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[57] ABSTRACT

A load levelling system for connection to an alternating
current network includes an electro-chemical direct
current source and line-commutated controllable con-
vertor means having DC terminals connected to the
supply source and AC terminals for connection to the
network. A continuously reactive power generating
system composed of a fixed capacitor battery and a
line-commutated reactive convertor is connected to the
AC terminals. The convertor means may include a first
convertor and a second convertor, the first convertor
having a higher rated voltage than the second, with a
control angle arrangement for the first convertor. The
convertors are series-connected through their DC ter-
minals and have a transformer connecting their AC
terminals.

4 Claims, 7 Drawing Figures
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1
PEAK LOAD LEVELLING SYSTEM

Matter enclosed in heavy brackets [ J appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue,

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a peak load levelling
system in an AC network.

2. The Prior Art

It is known that there is normally a considerable
difference between the greatest and the smallest output
power from a power supply network during, for exam-
ple, 24 hours. In principle the power-generating mem-
bers in the network as well as the network itself (lines,
transformers, etc.) must be dimensioned for the highest
power which may occur, which involves, on the one
hand, high investment costs, and, on the other, a re-
duced efficiency of the generating members which
work with part load for the greater part of the time. By
levelling the load output, i.e. reducing the difference
between maximum and minimum power output, essen-
tial advantages can be obtained. For one thing, the
power-generating members can then be dimensioned
for lower rated power, and, for another, these members
will work with a higher and more constant load, which
results in a higher degree of efficiency. If, in addition,
the levelling of the load output can be made in the
power supply network near the consumers, further
advantages are obtained in the form of reduced de-
mands on the power-transmitting capacity of the net-
work.

SUMMARY OF THE INVENTION

The purpose of the invention is to provide a load
levelling system by means of which the said advantages
are obtained.

The invention is further based on the fact that the
peak loads as a rule are short and that they therefore
represent relatively small amounts of energy. It is there-
fore possible to obtain a considerable levelling of the
total load output from the network with the aid of ener-
gy-storing or energy-generating means of reasonable
capacity.

A system according to the invention comprises means
of this kind, which are arranged to take up and/or give
off energy in the form of electrical DC energy. Prefera-
bly, these means are of an electrochemical kind, for
example accumulator batteries, which are adapted to
take up energy during a low-load period and emit en-
ergy during a high-load period. Alternatively, fuel cells
can be used which are then arranged to emit energy
during high-load periods.

For converting DC energy to AC energy and vice
versa it is conventional to use controllable static con-
vertors. A conventional line-commutated convertor,
however, consumes a considerable amount of reactive
power whenever it i1s not working with full maximum
positive or negative direct voltage. In a system to which
the invention relates the direct voltage may vary by
+20-30% and the alternating voltage by £3% in a
typical case. This means that as a rule the convertor
would work with considerably less than full maximum
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positive or negative direct voltage, and thus have a high
reactive power consumption. This would therefore
necessitate great and cost-demanding measures to com-
pensate for this consumption.

It is known per se that the reactive power consump-
tion can be reduced or eliminated by the use of self-
commutated convertors. However, such convertors are
complicated and for this and other reasons they will be
very expensive at the high powers which will occur 1n
a system of a type to which the invention relates.

One further object of the invention is to obtain a
system in which the advantages of the line-commutated
convertor, in the form of simple and compact construc-
tion, reliability and a low price, are combined with the
low reactive power consumption of the self-com-
mutated convertor.

According to the invention, a load levelling system
includes electro-chemical direct current energy supply
means to which are connected the DC terminals of a
line-commutated controllable electronic power conver-
tor means. The AC terminals of the convertor means
are connected to the AC network. A continuously con-
trollable reactive power generating means composed of
a fixed capacitor battery and a line-commutative reac-
tive power convertor is connected to the AC terminals.
The convertor means may comprise first and second
convertors which are series-connected through their
DC terminals and have transformer means connecting
their AC terminals. The first convertor has a higher
rated voltage than the second convertor, and is pro-
vided with means for setting the control angle to either
of one or two substantially fixed values, corresponding
to full direct voltage in rectifying and in inverting oper-
ation, respectively.

BRIEF DESCRIPTION OF THE DRAWINGS

In the following the invention will be described with
reference to the accompanying drawings. FIG. 1 shows
a block diagram of a system according to the invention.
FIG. 2 shows the power circuits and [FIG. 3 the con-
trol circuits of the system.] FIGS. 3a and 3b show the
control circuit for convertors B and D respectively. F1G. 4a
shows a block diagram of the main circuits of an alter-
native embodiment, and FIG. 4b shows the design of
the transformer used in FIG. 4a. FIG. 5 shows a version
of the system according to the invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

In FIG. 1 the energy-storing and/or energy generat-
ing means 1 has been shown symbolically as a DC volt-
age source. It is connected to the two convertor con-
nections A and B by way of a pole reversal switch E
and a smoothing reactor R1. Said convertor connec-
tions are DC voltage-series-connected, i.e. the sum of
their DC voltages is equal to the voltage across the
means 1. Their AC voltage terminals are connected to a
winding each of a transformer TR, which also has a
winding connected to the terminals R, S and T. These
terminals are intended for connecting the system to the
AC network the load variations of which are to be
levelled. To these terminals the means C and D for
reactive power compensation are connected. The
means C consists of a capacitor battery and the means D
of a reactive power convertor. Measuring means 2, 3
and 4, known per se, are arranged to generate signals
which correspond to the active current component I,
to the reactive current component I¢ and the mains
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voltage U, and said signals can be used for controlling
the system in a manner which is to be described in the
following.

FI1G. 2 shows the main circuits of the system. In the
example the convertor connection A comprises two
three-phase line-commutated thyristor bridges I and II
of conventional type. The bridge I is connected to a
star-connected winding 8 of the transformer TR and the
bridge II to a delta-connected winding 9. These two
bridges are arranged to be controlled with a substan-
tially constant delay angle a, which is the same for both
bridges. The delay angle is arranged either to corre-
spond to substantially maximum direct voltage in recti-
fying operation (e.g. a equal to 10°-30°) or to maximum
direct voltage in inverting operation (e.g. a equal to
150°).

In the example the convertor connection B comprises
one single bridge of the same type as the bridges I and
I1. This bridge is continuously controllable between full
direct voltage in rectifying operation (e.g. o =10°) and
tull direct voltage in inverting operation (e.g. a=155").
It 1s connected to a winding 10 on the transformer TR.

Because the windings 8 and 9 are differently con-
nected, the direct voltages from the windings will have
different phase positions, i.e. the windings have differ-
ent circuit angles. This results in a reduction of those
current and voltage harmonics in the AC network
which are generated by the convertors I and II.

When the pole reversal switch E is in the position
shown in the figure, power is fed from the source 1 to
the convertor connection and from there by way of the
transformer TR and the terminals R, S, T out on the
network. The convertor connection A then works in
full inverting operation with constant control angle and
with the constant direct voltage U,. If also the conver-
tor B works in inverting operation its direct voltage Uy
has the polarity shown in the figure. If it works in recti-
tying operation Upghas the opposite polarity, The great-
est resulting direct voltage from the convertor connec-
tions will be U, plus the maximum value of Uzin invert-
ing operation. The smallest resulting direct voltage will
be U, minus the maximum value of Uy in rectifying
operation.

In a typical case the direct voltage of the source 1
may vary by +25%. The convertor connection A is
then dimensioned so as to give a direct voltage which is
equal to the nominal value of the voltage of the source
1. The convertor B is then dimensioned to give a maxi-
mum direct voltage of about 25% of said value. The
total direct voltage can then always be controlled to be
in agreement with the voltage of the source 1.

In practice voltage drops in the DC circuit and the
A C circuit must also be taken into account when deter-
mining the dimensions, as well as variations in the volt-
age of the AC network and the fact that the maximum
direct voltage in inverting operation as a rule is some-
what lower than the maximum wvoltage in rectifying
operation.

When the direction of power is the opposite to what
has been described above, i.e. power is fed (during low-
load periods) from the AC network to the energy-stor-
ing device 1, the pole reversal which E is placed in a
direction opposite to the direction shown in the figure.
The convertor connection A then has maximum direct
voltage in rectifying operation and its direct voltage has
a polarity opposite to thaat shown in the figure. By
continuously controlling the convertor B, the resulting
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direct voltage can be controlled to the desired value
also in this case.

Since the convertor connection A always works with
full direct voltage (in rectifying or inverting operation)
its consumption of reactive power is very low. The
convertor B 18 dimensioned for considerably lower
voltage and therefore has a low rated power, and its
maximum consumption of reactive power is low.

The means for emitting a controllable reactive power
consist of the three-phase capacitor battery C and the
reactive power convertor D. The capacitor battery is
adjusted so as to be able to generate the maximum reac-
tive power consumed by the convertors. The reactive
power convertor D consists, in a manner known per se,
of a line-commutated controllable convertor, the DC
terminals of which are connected to each other by a
reactor R2. The convertor will always work with a
control angle which is closed to 90°. By small alter-
ations in the control angle the current, and therefore the
consumed reactive power, can be controlled continu-
ously between zero and a maximum value. The latter is
chosen in principle to be as great as the power of the
capacitor battery. This makes it possible to continu-
ously control the total reactive power emitted by the
means C and D to the network between zero and said
maximum value, and in this way the reactive power
consumed by the system from the network can be main-
tained at zero at any moment, if desired.

Since the rated power of the capacitor battery as well
as of the reactive power convertor is deterhined by the
rated power of the convertor B, which is low, the rated
power of the reactive-compensating means will be low,
which results in low investment costs, low losses and
small space-requirements.

If desired, the capacitor battery and also the reactive
power convertor can be given more ample dimensions
than what is required according to the above, so that the
system will be able to generate an excess of reactive
power to the network for compensation of other reac-
tive power consumers connected to the network.

FIG. 3a illustrates how the control of the convertor B
can be carried out. A signal U, corresponding to the
desired mains voltage, is compared in the comparison
circuit 12 with the value of the actual mains voltage U
obtained from the measuring device 4. The difference,
1.e. the voltage error, is supplied to the voltage regula-
tor 13. This emits a signal to the comparison device 14,
said signal being a desired value of the current and
being compared with the value of the active component
I? of the current obtained from the measuring device 2.
The difference between said two values is supplied to
the current regulator 15, the output signal of which is
supplied to the convertor B where it affects the control
angle by way of the control pulse device of the conver-
tor. |

The voltage regulator 13 is provided with an adjust-
able limitation of the output signal of the regulator. The
regulator is supplied with a signal 1,,/which determines
to which value the output signal is limited. The output
signal which is the desired value of the active compo-
nent of the current, as mentioned above, can thus be
smaller than but not greater than the value 1./

The regulating system thus strives to maintain the
desired value (U, of the mains alternating voltage, the
active current fed on to the network, however, being
limited upwards to the value I,./. In the normal case,
when the system is connected to a rigid network, it is
possible, by a suitable adjustment of U, to make the
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system work constantly with an active current which 1s
equal to I,,/. By means of I,/ the active power fed from
the system to the network can thus be adjusted to the
desired value.

The mains alternating voltage in the vicinity of the
system will be automatically limited upwards to the
value U, In this way security against too great voltage
deviations is obtained, which would otherwise occur
during low-load periods in the network combined with
a high value of 1,,/. The voltage control shown can
alternatively be performed with the aid of the reactive
power convertor D.

FIG. 3b shows an example of how the controlling of

the convertor D can be performed. A desired value
I~ is compared in a comparison device 16 with the
value, obtained from the measuring device 3, of the
total reactive current IQ fed from the system to the
network. The difference is supplied to a reactive cur-
rent regulator 17, the output signal of which, which is
limited to a suitable value, constitutes the value of the
desired current of the convertor D. This desired current
value 1s compared in the comparison device 18 with the
value of the convertor current 12 obtained from the
measuring device., The difference is supplied to the
current regulator 19, the output signal of which is sup-
plied to the convertor D where it effects the control
angle of the convertor.

Thus, bearing in mind that the allowable maximum
current of the convertor must not be exceeded, the
control system for the convertor D will feed a reactive
power from the system to the network corresponding to
the desired value I,£. 1,./“can of course be set to zero,
and no reactive power will then be consumed or gener-
ated by the system. |

F1G. 4 shows a block diagram of an alternative em-
bodiment of a system according to the invention. The
designations correspond to those used in FIGS. 1 to 3.
The convertor portion is here divided into two parallel-
working parts. One part consists of the convertor con-
nections Al and B1 which are direct voltage-series-con-
nected and connected to the source 1 by way of the
reactor R'1. Each convertor connection 1s connected to
a winding, 22 and 20, respectively, of the transformer
TR. The reactive power convertor D1 i1s connnected to
the same winding as Al. The DC terminals of D1 are
short-circuited over the reactor R’2. The second part is
identical with the first and comprises the reactor R"1,
the convertor connections A2 and B2, and the reactive
power convertor D2 with the reactor R”2. Like A in
FIGS. 1 to 3, the convertor connections Al and A2 are
designed for higher voltage than B1 and B2 (B in FIGS.
1t0 3). Al and A2 are arranged to work with a substan-
tially fixed control angle, corresponding to either full
inverting operation or full rectifying operation. B1 and
B2 are continuously controllable between full inverting
and full rectifying operation. The capacitor battery C,
for example, has such a rated power that it is able to
compensate the combined reactive power consumption
from the convertors Al, A2, B1 and B2.

The controlling is performed in the same manner as in
the example according to FIGS. 1 to 3. The two parts
(A1, B1, D1 and A2, B2, D2, respectively.) are suitably
provided each with a current regulating system to en-
sure that the total current is distributed equally between
the two halves.

The convertor B1 is connected to a star-connected
winding 20 on the transformer TR and the convertor B2
to a delta-connected winding 21. These two windings
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are galvanically separated from each other and from the
other windings of the transformer. The alternating voit-
ages to B1 and B2 will be mutually offset 30° in phase,
and the harmful influence on the AC network from
these two convertors will be minimized.

Similarly, the windings 22 and 23 may be galvanically
separated windings, of which one is star-connected and
one delta-connected, the harmful influence on the AC
network from the convertors Al, D1, A2 and D2 thus
being minimized.

According to one embodiment of the invention the
rated power of the transformer can be considerably
reduced by constructing the windings 22 and 23 and the
winding 24, which is connected to the network, in ac-
cordance with FIG. 4b. The transformer has terminals
for three three-phase systems. The terminals R, S, T are
intended for connection to the network, the terminals
XYZ for connection to the convertors Al and D1, and
the terminals UVW for connection to the convertors
A2 and D2. The transformer has three legs, each having
two windings. The winding voltages are shown 1n vec-
tor form in FIG. 4b. A first transformer leg has a wind-
ing Ia between the terminals Y and W and a winding Ib
between terminals X and U with a centre connected to
the terminal R. A second transformer leg has a winding
I1a between the terminals Z and U and a winding IIb
between the terminals V and Y with a center tap con-
nected to the terminal S. The third transformer leg has
a winding IIla between the terminals X and V and a
winding IIIB between the terminals W and Z with a
center tap connected to the terminal T. The number of
turns of the windings are so adjusted that the angles
shown in FIG. 4b are obtained, i.e. the ratio between
the voltage from the greater and the smaller winding of
each transformer leg is to be sin 45°/sin 15°. The sys-
tems XYZ and UVW then form two symmetrical three-
phase voltage systems which are mutually displaced
30°. The windings Ia, Ila and I1la may alternatively be
connected between the points S and T, T and R and §,
respectively.

If it is desirable for the system to maintain the supply
to the network in case the mains alternating voltage is

cut off, this can be achieved by completing the control
equipment of the system in the manner disclosed in the

U.S. Pat. No. 3,699,425. In case of AC voltage dropout
a free-running oscillator takes over the convertor con-
trol, and the connection will work as a self-commutated
unit (inverter) in the manner described in the patent
specification mentioned. In this mode of operation the
priciples disclosed in U.S. Pat. Nos. 3,740,638, 3,768,001
and 3,829,759 may be used.

In such embodiments of the invention where only one
of the directions of power flow (from the source 1 to the
network) is to be used, the pole reversal switch E can of
course be omitted.

In the preferred embodiments described above the
convertors B have been assumed to be continuously
controllable between full inverting operation and full
rectifying operation. In principle it is sufficient if the
convertors B are made controllable within only part of
this range. Similarly, they may be discontinuously con-
trollable 1n a number of steps.

Instead of the fixed capacitor battery C and the reac-
tive power convertors D other means generating vari-
able reactive power may be used, for example capacitor
batteries which are controllable in steps by means of
contactors or thyristors.
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In the connection shown in FIG. 2 the convertors I,
II and B may of course be direct voltage series-con-
nected in an arbitrary order. The convertor B, for ex-
ample, may be connected between the two convertors 1
and I1.

As an alternative, the two convertors I and II in FIG.
2 may be connected to the network by way of a separate
transformer each. The AC side of each of these two
convertors may then be connected each to a means for
emitting a controllable reactive power, and the reactive
power-generating means on the network side of the
transformer in FIG. 2 may therefore be omitted. Each
of these means may then consist of a fixed capacitor
battery which 1s AC-parallel-connected to a reactive
power convertor. A harmonic filter may be connected
in parallel with the capacitor battery.

If, as has been mentioned now, the convertors I and 11
have separate transformers, “the second convertor con-
nection” (B is FIG. 2) may be connected to an extra
winding on one transformer in series with an extra
winding on the second transformer. ,

As mentioned above the DC supply means (1 in FIG.
2) may consist of an accumulator battery. It is then
possible to charge the battery during the night, when
the load of the AC network is low. The main convertor
(A and B of FIG. 2) is then run as a rectifier. In the
daytime, when there is a high load on the AC network,
the main convertor is run as an inverter and energy
from the battery is supplied to the network. Generally,
the low-load period at night 1s fairly short, in a typical
case of only 4 to 8 hours’ duration. The rate of charging
of the battery, therefore, must be higher than the maxi-
mum rate of discharge. According to one aspect of the
invention the desired high charging rate is obtained
without an increase in the rated power of the conver-
tors of the system. This effect is obtained by using the
reactive power convertor D for charging the battery
during the low-load periods. The DC terminals of this
convertor are then connected in series with the reactor
R2 to the battery (1). Preferably a simple switching
means is arranged for connecting the convertor (D) and
the reactor R2 to the battery during night-time charg-
ing. The convertor D is then controlled by a current or
charging control means, such as are well known per se.
During this mode of operation the continuous control
of reactive power is not possible. This is, however, no
appreciable disadvantage as the AC network is lightly
loaded when the battery is charged. For discharge of
the battery when the high-load period starts the conver-

tor D and reactor R2 are switched back to the connec- 50

tion shown in FIG. 1, and the convertor 1s then used for
reactive power control as disclosed above.

The reactive power convertor (D) and the main con-
vertor (A, B) have rated powers of the same order of
magnitude. It is therefore possible in this way to obtain
a charging rate which is approximately double the dis-
charging rate and this corresponds fairly well to the
practical need.

The mode of operation now described is of course not
limited to the case where the DC supply means is a
battery, but the DC supply may comprise any other
known means for storing electrical DC energy.

In cases of emergency, such as when one of the
power plants supplying the AC network breaks down,
it may be advantageous to use the load levelling system
according to the invention for temporarily supplying
larger amounts of power into the AC network than
during normal operation. In such cases the power factor
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control 1s secondary importance. It is, according to one
aspect of the invention, possible then to connect the
reactive power convertor (D) to the DC supply means
in parallel with the main convertor (A, B). The ability
to supply power to the AC network may then be dou-
bled if the main convertor and the reactive power con-
vertor have equal rated powers.

FIG. 8§ shows a version of the system according to the
invention, by means of which a high charging rate
(when the DC supply means is a battery) and a tempo-
rary high power flow from the DC supply means to the
AC network may be obtained. A transformer TR is
connected to the AC network R, S, T. To the low-volt-
age side of the transformer there are connected the
capacitor battery (C), the main convertor (A) and the
reactive power convertor (D). The main convertor may
comprise a single convertor of several parallel or series-
connected convertors, such as convertors A and B of
F1G. 1. The same applies to the reactive power conver-
tor (D). An advantage of having the capacitor battery
(C) and the reactive power convertor (D) connected to
the low-voltage side of the transformer (TR) is that the
reactive power of the main convertor (A) 1s compen-

- sated on the same side of the transformer as 1t is con-
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sumed. It does not, therefore, have to flow through the
transformer (TR), the rating of which may then be
significantly lowered.

The main convertor (A) 1s connected, through the
reactor R1 and the pole reversal switch (E), to the DC
supply means 1, which may be an accumulator battery.
The reactive power convertor (D), through its reactor
R2 and a switch SW, also connected to the pole reversal
switch E.

When the switch SW is, in the position shown in
FI1G. §, the reactive power convertor (D) is connected
in paralle] with the main convertor (A). It is then possi-
ble to obtain a high charging rate of the battery (1) with
the switch (E) in one position, and a correspondingly
high rate of power flow from the battery (1) into the
AC network.

Continuous control of the reactive power is not possi-
ble in this mode, but this is of no practical consequence,
as mentioned above.

If the DC supply means is, for example, a battery of
fuel cells, only the high rate of power flow from the
cells to the AC network is, of course, of interest.

If, as mentioned above, the load levelling system
according to the invention is provided with control
means (for instance a free-running oscillator means)
enabling it to work as a self~-commutated unit to supply
power to the AC network in case of the AC voltage
being cut off, then the reactive power convertor (D)
will normally have a higher rating than the main con-
vertor (A). In this case the rate of power flow, when
convertors A and D are connected in parallel, will be
more than twice that of “normal’ operation, when con-
vertor A alone handles the power flowing into or out of
the DC supply means 1.

When the switch SW is in the opposite position to
that shown in FIG. §, the DC terminals are short-cir-
cuited through reactor R2, in the same way as disclosed
in FIGS. 1 and 2, and continuous reactive power con-
trol is possible as described in connection with these
figures.

When working in parallel with the main convertor
(A) the control system of the reactive power convertor
(D) will have to be of the type shown in FIG. 3a, in-
stead of the system of FIG. 3b, which is used when
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convertor D is used for reactive power control. Simple
switching means may be used to switch over between
the two control systems at the same time as switch SW
1s actuated.

If desired, two or more pairs of convertors (A and D
in FIG. 5 form one pair) may be used, each with its
own, transformer. The transformers of the various
groups may then have different connections (one may
be star-star and another delta-star connected). In this
way the pulse number of the system may be raised and
thus the harmful influence on the AC network from the
convertors of the system may be reduced.

We claim:

1. Load levelling system for connection to an alter-
nating current network (RST), said system comprising
electrochemical direct current energy supply means (1),
line-commutated controllable electronic power conver-
tor means (A, B) having DC terminals connected to said
energy supply means and AC terminals for connection
to said AC network, and continuously controllable
reactive power generating means {C, D) connected to
said AC terminals, said reactive power generating
means comprising a fixed capacitor battery (C) and a
line-commutated reactive power convertor (D), [the
convertor means comprising a first (A) and a second (B)
line-commutated thyristor convertor connection, each
convertor connection having DC and AC terminals,
said convertor connection being series-connected
through their DC terminals and having transformer
means {TR) connecting their AC terminals, said first
convertor connection {A) having a higher rated voltage
than the second convertor connection (B), means for
setting the control angle of said first convertor connec-
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tion (A) to either one of two substantially fixed values,
corresponding to full direct voltage in rectifying and in
inverting operation, respectively, and means for con-
trolling said second convertor connection (B) with a
variable control angle), said system including means for
connecting the DC terminals of said reactive power conver-
tor (D) to the energy supply means for supplying power to
or from said energy supply means in parallel with said
controllable electronic power convertor means (A, B).

2. Load levelling system according to claim 1, com-
prising a pole reversal switch (E) connected between
said energy supply means (1) and said convertor means
(A, B).

I3. Load levelling system according to claim 1, in-
cluding means for connecting the DC terminals of said
reactive power convertor (D) to the energy supply
means for supplying power to or from said energy sup-
ply means in parallel with said controllable electronic
power convertor means (A, B).}

4. Convertor equipment for connection between an AC
network (R, S, T) and a DC network (1) and comprising at
least two convertors (A, D) having AC terminals for con-
nection to the AC network and DC terminals, an inductor
(R2), and switching means (SW) for alternatively either
connecting the DC terminals of one of said convertors (D)
to said DC network (1) in parallel with the other conver-
tors, or connecting said inductor (R2) between the DC
terminals of said convertor (D).

5. Convertor equipment according to claim 4, comprising
a pole reversal switch connected between said DC network

and said convertors.
i i » x [
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