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Abstract

Photovoltaic (PV ) powered dc motors driving dedicated loads
( e.g. water pumps ) are increasingly used in the remote rural
areas of many developing countries. The key to their success
is simplicity ( direct coupling, no dc-ac conversion, no storage
batteries, etc. ). Because of the relatively high cost of the
PV array, the system designer is interested in maximizing its
utilization efficiency. A PV powered dc motor can also be
used to drive a three-phase self-excited induction generator
(SEIG).-This arrangement is useful as part of an integrated
renewable energy system (IRES), which takes advantage of the
inherent diversity of wind and solar energy in most developing
countries to improve power quality. The SEIG is driven by
a wind-turbine, dc motor, or both. Another advantage of this
arrangement is its versatile control characteristics through the
dcmotor control. This paper describes atechnique to maximize
the utilization effeciency of the PV array by controlling the field
current of the dc motor through a dc chopper.

Keywords: - Photovoltaic generators; solar cells; dc motors;
induction generators; integrated renewable energy systems.

INTRODUCTION

- Utilities in many developing countries are finding it increas-
ingly difficult to establish and maintain remote rural area elec-
trification. The cost of delivering power to such areas is becom-
ing excessively high due to large investments in transmission
lines, fuel transportations, locally installed generation capac-
ities, and transmission line losses. For these reasons, many
utilities are seriously considering local renewable energy re-
sources, mainly wind and PV, as alternatives for supplying
energy 'to rural remote areas: In many developing countries,
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wind and insolation are complementary over the -annual cy-
cle [1]. It is therefore desirable to take advantage of this
inherent diversity by combining PV and wind systems into
one integrated renewable energy:system (IRES). In addition
to minimizing the overall system cost by sharing some of the
equipment, the IRES improves power quality ‘and minimizes
the need for energy storage. T :

PV arrays convert solar energy 11§) dc elecmcal power which
may be used directly by some loads where energy is stored in
batteries or converted to ac power using dc-ac inverter. Inverter
conirol equipment, peak power trackers, harmonic filters, and
protection devices are all :incorporated with the inverter in
one unit called power conditioning unit (PCU). The cost of
the PCU, efficiency, and reliability, are important factors to
consider when opting for dc-ac inversion. “The simplest and

.least expensive means to convert PV power to mechanical

power is to use it directly to drive a dc motor. PV powered
dc motors driving dedicated loads are increasingly used in
the remote rural areas of many - developing countries. The
key to their success is simplicity (direct coupling, no dc-ac
conversion, no-storage batteries, etc.). This arrangerment is
typically used on noncritical loads such as water pumps, which
need not operate continuously and water can be used dlrectly

or stored easily. » ’

Due to the relatively high cost of the PV array, the system
designer is interested in achieving its full ut1hzat10n efficiency
by matching the dc motor to the PV array. At any particular
solar insolation level, there is.a umque operatmg point-on the
volt-ampere characteristics of the PV array at which power
output at that insolation level is maximum. -possible. - How-
ever, since the maximum power pomt varies with insolation
during the day and from season to season, it is difficult to
maintain maximum utilization efficiency at all insolation lev-
els. In order to overcome this problem, the system: designer
may either select a compromise matching; or use an electronic
control device, known as a peak-power tracker (PPT), which
continuously matches the output characteristicsvt)f the PV gen-
erator to the input characteristics of the dc motor. Reference
[2] is a comprehensive study of the starting and steady-state
performance of several types of PV powered dc motors driving
several types of water pumps. In [3], matching of dc motors
to PV generators for maximum daily gross mechanical energy
is reported. Peak-power tracklng is achleved either by-dis-
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cretely interchanging the series-parallel connections of solar
cell modules within the PV array [4], or by using a controlled
dc-dc converter to adjust the voltage and current levels [5-8].

In reference {91 a dc motor is used to drive a squirrel-cage
three-phase self excited induction generator (SEIG). This ar-
ranger+ent is useful as part of an integrated renewable energy
system (IRES), which takes advantage of the inherent diversity
of wind and insolation in most developing countries [1] to im-
prove power quality. The SEIG is driven by wind turbine, dc
motor, or both. An additional advantage of this arrangement is
its versatile control characteristics through the dc motor con-
trol which can be utilized to improve the system utilization
efficiency. One of the major drawbacks of the isolated SEIG
is that its frequency, terminal voltage, and shaft-torque vary
considerably with speed and load. Therefore it is difficult to
achieve a unique operating condition which maximizes utiliza-
tion efficiency. This paper describes a technique to maximize
utilization efficiency as the solar insolation, 1oad, or both vary,
by automatically adjusting the speed of the dc motor using a
step-up dc chopper in the field circuit.

PERATION WITHOUT SPEED CONTROL

The motor is connected directly to the terminals of the PV
generator as shown in Fig. 1. D is a diode to prevent reversal
of current and D, is a free-wheeling diode to provide a path
for the armature current of the dc motor.
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Fig. 1 Operation Without Speed Control

The system consists of three different devices; the SEIG, dc
motor, and PV array. The line current of the PV array is equal
to the line current of the dc motor which depends on the applied
terminal voltage and speed. The speed depends on the torque
requirement of the SEIG which depends on the connected load
Ry and excitation capacitance C. A stable equilibrium speed
exists at which the torque developed by the dc motor is equal to
the tarque required by the SEIG and the total system rotational
losses. The common terminal voltage and current of the PV
array)and motor are determined by this equilibrium speed. For
maximum utilization efficiency of the PV array, the equilibrium
operating point must be such that current drawn by the dc motor
and its terminal voltage correspond to the maximum-power-
outp:ilt point of the PV array.
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CHARACTERISTICS OF THE SEIG

The SEIG has been used for many years to convert wind
power to electrical power. Due to its simplicity, ruggedness,
and low cost, it provides a reliable and relatively inexpensive
means to convert mechanical wind power to electrical power
over a wide range of rotor speeds for loads where frequency
and voltage need not be regulated. Over the past decade, many
rescarchers have investigated the steady-state performance of
the SEIG [10-12] . References [13-15] evaluate the excitation
capacitance requirements of the SEIG under different load and
speed conditions. The SEIG is actually an induction motor
that is driven by a prime mover while its stator excitation
is provided by an external capacitors connected to the stator.
Because the SEIG is isolated, its stator frequency is free to
vary with the rotor speed and the operating slip remains small
and negative. Fig. 2 shows the per-phase equivalent circuit
commonly used for the steady-state analysis of the three-phase
self-excited induction generator [10].
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Fig. 2 Per-phase equivalent circuit of the SEIG

The circuit has been transformed to the base frequency
(60 Hz) by introducing the parameters f and v, where f is
the per-unit frequency and v is the per-unit speed (base speed
is the synchronous speed).

The total voltage drop around the loop may be written as

LZ,=0 (1)

Therefore, for successful voltage build-up the total series
impedance Z, must be equal to zero, since I # 0.

Zab + Zac + ch =0 (2)
where '
Zp = —jXc/f*(Re/f +jX1)

© Ri/f+iXt-iX./P
Zae = Ri/f + X

_ JXm(Re/(f ~v) + %)

T R/(f ~v) i X + s

The air-gap voltage E, is related to X,,, and f through the
magnetization characteristics of the machine which may be
expressed as a polynomial in X,, using curve fitting:

ch

%ﬂ:a+me+cX,2n 3)
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where a, b, and ¢ are¢ known constants. Equation (2} is a
non-linear equation with complex coefficients. It is normally
solved by separating the real and imaginary parts to obtain two
polynomial equations in f and X . The air-gap voltage E,
is then calculated from (3). In this paper the Mathcad [16]
software which is capable of solving a system of nonlinear
equations with:.complex coefficients is used to solve (2) and
(3) for f and Eg, subJect to the constraints that f and E, are
both real

In this paper, the induction machine usedis a 3-phase, 4-pole,
60 Hz, 380V, 1.0kW, star-connected, squirrel-cage whose per-
phase equivalent circuit parameters in per unit are as follows:
Ri=01, X =02, R =0.06, X, = 02. The air-gap
voltage F, is related to the magnetizing reactance X, by the
no load magnetlzatlon characteristics Wthh is approximated
by a polynomial in X,

?Jg — 1124 0.078 X

—0.146 X2, 0<X,, <3
A stable operating point exists, provided that X, is less than
the unsaturated value (3 p.u). Having determined the frequency
f and the air-gap voltage E, the equivalent circuit of Fig. 2
is completely solved for the steady-state performance of the
induction generator. The electrical torque is given by

" 3ILIER
TIG:-—---—‘?'I 2
‘ f—v

where I is the rotor current and: R, is the rotor resistance.
From the equivalent circuit, the rotor current is given by

b Bf
Ro/(f—v)+ 37X

)

()

Figs. 3 and 4 are plots of the air-gap voltage and the electrical
torque variations with speed.

1.2

—
<
1

AIR—CGAP VOLTAGE = P.U.
=) o
> @
i i

0.4 —T 1* T T T 1
0.5 0.6 0.7 0.8 . 0.9 1.0 1.1
SPEED P.U.

Fig. 3' SEIG’s Air-Gap Voltage Variation with Speed
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Fig. 4 SEIG’s Electrical ‘Torque Variation with Speed
CHARACTERISTICS OF THE DC MOTOR

The dc motor used in this study is a 120V, 13.2A, 1800
t/min., having R4 = 1.9 Q, and K, = 0.513 H. The steady-
state voltage, current, speed and torque are related by the :
following equations: ' '

Va=Kipw+Rals . ®

T =Kapla=Toc+Toe (D

where Ty is the electrical torque of the SEIG, and Ty =
0.2 4+ 0.003w, is the total system rotational losses (N-M).

CHARACTERISTICS OF THE PV ARRAY -

A PV array consists of several PV modules. connected in
series-parallel combinations to provide the desired dc voltage
and current. The overall volt-ampere -characteristics of the
array depend on the number of cells in series and the number
of parallel strings. The PV array used i in this study consists of
18 parallel strings, 324 cells in series per smng, such that the
overall terminal voltage V7, is ;:rlven by SR

IL+0009

0.009 ) =0, o IL ®

Vi =23.68 In (IPH

where Ipgis a variable photo‘current dlrectly proportlonal to
the solar insolation level (Ipg:=14.4 A., when the insolation
is 1 kW/m?), and I, is the load current. =~ :

Fig. 5 is a plot of the PV array I-V characterlstlcs ~The
dashed line indicates the locus of the volt and current points at
which power output is maximum for dlfferent solar 1nsolat1on
levels. -
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- ) points as the solar insolation varies it is necessary to adjust the
(Vi) for maximum power motor current according to insolation level as described in the
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Fig. 5 V-ICharacteristics of the PV Array

Since the motor terminals are connected directly to the PV
array, the terminal voltage and current for both devices is the
same. | The common terminal voltage and current are dictated
by the| equilibrium speed of the dc motor which is dictated by
the torque-speed characteristics of the mechanical load which
is in this case the SEIG. Fig. 6 shows that the actual operating
points|do not coincide with the maximum power points of the
PV array (the dashed line) and hence the PV array is not fully
utilized. ‘ '
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——== (V,l) for motor without control -
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Fig. 6 V-I Characteristics of the PV Array and Motor

The technique proposed in this paper forces the motor to take
more current at less voltage by reducing the speed (increasing
field flux) until the motor V-1 charactenstlcs coincide with the
maximum power line of the PV array. In order to shift the equi-
librium operating points to coincide with the maximum power

next sectlon

CONDITION FOR MAXIMUM POWER

Voltage and current of the PV array at maximum power
may be derived by first multiplying (8) by I, to obtain the
expressmn for power as follows:

Ipgr — It +0.009

Py=2368 I In(-E s

)=091F )
At maximum power

dPA
=0

Therefore

Ipg — Ir +0.009
In (=509

(10)

) — 0.0761;
I

=0 (11

"~ Ipg — I +0.009
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Fig. 7 Vanatlon of Array Current with Photocurrent at
Maximum Power

Fig. 7is aplotof I, versus Ipy according to equation (11)
which shows a linear relationship between I and Ip H of the
form

Ip =085Ipy (12)

This linear relationship is utilized to achieve maximum power
operation by controlling the speed of the dc motor through
field control such that line current varies with insolation level
according to (12). Two voltage signals are derived; one is
proportional to Ir and the other is proportional to Ipg. The
photocurrent Ip H is proportional to the short-circuit current of
acell module that is exposed to the same solar msolatlon level.
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The ditference between the two signals which is proportionat
to [1,-0.857p H is used as input to the driver circuit.

THE PROPOSED TECHNIQUE

The proposed technique is based on controlling the speed of
the dc motor by controlling the field current such that current
drawn from the PV array corresponds to maximum power
output {7,8]. The armature winding is connected directly to the
PV array while the field winding is connected to the PV array
through a step-up dc chopper as shown in Fig. 8. The chopper
ratio is determined by the driver circuit which is basically a
voltage-controlled oscillator ( VCO) whose output is a periodic

rectangular pulse havmg a duty ratio k (& = ton/(torr +-

ton)) proportional to its input voltage. This pulse turns the
chopper on and off by the same duty rat1o
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Fig. 8 Set-Up of The Proposed Technique

OPERATION WITH SPEED CONTROL

The driver circuit controls the duty ratio of the field-circuit
chopper according to the error signal. When the error voltage
is different from zero the duty ratio will increase or decrease
depending on the srgn of the error signal until the error sig-
nal becomes zero. At low insolation levels the duty ratio
k-is less than one, and it increases to one at 100% insola-
tion (Iph =14.4-A). The speed increases with insolation but
because of the field control, the motor current is always pro-
portional to the solar photocurrent of the PV array in order
to satisfy the maximum power output condition for maximum
-utilization efﬁc1ency

F1g 9 is.a plot of the motor voltage current and speed
variations with photocurrent. In Fig. 10 the V-I characteristics
of the dc miotor is superimposed on the V-I characteristics of
the PV array where it shows the close matching of the motor
curve to the maximum power line of the PV array ( the dashed
line ) at all 1nsolat10n levels.
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CONCLUSIONS -

The speed of a PV powered dc motor dr1v1ng a three-phase
self-excited induction generator is controlled in such a way as

 to achieve maximum utilization of the PV array.. The arma-

ture winding of the dc motor is connected dlrectly to the PV
array, while the field wmdmg is connected to the same PV
array through a step-up dc chopper. * As the solar insolation

-increases the voltage applled to-the dc motor increases but the

current drawn- by the motor is kept proportronal to’ solar in-
solation level by ad;ustmg the speed to satlsfy the raximum
power condition. It i is advantageous to control the ﬁeld cut-
rent rather than the. armature current s1nce the ﬁeld current is
much smaller than armature current and hence the chopper is
less expensive. Thig techmque eliminates the need for match-
ing devices or peak power trackers Wthh would add to the



cost of the system considerably. If constant frequency oper-
ation i more important than maximum utilization, the same

can b readily used as part of an integrated renewable energy
(IRES) in which the SEIG is driven by a wind turb1ne
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