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(57) Abstract: A photovoltaic switch apparatus, which includes an input port having two input terminals connectable in circuit across
an electrical supply output of a photovoltaic cell arrangement, an output port having two output terminals connectable in circuit across
an electrical load, a switching arrangement disposed between the input port and the output port, comprising: a latching relay; a switching
pulse circuit; and a semiconductor switch connected across the input port terminals operable, when activated, to connect the two input
terminals in circuit to each other, in use to short the electrical supply from the photovoltaic arrangement, the semiconductor switch
having a switching input connected in circuit to the switching pulse circuit.
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PHOTOVOLTAIC SWITCHING

FIELD OF THE INVENTION

This invention relates to photovoltaic switching. In particular, the invention
relates to a photovoltaic switch apparatus, to a photovoltaic arc-over detection and
switching apparatus, a method of determining resistance of a heating element, a
resistance calculation apparatus, a method of measuring power consumption of a water
heater, and a method of determining instantaneous power output of a photovoltaic

array.

BACKGROUND OF THE INVENTION

The inventor is aware of prior art in the field of photovoltaic (PV) power
generation. However, most solutions offered to the market are sophisticated systems

that often employ inverters, mains power grid chargers and batteries.

The inventor identified a low cost and low complexity market for
photovoltaic systems where a photovoltaic cell is directly connected to a load without
any power conditioning circuitry between the photovoltaic cell and the load. These
types of systems are not commonplace in the market and raise their own unique

technical difficulties.

In a low cost/low complexity solution, a photovoltaic cell, or arrangement
of cells are connected directly to a load, such as an electric water heater. However,
one technical problem to be solved is to switch elevated direct current voltages
(exceeding 15V) and at currents exceeding 5A from the photovoltaic cell to the load
without causing arc-over, whilst minimising losses between the photovoltaic cell and the

load.

The best method to minimise losses is to use an electro-mechanical relay
as switching component. Solid state relays are prone to losses, generates a lot of heat,

are bulky and are therefore less desirable than electromechanical relays. However,
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electro-mechanical relays are prone to arc-over when a direct current at an elevated
voltage is switched off. One solution is to use relays with a high direct current switching

rating, but this increases the cost of the system.

Another problem is that standard thermostats with which alternating
current water heaters are normally fitted, are not specified to switch large direct currents
and, if used in a direct current photovoltaic arrangement, the standard thermostats are

prone to failure due to excessive arc-over.

A solution is offered in US 8,350,414, by Richard T West. The simplest
solution offered by West employs two sets of relays C1/C2, a transistor Q1, a controller
11 (see Figure 1). The controller is programmed with switching sequences to switch a
load 30 on and off as described in column 3 lines 4 to 40. However, the complexity of
controller 11 and the dual relay configuration C1/C2 introduces unnecessary complexity
and adds unnecessary cost. The complexity is apparent from the description in the
patent specification. The inventor was seeking an analogue solution that does not

require a digital controller and without a dual relay configuration.

The present invention presents a low cost and low complexity solution to
be used in combination with a standard thermostat and resistive heater combination
where arc-over of the thermostat switch would normally reduce the thermostat's mean

time between failures.

SUMMARY OF THE INVENTION

According to one aspect of the invention, there is provided a photovoltaic
switch apparatus, which includes
an input port having two input terminals connectable in circuit across an
electrical supply output of a photovoltaic cell arrangement;
an output port having two output terminals connectable in circuit across an
electrical load;
a switching arrangement disposed between the input port and the output port,

the switching arrangement comprising:
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- a latching relay with switching contacts connected respectively between at
least one terminal of the input port and one terminal of the output port;

- a switching pulse circuit, operable to generate a switching pulse with a pulse
width sufficient to switch the latching relay, an output of the switching pulse circuit
connected in circuit to a switching input of the latching relay; and

- a semiconductor switch connected across the input port terminals operable,
when activated, to connect the two input terminals in circuit to each other, in use to
short the electrical supply from the photovoltaic arrangement, the semiconductor switch

having a switching input connected in circuit to the switching pulse circuit.

In this specification the term latching relay is meant to refer to a latching

relay component, or to a relay and latching circuit combination.

The latching relay component may be any type of electromechanical

relay, with a latching output.

The switching pulse circuit may be an analogue circuit operable to

generate an output pulse with a pulse width of at least 8ms.

In operation, the switching pulse circuit, being connected to both the
latching relay and the semiconductor switch will cause the semiconductor switch to
operate within less than 1ms, while the latching relay will only switch after about 5 to 50
ms. The effect of the switching pulse will thus be to cause a short circuit across the
input port terminals of the photovoltaic switch apparatus within the switching time of the
semiconductor switch and, when the latching relay switches, to switch the latching relay

with no current flow through its switching contacts.

According to another aspect of the invention, there is provided a
photovoltaic arc-over detection and switching apparatus, which includes
an input port having two input terminals connectable in circuit across an

electrical supply output of a photovoltaic cell arrangement;
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an output port having two output terminals connectable in circuit across an
electrical load comprising a resistive heating element and an electromechanical
thermostat;

a semiconductor switch connected across the input port terminals, operable,
when activated to connect the two input terminals in circuit to each other, thereby to
short the electrical supply from the photovoltaic arrangement, the semiconductor switch
having a switching input connected in circuit to the switching pulse circuit; and

an arc-over detection circuit operable to detect arc-over of the electromechanical
thermostat, the arc-over detection circuit having a switching pulse circuit, operable to
generate a switching pulse when arcing is detected from the electromechanical
thermostat, the switching pulse connected to the switching input of the semiconductor

switch.

Preferably, the arc-over detection circuit may be an analogue circuit.

The arc-over detection circuit may include an alternating current detection
circuit, operable to detect any alternating current components across the output

terminals of the output port.

The alternating current detection circuit may include an alternating current

filter, operable to pass any alternating current components detected at the output port.

The alternating current detection circuit may include an alternating current

amplification stage connected to an output of the alternating current filter.

The alternating current detection circuit may include a rectifier connected

to an output of the alternating current amplification stage.

The alternating current detection circuit may include an integrating timer

connected to an output of the rectifier.

The alternating current detection circuit may include a one-shot

monostable multivibrator connected to an output of the integrating timer, the one-shot
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monostable multivibrator having an output connected to the switching input of the

semiconductor switch.

In operation, the arc-over detection circuit, being connected across a
standard thermostat and resistive heating element combination of a water heater
detects alternating current (AC) components on the direct current (DC) supply line to
the water heater. Upon detection of AC components exceeding a predefined threshold,
the arc-over detection circuit is activated to cause the semiconductor switch to operate
within less than 1ms. The effect of the switching pulse will thus be to cause a short
circuit across the input port terminals of the photovoltaic switch apparatus within the
switching time of the semiconductor switch and thus permitting the standard thermostat

to switch whilst minimising arc-over across the thermostat terminals.

The photovoltaic cell arrangement may include one or more photovoltaic
cells connected in a series- or parallel circuit with each other. Importantly, the
photovoltaic cells are to be connected directly to the input port of the photovoltaic switch

apparatus.

The semiconductor switch may be in the form of a transistor, a field effect
transistor (FET), an Insulated Gate Bipolar Transistor (IGBT), a TRIAC, a Silicon
Controlled Rectifier (SCR), or the like.

The invention extends to a method of determining resistance of a heating

element of an electric water heater connected to a photovoltaic cell arrangement in a
photovoltaic power generation arrangement, the method including

momentarily disconnecting the photovoltaic cell arrangement from the heating
element and measuring the open circuit voltage (Voc) of the photovoltaic cell
arrangement;

momentarily connecting a known resistance (Rk) across the photovoltaic cell
arrangement and then measuring the voltage drop (Vk) across the known resistance
(Rk);

calculating the current (Ix) through the known resistance (Rk) by dividing the

voltage drop across the known resistance (Vi) by the known resistance (Rk);
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calculating the instantaneous output resistance (Rs) of the photovoltaic cell
arrangement by dividing the difference between the open circuit voltage (Voc) and the
voltage drop across the known resistance (V) with the current (lk);

disconnecting the known resistance (Rk) from the photovoltaic cell arrangement;

connecting the photovoltaic cell arrangement to the heating element with
unknown resistance (Rg);

measuring the voltage drop (Ve) across the heating element with unknown
resistance (Rg);

approximating the unknown resistance (Rg) of the heating element by multiplying
the voltage drop (Ve) across the heating element with the output resistance (Rs) of the
photovoltaic cell arrangement and dividing the answer with the difference between the
open circuit voltage (Voc) of the photovoltaic cell arrangement and the voltage drop (Vg)

across the heating element.

For good accuracy, the known resistance (Rk) value should be within
approximately 30% of the unknown resistance (Rg). Typically, the value of the unknown
resistance (Rg), being the resistance of the heating element, falls within a specific range
of values and the known resistance (Rg) can therefore be chosen to fall within the same

range of values.

In order to improve the accuracy of Rg, the method of determining
resistance of a heating element of an electric water heater may be repeated to

determine a running average of RE.

According to another aspect of the invention, there is provided a
resistance calculation apparatus, which includes
an input port having two input terminals connectable in circuit across an
electrical supply output of a photovoltaic cell arrangement;
an output port having two output terminals connectable in circuit across an
electrical load;
a measurement arrangement disposed between the input port and the output

port, the measurement arrangement having:
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- a relay with switching contacts connected respectively between at least one
terminal of the input port and one terminal of the output port;

- a semiconductor switch connected in series with a known resistance across the
input port terminals, the semiconductor switch operable, when activated, to connect the
two input terminals in circuit with the known resistance across the photovoltaic cell
arrangement; and

- a voltage measurement input connectable across the input terminal,

- a control circuit, operable, selectively

- to generate a switching pulse, thereby to activate the semiconductor
switch;
- to operate the relay;

- to measure the voltage across the input terminal.

The control circuit may be operable

momentarily to disconnect the photovoltaic cell arrangement from the heating
element and to measure the open circuit voltage (Voc) of the photovoltaic cell
arrangement;

momentarily to connect a known resistance (Rk) across the photovoltaic cell
arrangement and then to measure the voltage drop (Vk) across the known resistance
(Rk);

to calculate the current (k) through the known resistance (Rg) by dividing the
voltage drop across the known resistance (Vi) by the known resistance (Rk);

to calculate the instantaneous output resistance (Rs) of the photovoltaic cell
arrangement by dividing the difference between the open circuit voltage (Voc) and the
voltage drop across the known resistance (V) with the current (Ik);

to disconnect the known resistance (Rk) from the photovoltaic cell arrangement;

to connect the photovoltaic cell arrangement to the heating element with
unknown resistance (Rg);

to measure the voltage drop (Ve) across the heating element with unknown
resistance (Rg);

to approximate the unknown resistance (Rg) of the heating element by
multiplying the voltage drop (Ve) across the heating element with the output resistance

(Rs) of the photovoltaic cell arrangement and dividing the answer with the difference
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between the open circuit voltage (Voc) of the photovoltaic cell arrangement and the

voltage drop (Vg) across the heating element.

In accordance with another aspect of the invention, there is provided a
method of measuring power output of a photovoltaic array, which includes
determining the resistance of a heating element of an electric water heater
connected to a photovoltaic cell arrangement as described above;
measuring the voltage over the heating element, over a period of time; and
calculating the instantaneous power dissipated by the heating element by use of
the voltage drop over the heating element and the resistance of the heating element

and multiplying the instantaneous power with the period of time.

In accordance with another aspect of the invention, there is provided a
method of determining instantaneous power output of a photovoltaic array, which
includes

momentarily disconnecting the photovoltaic cell arrangement from the heating
element and measuring the open circuit voltage (Voc) of the photovoltaic cell
arrangement;

momentarily connecting a known resistance (Rk) across the photovoltaic cell
arrangement and then measuring the voltage drop (Vk) across the known resistance
(Rk);

calculating the current (Ik) through the known resistance (Rk) by dividing the
voltage drop across the known resistance (Vi) by the known resistance (Rk);

calculating the instantaneous output resistance (Rs) of the photovoltaic cell
arrangement by dividing the difference between the open circuit voltage (Voc) and the
voltage drop across the known resistance (V) with the current (l); and

determining instantaneous power output of a photovoltaic array by multiplying
the calculated current (lx) with the voltage drop across the known resistance (Vk) of the

photovoltaic cell arrangement.

The invention will now be described by way of a non-limiting example,

with reference to the following drawing(s).
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DRAWINGS

In the drawing(s):

Figure 1 shows a circuit diagram of a photovoltaic switch apparatus in
accordance with one aspect of the invention connected in circuit with a photovoltaic cell
arrangement and an electrical load in the form of a domestic water heater;

Figure 2 shows a circuit diagram of an arc-over detection- and switching circuit in
accordance with another aspect of the invention connected in circuit with a photovoltaic
cell arrangement and an electrical load in the form of a domestic water heater;

Figure 3 shows the arc detection circuit of Figure 2 in more detail; and

Figure 4 shows a photovoltaic measurement apparatus in accordance with one
aspect of the invention connected in circuit with a photovoltaic cell arrangement and an

electrical load in the form of a domestic water heater.

EMBODIMENT OF THE INVENTION

In Figure 1 a photovoltaic switch apparatus 10 is shown connected in
circuit with a photovoltaic cell arrangement 12 and an electrical load in the form of a

domestic water heater 14.

The photovoltaic switch apparatus 10 is provided with an input port 16
comprising two input terminals 16.1 and 16.2 connected in circuit across an electrical

supply output of the photovoltaic cell arrangement 12.

The photovoltaic switch apparatus 10 is provided with an output port 18
comprising two output terminals 18.1 and 18.2 connected in circuit across the domestic

water heater 14.

The photovoltaic switch apparatus 10 includes a switching arrangement
20 disposed between the input port 16 and the output port 18, the switching
arrangement 20 comprising a latching relay 22, a switching pulse circuit 24 and a

semiconductor switch in the form of a Field Effect Transistor (FET) 26.
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The latching relay 22 has switching contacts 22.1, 22.2 connected
respectively between terminal 16.1 of the input port 16 and terminal 18.1 of the output

port 18. The latching relay 22 is an electromechanical relay, with a latching output.

The switching pulse circuit 24 has a switching pulse output 24.1
connected in circuit to a switching input 22.3 of the latching relay 22, the switching pulse
output arranged to generate a pulse with a pulse width sufficient to switch the latching
relay. The switching pulse circuit 24 is an analogue circuit operable to generate an

output pulse with a pulse width of at least 8ms.

It is to be appreciated that the switching pulse circuit 24 can be provided
with a control input (not shown) which can be used to activate the switching pulse circuit

24 when switching of the photovoltaic switch apparatus 10 is desired.

The FET 26 which is connected across the input port terminals 16.1 and
16.2 is operable, when activated, to connect the two input terminals 16.1, 16.2 in circuit
to each other to short the electrical supply from the photovoltaic arrangement 12, the
FET 26 has a switching input 26.1 connected in circuit to the switching pulse output

24 1 of the switching pulse circuit 24.

In use the switching pulse circuit 24, being connected to both the latching
relay 22 and the FET 26, will cause the FET 26 to operate within less than 1ms, while
the latching relay 22 will only switch in about 5 to 50 ms. The effect of a switching pulse
on the switching pulse output 24.1 will thus be to cause a short circuit across the input
port terminals 16.1, 16.2 of the photovoltaic switch apparatus 10 within the switching
time of the FET 26 and, when the latching relay 22 switches, to switch the latching relay

with no current flow through its switching contacts 22.1, 22.1.

Figure 2 shows an arc-over detection- and switching apparatus 50
connected in circuit with a photovoltaic cell arrangement 52 and an electrical load in the

form of a domestic water heater 54.1 and thermostat combination 54.2.
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The arc-over detection- and switching apparatus 50 has an input port 56
comprising two input terminals 56.1 and 56.2 connected in circuit across an electrical

supply output of the photovoltaic cell arrangement 52.

The arc-over detection- and switching apparatus 50 has an output port 58
comprising two output terminals 58.1 and 58.2 connected in circuit across the domestic

water heater 54.2 and electromechanical thermostat 54.1 combination.

The arc-over detection- and switching apparatus 50 includes a switching
arrangement 60 disposed between the input port 56 and the output port 58, the
switching arrangement 60 comprising an arc-over detection circuit 62 and a
semiconductor switch in the form of a Field Effect Transistor (FET) 66. The FET 66 is
connected across the input port terminals 56.1 and 56.2 operable, when activated, to
connect the two input terminals 56.1, 56.2 in circuit to each other, thereby to short the
electrical supply from the photovoltaic arrangement 52, the FET has a switching input

66.1 connected in circuit to the arc-over detection circuit 62.

The arc-over detection circuit 62 is operable to detect arc-over of the
electromechanical thermostat 54.1, the arc-over detection circuit has a switching pulse
circuit (see Figure 3), operable to generate a switching pulse output when arc-over is
detected from the electromechanical thermostat 54.1, the switching pulse output 62.1 is

connected to the switching input 66.1 of the semiconductor switch 66.

The arc-over detection circuit 62 is described in more detail in Figure 3.
The same components as shown in Figure 2 have been numbered with like numerals.
Capacitor 68 directs any alternating current components on the output terminal 58.1 to
amplifier 70 through resistor 72. A rectified output of the amplifier 70 together with the
rectified output of a unity gain inverting amplifier 74 are presented to an integrating
timer 76. Timer 76 activates a one-shot monostable multivibrator 78. The one-shot
multivibrator 78 has an output connected to FET 66 and switches the FET 66 for a

predefined period of time.
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Gain for amplifier 70 is determined by the ratio of resistors 80 and 72
while gain for amplifier 74 is set by the ratio of 82 and 84. The operating bias is
controlled by resistors 86 and 88. Transient-voltage-suppression diode 90 protects the
input of amplifier 70. Diodes 92 and 94 provide active full wave rectification to the
integrating timer 76, while resistor 96 couples the one-shot monostable multivibrator 78
to FET 66. Diode 98 absorbs stray inductive reverse voltages across the input terminals
56.1, 56.2.

As can be seen in Figure 3, the arc-over detection circuit is a fully

analogue circuit, which contribute to the affordability and simplicity of the invention.

In operation, the arc-over detection circuit 50, being connected across a
standard thermostat 54.1 and resistive heating element 54.2 combination of a water
heater detects alternating current (AC) components on the direct current (DC) supply
line to the water heater 54.2. Upon detection of AC components exceeding a
predefined threshold, the arc-over detection circuit is activated to cause the
semiconductor switch to operate within less than 1ms. The effect of the switching pulse
will thus be to cause a short circuit across the input port terminals of the photovoltaic
switch apparatus within the switching time of the semiconductor switch and thus
permitting the standard thermostat to switch whilst minimising arc-over across the

thermostat terminals.

In Figure 4 a photovoltaic resistance calculation apparatus 100 is shown.
The photovoltaic resistance calculation apparatus 100 has an input port 102 comprising
two input terminals 102.1, 102.2 connected in circuit across an electrical supply output
of a photovoltaic cell arrangement 104. The photovoltaic resistance calculation
apparatus 100 further has an output port 106 comprising two output terminals 106.1,

106.2 connected in circuit across an electrical load 108.

The photovoltaic resistance calculation apparatus 100 further has a
measurement arrangement 110 disposed between the input port 102 and the output
port 106. The measurement arrangement comprises a relay 112 with switching

contacts connected respectively between terminal 102.1 of the input port 102 and
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terminal 106.1 of the output port 106; a semiconductor switch in the form of a field effect
transistor (FET) 114 connected in series with a known resistance 116 across the input
port terminals 102.1, 102.2, the FET operable, when activated, to connect the two input
terminals 102.1, 102.2 in circuit with the known resistance across the a photovoltaic cell
arrangement 104; a voltage measurement input 118 connectable across the input
terminal 102.1, 102.2.

The measurement arrangement comprises a control circuit 120, operable,
selectively: - to generate a switching pulse, thereby to switch on the FET,;
- to operate the relay; and

- to measure the voltage across the input terminal.

In use, the control circuit 120 is operable:

- momentarily to disconnect the photovoltaic cell arrangement 104 from the
heating element 108 and to measure the open circuit voltage (Voc) at 118 of the
photovoltaic cell arrangement 104;

- momentarily to connect the known resistance (Rk) 116 across the photovoltaic
cell arrangement 104 and then to measure the voltage drop (Vk) at 118 across the
known resistance (Rk) 116;

- to calculate the current (lk) through the known resistance (Rk) by dividing the
voltage drop (Vk) across the known resistance (Vi) by the known resistance (Rk);

- to calculate the instantaneous output resistance (Rs) of the photovoltaic cell
arrangement 104 by dividing the difference between the open circuit voltage (Voc) and
the voltage drop across the known resistance (Vi) with the current (Ik);

- to disconnect the known resistance (Rk) from the photovoltaic cell arrangement
by switching the FET 114 off;

- to connect the photovoltaic cell arrangement 104 to the heating element 108
with unknown resistance (Rg) by switching relay 112 on;

- to measure the voltage drop (V) at 118 across the heating element 108 with
unknown resistance (Rg);

- to approximate the unknown resistance (Rg) of the heating element by
multiplying the voltage drop (Ve) across the heating element with the output resistance

(Rs) of the photovoltaic cell arrangement and dividing the answer with the difference
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between the open circuit voltage (Voc) of the photovoltaic cell arrangement and the

voltage drop (Vg) across the heating element.

The resistance calculation apparatus provides a method of measuring

power output of a photovoltaic array, which includes the steps of

measuring the voltage over a heating element 108 of an electric water heater
connected to a photovoltaic cell arrangement 104 as described above;

determining the current flowing through the heating element 108 over a period of
time by use of the voltage and resistance information; and

calculating the instantaneous power dissipated by the heating element 108 by
use of the voltage drop over the heating element and the resistance of the heating

element 108 and multiplying the instantaneous power with the period of time.

The inventor is of the opinion that the photovoltaic switch apparatus and
the photovoltaic arc-over detection and switching apparatus comprising only analogue
components provides novel, low complexity, cost efficient solutions to the problem of

switching direct current loads connected to a photovoltaic arrangement.

Furthermore, the photovoltaic resistance calculation apparatus provides a
novel method of determining the resistance of a heating element of an electric water
heater connected to a photovoltaic cell arrangement in a photovoltaic power generation
arrangement. With the resistance of the heating element known, the invention further

provides a novel method of measuring power consumption of a water heater.

The invention further provides a novel method of determining the
instantaneous power output of a photovoltaic cell arrangement without the need for any

separate light sensor such as a light dependent resistor (LDR).

The methods described above are novel and are implemented by means
of a simple analogue circuit arrangement. This brings substantial benefit in terms of

cost and reliability.
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CLAIMS:

1. A photovoltaic switch apparatus, which includes

an input port having two input terminals connectable in circuit across an
electrical supply output of a photovoltaic cell arrangement;

an output port having two output terminals connectable in circuit across an
electrical load;

a switching arrangement disposed between the input port and the output port,
the switching arrangement comprising:

- a latching relay with switching contacts connected respectively between at
least one terminal of the input port and one terminal of the output port;

- a switching pulse circuit, operable to generate a switching pulse with a pulse
width sufficient to switch the latching relay, an output of the switching pulse circuit
connected in circuit to a switching input of the latching relay; and

- a semiconductor switch connected across the input port terminals operable,
when activated, to connect the two input terminals in circuit to each other, in use to
short the electrical supply from the photovoltaic arrangement, the semiconductor switch

having a switching input connected in circuit to the switching pulse circuit.

2. A photovoltaic switch apparatus as claimed in claim 1, in which the

latching relay is an electromechanical relay with a latching output.

3. A photovoltaic switch apparatus as claimed in claim 1, in which the
switching pulse circuit is an analogue circuit operable to generate an output pulse with a

pulse width of at least 8ms.

4. A photovoltaic switch apparatus as claimed in claim 1, in which the
semiconductor switch is selected from any one of a transistor, a field effect transistor,
an Insulated Gate Bipolar Transistor (IGBT), a TRIAC and a Silicon Controlled Rectifier
(SCR).
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5. A photovoltaic arc-over detection and switching apparatus, which
includes

an input port having two input terminals connectable in circuit across an
electrical supply output of a photovoltaic cell arrangement;

an output port having two output terminals connectable in circuit across an
electrical load comprising a resistive heating element and an electromechanical
thermostat;

a semiconductor switch connected across the input port terminals operable,
when activated, to connect the two input terminals in circuit to each other, in use to
create a short circuit across the electrical supply from the photovoltaic arrangement, the
semiconductor switch having a switching input; and

an arc-over detection circuit operable to detect arc-over of the electromechanical
thermostat to which the output port is connectable, the arc-over detection circuit having
a switching pulse circuit, operable to generate a switching pulse when arc-over is
detected from the electromechanical thermostat, an ouput from the switching pulse

circuit connected to the switching input of the semiconductor switch.

6. A photovoltaic arc-over detection and switching apparatus as claimed in

claim 5, which comprises solely of analogue components.

7. A photovoltaic arc-over detection and switching apparatus as claimed in
claim 5, which includes an alternating current detection circuit, operable to detect any

alternating current components across the output terminals of the output port.

8. A photovoltaic arc-over detection and switching apparatus as claimed in
claim 7, in which the alternating current detection circuit includes an alternating current

filter, operable to pass any alternating current components detected at the output port.

9. A photovoltaic arc-over detection and switching apparatus as claimed in
claim 8, in which the alternating current detection circuit includes an alternating current

amplification stage connected to an output of the alternating current filter.
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10. A photovoltaic arc-over detection and switching apparatus as claimed in
claim 9, in which the alternating current detection circuit includes a rectifier connected to

an output of the alternating current amplification stage.

11. A photovoltaic arc-over detection and switching apparatus as claimed in
claim 10, in which the alternating current detection circuit includes an integrating timer

connected to an output of the rectifier.

12. A photovoltaic arc-over detection and switching apparatus as claimed in
claim 11, in which the alternating current detection circuit includes a one-shot
monostable multivibrator connected to an output of the integrating timer, the one-shot
monostable multivibrator having an output connected to the switching input of the

semiconductor switch.

13. A photovoltaic arc-over detection and switching apparatus as claimed in
claim 5, in which the semiconductor switch is selected from any one of a transistor, a
field effect transistor an Insulated Gate Bipolar Transistor (IGBT), a TRIAC, a Silicon
Controlled Rectifier (SCR).

14. A method of determining resistance of a heating element of an electric
water heater connected to a photovoltaic cell arrangement in a photovoltaic power
generation arrangement, the method including

momentarily disconnecting the photovoltaic cell arrangement from the heating
element and measuring the open circuit voltage (Voc) of the photovoltaic cell
arrangement;

momentarily connecting a known resistance (Rk) across the photovoltaic cell
arrangement and then measuring the voltage drop (Vk) across the known resistance
(Rk);

calculating the current (Ix) through the known resistance (Rk) by dividing the
voltage drop across the known resistance (Vi) by the known resistance (Rk);

calculating the instantaneous output resistance (Rs) of the photovoltaic cell
arrangement by dividing the difference between the open circuit voltage (Voc) and the

voltage drop across the known resistance (V) with the current (lk);
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disconnecting the known resistance (Rk) from the photovoltaic cell arrangement
and connecting the heating element to the photovoltaic cell arrangement;

connecting the photovoltaic cell arrangement to the heating element with
unknown resistance (Rg);

measuring the voltage drop (Ve) across the heating element with unknown
resistance (Rg); and

approximating the unknown resistance (Rg) of the heating element by multiplying
the voltage drop (Ve) across the heating element with the output resistance (Rs) of the
photovoltaic cell arrangement and dividing the answer with the difference between the
open circuit voltage (Voc) of the photovoltaic cell arrangement and the voltage drop (Vg)

across the heating element.

15. A resistance calculation apparatus, which includes

an input port having two input terminals connectable in circuit across an
electrical supply output of a photovoltaic cell arrangement;

an output port having two output terminals connectable in circuit across an
electrical load;

a measurement arrangement disposed between the input port and the output
port, the measurement arrangement having:

- a relay with switching contacts connected respectively between at least one
terminal of the input port and one terminal of the output port;

- a semiconductor switch connected in series with a known resistance across the
input port terminals, the semiconductor switch operable, when activated, to connect the
two input terminals in circuit with the known resistance across the a photovoltaic cell
arrangement; and

- a voltage measurement input connectable across the input terminal,

- a control circuit, operable, selectively

- to generate a switching pulse, to activate the semiconductor switch;
- to operate the relay;

- to measure the voltage across the input terminal.

16. A photovoltaic resistance calculation apparatus as claimed in claim 15, in

which the control circuit may be operable
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momentarily to disconnect the photovoltaic cell arrangement from the heating
element and to measure the open circuit voltage (Voc) of the photovoltaic cell
arrangement;

momentarily to connect a known resistance (Rk) across the photovoltaic cell
arrangement and then to measure the voltage drop (Vk) across the known resistance
(Rk);

to calculate the current (k) through the known resistance (Rg) by dividing the
voltage drop across the known resistance (Vi) by the known resistance (Rk);

to calculate the instantaneous output resistance (Rs) of the photovoltaic cell
arrangement by dividing the difference between the open circuit voltage (Voc) and the
voltage drop across the known resistance (V) with the current (lk);

to disconnect the known resistance (Rk) from the photovoltaic cell arrangement;

to connect the photovoltaic cell arrangement to the heating element with
unknown resistance (Rg);

to measure the voltage drop (Ve) across the heating element with unknown
resistance (Rg);

to approximate the unknown resistance (Rg) of the heating element by
multiplying the voltage drop (Ve) across the heating element with the output resistance
(Rs) of the photovoltaic cell arrangement and dividing the answer with the difference
between the open circuit voltage (Voc) of the photovoltaic cell arrangement and the

voltage drop (Vg) across the heating element.

17. A method of measuring power output of a photovoltaic array, which
includes

determining the resistance of a heating element of an electric water heater
connected to a photovoltaic cell arrangement as claimed in claim 16;

determining the current flowing through the heating element over a period of
time; and

calculating the instantaneous power dissipated by the heating element by use of
the current and the resistance of the heating element and multiplying the instantaneous

power with the period of time.
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18. A method of determining instantaneous power output of a photovoltaic
array, which includes

momentarily disconnecting the photovoltaic cell arrangement from the heating
element and measuring the open circuit voltage (Voc) of the photovoltaic cell
arrangement;

momentarily connecting a known resistance (Rk) across the photovoltaic cell
arrangement and then measuring the voltage drop (Vk) across the known resistance
(Rk);

calculating the current (Ix) through the known resistance (Rk) by dividing the
voltage drop across the known resistance (Vi) by the known resistance (Rk);

calculating the instantaneous output resistance (Rs) of the photovoltaic cell
arrangement by dividing the difference between the open circuit voltage (Voc) and the
voltage drop across the known resistance (V) with the current (l); and

determining instantaneous power output of a photovoltaic array by multiplying
the calculated current (lx) with the voltage drop across the known resistance (Vk) of the

photovoltaic cell arrangement.

19. A photovoltaic switch apparatus as claimed in claim 1, substantially as

herein described and illustrated.

20. A photovoltaic arc-over detection and switching apparatus as claimed in

claim 5, substantially as herein described and illustrated.

21. A method of determining resistance of a heating element of an electric

water heater as claimed in claim 14, substantially as herein described and illustrated.

22. A resistance calculation apparatus as claimed in claim 15, substantially

as herein described and illustrated.

23. A method of measuring power consumption of a water heater as claimed

in claim 17, substantially as herein described and illustrated.
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24. A method of determining instantaneous power output of a photovoltaic
array as claimed in claim 18, substantially as herein described and illustrated.

25. A new photovoltaic switch apparatus, substantially as herein described.

26. A new photovoltaic arc-over detection and switching apparatus,

substantially as herein described.

27. A new method of determining resistance of a heating element of an

electric water heater, substantially as herein described.

28. A new resistance calculation apparatus, substantially as herein described.

29. A new method of measuring power consumption of a water heater,

substantially as herein described.

30. A new method of determining instantaneous power output of a

photovoltaic array, substantially as herein described.
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