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Abstract--Direct coupling between a photovoltaic (PV) generator and a monoblock DC series motor 
connected with ventilator load torque centrifugal pump has been analyzed theoretically as a function of 
the no flow motor-pump speed (w0) and the water head of the pump. The value of w 0 is directly related 
with motor terminal voltage which has been derived. The condition of the maximum motor-pump efficiency 
has been deduced mathematically in terms of the speed-torque constant KI at a given w0 for different water 
heads. The variation of w0 and perfectly matched motor constant (M0) have been calculated at various 
solar insolation and different water heads. From these theoretical studies, the optimum matching condition 
has been suggested according to the requirements. One optimally matched monoblock DC series motor 
and centrifugal pump, of 125 W, was chosen for study. The calculated coupling effieiencies such as electrical 
energy, mechanical energy, and hydraulic energy of the pump, have been discussed. Some of these results 
are also compared to information available in the literature. 

INTRODUCTION 

Water pumping is expected to be one of the most 
popular applications in the use of PV-energy. The 
basic characteristics of this application that make it 
suitable for the use of photovoltaic energy are (i) 
remoteness, (ii) easy water storage, (iii) systems are 
reliable and (iv) little or no maintenance. These 
characteristics are of major importance for the non- 
technical user or in places where maintenance service 
is hard to get. Lastly the system operating status does 
not depend on the availability of fuel. Therefore, a lot 
of research efforts are made on it [!-8]. 

In the electromechanical system formed by PV- 
generator, DC motor and mechanical load, the operat- 
ing condition will be determined by the relevant 
parameters of these components, i.e. the I-V charac- 
teristics of the PV-generator at different temperatures 
and various solar insolations, the motor type and the 
torque-speed relationship of a given mechanical toad 
[1~]. Three types of motors such as series, shunt 
and separately excited, as well as two types of 
mechanical loads (constant-torque and ventilator 
load torque) were studied. One of the conclusions of 

The proofs of this article were corrected by the Editor in 
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these studies is that the best operation results are to 
be expected when a separately excited DC motor, 
connected with a centrifugal pump, is driven by PV- 
generator. 

From the literature, the next possible efficient com- 
bination of an electromechanical system with a PV- 
generator is the DC series motor driven centrifugal 
pump, which is most widely used in various pumping 
applications. All existing pumping systems cannot be 
replaced by separately excited motor-centrifugal 
pumps for use of the PV-energy in future. Therefore, 
an extensive study on the DC series motor connected 
with a centrifugal pump, for the application of PV- 
water pumping, has been investigated from theoretical 
and experimental points of view here. 

Most of the studies available in literature discuss 
about the matching conditions between the electro- 
mechanical system and the PV-generator. How- 
ever, the PV-water pumping system comprises 
the electromechanical system and the hydraulic 
system. The hydraulic efficiency also depends on the 
speed which is varied with motor terminal voltage. 
When a motor-pump system is directly coupled with a 
PV-generator, motor terminal voltage changes because 
of a change in solar insolation levels in field condi- 
tions. Therefore, in the present matching study, the 
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hydraulic performance has been included. In ref- 
erences [1-3], this matching has been studied by 
graphical method together with analytical method. In 
this process, generalization and prediction conditions 
would be limited. Even this study did not consider the 
motor-pump speed which is one of the important 
parameters in matching. To solve above problems, 
a purely analytical model for matching has been 
developed here. 

PV-powered DC-series motors connected with cen- 
trifugal pumps were analysed in hydraulic energy out- 
put [7]. The optimized matching condition has been 
found under the ratio of  the motor and pump speed. 
But two important factors such as motor terminal 
voltage and water head, which changes in the field 
because of change of solar insolation in a day and 
variation of  ground water depth for different seasons, 
have not been taken care of. Hence, the main 
approach of the present study is to give a com- 
prehensive analysis of this subject. 

MOTOR PUMP CHARACTERISTICS 

The characteristics of a centrifugal pump are 
written below [8, 9]. The water head of the pump is 
proportional to the square of its speed. Therefore 
the water head at no-flow condition is related to its 
speed under variable motor terminal voltage as 

ho = K2(w~) 2 (1) 

and the working water head of  the same pump under 
variable motor voltage at constant water head can be 
approximated as 

h = Ka(wP/wI~) 2. (2) 

The relation of water discharge and water head of the 
centrifugal pump is given by 

Q = K,(h0-h) ' /2 .  (3) 

The speed-torque relationship of  the pump is as 
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T p = K,(wP)  2. (4) 

The DC series motor is governed by the following 
equations as [7] 

V" = M I "  w" + I"R, ,  (5) 

T "  = M ( I " )  2, (6) 

M = Mo(w"/W~o). (7) 

The speed-torque relation of a DC series motor has 
been deduced for a variable voltage by combining of 
eqs (6) and (7) as 

T "  = [(V~"lw~)2) / (M(1 + R , IMw)] .  (8) 

I fa  centrifugal pump is directly coupled with a DC 
series motor, as shown in Fig. 1, the relation between 
speed and torque of the motor and pump would be 

T p = T " =  T and w p = w " = w .  

This relation can be extended at no flow condition 
as follows : 

T~ = T~ = To, w~o=w~=w0 and M = Mo.  

(9) 

The voltage of the motor has been related with the 
speed of the pump, at no-flow condition, by solving 
the eqs (4), (8) and (9) as 

V m = ( K t / m o ) ° 5 [ 1  +R , / (Mowo)]W~.  (10) 

Combining of eqs (8) and (10), the speed-torque 
relation of conjugate motor and pump system has 
been derived as 

T = K ,  (w21w) 2. (11) 

Assuming the value of [ l + R , / ( M o w o ) ] / [ l + R , /  
(Mow)] is equal to one. The conjugate motor-pump 
efficiency (E.,p) is defined by the ratio of the hydraulic 
energy and electrical energy as 

Rs I Ra Q)_ 

Z oi vC) I Rf 

(,,J,T 

Fig. 1. Directly coupled PV-generator with a monoblock DC series motor and centrifugal pump equivalent 
diagram. 
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9Qh h~SK2w 2 - h )  °.5 
E,,p = V,,l m = K,,pKO.Sw~[ 1 +R,/(Mowo)]' (12) 

where Kmp = gKJK~. This motor pump efficiency can 
be maximized at a given requirement of water head 
and under variable motor terminal voltage as 

d/dwo(E.,p)n,.x = O. (13) 

Putting the condition of eq. (13) in eq. (12) and after 
simplification as 

5h 
2 = - -  (14) (W0)ma. 3Kz 

h 
(E"r)m'x = K " r K ° ' 5 ( ' / ~ M o + ' 3 / / ~ R , )  ' ~ v -  (15) 

where K'p = 0.85K,~?K~SMo . 
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The constants K3 and K4 cannot be maximized 
because of the constraint on the pump. The hydraulic 
efficiency of a pump varies with flow rate against the 
leakage loss of the pump at constant Wo [10]. It is 
well known that the high discharge capacity pumps at 
higher water head are more efficient. Therefore the 
values K3 and K4 are limited by the requirements. 

The armature current of a motor can be determined 
by the constants of motor and pump. It is defined by 
combining eqs (6), (7) and (11) as 

I" = Mcwo, (16) 

where M,. = [KtK3/(Moh)] °5. 
The armature current and terminal voltage of a 

motor at maximum efficiency point of motor-pump is 
formulated from eqs (10), (14) and (16) as 
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Fig. 2. The value of  K2 at max i mum motor -pump efficiency versus rated Wo. (i) for 20 m water head, (ii) 
for 10 m water head. 
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where 
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I~,.x = K~,.xK °5 (17) 

V~,.x = K~.x(x/~Mo+~/3K2R,),  (18) 

Kin.: = 1.29[K,/(MoK2)] °'5 

K~,x = (O.75/K2)(KI/Mo) °'~. 

Together with the eqs (11) and (14), the value of  
K~ at maximum motor pump efficiency point can be 
calculated as 

(K,)m,x = (3K2/5K3)T. (19) 

PHOTOVOLTAIC GENERATOR CHARACTERISTICS 

The field condition I -V  characteristics of a PV- 
generator that combines series (N,) and parallel (Np) 
solar cells is as [11] 

N, [ Npl= - l'~ N,R, 
V ~ = -~- In ~ ~ . ) -  I ~ + N,F (20) 

~. = ZN, Lc (21) 

o[ i R,\ 
V: = Nfl,,.~l=( I _ z)BN, .+ -~p) (22) 

p~, - V~ x I~,, (23) 

where 

~" k-I- I zk + 2BR, L~Z = f I~c'~ ,~. k In ~o)+BF. 

MATCHING STUDY 

In the directly coupled PV-generator and mono- 
block DC-series motor with centrifugal pump, as 
shown in Fig. 1, the relations of  the current and volt- 
age of the PV-generator and DC-series motor are 
given below 

V " =  V a =  V and I " = I  ° = L  (24) 

According to the maximum power point theorem, 
perfect matching will occur when the characteristics 
impedance of the PV-generator and that of the motor 
at their maximum efficiency point, are equal. Thus 

,s l 
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Solar insolation [w /m 2) 

Fig. 3. Ideally matched motor constant (M0) versus solar insolation. (i) for 20 m water head, (ii) for 10 m 
water head. 
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Fig. 4. Conventional DC-power supplied motor-pump efficiency (E,,p) versus w0. (i) 20 m water head, (ii) 
15 m water head, (iii) 10 m water head. 

/~ m (25 )  
/max 

Solving eq. (24) with the help ofeqs (17), (18) and 
(22), a perfect matching condition can be achieved 
mathematically by varying the motor constant (M0) 
according to the following equation 

K ~ / 2  N, 
M0 = 0.77 BNpLc(1 - Z )  

N~R, R + - - ~ - - 3 K 2  ,. (26) 

For a certain value of Mo, perfect matching cannot 
be obtained for all solar insolation levels. Therefore, 
the value of the optimum M0 has been chosen from 
the point of flat variation of M0 with solar insolation 
as shown in Fig. 3. The speed of  the motor for a fixed 
value of M0 has been computed for various solar 
insolation levels by solving the eqs (10), (16), (21) and 
(24). Thus 

-~ In + N,F 

= wo[Kt w~(l + Rt/(Mowo) ) +McN, RJNp] 

-(N,/B)ln(1-Mcwo/I,c). (27) 

It is a transcendental equation, therefore, it has been 
solved by using the Newton-Raphson technique in 
computer programming. The computed speed of the 
motor at different solar insolation levels has been 
shown in Fig. 5. 

The coupling efficiences between the PV-generator 
and DC-series motor with respect to the output of 
mechanical energy of the motor and input electrical 
energy to the motor have been determined at different 
temperatures and solar insolations by rearrangement 
ofeqs (10), (16), (22) and (23) as given below 

KtK~/2w3 o 
E , ' -  hl/2p,, (28) 
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Fig. 5. The relation of w 0 with solar insolation of the pump. 

1000 

VmMcWo 
E~ - - -  (29) 

e~, 

The coupling efficiency from the point of view of 
hydraulic energy has also been computed from eqs (3) 
and (23) 

K 4 y h ( K 2 w  2 - h )  i/2 
E*c = (30) 

e ~  

OBSERVATIONS AND DISCUSSIONS 

Figure 2 shows that the value of K2, which deter- 
mines the efficiency of the pump, varies by a small 
amount as compared to the change in w0 when wo is 
high. The value of Wo must be varied according to eq. 
(27) with solar insolation levels in the field for a par- 
ticular pumping system. Therefore, it can be predicted 
that a high-speed DC series motor loaded by a centri- 
fugal pump would be better matched with the PV- 
generator. From these studies, one small DC series 
motor connected to a centrifugal pump, whose opti- 
mized value of constants are K 2 = 4 . 7 4 x 1 0  -4 m 
(rad/s) -2 and M0 = 0.22 N m/A 2 at w0 = 900 rad/s 
which is equivalent to the full load motor shaft speed 

w = 712 rad/s, has been considered for study. The 
other two constants of the motor-pump system g 3 = 

25 at water head of 20 m and K4 = 0.1 1 s- J m -  ~/2 are 
determined by experiments. 

It should be noted that eq. (19) of this proposed 
method gives the optimized value of the load-torque 
constant K ~ = l . 5 4 x 1 0  -3 W s 3, where the load 
torque T at full load motor-shaft angular speed of 
157 rad/s is 3.8 N m, exactly equals the load-torque 
constant of the ventilator mechanical load analyzed 
in [1]. But in this experimental study, the value of Kt 
is 2.83 x 10- 7 W s 3 because of high motor shaft speed. 
As far as the motor design is concerned, the men- 
tioned reference assumes a value of motor constant 
M0 = 0.0675 N m/A 2 which is also offered by the eq. 
(26) of this method at motor shaft speed of 157 rad/s. 

The water head dependence of the motor-pump 
efficiency, for various w 0 is calculated from eq. (12) 
and it is shown in Fig. 4. The calculated results are 
also verified by experiments. Equation (14) gives the 
maximum motor-pump efficiency at a certain value of 
Wo and at a fixed water head wich is also supported 
by experimental results. The maximum motor-pump 
efficiency is not equal for different water heads as 
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Fig, 6. Coupling efficiency versus solar insolation : (A) in the ratio of  the electrical energy, (i) 20 m in water 
head;  (ii) 15 m in water head;  (iii) 10 m in water head. (B) In the ratio o f  the mechanical energy and 

electrical energy. (i) 20 m in water head;  (ii) 15 m in water head;  (iii) 10 m in water head. 
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shown in Fig. 4. It is explained that the value of K3 is 
not equal for different water heads. At a higher water 
head the motor-pump efficiency is greater because of 
the decreased flow loss of the pump. In contrast the 
threshold condition of the pump also depends on the 
water head. At higher water head application, the 
efficiency of the pump will be low under low solar 
insolation conditions in the morning and evening. 

The coupling efficiency between the PV-generator 
and the motor-pump has been calculated by using eqs 
(28), (29) and (30) as shown in Figs 6A, 6B and 7. 
These figures show that the coupling efficiencies are 
maximized for different solar insolation levels when 
water head is altered. It is also observed that for a 
certain value of the water head the value of E~, E7 
and E~ are not maximum at the same solar insolation. 
The average value of E7 is identical to the average 
value of E~ as opposed to the average value of E~ at 
various water heads. Even the coupling efficiency from 

the hydraulic energy point of view, E~ as shown in Fig. 
7, is quite separated for different water heads. The 
achievement of  the PV-water pumping system is the 
hydraulic energy. Therefore it is suggested that in the 
matching study of PV-water pumping system water 
head should be one of the dominating parameters. 

The temperature dependent coupling efficiency has 
been studied and is shown in Fig. 8. This figure shows 
that the variation of  E7 and E~ are similar as opposite 
to the variation of E~ with temperature. These vari- 
ations are encountered only because of the tem- 
perature dependence of the PV-generator output. It is 
one of the superiorities of this proposed method. 

The percentage of the ratio of the mechanical energy 
of a motor and the expected mechanical energy of a 
perfectly matched motor has been plotted for different 
solar insolation levels in Fig. 9. It is also compared 
with the available data in reference [2]. The highest 
efficiency point is a little less in this study as compared 
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Fig. 7. Coupling efficiency in the hydraulic energy point of view versus solar insolation : (i) 20 rn water 
head; (ii) 15 m water head; (iii) 10 m water head. 
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Fig. 8. Coupling efficiency versus ambient temperature : (i) in the view of the electrical energy ; (ii) in the 
view of mechanical energy ; (iii) in the view of hydraulic energy. 

to the referred value. This difference comes only 
because the wattage of the motor pump system con- 
sidered here is comparatively very low, only 125 W. 
It is a fact that the value of the proportionality factor 
of Rt of a motor is larger in the low wattage motors 
as compared to the high wattage ones. The percentage 
of the ratio of the available and maximum expected 
mechanical energy of a motor was studied at different 
times of day and it is shown in Fig. 10. The average 
value of that over a full day is (10-15%) larger than 
that given in reference [2]. 

CONCLUSIONS 

In this study, various elements of the PV-water 
pumping system, such as a DC series motor, a 
centrifugal pump and PV-generator, were studied 

by mathematical models and compared to exper- 
imentally measured results. The advantages of this 
analysis are: (i) the speed of the motor and water 
head of the pump can be varied, (ii) combination 
pattern of PV-modules can be altered, (iii) maximum 
motor-pump efficiency can be calculated, (iv) match- 
ing study can be extended to hydraulic energy of the 
pump, (v) perfect matching condition can be studied, 
(vi) optimum matching condition can also be pre- 
dicted, (vii) coupling efficiencies at the maximum 
efficiency point of all the components of the system 
can be calculated. The findings of this study are : (i) 
better matching is achieved at higher motor speed, 
(ii) perfect matching is not realistic, (iii) electrical 
matching is not the true solution because of the fact 
that the behaviour of the coupling efficiency in 
hydraulic energy is not equivalent to that of the elec- 
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Fig. 9. The ratio of the available mechanical energy and maximum possible mechanical energy of a motor 
versus solar insolation: (i) for this proposed method of designing; (ii) for the proposed method of 

designing by Saied. 
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Fig. I0. The ratio ofthe available mechanical energy and maximum possible mechanical energy of a motor 
at different times of a given day : (i) present design ; (ii) designed by Saied. 
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trical coupling efficiency of the system, (iv) the opti- 

mized values of  all constants  o f  the mo to r  and pump 

depend on the motor  speed and water head, (v) the 

opt imum matching condit ion is found for the water 

head higher than 10 m by a single stage centrifugal 
pump at higher motor -pump speed. 

10 reverse saturation current, A 
lsc field condition short circuit current of a single 

solar cell, A 
F temperature correction factor of voltage of a 

single solar cell 
W,, available mechanical energy of a motor, W 

W* expected maximum mechanical energy of a motor 
at ideal matching condition, W 

T, ambient temperature 

NOMENCLATURE 

Q flow rate of a pump, l/s 
w0 the speed of motor-pump system at no flow 

condition, rad/s 
n~" motor shaft speed, rad/s 
n'P pumping speed, rad/s 
w coupled motor-pump speed, rad/s 

T" mechanical torque of a motor, N m 
T p pump torque, N m 
T conjugate motor-pump torque, N m 

h0 water head of a pump at no flow condition, m 
h working work head of a pump, m 

K2 water head-speed constant of a pump at no flow 
condition, m (rad/s)-2 

g 3 water-head speed constant of a pump at working 
point, m (rad/s)- : 

K4 flow-water head constant of a pump, l/s m- ~/: 
K~ load-torque constant of a conjugate motor pump 

system W s 3 
V m motor terminal voltage, V 

V~ax motor terminal voltage at the maximum efficient 
point of a motor-pump system, V 

V ° voltage ofa  PV-generator, V 
V~, voltage at maximum power point of a PV- 

generator, G 
I m armature current of a motor, A 

I~,~ armature current of a motor at the maximum 
efficient point of a motor-pump system, A 

I" PV-generator current A 
I~ current at maximum power point of a PV- 

generator, A 
P,", maximum power of a PV-generator, W 

R t armature and field coil resistance of a motor, 
R~ series resistance of a single solar cell, 

M0 motor constant at almost zero torque, N m/A 2 
N, number of series connected solar cells 
Np numbers of parallel connected solar cells 
B = q/nk T, thermal voltage 
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