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Abstract - Photovoltaic ( PV ) generators exhibit non-
linear insolation-dependent I-V characteristics with poor
voltage regulation. Because of their high cost, the user
is interested in operating the generator close to its maxi-
mum power. However, maximum-power point varies with
solar insolation ( during the day and from season to sea-
son ) which makes it difficult to achieve optimum utiliza-
tion at all insolation levels. In this paper a dc motor is
supplied from a PV generator with a step-up converter
having a fixed duty ratio. There exists a unique duty
ratio at which optimum utilization efficiency is achieved
at all insolation levels. This remarkable property makes
this technique attractive since it eliminates the need for
continuous adjustments of the duty ratio.

Keywords: - Photovoltaic generators; solar cells; dc mo-
tors ; de-dc converters; step-up converters; dc choppers.

INTRODUCTION

The simplest and least expensive method to convert so-
lar energy into mechanical energy is to supply a dc motor
directly from a photovoltaic generator ( without storage
batteries ). It is typically used on noncritical loads such
as water pumps, which need not operate continuously and
water output can be stored easily. This arrangement is
commonly used for water pumping in rural villages all
over the world where no grid electricity exists. With the
increased use of these systems, more attention is paid to
their design and optimum utilization in order to achieve
the most reliable and economical operation. Because of
the relatively high cost of a PV generator, the system
designer is interested in maximum power operation.

The system consists of three different devices; the PV
generator, the dc motor, and the water pump. Each de-
vice is characterized by its own operating plane and there
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exists an optimal operating line for each device, which in
turn defines the optimal operating line of the complete
system. The dc motor drives the water pump whose
torque requirements vary with the speed at which it is
driven. The motor is supplied from the PV generator
whose I-V characteristic depends non-linearly on the so-
lar insolation variations. For most dc motors, and pumps,
the equilibrium operating point of the system is very far
from the maximum-power point of the PV generator at
all insolation levels and utilization efficiency is very low.

In order to solve this problem, two options are generally
available to the system designer. A) Carefully select the
dc motor and the pump such that they match closely the
maximum power line of the PV generator, or B) Use an
electronic control device known as a peak-power tracker
( PPT ), which continuously matches the.output charac-
teristics of the PV generator to the input characteristics
of the motor. Option ( A ) offers a compromise matching
which is valid only for some solar insolation levels. More-
over, this option excludes some dc motors and pumps
combinations which operate efficiently and economically
from a constant-voltage source but operate poorly from
a PV source. Reference | 1] is a comprehensive study of
the starting and steady-state characteristics of dc motors
powered directly by a PV generator. It is concluded that
a separately excited dc motor driving a centrifugal pump
is the best candidate as far as better matching to the PV
generator is concerned, while a shunt d¢ motor driving a
volumetric pump is the worst candidate for such match-
ing. In [ 2] matching of dc motors to PV generators
for maximum daily gross mechanical energy is reported.
Reference [ 3 | deals with the operation of loads powered
by separate sources or a common source of solar cells.
In [4] the operation of permanent-magnet dc motors
driving different types of water pumps and powered by a
common PV generator is investigated.

Peak-power tracking { option B ) is achieved either by
discretely interchanging the series-parallel connections of
solar cell modules within the PV array [5 ], or by us-
ing controlled dc-dc converters ( choppers ) in the nor-
mal mode [6,7,8], or in the step-up mode [9]. In

[ 6], the output voltage of the converter is controlled
in such a manner as to keep the PV generator output
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voltage constant. Microcomputers are normally used to
control the dc converter for optimal operation which adds
to the overall system cost considerably. In [ 9], the re-
generative property of the step-up converter is utilized to
maximise power output to the load.

In this paper a single step-up converter with a fixed
duty ratio is used to supply a dc motor from a PV gen-
erator. There is a unique duty ratio which optimizes
utilisation efficiency at all insolation levels This remark-
able property makes this technique attractive for water
pumping systems since it eliminates the costly insolation-
dependent control equipment. A single power transistor
is used as a switch in series with an inductor which stores
energy when the transistor is on and release it to the mo-
tor when the transistor is off. Energy is thus transferred
from the PV generator to the motor while the motor ter-
minal voltage is higher than that of the PV generator.
The same principle is used in mass transit systems which
use dc motors, where the step-up converters force power
flow from the slowing dc motors ( with low back emf ) to
the dc supply which-is at a higher voltage.

-V CHARA RISTICS OF THE PV GENERATOR

A PV generator consists of an array of PV cell modules
connected in series-parallel combinations to provide the
desired dc voltage and current. The terminal voltage,
current, and internal resistance of the array depend on
the number of cells in series and the number of parallel
strings. The PV generator considered in this study con-
sists of 18 parallel strings. Each string contains 324 cells
in series. Resistance of each cell is Rg = 0.05 Q). Reverse
saturation current I, = 0.5 X 1073 A. An approximate
equivalent circuit of a single cell is shown in Fig. 1[10].

~“V\y
Rg I

Ipy Q S R fF Dr

6 — N —

Fig. 1. Equivalent Circuit of a PV Cell.

The terminal voltage of each cell is given by

Ipg — I 4+ 0.0005 (1)
0.0005

where I is the current drawn from the cell, and Ipy
is the photocurrent, which is proportional to insolation.
For 100% insolation { 1000 W/m? ), Ipy = 0.8 A., and
the open-circuit voltage Voo = 0.54 V. The overall volt-
ampere characteristics is obtained by adding the voltages
of all cells in series and adding currents of all strings in

V =0.0731 In( ) — 0051

parallel. Therefore for the PV generator

Ipg — I+0.009
0.009

The total reverse saturation current I, = 9.0 x 10~% A,
and total resistance Rs = 0.9 (. For 100 % insolation the
total photo-current Ipy = 14.4 A, and total open-circuit
voltage Vo = 175 V. The maximum power at 100 %
insolation occurs at I = 12 A., and V = 125 V. A plot
of equation ( 2 ) for various insolation levels ( percent of
1000 W/m? ) is shown in Fig. 2.
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Fig. 2. 1-V Characteristic of the PV Generator.

The voltage drops considerably as current increases, ap-
proaching zero as the current approaches Ipgy. Maximum
power at any insolation occur at some intermediate point
(Vmp, Inep ). The loci of such points is indicated by the
broken line in Fig. 2.

MOTOR AND PUMP CHARACTERISTICS

The motor and pump used in this study have the following

parameters:
Motor type Shunt.
Rated voltage 240 V.
Rated current 6.6 A.
Rated speed = 157 rad./sec.
Armature resistance Ry =191
Shunt field resistance Rr =200 (.
Mutual Inductance Myr=12H.
Armature reaction Neglected.
Tron losses Neglected.
Motor rotational losses T = 0.2 + 0.0015 w N-m.
Pump type Centrifugal.

Rated torque
Pump rotational losses

Tp = 0.001 w!-® N-m.

Ty, = 0.3 +0.0025 w N-m.



The steady-state motor voltage and torque are given by

Va=Mur Ir w+ Ry 14, (3)

Ty = MuarlIrla

0.5+ 0.004 w + 0.001 w!-8 (4)

Fig. 3 shows V4 and w versus line current.
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Fig. 3 Motor V-I and w-I Characteristics

The common operating point if the motor is supplied di-
rectly from the PV generator is at the intersection of the
I-V characteristics of both devices as shown in Fig. 4.

250

200

150

100

w
o
1111 i Lipasaryelreaa gy biaieang

Terminal Voltage (V)

sur % 001

-sut ¥ 09

0 L 2 e e e B B L L L R L B L S B L B

0 4 8 12 16
PV Gen. & Motor Current (A)

Fig. 4 Common V-I Characteristics
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Fig. 4 indicates that if the motor is supplied directly from
the PV generator, maximum power can only be achieved
at about 62 % insolation. At higher insolation levels the
power delivered to the motor is less than Py 4 x by a wide
margin. :

STEP-UP CONVERTER AND MOTOR CIRCUIT

The main circuit components are the following: a
power transistor @, which is operated as a switch, a se-
ries coil L, a blocking diode Dy, and a free-wheeling diode
D,. The circuit is shown in Fig. 5.
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Fig. 5 Step-Up Converter and Motor Circuit

The power transistor Q is used as a switch which is
turned on and off by an external driver circuit with a
fixed duty ratio. When the transistor is turned on, the

. inductor L represents a short circuit across the terminals

of the PV geﬁerator which supplies the energy stored in
the inductor. In this case diode D, is reverse biased and
diode D; is forward biased providing a path for the motor
current. When the transistor is turned off, the stored
energy in the inductor forces current to flow through the
diode D; and the motor.

When the transistor is turned on, current from the
PV generator increases until it reaches a maximum value
Insax. At this instant the transistor is turned off, and
current starts to decrease until it reaches some minimum
value ( Ins1nv ), where the transistor is turned on again,
and so on. The average current and voltage are denoted
by I4v and Vv . The average voltage across the inductor
is zero, therefore the average voltage across the transis-
tor V¢ is equal to V4. The motor average voltage and
current are given by

Va= ‘VAV/(]- —k) (5)

and

Iy =Tay (1-k)

(6)

where k is the duty ratio of the converter.
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LOCATION OF MAXIMUM-POWER POINTS

At a maximum power point,

(7)

Equations ( 7 ) and ( 2 ) are solved numerically for the
maximum-power point { Insp, Vprp ). Figs. 6 and 7 show
the resulting relationships.
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Fig. 6 Current at Maximum Power Ipp.
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Fig. 7 Voltage at Maximum Power Visp.

These relationships are approximately linear and, using
curve-fitting, can be approximated as

Invp =0.849 Ipy

(8)

and
(©)

Therefore, for maximum power Iy p is always approxi-
mately 84.9 % of Ipy at any insolation level.

Vup = 0.866 Voo — 29.35

10 FO IM oW

The duty ratio determines the frequency at which the
transistor switch is operated on and off which determines
Ingax and Ingry. For maximum-power operation, it is
desired to fix the duty ratio such that

Isy =0.849 Ipy (10)

This is a.chieved if IMAX = IPH and IMIN = 0.71}:11.
It should be noted that the time required for current to
increase from 0.7Ipy to Ipg in the series Ry circuit is
independent of Ipy. Similarly the time required for cur-
rent to decrease from Ipy to 0.7Ipy is independent of
Ipy. Therefore the optimal duty ratio is independent of
Ipy ( insolation ).

MOTOR OPERATION WITH STEP-UP CONVERTER

When the motor is supplied through the step-up con-
verter, the average voltage applied to the motor and its
line current are given by equations (5) and (6). Steady-
state speed is given by

w=(VA—R.A IA)/MAF Ip (11)

The motor voltage, speed, and torque when supplied
through the step-up converter are shown in Figs. 8, 9,
and 10 respectively.
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Fig. 8 Motor Voltage with Step-Up Converter
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The optimum duty ratio is set such that equation (10)
is satisfied. Steady-state performance of the motor for
this value of k is determined accordingly from Figs. 8,
9, and 10. The closer k to one, the higher the average
voltage applied to the motor, and the higher speed and
torque for the same insolation level. Moreover, speed and
torque become less dependent on insolation.
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CONCLUSIONS

A simple step-up converter circuit consisting of a sin-
gle power transistor and an inductor is used as an in-
terface between a PV generator and a shunt dc motor

driving a centrifugal water pump. The step-up converter
allows maximum power output from the PV generator
to the motor at all insolation levels. Steady-state perfor-
mance of the motor is vastly improved as its input voltage
and current are stabilized by the regenerative action of
the converter. The PV generator operates at maximum
power regardless of insolation variations. The converter
duty ratio can be set at a fixed optimal value which is
valid for all insolation levels. This remarkable property
makes this device economically attractive since it is easy
to build and does not require any insolation-dependent
control as compared to other peak-power tracking de-
vices.
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APPENDIX

The Driver Circuit:

The circuit shown in Fig. A-1 [ 11] is used as a driver
to the converter ( Fig. 5 ).
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Fig. A-1. Pulse-Generating Circuit

The operational amplifiers Q;, Q2, and Qs form a trian-
gular wave generator ( ¢, ). As the voltage e, decreases
below the forward bias of diode D, the output of Q.
changes from 13.5 V to -13.5 V, and it in turn causes the
output of Q3 to do likewise. Diode D; becomes forward
biased and the 2.2 k] is the integrator resistance. The




