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ABSTRACT - In this paper the load
matching factor [1, 5-7] is used as a measure
for the quality of load matching to the
photovoltaic (PV) array. An optimization
approach is used to solve the load matching
problem with the objective of maximizing the
load matching factor, and consequently the PV
output energy. This approach is then applied
to resistive loads (with and without an
internal emf) connected to the array.

Results show that optimum matching can be
achieved by carefully selecting the array
parameters with respect to the load
parameters. The temperature of the array has
little effect on the optimum matching factor.
However, the optimum matching parameters are
greatly affected by the array temperature. A
maximum power tracker may not be needed if
optimum or near optimum matching is achieved.
A battery of selected parameters can be
included if the load characteristic results in
poor matching performance.

1. Introduction

Matching of direct-coupled loads to the
PV array has been studied by many researchers
[1-10]. In a direct-coupled system the array
output power passes directly to the 1loads
(Fig. 1). A battery storage may be employed to
supply the loads during short periods of time.

In this paper the load matching factor
[1, 5-7), as defined by the ratio of the load
energy to the array maximum energy in a one
day period, is used as a measure for the
quality of load matching. A theoretical
analysis leading to a general mathematical
formulation of the load matching problem is
presented. A non-linear optimization approach
is used to solve the load matching problem
with the objective of maximizing the matching
factor, and consequently the PV output energy.
This approach is then applied to general
resistive loads (with and without an internal
emf). Analyses are carried out to obtain the
proper parameters of the battery storage
needed to improve the matching factor for poor
matched loads.

In order to generalize the results a per
unit system based on the array maximum power
point parameters at 100% SUN and 25°C is
developed. The clear sky insolation model (1,
3] is adopted. The array characteristic data
are obtained from the literature [2-4].
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Fig. 1. The basic photovoltaic
power system.

2. Array Characteristics

The general I-V equation of a solar array
generator composed of N, series cells (or
modules) and N, parallel " strings, neglecting
the shunt resigtance effect, is expressed by:

vV = AVT.ln[(Iph-I+Ir)/Ir]-I.Rs (1)
where:

Iph = Il.Np, array photo-generated current
I, = I4.N,, reverse saturation current
Rg = Rc°Ns/Np' total series resistance
AVqp = Ng.Vp, equivalent thermal voltage

where I, is the photo-generated current per
cell (or module), I_ is the reverse saturation
current per cell (or module), R, is the series
resistance per cell (or module), and Vp is the

cell (or module) thermal voltage which is
equal to AkT/q; where A is the ideality
factor, k is Boltzmann’s constant (1.38E-23

Joule/°K), T is the absolute temperature, and
g is the electron charge (1.6E-19 Coulomb).
Assuming a standard clear sky insolation
model {1, 3], and a linear dependence of the
light generated current on the solar density

(generally valid for up to 20 SUNs), we can
calculate Iph by:

Iph(w) = Ig.sin(w) (2)
where I, is the array photo-generated current
at solar noon, and w is the solar hour angle.
Since a one hour represents a solar angle of

15 degrees, then:

t = tg, + (W/15) (3)
where tg,. is the sunrise time (equal to 6 am
solar time). The output power of the array
depends on the loading and can be found by
multiplying both sides of Egn. (1) by I:

P = I.AVT.ln[(Iph—I+Ir)/Ir)]—IZ.RS (4)
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The array maximum power at a given
time can be found by differentiating Egn. (4)
with respect to current and equating to zero.
The maximum power point current, Imp' can then
be found by solving:

Iph = Imp+Ir(exp[(2ImpRS/AVT)+
+Inp/ (Iph~Ipp*tIp) 171} (5)

The maximum power point voltage, Vnp: can then
be found from Egn. (1) by replacing I by In

The maximum power, Pmp' is then given by: P
Pro = Vmp-Imp (6)
The input resistance of the array at the
maximum power point, Rmp' will be defined by:
Rnp = Vmp/Imp (7)

The maximum energy which can be extracted
from the solar array throughout a one day
period is given by the integral:

tn

Epax = 2j Ppp(t) dt (8)
tSI’

where t is the sunrise time and t, is the
solar noon time.

The effect of the array temperature on
the saturation current, the photocurrent, and
the thermal voltage is given by [2]:

I.(T) = Ir(To).(T/To)3.exp[—b(l/T—1/To)] (9)
Iph(T)= Iph(To).[1+a(T-To)] (10)
AV (T)= AVqp(Tg) .T/Ty (11)
where To is the cell reference tempgrgture
(usually 25 °C), and a and b are coefficients
that depend on the type of semiconductor

material used and the manufacturing process.

3. Load Characteristics

Many direct current loads can be directly
connected to the PV array. In general the load
I-V equation is given by:

Vy = £(Ig, Cq4 €50 - -4 Cp) (12)
where vy, and I; are the 1load voltage and
current, respectively, and C;, i=1 to n are
load parameters (constants). For some common
loads Eqn.(12) is given below.
electrolytic load:

VL = IL‘Re + Ve (13)

where V_ is the induced emf of the load and Re
is the Internal resistance.

resistive load:
A pure resistive load is a special case

in which the induced voltage is zero; for
which Egn. (13) is given by:

Vi, = Ip.Rp (14)
where Ry (=R,) is the load resistance.
constant voltage:

Vi, = Constant (15)

constant current:

I;, = Constant (16)
constant power:
I;.Vy = Constant (17)

separately excited motor - viscous friction
mechanical load [10}:

vy = Ip.Ry + C2.I;/B (18)
where R, is the armature resistance, C is the
field constant in V.sec, and B is the
mechanical load torque constant in W.sec“.

separately excited motor - ventilator type
(centrifugal) mechanical load [4]:

vy, = Ip.R, + ct-3.(1;/B) 5 (19)

where B is the load torque constant in W.sec3.

series excited motor - viscous friction
mechanical load [10]:

vy, = Ip.(Rg+Rg) + M2.I;3/B (20)
where Ry is the field resistance, M is the

field constant in Henry, and B is the
mechanical load torque constant in W.sec®.

series excited motor - ventilator type
mechanical load [4]:

(21)
where B is the load torque constant in W.sec3,

The total daily energy which can be
delivered to the load, assuming that the 1load
is connected to the array during the entire
period, is then calculated from:

vy, = Ip.(Ry+Rg) + MY:5.1.2/B-5

tn

Ep = 2 J P (t) 4t
st

(22)

where tgi is the time at which the array power
is equa? to the load minimum usable power. The
time tgy can be obtained from:

tor = tgr t (1/15).arcsin[Iph(w)/IG] (23)
where I, is found by solving the array
Egn. (1) gnd the load equation under study for:

Pp, = Pgy (24)
where Pgt is the minimum usable power. For
some electrolytic 1loads (and DC motors) a
minimum current, Io; is needed to operate the
load [3]. The time tg¢ in this case is found
from Egn.(23), for I, found by solving
Egn. (1) for the short—cgrcuit current (V=0):
Ige = Igt (25)
Results will be limited to the effect of

Pst since a relationship should exist between
Po¢ and Iat-

4. Load Matching Factor

The efficiency of the array (the ratio of
maximum power to input radiation) cannot be



used, solely, to measure the performance of
the PV system since a maximum power tracker is
not generally employed in direct-coupled
systems. Since the array possesses a maximum
power line it is most desirable that the
operation of the load line be close to the
maximum power line throughout the day. A good

measure for the quality of load matching is
then the load matching factor [1, 5-7] as
defined by:

® = Er/Epax (26)

The matching factor clearly depends on
the 1load parameters since Ep,y is fixed for
a given array, and insolation and temperature
profile.

5. Maximum Power Tracker

The maximum power tracker (MPT} is an
electronic device which can be used to operate
the load at the maximum power point of the
array. In other words, the MPT introduces to
the array side a matching resistance equal to
Ry at all times. The energy which can be
exgracted

from the array using an MPT
(assuming no losses) is then:
th
Empt = ZJ Pmp(t) dat (27)
tmpt
where t .+ is the time at which the array
maximum Bower is equal to the load minlmum

usable power. The time ¢ can be found from
Egn. (23) with I, found 9 solving Egn. (4) for
P. = Pgt. The Eatching factor in the case of

m] s
aanPT is given by:

Unpt = Empt/Emax (28)

The decision on whether to include an MPT
in the system depends on the fractional energy
obtained and its cost effectiveness.

6. Problem Formulation
The objective is to maximize the load
matching factor and conseguently Ej. This can
be stated mathematically as follows:
Maximize: u = £(Cy, C3, . -, Cp) . (29)
Subject to:
[P - Pyl < e (30)
Pp, > Pgy (31)
Ip, > Ige (32)
tegr <t < tge (33)
where e is the permissible error in locating
the array-load operating point. The solution

of the optimization problem yields the optimum
matching factor, Yopt r and the corresponding
optimum load paramggers. The optimum rated
power of the load can then be calculated from:

oo = Epo/[2(tn = Tge)]

and the optimum rated voltage can be
from the corresponding load equation. This
criteria is chosen in order to minimize the
deviation of the load operating power from the
rated power. (Other criteria may use the point
of interception of the optimum load curve and
the maximum power locus of the array).

P (34)

obtained
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7. Per Unit System

As with any power system, a per unit has
been developed for PV systems [10]. The per
unit system is based on the maximum power
point parameters, P , V. , L , and
at 100% SUN and nomiggf opgggtingaxtemperatugé
(normally 25 °C). These are chosen Dbecause
they are usually supplied by the manufacturer
of the PV modules. This approach allows the
designer to easily choose the required number
of modules among different manufacturers.

8. Array Sizing

The results of the optimization problem
can then be used to determine the array
parameters that is needed to supply the
different loads. Knowing the rated parameters
of the load, and the optimum per unit values,
then the required total number of PV modules,
ng, the number of series modules, ng, and the

number of parallel strings, np, can be
calculated by:

ng = (Po/Poo(pu))/Pemax (35)
ng = (Vo/Voo(pu) )/ Vemax (36)
n, = (Io/Igo(pu) )/ Icmax (37)
where P, V8 and I, are the load rated
parameters and P, , vV , and I are the
rated power, ng%gge gﬂ xcurrentcggx the PV
module as supplied by the manufacturer,
respectively. This is based on the linearity

of the PV generator in which we assume perfect
matching of the cells (or modules) to each
other in the array. Since the number of
modules must be integer and satisfies:

ng = ng.n (38)

a P

then, the nearest integer values N,, N and N
which corresponds to n,, ng and n, must bg
used such that N, = Ns‘Np‘

9. Battery Parameters

The next step is to find the proper
battery parameters which must be connected to
the system to improve the matching factor for
a poor matched load and supply the load during
low sun’s radiation (during daytime only).
Since the combined load and battery character-
istic must be optimized according to the
formulation given by Eqgns. (29) to (33), then
it follows that the optimum combined load/
battery equation is given by:

Vi, = £(I, Cios C2or - -+ Cpo) (39)
where the C;,; i=1 ton, are the optimum
combined load}battery parameters. The battery
parameters can then be found by equating the
corresponding terms of the optimum equation to
the non-optimum one. An application of the
required battery parameters to a general
resistive load (Egn. (13)) will be given by:

Rp = Rg:Rgp/ (Rg = Reg) (40)
and
Vg = (Vg Re=Ve-Rgg)/ (Rg = Rgg) (41)

are the non-optimum values and

where V., and R
eo and Ry, are the optimum values. For a pure

\Y
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yesistive load, V., is replaced by zero and Ry
1s replaced by R; in Egns. (40) and (41). The
battery capacity %Wh) can be calculated from:

Qg = (hopt ~ HL) -Epay/ (EFFg.DODy, ) (42)

where:

Hp: the matching factor of the load,

”opt: the optimum matching factor of the
combined load and battery,

Epax® the array maximum energy,

EFFgp: the battery efficiency,

DOD .. : battery maximum depth of discharge.

Equation (42) clearly shows
poorer the matching factor of the
larger will be the battery capacity.

that the
load the

10. Simulation And Analysis Of Results

The PV generator data are obtained from
the literature [2-4) (Appendix). The bisection
method [12] 1is used to determine the array
maximum power point and the array-load
operating point. Numerical integration is used
to evaluate Egns.(8), (22) and (27). The
pattern search algorithm [11] is used to solve
the optimization problem. Results are limited
here to resistive loads.

10.1 Characteristics of the Array

Figure 2 shows the I-V curves of the PV
array under study in per-unit at different
light intensities at 25 °C. Also shown is the
maximum power locus and two minimum usable
power levels P (0.2 pu and 0.5 pu). Figure 3
shows the effect of the array temperature on
the maximum power point parameters at solar
noon. The maximum power point current is
relatively insensitive to temperature,
decreasing about 0.001 pu/°C. The maximum
power point voltage shows a greater effect,
decreasing at 0.0052 pu/°C. For maximum power

the temperature coefficient is about =-0.0055
pu/°C. _(It should be noted that these values
are slightly higher than the normal values.

However, the references [2, 3] do not give the
type of semiconductor used).

10.2 Pure Resistive Ioad

figure 4 shows the variation of the
matching factor versus Ry, (pu) for different
Poy at 25 °C . The results dictate that
I (pu - 25%
14 (pw) T = 25°%C
1.2
-
0.8 1
0.6
0.4 Py = .5 pu
0.2 1 Py = .2 pu
0 . T T T T r r T
0 02 04 06 08 1 12 14 16 18

vV (pw)
Fig. 2. The array I-V characteristics.
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0.2
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Fig. 3. Temperature effect on maximum
power point parameters.
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Fig. 4. Matching of a resistive load.

loading occurs within certain range of Ry or
poor matching will be expected. The optimum R
is 1.2 pu which yields an p,,¢ of 94.34% at 25
°C. (This result is also repgrted in [7]).

Figure 5 shows the variation of the
optimum matching factor and the corresponding
load rated parameters for various Pgi¢. The
advantage of having a small Py is “obvious
since more energy could be utilized. Pg,
should be between 0.6 pu and 0.75 pu and Vg4
should be between 0.85 pu and 0.95 pu. Figure
5 shows that an MPT will increase the
matching factor by up to 5.67% compared to
using an optimized value. However, if Pg¢
exceeds 0.6 pu the use of an MPT will not hefp
unless a battery 1is included since its
matching factor drops to less than 80%. It is
obvious that the MPT can be eliminated if
optimum values are used in the sizing of the
PV array. The effect of varying the array
temperature on the matching factor is shown in
Fig. 6. The optimum matching factor slightly
varies with temperature, increasing at a rate
of 0.043% per °C. The optimum Ry, however,
decreases at a rate of .006 pu /°C. Pg, should
be reduced at a rate of .005 pu per °8.

The optimum rated load parameters under
varying temperature are shown in Fig. 7. The
results show that under uncontrolled tempera-
ture (up to 125 °C) the design values should
be shifted to 30 °C to minimize the deviation
of the matching factor due to high temperature

effect. In general the optimum 1load 1line
should intercept the maximum power point of
the PV array at 80% SUN at the corresponding

temperature.
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Fig. 7. Optimum matching parameters of
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10.3 Electrolytic load

An electrolyte load is characterized by
two parameters V_, and R_. Figures 8 and 9 show
the matching fac%or congours as a function of
Ve and R, for P = 0 pu and 0.2 pu at 25 °C,
respectively. The optimum matching factor is
99.83% for Py = O pu. The corresponding load
parameters are V = 0.79 pu and R, = 0.243
pu. For operation close to the optimum a 1line
segment relates the proper Ve and R can be
extracted from Figs. 8 and 9. This can be
given by R, = 1.18(1 - Ve) for Vo, = 0.7 pu to
0.85 pu and R, = 0.18 pu to 0.36 pu.
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Fig. 8. Matching of an electrolytic
load at Pst* 0 pu.

2 Re (pu) Yopt*97.58% T=26°C
1.8+ 80% bt N\ G0% .- 4
1.6_,,.. : ;

1.4

\ 'buoip’
T

t T

T

12 13 14

0 01 02 03 04 05 06 07 08 09 1 1l
Ve (pu)
Fig. 9. Maiching of an electrolytic
load at Pst= 0.2 pu.

Figure 10 shows the variation of the
optimum matching parameters at different Pg¢
at 25 °C. It also gives the corresponding
matching factor of an MPT. The results show
that Pt should be small or a battery must be
included. The difference between Yopt and up
is insignificant. Figure 11 gives  the 1og§
optimum rated parameters at different
temperatures. V should be reduced at a rate
of 0.006 pu/°C. The optimum load line should
intercept the maximum power locus of the array
at 90% SUN at the corresponding array
temperature. The internal emf of the load
should be equal to the open circuit voltage of
the array at approximately 3.5% SUN at the
corresponding temperature.

. Voo . Voo, Poo. Voo /Voc . Reo (Pu) Te25%¢ 1 (%)
Ve + B
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,——/
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0 01 02 03 04 06 07 08 09 1

0.5
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Fig. 10. Optimum matching of an

electrolytic load.
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Fig. 1l. Optimum matching parameters of
an electrolytic load.

10.4 Calculated Battery Parameters
Figure 12 gives the proper battery
parameters Rp and Vg which should be connected
to the system to improve the matching factor
for a poor matched resistive load. The figure
is based on Egns. (40) and (41) and for Voo and
Ry, o©Obtained at P = 0 and 25 °C. The
variation of these parameters with respect to

Po¢ is insignificant. However at temperatures
higher than 25 °C an account must be taken to
reduce Vg by 0.005 pu /°C. As an example we
assume an electrolytic load with V_, = 0.8 pu
and R, = 1.75 pu then using Fig. 12, we obtain
Vg = 0.77 pu and R =0.277 pu. If the
temperature is to increase to 50 °C then Vg
should be 0.673 pu. Figure 12 could also be
used for pure resistive loads. If for example

R =1.75 pu the Vg should be 0.896 pu and Rp
sﬁould be 0.277 pu.

10.5 Summary of Results

Resistive loads are optinmized by
selecting the load rated power, voltage and
resistance with respect to those of the array.

The optimum matching can be as high as 94.34%
at 25 °C. Resistive loads can be considered
compatible for a range of * 25% around the

optimum which maintains a
factor of 90% at 25 °C.
Electrolytic loads (and battery

minimum matching

storage)

are considered compatible with the array. The
optimum matching factor is 99.83% at 25 °C.
This can be achieved by carefully selecting
Vg (pu) R u
1672 B (P 65
Vo0
1.4 +0.5
Vou.2
1.2 4 r0.45
Vora
14 : o4
Vom6-—_\
R ——
0.8 5 : - +0.35
Vo8 —
0.6 -0.3
Vorl. ™
041 y .2 F0.25
0.2 . . . . ; . 0.2
0.25 0.5 0.75 1 125 15 175 2

Re (pu)
Fig. 12. Calculated battery parameters
for a general resistive load.

the number of series and parallel cells of the
array with respect to those of the electrolyte
so that the internal emf and resistance of the
load are close to the optimum values. A * 20%
deviation of those values from the optimum
will maintain a minimum of 95% matching factor
at 25 °C,.

The optimum values of power and voltage
must be reduced with the increase of the array
operating temperature at approximately the
same rate as P and V... Table I gives the
optimum matching parame@ers for the two loads
under study at two different ranges of array
operating temperature.

Table I. Optimum matching parameters for
resistive loads in per unit of the PV
generator maximum power point parameters at
100% SUN and 25 °C under two ranges of array
operating temperature.

LOAD / PARAMETER 0 to 50°C 50 to 100°C
RESISTIVE RLO 1.29 1.00
0o 0.57 0.41
Voo 0.86 0.64
Hnin 92.50% 95.00%
Hnax 94.35% 96.07%
ELECTROLYTIC  Rgg 0.21 0.25
o 0.79 0.48
Pog 0.67 0.41
Voo 0.94 0.64
Umin 91.00% 89.07%
Hnax 99.84% 99.80%
CONCLUSIONS
Optimum matching of 1loads to the

photovoltaic generator is most desirable for
better system sizing and optimum utilization
of the costly solar cell array. It was shown
that optimum matching can be achieved by
carefully selecting the array maximum power
point parameters with respect to the load
rated parameters. A maximum power tracker may
not be needed if optimum or near optimum
matching is achieved. A battery of selected
parameters must be included to improve the
matching factor for poor matched loads.

It should be noted that a slight
deviation of the optimum values obtained may
be expected when applying different array
data. A future research work should be
directed to apply these results on prototype
PV modules. It will be a great advantageous to
test the actual performance of these prototype
modules under normal environmental conditions.
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PENDIX

The PV array data [2-4] at 100% SUN and
C used for the simulation are as follows:

Amp
Amp
Volt
Ohn
Volt
Amp
Watt

Ig = 13.615
I, = 0.0081
AVp = 23.697
Ry = 0.90
124.2
11.28
1400.
5.70E-4
= 4400

max
max
max -

boH <
o nn

T oo
|
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