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GRID RESPONSIVE CONTROL DEVICE 

FIELD OF THE INVENTION 

[0001] The present invention relates to a means and method 
for controlling the balance betWeen supply and generation on 
an electricity grid. 

BACKGROUND OF THE INVENTION 

[0002] A reliable source of electricity is essential for almost 
all aspects of modern life. 
[0003] Providing reliable electricity is, at present, an enor 
mously complex technical challenge. It involves real-time 
assessment and control of an electricity system consisting of 
generation, of all types (nuclear, coal, oil, natural gas, hydro 
poWer, geothermal, photovoltaic, etc.), and load eg the 
appliances, instruments etc. using the electricity. 
[0004] The electricity is supplied over a distribution net 
Work consisting of transmission lines interconnected by 
sWitching stations. The generated electricity is generally 
‘stepped-up’ by transformers to high voltages (230-765 kV) 
to reduce transmission losses of electricity (through heating). 
The generators, distribution netWorks and loads comprise an 
electricity poWer grid. 
[0005] Reliable operation of a poWer grid is complex as, at 
present, electricity must be produced the instant it is used, 
meaning poWer generation and demand must be balanced 
continuously. In existing poWer management systems, the 
supply of electricity is balanced to demand by planning, 
controlling and coordinating the generation of electricity. 
[0006] Failure to match generation to demand causes the 
frequency of an AC poWer system to increase When genera 
tion exceeds demand and decrease When generation is less 
than demand. 
[0007] In the UK, the electricity boards must maintain a 
nominal frequency of 50 HZ and are alloWed a variation of 
:1/2%. In the US, this nominal frequency is 60 HZ. In some 
closed loop systems, such as an aeroplane, the nominal fre 
quency is 400 HZ. The nominal frequency is the frequency of 
the AC poWer that a grid Was designed for and it is intended to 
keep this frequency controlled and stable. 
[0008] Random, small variations in frequency are normal, 
as loads come on and off and generators modify their output 
to folloW the demand changes. HoWever, large deviations in 
frequency can cause the rotational speed of generators to 
move beyond tolerance limits, Which can damage generator 
turbines and other equipment. 
[0009] The variation in frequency can also damage loads. 
[0010] A frequency change of just :1/2% is a large signal in 
terms of the precision of modern semiconductor instrumen 
tation. 
[0011] There are problems With the present supply-side 
style architecture of matching generation to demand. At 
present, When extreme loW-frequencies can not be dealt With, 
i.e. demand out-strips generation, automatic under-frequency 
load shedding may be triggered, Which takes blocks of cus 
tomers off-line in order to prevent a total collapse of the 
electricity system. This may have the effect of stabilising the 
system, but is extremely inconvenient and even haZardous to 
the user. 

[0012] After a blackout the grid is at a particularly sensitive 
stage and recovery is sloW. Large generators generally require 
other generators to make some poWer available to start or 
re-start it. If no poWer is available, such generator(s) cannot 

Mar. 25, 2010 

start. So grid systems have services, knoWn as “black start” 
services, Whereby a subset of generation has the capacity to 
start and continue generating, even When the rest of the grid is 
inactive (ie black). Grid operators have prepared planned 
sequences for restoring generation and load. These ensure 
that the limited initial supplies are used ?rst to provide com 
munication and control, then to start up bigger generators, 
and thereafter the load is progressively connected to match 
the increasing availability of generation. 
[0013] The entire process of black start is a fraught one. A 
blackout is a very rare event, and not one that can be practiced 
except in an actual crisis. Everybody involved is under severe 
pressure, and the systems are being operated quite outside 
their normal operating range (and sometimes outside their 
design range). Every step When load or generation is added is 
a shock to the system and the grid can take seconds or minutes 
to stabilise after it happens. Prudence Would suggest making 
changes in small increments. This inevitably sloWs doWn the 
overall process, prolonging the blackout for those Who are 
still to be reconnected. 
[0014] In order to insure as much as possible against load 
shedding, a poWer system Will be operated at all times to be 
able to cope With the loss of the most important generator or 
transmission facility (i.e. the most signi?cant single contin 
gency). Thus, the grid is normally being operated Well beloW 
its capacity such that a large random failure does not jeopar 
dise the system as a Whole. This, hoWever, means that the 
generation is not operating as ef?ciently as possible, With a 
resulting increase in electricity supply costs. 
[0015] High air conditioning and other cooling loads in the 
summer and high space heating loads in the Winter are a 
normal cause of peak-loads. Grid operators, hoWever, use 
rigorous planning and operating studies, including long-term 
assessments, year-ahead, season-ahead, Week-ahead, day 
ahead, hour-ahead and real time operational contingency 
analyses to anticipate problems. 
[0016] The unexpected can still occur, Which is Why the 
system operates With headroom for compensating for the 
largest contingency. Utilities can use additional peaking gen 
erators, Which have high running cost, to provide additional 
electricity When needed or, alternatively do not operate main 
generators at capacity so as to leave some potential for extra 
generation to satisfy excess loads. Both of these methods 
result in a higher unit cost of electricity than if the system Was 
operating nearer to capacity. 
[0017] There has been proposed an alternative architecture 
for matching load and generation to that presently used. The 
general idea is to compensate for differences betWeen load 
and generation using the demand-side by Way of load man 
agement. 
[0018] Limited literature exists on the concept of using 
load, or demand, to contribute (at least) to grid stability. 
[0019] US. Pat. No. 4,317,049 (SchWeppe et al.) proposes 
such a different basic philosophy to existing electric poWer 
management in Which both supply and demand of electricity 
respond to each other and try to maintain a state of equilib 
rium. 
[0020] This document identi?es tWo classes of usage 
devices. The ?rst type are energy type usage devices charac 
terised by a need for a certain amount of energy over a period 
of time in order to ful?l their function and an indifference to 
the exact time at Which the energy is fumished. Examples 
Were space conditioning apparatus, Water heaters, refrigera 
tors, air compressors, pumps, etc.. The second class Was a 
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power type usage device characterised by needing power at a 
speci?c time. Such devices Would not be able to (fully) ful?l 
their function if the power Was not supplied at a designated 
time and rate. Examples include lighting, computers, TVs, 
etc.. 

[0021] The Frequency Adaptive, PoWer-Energy Re-sched 
uler (PAPER) of the SchWeppe et al. patent provided its 
poWer management by application of a PAPER to energy type 
usage devices. The SchWeppe et al. patent particularly dis 
cusses application of the PAPER to a Water pump for pump 
ing Water into a storage tank. 

[0022] The Water level in the Water tank has a minimum 
alloWable level Ymin and a maximum alloWable level Ymax. 
Ordinarily, the Water pump Will be sWitched on to pump Water 
into the storage tank When the level falls to or beloW the 
minimum level and turns the pump off When the maximum 
level is reached. OtherWise, the pump is idle. 

[0023] The PAPER modi?es these limits (Ymax, Yml-n) 
depending upon the system frequency. Thus, in a period of 
high frequency (electricity demand shortage), ie when the 
grid frequency increases above nominal, the minimum Water 
level causing the pump to activate (Yml-n)is increased and the 
maximum Water level (Ymax) is also raised. Thus, the pump 
sWitches on at a higher level and stops at a higher level than 
operation not under the control of a PAPER. This means that 
the excess in generation is being taken up. Using the same 
principle, as the electricity frequency drops beloW the grid 
nominal frequency (a generation shortage), the minimum and 
maximum Water levels are loWered. This loWering results in 
ON pumps being sWitched off sooner and OPP pumps coming 
on later than usual, and so using less electricity, thereby 
reducing the load. 
[0024] According to SchWeppe, the raising of the limits 
(particularly the maximum) and the loWering of the limits 
(particularly the minimum) should have an extent cap, 
de?ned by either user desires or safety requirements. Thus, 
the limits should be extendable, but only to a certain extent, as 
otherWise the tank could unacceptably empty or over?oW. 

[0025] The broad concept uncovered by SchWeppe in this 
patent is that consuming devices, Which incorporate some 
sort of energy store and operate to a duty cycle, are useful in 
providing grid responsive behaviour. When running, the 
energy store is being replenished or ?lled and, thus, the poten 
tial energy of the store is increasing. When the devices are not 
running, their function is preserved because of the load’s 
ability to store energy. 

[0026] The PAPER modi?es the timing of the load’s con 
sumption, Without detriment to the service provided by the 
device, using the grid frequency as a guide. Thus, the poten 
tial energy of the device is increased When the grid frequency 
is high in order to maximise the amount of energy fed into the 
device Which is stored. This compensates for any excess. 
During times of insuf?cient generation (high frequency), the 
potential energy of the device is loWered, thereby releasing 
energy to the grid and compensating for the shortage. 
[0027] Moving on from the PAPER, a different and 
improved “responsive load system” Was disclosed in GB 
2361 1 18 by the present inventor. The responsive load system 
Was based on the same underlying principle as the PAPER 
devices, that grid stability can be at least aided by using 
demand-side grid response, and built on the response method 
and offered a further enhancement of using probabilistic 
methods as to the ON/ OPP sWitching timing for the load. 
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[0028] One problem With the PAPER device is that, Without 
any randomisation, the smallest movement of the frequency 
could result in all loads With PAPERs applied responding in 
the same Way and doing so simultaneously. This could result 
in a destabilising in?uence on the grid. A more gradual 
response is needed and the responsive load system offered 
this by distributing the frequencies to Which each device is 
responsive by using a randomised function. 
[0029] As mentioned above, the responsive load system of 
GB 23611 18 de?nes a probability based method for choosing 
the frequency to Which a device is sensitive. In this Way, a 
progressively larger proportion of the responsive load device 
population changes the load as the system frequency departs 
from the nominal frequency of the grid. 
[0030] In more detail, the responsive load system uses a 
randomiser to choose both a high frequency and a loW fre 
quency to Which the device is sensitive. This is advantageous 
over the PAPER device as more and more load is sWitched on 

or off progressively as the frequency increases or decreases, 
respectively. 
[0031] The random inputs for the high and loW frequencies 
to Which the devices are sensitive are revised from time to 
time. This step has the advantage of distributing any disad 
vantages of responsive devices among the population and 
ensuring that no one device Was stuck With unfavourable 
frequency triggers. For example, it Would not be appropriate 
if a particular device Was constantly sensitive to the slightest 
change in frequency Whereas another device had such broad 
trigger frequencies that it only provided frequency response 
in extreme grid stress situations. 

[0032] One problem With this system is that the controller is 
not tamperproof. Users, such as users of air conditioning, 
might choose to turn up their controls because of the slight 
heating/ cooling of a room beyond that desired as a result of a 
frequency responsive load change being noticed. Thus, if the 
air conditioner is generating in a loWer temperature range, 
that is the air conditioner is Working harder and is on more 
frequently, because of an increase in grid frequency, and a 
user notices this and turns the air conditioning doWn, before 
the frequency returns to an acceptable level, then the response 
has been lost. 

[0033] Partially because of the above problem, the Grid 
Stability System of UK patent application number 03222783 
Was formed. The grid stability system prevents an end user 
from overriding the frequency response function by ?xing the 
frequency triggers at pre-grid stress settings. In this Way, 
manipulation of a set point controller, such as a thermostat, is 
made ineffective for the duration of the period of high stress. 

[0034] The grid stability system also de?nes three states of 
the system, normal, stress and crisis. The stress level of the 
grid determines Which of the above three grid states are rel 
evant. 

[0035] The stress level of the grid can be determined by 
comparing the present grid frequency to limit values for the 
frequency and determining Whether the current frequency 
falls inside limits chosen to represent a normal state, a 
stressed state or a crisis state. 

[003 6] Rapid changes in frequency, Whatever their ab solute 
value, are also used as indicators of grid stress level by de?n 
ing limits for the rate of change of the grid frequency. 
[0037] The grid stress level can also be indicated by an 
integration, over time, of the deviation of the grid frequency 
from the nominal grid frequency. Thus, even if the extent of 
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frequency departure is very small, if it departs for a long 
enough time, then a grid stress or crisis condition is still 
determined. 

[0038] The grid status is, therefore, determined, according 
to the grid stability system, by taking into account instanta 
neous large frequency departures from nominal, rapid 
changes of frequency and accumulatively large, but not nec 
essarily outside a preferred frequency change at any given 
time, departures all being signs of grid stress. Each of these 
possible types of grid indicators has an associated set of limits 
that individually or in combination determine Whether the 
grid is in a normal state, a stressed state or a crisis state. 

[0039] Having determined the status of the grid, that is 
Whether the grid is in a normal state, a stressed state or a crisis 
state, the controller of the grid stabilising system adapts its 
grid responsive behaviour depending upon the determined 
grid status. If a normal status is determined, the device pro 
vides response to frequency changes in the same Way as the 
original responsive load device. So, as grid frequency rises 
above the temperature determining trigger frequency, off 
devices Will sWitch on in order to “take up” the extra genera 
tion. In the case that the grid frequency falls beloW a loW 
frequency trigger value, “on” devices Will sWitch off to 
reduce the load upon the grid. 

[0040] If operated according to the PAPER invention, a 
physical variable associated With the load (Water level, tem 
perature) is still controlled Within minimum and maximum 
values during this time, but the limits are extended so that 
devices sWitched on and devices already on Will stay on for 
longer than if the controlled device Was operating Within the 
normal frequency limits. Similarly, in periods of overly high 
grid frequency, off devices Will stay off for longer as the loWer 
limit of the physical variable has been extended as Well. 

[0041] Using the example of the Water tank, as grid fre 
quency increases above the higher frequency limits, off 
devices Will sWitch on and on devices Will stay on until the 
physical variable reaches its extended limit or until the fre 
quency returns beloW the higher frequency limits. If the nor 
mal range for the Water tank depth lies betWeen 1 and 1.5 
meters, for example, if the grid frequency rises above the 
higher frequency limits, off devices Will sWitch on and on 
devices Will stay on up to an extended Water depth of 1.7 
meters, for example. Thus, the potential maximum level of 
the Water tank has been raised above its normal level. Further, 
the potential energy of a population of Water pumps con 
trolled in this Way Will have increased their average depth of 
Water. This serves to compensate the excessive generation, 
Which produced the high grid frequency, and stored the exces 
sive grid energy, Which Will compensate, to some extent, the 
higher frequency. When the frequency drops beloW the loWer 
frequency limits, this energy is repaid to the grid by sWitching 
on devices off and keeping off devices off up to a loWer 
extended physical variable limit of, for example, 0.8 meters. 
This alloWs a large population of devices to reduce their 
potential energy and supply the energy difference into the 
grid. This serves to compensate for the lack of generation that 
resulted in the loW frequency. 
[0042] If operated according to the responsive load system 
of GB2361118, the control limits remained unchanged, but 
the device could be sWitched on or off if the system frequency 
moved beyond the frequency to Which the device Was sensi 
tive. So the device could be sWitched before it reached its 
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control limits, and this extra sWitching modi?ed the load and 
so contributed the change of load necessary to balance the 
system. 
[0043] Using the example of the Water tank again, loW 
frequency Would cause an on device to sWitch off at, for 
example, 1.4 m and so earlier than if the limit of 1.5 m Was 

reached, and, conversely, high frequency Would cause the 
device to sWitch on at, for example, 1.1 m and so earlier than 
if the loWer limit of 1 meter Was reached. 

[0044] Together, these cause the average Water level in a 
population of devices to become loWer When the frequency is 
loW, and to become higher When the frequency Was high, 
although each individual device Would operate Within its 
control limits. 

[0045] The frequency limits for a particular device are cho 
sen to fall Within an upper frequency range and a loWer 
frequency range. As With the Responsive Load previously 
discussed, a randomiser is used to choose the particular high 
trigger frequency and the particular loW trigger frequency 
such that a population of devices have high trigger frequen 
cies and loW trigger frequencies distributed Within the upper 
frequency range and the loWer frequency range, respectively. 
Thus, a WindoW is provided betWeen the distribution of high 
trigger frequencies and loW trigger frequencies. This WindoW 
is centred around the nominal frequency. The WindoW alloWs 
the controlled load, eg a Water tank, refrigerator or air con 
ditioner, to operate entirely as normal, i.e. as though it did not 
have a frequency responsive controller applied to it, When the 
frequency of the grid is close enough to the nominal grid 
frequency to lie Within the WindoW. Response is provided 
only When the grid frequency extends outside this WindoW. 
[0046] In the case that a stressed state is determined, the 
control limits of the device are froZen at pre-stress settings so 
that manipulation of a control panel to adjust a set point for 
the sensed physical variable (e. g. temperature) is ineffective. 
Thus, the user of the controlled load cannot adjust the loads 
settings, for example by using a thermostat control. If the 
responsive device is controlling an air conditioner, a grid 
responsive induced change in room temperature could be 
noticed. A user may decide to attempt to counter the change in 
temperature by adjusting the thermostat. The responsive load 
device of the grid stabilising system overrides such an adjust 
ment of the set point When the grid is determined to be in a 
stressed condition. This is important as the grid is particularly 
sensitive during a period of grid stress and users negating the 
response provided could Worsen the destabilisation of the 
grid. 
[0047] In extreme circumstances, When a risk of blackout 
exists, a grid crisis state may be determined. In the grid crisis 
state, the grid stabilising system relaxes the control of the 
physical variable limits and alloWs them to move outside of a 
preferred range. In a high frequency grid state, the loads are 
sWitched on until the grid crisis state is exited and in a loW 
frequency grid crisis state, the responsive load (e. g. fridge) is 
sWitched off until the crisis state is exited. The sWitching on 
and sWitching off is carried out irrespective of the control 
limits, so a fridge, for example, could continuously cool doWn 
to Well beloW a preferred minimum or the fridge could be 
alloWed to Warm up to an ambient condition Well above a 
preferred maximum temperature. These extreme measures 
are only taken in the most serious of grid conditions, When the 
alternative is a blackout. 
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[0048] Modelling of the prior art frequency and responsive 
control devices has uncovered previously unknown problems 
with the above described prior art grid responsive loads. 
[0049] It has been found that after response has been 
affected for a period of time, a population of the devices will 
tend to approach the physical variable control limits, and start 
switching at an excessive rate. For example, a refrigeration 
unit controlled by a frequency responsive device will reach its 
extended temperature limits after a sustained period of high or 
low frequency. Using the example of a higher than nominal 
grid frequency, devices will switch on until the low tempera 
ture limit has been reached and will then switch off, but as 
soon as the temperature passes back over the low temperature 
limit the device will again check whether the grid frequency 
is above its higher frequency limits, and if so will switch on 
again immediately. This results in very frequent switching as 
the device is attempting to provide frequency response to a 
unit close to its physical variable limits. This is not desired 
behaviour as it could damage the controlled loads. Excessive 
oscillating on and off switching of the load will reduce the 
lifespan of the device. 
[0050] Also, modelling of the prior grid frequency respon 
sive loads have been found to have an unexpected effect on the 
grid frequency. It was assumed that the responsive devices 
would smooth the grid frequency to provide a far clearer, less 
noisy, grid frequency. This did not, however, entirely bear out 
during modelling, and some previously unknown strange 
behaviour of the grid frequency was ob served as a result of the 
responsive loads. 
[0051] The prior art grid responsive control devices do not 
provide any special assistance to a grid recovering from a 
blackout, but the stabilising effect of responsive loads are 
needed more than ever at this time. 

[0052] Amongst other objects, the present invention aims 
to have an improved stabilising effect on a power grid. 

[0053] The present invention also aims to reduce the 
switching of powering of an energy store during operation of 
a grid responsive device controlling the powering of the 
energy store. 

[0054] The present invention also aims to aid the grid start 
up after a blackout. In particular, the present invention aims to 
soften the shocks to the system during the black start process. 
The loads and generators can be reconnected more quickly, so 
speeding recovery. 
[0055] The device of the present invention also aims to 
overcome the above identi?ed problems with prior art grid 
responsive control devices. 

SUMMARY OF INVENTION 

[0056] According to a ?rst aspect, the present invention 
provides a control device for controlling an energy consump 
tion of a load on an electricity grid, said control device com 
prising: 

[0057] means for sensing over a period of time values of 
a physical variable of the grid, said physical variable 
varying in dependence on an relationship between elec 
tricity generation and load on the grid; 

[0058] means for determining a central value of the 
physical variable of the grid from said values of the 
physical variable of the grid; and 

[0059] means for varying the energy consumption of said 
load, said varying dependent upon said central value. 
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[0060] According to a second aspect, the present invention 
provides a corresponding method of controlling an energy 
consumption of a load on an electricity grid 
[0061] Conventionally, a nominal frequency of the grid and 
a current value of the physical variable is used for controlling 
the energy consumption of the load. The present invention, 
however, uses some function of the past readings of the physi 
cal variable. This gives a long-term past value for the central 
value and it is this central value that is taken into account for 
controlling the energy consumption of the load. Modelling of 
the present invention has shown the use of a historically based 
central value for controlling the energy consumption of the 
load removes the strange effects on the grid frequency found 
to exist with prior art grid responsive control devices. 
[0062] The ?rst and second aspects of the present invention 
can be used in combination with prior art grid responsive 
control devices as discussed above. Alternatively, the pre 
ferred form of the present invention encompasses a compre 
hensive grid responsive control device combinable with any 
of the below described other aspects of the invention or any of 
the below described preferred features. 
[0063] In a third aspect, the present invention provides a 
control device for controlling the energy consumption of a 
load in an electricity grid, said control device comprising: 

[0064] means for sensing a value of a physical variable of 
the grid, said physical variable varying in dependence on 
a relationship between electricity generation and load on 
the grid; 

[0065] means for sensing a value of a physical variable of 
the load, said physical variable of the load representative 
of the energy stored by the load; 

[0066] means for varying the energy consumption of said 
load when a value of said physical variable of the grid 
reaches a trigger value; and 

[0067] means for determining the trigger value, said 
determining of the trigger value dependent upon said 
sensed physical variable of the load. 

[0068] In a fourth aspect, the present invention provides a 
corresponding method of controlling an energy consumption 
of a load on an electricity grid. 
[0069] The third and fourth aspects of the present invention 
control the load based upon a value of the grid variable, which 
is selected in dependence upon the variable of the load. Thus, 
these aspects of the invention allow the energy consumption 
of the loads to be changed in a way that varies with the sensed 
physical variable of the load. By taking into account the 
variable of the load in this way, the energy consumption of the 
load can be controlled to minimise the rate of changes in the 
energy consumption of the load. This is so because loads 
closer to their natural switching points (which is determined 
by the variable of the load) are favoured for grid responsive 
control. 
[0070] Again, the invention provided by the third and 
fourth aspects are advantageous when used in combination 
with prior art grid responsive control devices. These aspects 
are especially advantageous when combined with the ?rst and 
second aspects of the invention described above and provide 
further advantages when combined with the preferred 
embodiments detailed below. 
[0071] The preferred embodiments described below are 
applicable as preferred embodiments of the methods of the 
present invention or the apparatus. Thus, the features of the 
preferred embodiments may be adapted to include the means 
of a control device for performing the feature or may be 



US 2010/0072817 A1 

adapted to comprise method steps. The preferred features are 
generally worded in apparatus terms, but are applicable to all 
aspects of the present invention. 
[0072] In a preferred embodiment of the ?rst and second 
aspects of the invention, the control device is adapted to 
determine a trigger value of the physical variable of the grid 
based upon said central value and to vary the energy con 
sumption of the load When a current value of the sensed 
physical variable of the grid reaches the trigger value. 
[0073] The control device may determine a trigger value 
based upon just the sensed physical variable of the load or 
both the sensed physical variable of the load and the sensed 
physical variable of the grid, or just the sensed physical vari 
able of the grid. This combination of features of the present 
invention is advantageous as set out in more detail beloW. 

[0074] According to a preferred form of the aspects of the 
invention, the means for determining the trigger value com 
prises a function for randomly providing the trigger value 
betWeen a determined upper or loWer value of the physical 
variable of the grid and the central value. 
[0075] The control device may also preferably be adapted 
to generate a random value and to determine the trigger value 
based further upon said random value and to control the 
energy consumption of the load dependent upon the trigger 
value. 

[0076] Thus, all aspects of the present invention may 
advantageously utilise a random value in determining the 
trigger value as this Will provide a randomised element to the 
trigger value, meaning that a population of loads controlled in 
this Way Will not all change their energy consumption in a 
synchronised Way, Which Would destabilise the grid. 
[0077] According to a further preferred feature, the control 
of the energy consumption of the loads is performed by com 
paring the trigger value of the physical variable of the grid 
With the current sensed physical variable of the grid. 
[0078] In a preferred embodiment, the physical variable of 
the grid is a frequency and so it is the frequency of the grid 
Which is sensed. Alternatively, an amplitude of the supply 
voltage could be sensed, Which also shoWs dependence upon 
the balance betWeen generation and load of the grid. 
[0079] Thus, according to one preferred embodiment of the 
present invention a central frequency is determined from past 
readings of the frequency of the grid and the control device 
tends to resist any change in frequency, up or doWn, to some 
extent regardless of the absolute frequency of the grid. Thus, 
While in prior art grid frequency responsive control devices it 
is the nominal frequency of the grid Which is used as a refer 
ence point for determining Whether to provide response, the 
present invention, differs in using a historical value, around 
Which the response trigger frequency is set. 
[0080] The basic concept is that even during a period in 
Which the frequency drops beloW nominal, if the frequency 
starts to rise, then the responsive control device Will function 
to resist this change, despite the frequency actually moving 
closer to nominal, Which conventionally Was considered 
favourable. 

[0081] During periods of loW frequency, the average input 
energy in a population of loads drops in order to reduce the 
energy extraction from the grid and, therefore, compensates 
for the excessive load causing the frequency drop. Energy is, 
in effect, being loaned to the grid. 
[0082] Ideal behaviour Would be to recover this energy, and 
restore the total energy store, before the frequency again 
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returns to the nominal grid frequency. So a frequency rising 
from a beloW nominal value is the mo st favoured time to repay 
the energy to the grid. 
[0083] Similarly, but symmetrically, during a period of 
above nominal frequency on the grid, the loads are controlled 
to borroW energy from the grid in order to take up some of the 
excess generation. The favoured behaviour is to return this 
energy before the frequency again reaches the grid nominal 
frequency. 
[0084] The behaviour of the control device reinforces the 
natural emergent property of grids by Which the frequency is 
an indication of excesses or de?cits of energy in the grid. If 
the frequency is loW, there is an energy de?cit, and if high, 
there is a surplus. If the de?cit or surplus is largely absorbed 
by the loads, then the frequency signal is made clearer. 
[0085] The central value of the variable, e.g. frequency, is 
preferably provided by calculating a moving average from 
past readings of the physical variable of the grid. 
[0086] The trigger value is a value, eg frequency, at Which 
responsive control devices Will either increase or decrease 
their energy consumption and is determined based upon this 
central value. Thus, for example, for a population of such 
control devices, if the current frequency is above the central 
frequency, the energy consumption of the load Will tend to 
increase, and if beloW, the energy consumption of the load 
Will tend to decrease. 

[0087] A random element is also preferably included in the 
determination of the trigger value to ensure that the increasing 
or decreasing of loads is gradual so as to not burden the grid 
With a population of loads all sWitching at the same time, 
thereby negating the stabilisation object of the control device. 
Thus, large scale synchronised sWitching is avoided. 
[0088] The overriding effect of the use of the central value 
to determine the trigger value, at Which the energy consump 
tion of the load is changed, means that a population of loads 
controlled by such devices, actively and continuously damp 
grid frequency variations. 
[0089] In a preferred embodiment, the device is further 
adapted to: sense a physical variable associated With the load; 
determine upper and loWer limits for the physical variable 
associated With the load; and change the energy consumption 
of the load When the physical variable associated With the 
load reaches its upper or loWer limits. 

[0090] This feature ensures the load still performs its main 
function, Which is to maintain a variable associated With the 
load Within certain limits. These limits may be derived from a 
user selection. For example, the set point of a thermostat for 
air-conditioning or a refrigerator setting Would lead to limits 
being de?ned. The temperature of the space being condi 
tioned or refrigerated should not exceed or go outside of these 
limits. The temperature is kept around a desired temperature. 
A refrigerator, for example, Would operate to a duty cycle 
such that When the temperature reaches its upper limits, the 
cooling mechanism of the refrigerator Will be sWitched on so 
as to loWer the temperature. Of course, once the temperature 
reaches its loWer limits, the refrigerator Will sWitch off. 
[0091] The majority of the description that folloWs is con 
cerned With the loads that control the physical variable of the 
load Within the control limits by turning the energy consump 
tion on or off. HoWever, loads in Which this control is 
achieved by increasing or decreasing the energy continuously 
are also applicable With the control device of the claimed 
invention. 
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[0092] The preferred embodiment provides tWo layers of 
control, the ?rst is to increase or decrease the energy con 
sumption of the load to keep the physical variable associated 
With the load Within its control limits and the second layer is 
to further control the energy consumption of the load depend 
ing upon relative rises or falls of the grid variable from a 
central value. 
[0093] As described above, one of the problems With prior 
art grid responsive devices Was that this tWo layer control 
tended to increase sWitching rates after a prolonged fre 
quency deviation. The present invention aims to combat this 
sWitching rate increase and the third and fourth aspects of the 
present invention, and preferred embodiments of the ?rst and 
second aspects of the invention, are directed to encompass the 
achievement of this objective. 
[0094] In a preferred embodiment, this objective is also 
achieved by the trigger value (or trigger frequency) being 
based upon the sensed physical variable of the load. In a 
preferred form, the means for determining the trigger value is 
con?gured to determine the trigger value in dependence on 
the sensed physical variable of the load and the control limits 
so as to reduce the rate of variation of the load. 

[0095] In another preferred form, the means for determin 
ing the trigger value comprises a function Which returns the 
trigger value in dependence upon the sensed physical variable 
of the load, said function de?ning a trigger value pro?le 
varying With said physical variable of the load, said pro?le 
such that the more recently the energy consumption of the 
load has varied, the further the trigger value is from a central 
value of the physical variable of the grid. 
[0096] More speci?cally, in a further preferred embodi 
ment the provision of a trigger value (eg frequency) is fur 
ther based upon a ratio of a value representing said sensed 
physical variable relative to the upper or the loWer limit of the 
sensed physical variable associated With the load to a range 
betWeen the upper limit and the loWer limit. 
[0097] The above de?ned ratio is an indication of hoW 
much energy is stored in the load compared With the maxi 
mum or minimum de?ned by the control limits. Again, in the 
case of a refrigerator, When the refrigerator has been on for 50 
percent of the on portion of the duty cycle of the refrigerator, 
then the sensed variable associated With the load Will be half 
Way to its loWer temperature limit or, in other Words, the 
refrigerator is half Way to its maximum input energy. In 
determining the trigger frequency for the preferred embodi 
ment, the controlling device takes into account hoW full the 
energy store is and, therefore, hoW close it is to a natural 
sWitching point. 
[0098] In an extension of this embodiment, the trigger 
value varies With the ratio such that the likelihood of the 
energy consumption of the load being changed increases as 
the ratio increases. Thus, the ratio increases depending upon 
the length of time the load has been in a particular consump 
tion state. For example, in the case of a refrigerator, the 
cooling provision means being in an off state is one particular 
energy consumption state and the cooling provision means 
being in an on state is another particular energy consumption 
state. In a preferred form, a ?rst consumption state is one in 
Which the energy stored by the load is increasing and a second 
consumption state is one in Which the energy stored by the 
load is decreasing. 
[0099] The ratio can be any function representative of hoW 
long the load has been in a particular energy consumption 
state. Thus, in a preferred embodiment a ratio is de?ned 
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representing the length of time a load has been in a particular 
energy consumption state relative to a maximum time for that 
state. Preferably, this representation is derived from the 
physical variable associated With the load and its upper and 
loWer limits. 
[0100] The ratio is de?ned such that it Will increase the 
longer the refrigerator is on and is also de?ned such that it Will 
increase the longer the refrigerator is sWitched off. If the 
likelihood of the energy consumption state of the load chang 
ing increases as this ratio increases then the sWitching of the 
load betWeen energy consumption states is minimised. This 
is, as mentioned before, important for preventing long term 
damage to the load equipment, Which Would be unacceptable 
to the consumer. 

[0101] It is an important feature of preferred embodiments 
that the determined trigger value takes into account hoW close 
the load is to a natural sWitching point or hoW long the load 
has been in a particular energy consumption state as com 
pared to a maximum length of time as determined by hoW 
close the physical variable associated With the load is to the 
loads maximum and minimum values for that variable. A 
refrigerator in a “cooling on” state is closer to its natural 
sWitching point as the sensed physical variable approaches a 
loWer limit for the temperature of the refrigerator. Conversely, 
the refrigerator in a “cooling off’ state is closer to its natural 
sWitching point as the sensed physical variable approaches an 
upper limit for the temperature of the refrigeration space. 
[0102] Thus, some ratio representing the sensed physical 
variable’s relative position betWeen the maximum and mini 
mum limits for the physical variable associated With the load 
is the preferred Way for determining the load’s natural sWitch 
ing point. The ratio is taken into account by the function 
calculating the device’s trigger frequency. 
[0103] In a preferred embodiment, the control device is 
adapted to determine an upper and a loWer limit for the 
physical variable of the grid; Wherein the provision of a trig 
ger value is further based upon said upper and loWer limits for 
the physical variable of the grid. In this Way, the control 
device appropriately distributes the trigger frequency of a 
population of the devices betWeen the upper and loWer limit in 
order to provide response When it is needed. 
[0104] In a preferred embodiment, the value of the trigger 
frequency is such that loads remaining in a particular state for 
a longer time than others are more sensitive to changes in the 
sensed variable of the grid by providing an appropriate func 
tion for calculating the trigger value biased in this Way. 
[0105] More particularly, the provision of a trigger value 
preferably ?rst involves the control device being adapted to 
provide a base value of the physical variable grid based upon 
said random value and said central value, for example to 
randomly provide said base value betWeen said central value 
and said upper or loWer control limits; the control device is 
further adapted to provide a trigger value function from said 
base value; and then determine the trigger value from the 
trigger value function. 
[0106] Thus, the randomisation provided by the random 
value is directed to the provision of a base value, Which is, in 
turn, determinative of a particular function used to provide the 
trigger value. In a particularly preferred embodiment, the 
trigger value function de?nes a trigger value varying With the 
length of time that the load has been in a particular energy 
consumption state. More preferably, the trigger frequency is 
provided from the trigger value function varying as described 
above. 
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[0107] Thus, each device is ?rst provided With a ran 
domised base value, from Which is provided a trigger value 
function. The particular form of the function, ie hoW it varies 
With the ratio, is dependant upon the value of the base value. 
Thus, the increase or decrease in likelihood of the load chang 
ing its energy consumption state is different depending upon 
the base value. 
[0108] According to the preferred embodiments of the 
present invention, each control device in a population Will 
determine its oWn base frequency. The base frequencies Will 
be distributed randomly across the population so that the 
changing of the energy consumption of the loads or the 
sWitching of the loads is progressive across the population. 
[0109] According to the preferred embodiments, once this 
base frequency has been determined, the exact frequency to 
Which the device is responsive depends upon the triggering 
frequency determined from the triggering value function. 
This function is de?ned such that the Willingness of the load’s 
response varies according to its internal state. If it is in a very 
loW energy state, and the device is on, or in a ?rst state of 
increasing the energy stored by the load, it Will not Wish to 
sWitch off or to sWitch to a second state of decreasing the 
energy stored by the load except in the most extreme of grid 
states (as represented by the physical variable of the grid, ie 
the frequency) but if its energy store is approaching the upper 
limit, it is very Willing to sWitch off or to the second state. This 
changing Willingness is re?ected by the extent to Which the 
trigger frequency departs from the central frequency. 
[0110] Thus, the trigger frequency is provided With a non 
linear trajectory as the energy state of the load varies. In order 
to preserve the random distribution of likelihood of sWitching 
across the population, the form of the trigger value function 
changes depending upon the randomly provided base value. 
[0111] By changing the Willingness in this Way, sWitching 
Will be as rare as possible, and the sWitching load is distrib 
uted across the loads. This also serves to maintain the diver 
sity of the load, by avoiding building up a sub-population that 
is very close to the limits. 
[0112] In a preferred embodiment the random value is pro 
vided from a randomiser con?gured to provide a distribution 
of base values for a population of said control devices, said 
distribution extending from a limit of the physical variable of 
the grid to the central value of the physical variable of the grid. 
This is in contrast to prior art devices Where a WindoW is 
de?ned in Which grid response is not provided and in Which 
the device is alloWed to behave as normal, as though it had no 
responsive control device installed. 
[0113] The present invention, hoWever, distributes the 
population of trigger values from a central value to a limit 
and, thus, response is provided at all frequencies betWeen the 
determined upper and loWer limits for the frequency of the 
grid. In this Way, borroWing of energy from the grid or repay 
ment of energy so borroWed from the grid occurs throughout 
the determined frequency spectrum of the grid. This is in?u 
ential in providing a damping to all movements of grid fre 
quency from the central frequency. 
[0114] It is also preferred that the randomiZer is such that a 
population of the control devices Will have trigger values 
having a distribution extending betWeen the upper and loWer 
limit of the physical variable of the grid. In a preferred 
embodiment, the trigger value varies from a limit of the 
physical variable of the grid to the central value as the ratio 
moves from a minimum ratio to a maximum ratio. In this Way, 
the trigger value is closer to the central value the longer the 
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load has been in a particular energy state. Hence, the energy 
consumption of the load is more likely to change the longer 
the device has been in a particular energy consumption state. 
[01 15] In a preferred embodiment, the change of the energy 
consumption of the load involves either sWitching the load on 
or sWitching the load off. A load is de?ned as the energy 
consumption associated With the main function of the load. 
For example, in the case of the refrigerator, the load is the 
energy consumption of the cooling provision means. Thus, 
using this de?nition, background operation of a refrigerator, 
such as lighting or other peripheries to the main function of 
the load, is not considered the load in the context of the 
speci?cation. 
[0116] It should be clear that the ratio described above is a 
representation of hoW long the device has been on or hoW long 
the device has been off. Preferably, the ratio is at a maximum 
as the sensed physical variable of an off device approaches the 
device’s limit associated With the off state of a load or the ratio 
is de?ned for an on device such that it is at a maximum When 
the sensed physical variable approaches the limit for the on 
state of the device. 
[0117] In a further preferred embodiment, the provision of 
a trigger value is further based upon the particular energy state 
of the load (eg whether the load is an on or off state). Also 
preferably, the ratio representing hoW close the device is to 
the sensed physical variable reaching a limit, is dependent 
upon the particular energy consumption state of the load. 
Thus, according to the preferred embodiments of the present 
invention, the ratio is de?ned differently depending upon the 
particular energy state of the load (e. g. Whether the load is on 
or off or in the ?rst state or second state). 
[0118] This is advantageous as an off load, for example, 
Will sWitch on normally at a loW load variable limit (minimum 
stored energy). An on load, on the other hand, is approaching 
its natural sWitching point at a high load variable limit (maxi 
mum energy stored). It is, therefore, preferred to take the 
energy consumption state of a load into account When de?n 
ing the trigger frequency. 
[0119] In yet another preferred embodiment, the upper and 
loWer limits associated With the load are derived from a set 
point of the physical variable associated With the load. A set 
point could, for example, be de?ned by a thermostat setting or 
the particular setting of a refrigerator. It is an advantageous 
feature of the present invention that not only is a good stabi 
lising effect achieved by providing grid frequency response, 
but also that the primary function of the load, for example, 
cooling, heating, pumping etc. is carried out. 
[0120] There are certain grid conditions in Which the limits 
of the sensed physical variable associated With the load are 
controlled to be changed for an extended period of time. 
These changing of the limits is not usually related to the 
provision of normal grid responsive behaviour, nor is it due to 
a change in a setpoint for the physical variable. The extended 
change of the limits is more usually due to a grid condition. 
[0121] According to a preferred embodiment of the inven 
tion, the upper and/or loWer limit of the sensed physical 
variable are increased or decreased at a rate less than or more 

than, respectively, a maximum rate of increase or decrease of 
the sensed physical variable of the load. 
[0122] In this Way, the limits are moved at a rate less than 
the physical variable could theoretically move. The loWer rate 
of the limit movement means that there is still some provision 
for the load to be grid responsive even While variable limits 
are being changed. 
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[0123] One example of a grid condition Where this is useful 
is during start-up after a power outage. As discussed above, 
the grid is particularly delicate at this stage. Normally, the 
sensed physical variable Will be outside its normal range after 
a poWer cut and the load Will need to be operated to bring the 
variable back Within its preferred control limits. According to 
a preferred aspect of the present invention, the upper and/or 
loWer limit of the sensed physical variable is increased at a 
rate less than a constant maximum energy consumption of the 
load. 
[0124] Thus, there is potential during the increase in the 
limits to provide response. This ability of the load to provide 
grid responsive behaviour is especially important during 
black start as the grid is especially delicate at this time. 
[0125] In another preferred embodiment, the present inven 
tion de?nes a black start assistance mode in Which a random 
delay is provided before the load draWs energy from the grid. 
This preferred feature means that loads Will start draWing 
energy from the grid gradually, rather than them all coming 
on-line at the same time and severely stressing the grid. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0126] Preferred forms of the present invention Will be 
described beloW With reference to the folloWing draWings. 
[0127] FIGS. 1A to 1C shoW a preferred form of hoW the 
trigger frequency varies With energy stored in the load. 
[0128] FIG. 2 shoWs an example population of the loads 
controlled according to a preferred form of the present inven 
tion. 
[0129] FIGS. 3A to 3B shoW an example ofa pro?le ofthe 
trigger frequency function. 
[0130] FIG. 4 shoWs an overvieW of the various states of a 
preferred responsive control device. 
[0131] FIG. 5 shoWs a block diagram of the preferred 
operation of the responsive control device of the present 
invention. 
[0132] FIG. 6 shoWs a block diagram broadly outlining the 
operation of a PID controlled load. 
[0133] FIG. 6A shoWs a block diagram broadly outlining 
the operation of a set point adjusting grid responsive control 
device for a PID controlled load. 

[0134] FIG. 6B shoWs a block diagram broadly outlining 
the operation of a motor poWer adjusting grid responsive 
control device for a PID controlled load. 

[0135] FIG. 7 discloses a grid responsive controlling oper 
ating With a price as an indicator of the balance betWeen load 
and generation on the grid. 

DETAILED DESCRIPTION OF THE INVENTION 

[0136] Speci?c embodiments of the present invention Will 
noW be described in order to aid in the understanding of the 
present invention. 
[0137] The control device of the present invention is appli 
cable to energy storage loads on a grid, Which consume inter 
mittent or variable energy. 

[0138] The control device requires tWo main inputs, the 
?rst is a frequency of the grid, or another parameter represen 
tative of the balance betWeen poWer generation and poWer 
requirement, and the second some physical variable associ 
ated With the energy storage load. Generally, the primary 
function of the load is to maintain the physical variable Within 
speci?ed control limits. 

Mar. 25, 2010 

[0139] The loads Will generally operate on a duty cycle of 
some kind, usually With a period in Which the load is on and 
With a period in Which the load is off. Thus, a duty cycle of 
50% means that the load Will be on and off for an equal 
amount of time. Speci?c loads of this kind to Which the 
present invention are applicable include space conditioners 
(e.g. heating or cooling), refrigerators and Water storage 
pumps, amongst others. 
[0140] HoWever, modern poWer electronic control also 
makes it feasible to vary the poWer consumed by a motor. This 
can make the motor more e?icient, and also means the motor 
is running continuously or nearly continuously, With the 
poWer varied according to the demands of the device. So in a 
fridge, for example, the motor Will reduce its poWer When the 
temperature has reached its desired set point, Will increase if 
the temperature rises, and Will reduce further if the fridge gets 
too cool. For fridges this also has some bene?ts in perception 
of noise. 
[0141] The motor Will generally need to operate over quite 
a Wide poWer range, as, in a fridge or freeZer, for example, it 
Will have to have the capacity to cool a Warm fridge rapidly 
When it is sWitched on or When a Warm mass is put into it. So 
there remains scope for temporarily changing the poWer 
demands of the device from inputs other than the tempera 
tureisuch as the frequency. 
[0142] The present invention provides a control device 
operable to vary the energy consumed by both types of loads, 
i.e. by binary on/off control and by graduated or continuous 
increase and decrease of the energy consumption. 
[0143] For the remaining description, a refrigerator Will 
serve as the main example for use With the control device of 
the present invention. 
[0144] The present invention operates, up to a point, in 
common With grid responsive control devices knoWn from the 
prior art. The present invention utilises the principle that 
energy store loads, as described above, can perform their 
function Without requiring input energy from the grid at a 
speci?ed time. Unlike lighting and other such loads, energy 
store loads can receive input energy at varying levels or vary 
ing intervals and still operate in a fully satisfactory manner, 
provided they are controlled so as to keep the physical vari 
able of the load Within the speci?ed control limits of the 
particular load. 
[0145] The amounts of energy stored by the above 
described energy storage devices is determined by the control 
limits of the physical variable. In the case of a refrigerator, the 
maximum amount of energy stored by the load is de?ned by 
the loWer temperature limit for the current setpoint setting of 
the refrigerator and the minimum amount of energy stored is 
the higher temperature limit. 
[0146] In the folloWing description, y is the normalised 
measurement of the physical variable of the load being con 
trolled by the grid responsive control device of the present 
invention. A larger y implies more input energy is stored (i.e. 
the refrigerator is coolest) than a smaller y. If x represents the 
energy in the store, then y is a function of x, i.e. y:f(x). A 
normalised y can range from 0, With no energy stored, to l, a 
critical maximum level of energy stored. The function is 
normally suf?ciently close to linear to make this a useful 
approximation. 
[0147] In the case of a refrigerator, the input energy is 
directed toWards cooling. So y is greatest, 1, When the fridge 
is at its coldest possible, and 0 When the internal temperature 
rises to ambient. In the case ofa tank, y is 0 When the tank is 



US 2010/0072817 A1 

empty, and 1 at a level When the tank over?ows. Normally, of 
course, it is controlled to Within narrower limits, and these are 
referred to as the upper and loWer limits of the physical 
variable, or ymax and ymin. 
[0148] According to known principles of grid responsive 
loads, at a particular setting of the load, the input energy is 
varied to keep the physical variable y Within the limits set by 
yml-n and ymax, in the same Way as the load Would normally be 
operated, except the frequency of the grid (or some other 
parameter associated With the balance betWeen generation 
and load on the grid) is taken into account. 
[0149] Speaking generally, a load, of the type applicable 
With the present invention, operated Without a grid responsive 
controller Would sWitch the load on When the minimum value 
of y (yml-n) is reached and sWitch the load off When its maxi 
mum value (ymax) is reached. 
[0150] According to the grid responsive controller of the 
preferred embodiment, the timing of the sWitching, When an 
on load is sWitched off or When an on load is sWitched on, is 
adjusted depending upon the frequency of the grid. During a 
period of loW frequency, for example, there is too much load 
on the grid and not enough generation to match it, and a grid 
responsive device Which is on Will react by sWitching off (or 
sWitching to a decreased energy consumption state) before it 
Would normally have sWitched off, i.e. before y reaches ymax. 
LikeWise, during a period of high frequency, more load is 
needed to take up the excess in generation and the loads Will 
be sWitched on (or sWitched to an increased energy consump 
tion state) before yml-n is reached. 
[0151] Further, an extended set of upper and loWer limits 
for the sensed variable can be determined in order to improve 
the amount of response provided. So, during a period of high 
frequency, grid responsive loads Will be sWitched on and the 
maximum value for the sensed variable (ymax) can be 
increased such that the loads having been sWitched on remain 
on for a longer than normal period of time, as Will loads that 
Were already on. A similar provision is utilised during periods 
of loW frequency. 
[0152] The preferred control device of the present inven 
tion de?nes a status for the grid, so as to determine the exact 
type of response to changes in frequency provided by the grid 
responsive control device. The grid responsive control device 
has three modes of operation, a “normal” mode, a “stress” 
mode and a “crisis” mode, in a similar Way to the system 
described in UK patent application no. 03222783. 
[0153] The preferred embodiment of the present invention 
determines the mode of operation of the controller and the 
associated grid status from a de?ned function of the fre 
quency, hereinafter called h. The function h determines from 
the behaviour of the grid frequency the current status of the 
grid. ldeally h represents to some extent a measure of hoW 
much energy has been borroWed from or loaned to the energy 
store loads. 

[0154] The function h preferably includes three principal 
terms, a proportionate term, an integral term and a derivative 
term. These three terms Will give a good indication of the 
stability state of the grid. 
[0155] The proportionate term is the current frequency 
deviation from the nominal frequency of the grid or some 
other central value that represents hoW much the frequency 
needs to be corrected to return to the desired central value. 

[0156] The integral term represents a longer term (as com 
pared to the instantaneous proportionate term) vieW of the 
frequency error. This term is useful, as a small error for a long 
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time, Will in?uence the function h and, thus, be taken into 
account in providing grid stability response. The integral term 
can be a sum of a set amount of past frequency deviations or 
can be a moving average of past frequency deviations. Rather 
than from time Zero, the integral term can be measured since 
the last time the frequency deviation Was Zero. 

[0157] The derivative term is related to the current instabil 
ity of the grid. It can be a rate of change of frequency devia 
tion. Thus, large sWings in frequency Will also affect the 
function h and can be an indication of an instable grid, even if 
the actual present deviation of the grid frequency is not out 
side preferred limits. 
[0158] In equation form, the function h can be Written 

h :PfC+ICC—Df’C 

Where fc is the proportionate term, Cc is the integral term and 
f6 is the derivative term. P, l and D are constants for in?uenc 
ing the degree of importance to the function h of each of the 
terms. 

[0159] The integral term Cc may be calculated by (fcS), 
Where S is the sample integral. 
[0160] The three parameters, P, l and D should be enough 
for the control device to derive h, but for completeness and 
?exibility, it may be appropriate to extend this to quadratic or 
cubic terms. 

[0161] According to the preferred implementation of the 
present invention, the grid status is inferred from the function 
h. For example, if h is beloW a ?rst limit, then a “normal” 
status of the grid is determined. If h is betWeen the ?rst limit 
and a second, greater limit, than a “stress” condition for the 
grid is determined. If h is betWeen the second limit and a third, 
greater, limit, then a “crisis” condition is determined. The 
difference betWeen the modes of operation associated With 
each of these grid states is similar to that described in UK 
patent application no. 03222783. 

[0162] The function h is a useful Way of determining the 
stress under Which the grid is operating. Appropriate setting 
of the parameters P, l and D of h enable the function to 
appropriately distinguish the three general states of the grid. 
[0163] During the normal mode of operation, the grid 
responsive control device of the present invention Will oper 
ate as fully described beloW. During stress mode of operation, 
a user of the energy store load is not alloWed to adjust a 
setpoint of the physical variable associated With the load. 
Thus, negation of the grid responsive compensation provided 
by the present invention is not possible. During a crisis state, 
the energy store load is operating Without regard to the 
desired range of the physical variable associated With the 
load. The load’s physical variable is alloWed to reach the 
absolute limits of y rather than the preferred range repre 
sented by ymax and ymin. For example, in a crisis state, a 
refrigerator could be alloWed to reach an ambient tempera 
ture, or be alloWed to go to the loWest temperature that the 
refrigerator is capable of achieving. Similarly, in the case of a 
Water tank, the Water level could be alloWed to reach empty or 
extend up to a full tank level. 

[0164] A main mode of practising the principles of the 
present invention is noW described. Other preferred embodi 
ments of the invention folloW. 

[0165] The grid responsive controller of the present inven 
tion includes a control mechanism for actively and continu 
ously damping grid frequency variation. The grid responsive 
control device of the present invention is responsive to all 
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frequency variations from a central value, Which is de?ned as 
an average value over a predetermined sample period of his 
torical frequency readings. 
[0166] When the control device is ?rst used, the central 
value Will be set to the current frequency. The central value 
Will then evolve as past samples of the grid frequency are 
incorporated into the moving average. The central frequency 
is the average value of the grid frequency since the start of the 
sample period. 
[0167] Any movement of the grid frequency from the cen 
tral frequency is resisted by the population of responsive 
control devices of the present invention. If the current fre 
quency is above the central value, then the responsive control 
devices Will tend to sWitch on their loads to compensate for 
the increase. If the current grid frequency falls beloW the 
central value, then on devices Will tend to sWitch off to com 
pensate for the de?cit in generation. This provides an over 
riding stabilising effect on the grid, as represented by a 
clearer, or less noisy, grid frequency signal. 
[0168] The loads Will not all change energy consumption 
status at the same time. The control device of the present 
invention is adapted to ensure the loads are sWitched in a 
progressive Way such that greater deviation from the central 
value results in more loads tending to sWitch on/off. This 
progressive sWitching is important in order to ensure that the 
response of a population of loads is not simultaneous, Which 
Would provide a destabilising in?uence to the grid. The ran 
domisation is described in more detail beloW. 

[0169] In the preferred implementation of the responsive 
control device of the present invention, the sample period of 
calculating the central frequency value is taken as the period 
since the central frequency last crossed the nominal fre 
quency of the grid. 
[0170] The present invention de?nes high frequency excur 
sions, When the central frequency moves above nominal, and 
loW frequency excursions, When the central frequency is 
beloW nominal. The end of one of these types of excursions 
marks the start of the other. These cross-overs have been 
found to be a convenient time for beginning accumulation of 
frequency readings for calculation of the central frequency. 
Thus, the central frequency Will be calculated for each high 
excursion (above nominal) or loW excursion (beloW nominal) 
of the central frequency. The central frequency Will, there 
fore, be calculated as a moving average of the frequency 
during the current excursion and is reset once the central 
frequency crosses nominal and a change of excursion (e.g. 
high to loW excursion or vice versa) occurs. 
[0171] An advantage of choosing above nominal or beloW 
nominal excursions for the sample period is that devices Will 
end-up having a shared common vieW of the central fre 
quency. Loads that are recently connected to the grid, and so 
have no history, Will soon come to see the same recent history 
as other devices, since the central frequency crossing over the 
nominal frequency of the grid is expected to occur frequently 
enough. It is useful for the devices to appreciate a common 
central frequency as it alloWs their behaviour to be coordi 
nated (but not synchronised) in an intended manner. 
[0172] This sample period may not alWays be appropriate. 
If the excursion lasts for a period that approaches the average 
on or off cycle of the energy storage device, the devices may 
Well be called upon to provide grid responsive behaviour 
Without having had the opportunity to reach their maximum 
or minimum energy store. This could have an adverse effect 
on sWitching rates of the energy storage loads. Further, if the 
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load does not reach its maximum energy store, and fully 
replenish itself, then the population of such loads Will, on 
average, be depleted. It may be that the control device Will 
have to be adapted slightly in order to be useful in such 
circumstances. 

[0173] It is envisaged that the moving average for obtaining 
the central frequency could be a Weighted moving average, 
such that the most recent frequency terms are given more 
importance. In this Way, movements of frequency from 
recently obtained values Will more likely provide load 
response and could be compensated for. This Will further help 
to stabilise any frequency movement of the grid. 

[0174] The gridresponsive control device of certain aspects 
of the present invention also includes a further improvement 
aimed to minimise sWitching of a load and to distribute 
energy variations across the available population of the loads. 
As described in further detail beloW, this is achieved by vary 
ing the trigger frequency of the device as it progresses 
through the current on or off state. 

[0175] A trigger frequency is the frequency of the grid at 
Which the load Will be controlled to sWitch from an on state to 
an off state or an off state to an on state. The loads Will also be 
sWitched on or off When the sensed variable associated With 
the load reaches its current minimum or maximum, as de?ned 
by ymin and ymax. 
[0176] The grid responsive control device is adapted to 
determine a target (or base) frequency in a random Way. In a 
population of such devices, the target frequencies Will be 
distributed randomly across the population so that the above 
described progressive response is achieved. 
[0177] According to a preferred embodiment of the present 
invention, the device’s target frequency is the frequency to 
Which, on average, the device Will respond. The current trig 
gering frequency, hoWever, Which is the frequency of the grid 
at Which the load Will sWitch betWeen on and off states, is not 
usually the same as the target frequency. The target frequency 
is a randomly chosen frequency, from Which a unique pro?le 
for determining the trigger frequency, the grid frequency that 
Will cause the device to trigger betWeen states, is derived. 

[0178] So, the pro?le for the trigger frequency is derived 
from a function, Which, in turn, is dependent upon the ran 
domly chosen target frequency. The actual trigger frequency 
used by the control device is derived from this function, 
Which is preferably a function of hoW long the device has been 
in its current energy consumption state, i.e. hoW long it has 
been on for or off for. 

[0179] HoW long a device has been on or off for, is deter 
mined relative to a natural sWitching point, Which is the point 
at Which the sensed physical variable Will reach its current 
maximum or minimum values for the sensed physical vari 
able (ymax and yml-n) and Would, therefore, sWitch anyWay. 
Thus, the function for determining the device’s trigger fre 
quency is also a function of the value of the sensed variable 
relative to its minimum or maximum values. 

[0180] The current trigger frequency is, therefore, depen 
dent upon the current value of y. According to the preferred 
embodiment of the present invention, the trajectory of the 
trigger frequency is biased such that the further aWay a load is 
from its natural sWitching point, the trigger frequency Will be 
a less likely frequency of the grid, i.e. the trigger frequency 
Will be further aWay from nominal. Thus, the device is less 
likely to sWitch the further aWay it is from a natural sWitching 
point. 
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[0181] Preferably, the trajectory of the trigger frequency is 
biased in such a Way that half the time the device is less 
sensitive than the randomly chosen target frequency, and half 
the time it is more sensitive. Thus, preferably, the average of 
the trigger frequency is the target frequency. 
[0182] In the preferred embodiments, the length of time in 
Which a load has been in either the on or the off state is 
calculated from the current value of the sensed variable as 
compared to a range alloWed for that variable as de?ned by 
the current values of ymax and yml-n. This could, for example, 
be expressed as a percentage. For the sake of illustration, a 
load device Which is in an on state With the sensed variable 
close to reaching a maximum of the sensed variable could 
have been on for 80% of its normal on period. This can be 
expressed formulaically as 

Where to” is the amount of time that the load has been sWitched 
on relative to its expected on time and y is the current value of 
the sensed variable. 
[0183] HoW long the device has been off for is de?nedusing 
a different formula, but the same principle applies. The closer 
an off device is to its loWer limit yml-n, the longer it has been off 
for. Thus, the appropriate formula is as folloWs: 

lof(ym—y)/(ymmrymin) 
Where tofis the relative amount of off time as compared to the 
expected amount of off time for the load. 
[0184] FIGS. 1A, 1B and 1C shoW example forms of the 
pro?le of the trigger frequency function. Frequency is plotted 
up the y-axis and percent fullness/emptiness, in terms of 
energy, of the energy store load is plotted along the x-axis. 
FIG. 1A shoWs the frequency at Which an on device Will 
sWitch off. As is unique to the present invention, the trigger 
frequency is dependent upon the time for Which the device 
has been on, as compared to the expected time (ymax reached). 
As can be seen from FIG. 1A, for 50% of the time, the trigger 
frequency is relatively close to the central or nominal fre 
quency, for the other 50% of the time, the trigger frequency is 
further aWay from these frequencies. Thus, it is only during 
the more extreme grid circumstances that the devices Which 
have only been on for 50% or less of their expected on time 
Will be triggered. This is based on the assumption that the grid 
frequency Will, for the majority of the time, reside around the 
central or nominal frequency and, thus, trigger frequencies 
that are closer to this are more likely to be achieved by the 
grid. Thus, sWitching the load is more likely to take place the 
closer the triggering frequencies are to the nominal or central 
frequency. 
[0185] It is also important to appreciate that the exact form 
of the trigger frequency’s dependency upon time on or off 
compared to the expected time on or off is chosen by the target 
frequency, Which is randomly chosen. In this Way, a popula 
tion of loads Will provide a diversitised grid frequency 
response. 
[0186] Comparing FIG. 1B With FIG. 1A illustrates the 
pro?le dependence upon the target frequency chosen. It can 
be concluded that While the trigger frequency is alWays varied 
With the percent of expected on or off time of the load, the 
form of this variance is determined by the randomly chosen 
target frequency. 
[0187] FIGS. 1A and 1B shoW the trigger frequency for an 
on device. FIG. 1C, conversely, shoWs the pro?le for an off 
device. The principles are the same. Namely, the frequency at 
Which an off device Will sWitch on varies depending upon the 
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percent of expected off time, as de?ned by the above formula. 
As can be seen from FIG. 1C, the trigger frequency 
approaches the central frequency or the nominal frequency of 
the grid as the device approaches its natural sWitching on 
point. Generally, the pro?le requires that the closer the device 
is to its natural sWitching on point, the closer the frequency to 
the damping or nominal frequency and, therefore, the more 
likely the load Will be used for providing grid frequency 
response. 
[0188] According to the preferred implementation of the 
invention, any movement of sensed grid frequency above or 
beloW the central frequency Will result in loads being 
sWitched. The further the sensed grid frequency is from the 
central frequency, the progressively more loads that Will 
sWitch. Since the central frequency is a moving average of 
past frequency ranges, the central frequency Will tend to 
“folloW” the sensed grid frequency, although in a damped 
manner. This Will provide a smooth central value for using to 
determine Whether to perform high frequency (above nomi 
nal) or loW frequency (beloW nominal) response. 
[0189] The sensed frequency may Well change direction 
and go above or beloW the central frequency. The device of the 
present invention Will resist any rapid increases or decreases 
in the grid frequency above or beloW the central frequency by 
borroWing or repaying energy from or to the grid as soon as 
the grid frequency starts to move. This is the appropriate time 
for the energy borroWing or repayment, as discovered by the 
present inventor, and provides a far more stable grid fre 
quency, as compared to the prior art grid responsive control 
frequencies. 
[0190] At ?rst, any movement above or beloW the grid 
central frequency only sWitches loads that are near to their 
natural sWitching points. This is because of the trigger fre 
quency being variable for a particular device With on or off 
time for a device. All loads that have been on or off for greater 
than 50% of their expected on or off time are favoured. It is 
only When the grid frequency moves dramatically aWay from 
the central frequency that devices that are less than 50% of the 
time aWay from their previous sWitching point Will sWitch. 
[0191] Thus, the preferred implementation of the present 
invention provides a more stable grid frequency, thereby 
inherently resulting in less sWitching of the responsive load. 
Furthermore, sWitching of devices that have already been 
sWitched is disfavoured, thereby further decreasing the 
sWitching burden on the load. 
[0192] A system consisting of a population of energy store 
loads controlled by the grid responsive control devices of the 
present invention provides a population of loads ready to 
sWitch in response to any change in the grid frequency. The 
larger the change in frequency, the larger the population of 
loads providing response. This shouldbe a linear relationship. 
[0193] FIG. 2 shoWs an example of a system being con 
trolled in accordance With the present invention, in a stable 
state and running at the grid’s normal frequency. As shoWn in 
FIG. 2, in this state the portion of devices that are off [1] and 
the portion of devices that are on [2] corresponds to the 
expected duty cycle. So, if the load is run at a 50% duty cycle, 
the population is evenly divided. 
[0194] If the system moves into a loW (beloW nominal) 
frequency excursion, on loads Will be triggered off [3] in 
order to reduce the load. They Will become unlikely to sWitch 
on again for a While. 

[0195] During this loW frequency excursion, some off loads 
Will be sWitched on [4], despite the current excess of load on 


























