015,
e = 1.095, f = 0.00000021, g = 7.5, h = 0.99, m =
0.000045, s = 82.4108, p = 0.173, q = 0.00064,
k = 0.13608.

To examine the accuracy of this new model,
the model parameters A, B, and C are computed
using the original PVG data in the original diode
model equations, Eqs. (1) and (2), as described
in Akbaba and Alattawi [19]. Subsequently they
are compared with the Eqs. (6)–(10) in [17] and
it is clearly shown that all parameters of the
model are expressed in terms of solar radiation
level very accurately. Therefore with this
enhancement, the performance of PVG can be
evaluated in closed form, using only one single
input data, which is the percent solar radiation
G, besides the external equations that would
govern the load behavior. 

Due to high initial cost of the PV panels, it is
imperative to operate the panels, as much as
possible, close to their maximum power trajec-
tory. Therefore, our interest is to obtain maxi-
mum power point voltage and current. With the
traditional model, time consuming and boring
iterative solutions are inevitable. Moreover, this
process is required for each solar radiation level.
In the following, a closed form solution is pro-
vided for this problem. 

Maximizing Eq. (5) with respect to the volt-
age gives the following equation for maximum
power point voltage Vmax [17]: 

(10)

Having obtained maximum power point volt-
age from Eq. (10), then maximum power point
current and maximum power can be computed
directly from Eqs. (3) and (5) respectively.

I V V A B V C V= − + −( ) /( )oc   2

P VI V V V A BV CV= = − + − oc( ) /( )2

B dG fGe= +−  

C gG mGh= +−  

V sG qGp
oc

2= −

I kGsc =

V V I C B V

I C B V

max

.

[ /( ( )]

[ ( ( )) ]
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⋅ − − −
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Hence the original I–V characteristics and maxi-
mum power trajectory (MPT) obtained from tra-
ditional model given by Eq. (2) are compared
with their counterparts obtained from Akbaba
model [17] (Eqs. (3) and (5)) are included in
Fig. 1. The accuracy of the proposed method is
clearly noted from this figure. 

The system under investigation is composed
of an induction motor driven water pump as
load that is supplied from a PVG, via a double
step-up d.c.–d.c. converter and a six-step volt-
age source d.c–a.c inverter (VSI). The block
diagram of the complete PV pumping system
under investigation is given in Fig. 2 and circuit
diagram of the double step-up d.c.–d.c.

converter is given in Fig. 3. The circuit diagram
of a VSI, its operating principles and modeling
can be obtained in many power electronics text-
books [18].

Modeling of the double step-up d.c. to d.c.
converter is given in [17] in full details and will
not be repeated here.

The induction motor is modeled in synchro-
nously rotating reference frame as given in
Eq. (11) and the water pump is modeled as
given Eq. (14) in the following text.

(11)

where p is the differential operator (d/dt), and

and ωsl is the slip speed and it is computed from
the following equation: 

(12)

where Te is the electromagnetic torque and Tp is
the water pump torque. The electromagnetic
torque of the machine can be written as 

(13)

and Tp is given as 
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Fig. 1. Comparison of I–V characteristics and MPT
between original values and Akbaba Model. MPT:
maximum power point trajectory. 
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(14)

where w is the speed of rotating reference frame
and synchronously rotating reference frame is
used. The pump torque constants are given as
kp1 = 0.0000023Nm/rad/s and kp2 = 0.0055Nm/
(rad/s)2. Parameters of the induction motor and
double step-up converter are given in Appendix
A and meanings of various symbols are given in
the nomenclature. 

3. Results and discussions

To the steady state and transient performance
of the system under investigation Eqs. (3)–(14)
are programmed in MATLAB computing envi-
ronment. Results are obtained for 100% solar
radiation, which is taken as 1000W/m2, and
demonstrated in Figs. 4–6.

Fig. 4 shows the variation of the PVG out
voltage vs. time and double step-up d.c. to d.c.
converter output vs. time. Also the maximum
power point voltage of the PVG, which is
124.8V for the PVG under investigation, is
included in this figure. From this figure we
observe the following important results: 

– The output voltage of the PVG approached
the maximum power point voltage, which is a
clear indication of the fact that at steady state,
the PVG operates almost on its maximum power
trajectory and nearly full available energy of the
PVG is utilized. A further proof of this will be
given through observation of the Fig. 5 that is
given below.
– The output voltage of the double step-up d.c.
to d.c. converter is stepped up in a level that just
suitable for the motor, for maximum power uti-
lization. This indicated that step-up converted is
operating as a maximum power point tracker
(MPPT). But in order the double step-up con-
verter, which is a voltage step-up chopper, to
operate as MPPT a correct value must be used
for the duty cycle of the chopper switches Sa and
Sb. Through the numerical experiments it was
observed that most favorable chopper duty cycle
is 0.46 (46%) for the system under investigation.
This value of the chopper duty cycle is valid for
all levels of solar radiation. 

Fig. 5 depicts the variation of the PVG out-
put power, motor output power, maximum
available power of PVG, i.e., the maximum
power that PVG can deliver if there is 100%
perfect matching between the PVG and the load,
and mismatch power vs. time. Mismatch power

T k kp p1 sl p2 sl

2= −( ) + −( )ω ω ω ω
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Fig. 4. Variation of the PVG output voltage and double
step-up d.c. to d.c. converter output voltage vs. time:
(a) PVG output voltage; (b) d.c. to d.c. converter output
voltage versus time: (c) maximum power point voltage
(Vmax). 
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is defined as difference between the maximum
available power of PVG (Pmax) and actual oper-
ating output power of PVG when it is connected
to the load. It is obvious from this figure that at
steady-state operation PVG operates almost on
its maximum power trajectory. The mismatch
power is not more than a few W at steady state
operation. The motor output power reaches to
1256 W, which is less than PVG power by the
losses of the motor and power conditioning cir-
cuitry between the PVG and motor. 

The above results clearly show that the PV
water-pumping scheme proposed in this work is
utilizes the PVG power very efficiently. Energy
utilization efficiency, which is defined as the
ratio of PVG output power to Pmax, is very high.
At steady-state PVG output power is 1368W,
where as Pmax = 1392W. Therefore energy utili-
zation efficiency is 1368/1392 = 98.3%, which

is near to perfect. The mismatch power is only
1.7%. The operating efficiency at steady state is
1256/1368 = 91.8%. Hence the proposed PV
water pumping system shows promising future.
Further minimization of the energy losses due to
motor itself is possible by using energy efficient
cage induction motors instead of standard effi-
ciency motors. The energy efficient induction
motors are at least 3% more efficient than stan-
dard efficiency motors. Therefore with use of
energy efficient motors the operating efficiency
could be improved up to 95%. Although energy
efficient motors are a little more expensive than
standard efficiency motors, but the cost of saved
energy can cover the price difference within a
few years in case of retrofit and within few
months in case of a new installation [20]. 

Finally the transient and steady state motor
phase currents are depicted in Fig. 6. Although
this figure do not yield any result regarding the
efficiency of the matching process, but it is a
good indication of the correct modeling of the
whole system, as it gives the expected wave-
shape when an induction motor is supplied from
a six step VSI. It warts mentioning here that the
transient time duration with PVG power source
is much longer as compared to the case. When
the inverter input is a constant d.c. power source.
But for a water pumping drive this drawback is
not important. 

4. Conclusions 

This paper focuses on the matching of a
3-phase induction motor driven water-pumping
system to PV array for maximum energy transfer.
The system is composed of a PV array, a d.c. to
d.c. step-up converter working as an MPPT, an
induction motor and a centrifugal water pump. In
order to investigate both the transient and the
steady-state performance, the whole system is
modeled in time domain. The PV array is mod-
eled using Akbaba model, which introduces a
great computational simplification.
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It is found that with proper choice of a value
for the duty cycle of the step-up converter, the
PV array operates almost at its maximum power
trajectory and maximum energy is transferred to
the motor-pump combination. The mismatch
power, which is defined as the difference
between the maximum available power of PV
array (Pmax) and its actual operating output
power, is not more than a few watts (about
1.7%), resulting in an energy utilization effi-
ciency of 98.3%. The operating efficiency of the
system was found to 91.8%, and it is recom-
mended that the operating efficiency could be
improved further by using energy efficient
motors. At power levels of the PV water pump-
ing system, the energy efficient induction
motors are at least 3% more efficient than stan-
dard efficiency motors. Therefore with use of
energy efficient motors the operating efficiency
could be improved up to 95%. Considering the
robust, maintenance free and low cost character-
istics of 3-phase induction motors, it is evident
that induction motor based PV water pumping
systems will become very popular in the near
future. 

Nomenclature

C1 and C2 PVG terminal and DC link voltage
filter capacitors respectively

Iph light generated current (photocurrent)
Io reverse saturation current 
J inertia of the pump motor–pump

combination 
La and Lb inductances of the chopper inductors

respectively
Lm magnetizing inductance between stator

and rotor windings 
Lms magnetizing inductance of the stator

windings 
LS and L¢r stator and rotor winding self induc-

tances in d-q frame (referred to stator
side) 

LσS and L¢σr stator and rotor leakage reactances
respectively (referred to stator side) 

Po number of pole pairs 
Ra and Rb resistance of the chopper inductors

respectively
Rs series resistance of the PVG 
Rs and Rr stator and rotor resistances respec-

tively (referred to stator side)
Sa and Sb controlled semiconductor switches

for double step step-up d.c. to d.c.
converter

Λ PVG constant (V–1)
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Appendix A 

Parameters of the induction motor used: 
Rs = 2.132 Ω, R¢r = 2.096Ω, L¢σs  = 14.089 mH,
L¢σr  = 14.089mH, Lm = 942.67mH, 
260 V, 50 Hz, 4 pole, J = 0.0224 kg m–2. 

Parameters of the double step-up converter: 
La = Lb = 1.2 mH, Ra = Rb= 14 mΩ; C1= C2 = 450
μF, Chopper frequency = 5 kHz. 
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