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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 

e a three-phase self-excited induction generator 
useful as part of an integrated 
S), which takes advantage of the 
solar energy in most developing 

countries to improve power quality. The SEIG is driven by 
ne, dc motor, or both. Another advantage of this 
is its versatile control characteristics through the 

dc motor control. This paper describes a technique to maximize 
the utilization effeciency of thePV 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. 
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Fig. 1 Operation Without Speed Control 

system consists of three different devices; the SEIG, dc 
array. The line current of the PV array is equal 

of the dc motor which depends on the applied 
voltage and speed. The speed depends on the torque 
ent of the SEIG which depends on the connected load 

citation capacitance C. A stable equilibrium speed 
torque developed by the dc motor is equal to 

required by the SEIG and the total system rotational 
on terminal voltage and current of the PV 

otor are determined by this equilibrium speed. For 
tilization efficiency of thePV array, the equilibrium 

t be such that current drawn by the dc motor 
terminal voltage correspond to the maximum-power- 

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 
researchers have investigated the steady-state performance of 
the SEIG [lo-121 . References [13-151 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 [lo]. 

a Rllf jX1 C 
I I I 1 

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 

42, = 0 (1) 
Therefore, for successful voltage build-up the total series 
impedance 2, must be equal to zero, since 4 + 0. 

(2) Zab + zac + Z c d  = 0 
where 

j X m ( R 2 / ( f  - v) + ~ X Z )  
&/(f - v) + jx, + j x 2  

Zed = 

The air-gap voltage Eg 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: 

(3) 
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constants. Equation (2) is a 
with complex coefficients. It is normally 
the real and imaginary parts to obtain two 

The air-gap voltage Eg 
this paper the Mathcad [16] 
lving a system of nonlinear 

is used to solve (2) and 
txaints that f and E, are 

aper, theinduction machine used is a 3-phase, 4-pole, 
, squirrel-cage whose per- 

phase equivalent circuit parmeters in per unit are as follows: 
RI = 0.1, XI = 0.2, RZ = 0.06, X Z  = 0.2. The air-gap 
voltage E, is related to the magnetizing reactance X ,  by the 

on characteristics which is approximated 

3 = 1.12+0.078Xm - 0.146Xk 0 I xm 5 3 f 
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 

(4) 

where 12 is the rotor current and RZ is the rotor resistance. 
From the equivalent circuit, the rotor current is given by 

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

l a 2  1 

C ~ 1 . 5  P.u., R L = ~  P.U. 
QEEHEI Cz2 .0  P.u., Rk=2 P.U. 

C=1.5 P.u., R L = ~  P.U. 

Fig. 3 SEIG’s &-Gap Voltage Variation with Speed 
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points as the solar insolation varies it is necessary to adjust the 
motor current according to insolation level as described in the 
next section. 
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1 Fig. 5 V-I Characteristics of the PV Array 
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V-I Characteristics of the PV Array and Motor 

technique proposed in this paper forces the motor to take 
t at less voltage by reducing the speed (increasing 
til the motor V-I characteristics coincide with the 
wer line of the PV array. In order to shift the equi- 

ng points to coincide with the maximum power 

CONDITION FOR MAXIMUM POWER 

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

At maximum power 

Therefore 

IPH - IL + 0.009) - o.0761L 
In ( 0.009 

l4 1 

I I I I I I I I 
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Fig. 7 Variation of Array Current with Photocurrent at 
Maximum Power 

Fig. 7 is a plot of IL versus IPH according to equation (1 1) 
which shows a linear relationship between IL and IpH of the 
form 

IL = 0 . 8 5 I p ~  (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 IL and the other is proportional to IPH. The 
photocurrent IpH is proportional to the short-circuit current of 
a cell module that is exposed to the same solar insolation level. 



tween the two signals which is proportional 
s used as input to the driver circuit. 

THE PROPOSED TECHNIQUE 

ed on controlling the speed of 
eld current such that current 

drawn from the I'V array corresponds to maximum power 
e armature winding is connected directly to the 

le the field winding is connected to the PV array 
-up dc chopper as shown in Fig. 8. The chopper 
ined by the driver circuit which is basically a 
led oscillator ( VCO ) whose output is aperiodic 
se having a duty ratio k (k = toN/( topF + 

 to^)) proportional to its input voltage. This pulse turns the 
chopper on and off by the same duty ratio. 

PV Array Chopper DC Motor 

Fig. 8 Set-Up of The Proposed Technique 
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