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DESCRIPTION

Field of the Invention

[0001] The present disclosure relates to a method for selecting one or more submodules of a
valve of modular multilevel converter in order to generate a desired valve output voltage.

Background

[0002] High voltage direct current (HVDC) power transmission is a cost-effective way of
transmitting electrical power over long distances. In HVDC systems alternating current (AC)
electrical power is converted to high voltage direct current (HVDC) for transmission over
overhead or undersea cables to a destination. At the destination, the HVDC power is converted
back to AC power for onward distribution to end-user sites via an electrical distribution network.

[0003] Modular multilevel converters (MMC) are commonly used for the conversion of power
between HVDC and AC. MMCs are typically made up of a plurality of submodules, which are
typically half-bridge circuits of the kind illustrated in Figure 1, which can be selected or
deselected (i.e. inserted or bypassed in the MMC) as required so as to produce a desired
MMC output voltage.

[0004] A typical submodule is shown generally at 100 in Figure 1. The submodule 100 includes
a first switching element, in the form of a first silicon insulated-gate bipolar transistor (IGBT)
102, connected in series with a second switching element, in the form of a second silicon IGBT
104.

[0005] A first freewheel diode 106 is connected in an inverse parallel configuration with the first
IGBT 102, with its anode connected to an emitter of the first IGBT 102 and its cathode
connected to a collector of the first IGBT 102.

[0006] A second freewheel diode 108 is connected in an inverse parallel configuration with the
second IGBT 104, with its anode connected to an emitter of the second IGBT 104 and its
cathode connected to a collector of the second IGBT 104.

[0007] The emitter of the first IGBT 102 is connected to the collector of the second IGBT 104.
The collector of the first IGBT 102 is connected to a positive terminal of an energy storage
element such as a capacitor 110, whilst the emitter of the second IGBT 104 is connected to a
negative terminal of the energy storage element 110.

[0008] The gates of the first and second IGBTs 102, 104 are connected to outputs of a
controller 112, which is configured to generate control signals to switch the first and second
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IGBTs 102, 104 on and off in a predetermined sequence.

[0009] When the first IGBT 102 is switched on and the second IGBT 104 is switched off, the
submodule 100 is in an inserted state. A submodule output voltage Vg is equal to a voltage

V¢ across the capacitor 110. The capacitor 110 will charge if the current Igp in the submodule

100 is positive, and will discharge if the current Igp, is negative.

[0010] When the first IGBT 102 is switched off and the second IGBT 104 is switched on, the
submodule is in a bypassed state. The submodule output voltage Vg is zero and the voltage

V¢ across the capacitor 110 remains constant; the capacitor 110 does not charge or discharge.

[0011] An MMC typically includes a plurality of submodules connected in series on phase-legs
of the MMC, as shown generally at 200 in Figure 2. The MMC 200 is coupled to three-phase
AC terminals. A first terminal 202 of the three-phase AC terminals is coupled to a first phase-
leg 220 which has upper (top) and lower (bottom) arms. A second terminal 204 of the three-
phase AC terminals is coupled to a second phase-leg 240, which has upper (top) and lower
(bottom) arms. A third terminal 206 of the three-phase AC terminals is coupled to a third
phase-leg 260, which also has upper (top) and lower (bottom) arms.

[0012] In the example illustrated in Figure 2, the first phase-leg 220 of the MMC 200 includes a
top arm 2207 having a first limb reactor 222 (e.g. an inductance or a series combination of an

inductance and a resistance), a plurality of submodules 2244 - 224, (labelled in Figure 2
SM_TA, - SM_TA,, to denote submodules of phase-leg A, top arm) forming a first valve and a

second limb reactor 226 (e.g. an inductance or a series combination of an inductance and a
resistance) connected in series between a node at a mid-point of the first phase-leg 220 that
connects the first phase terminal 202 to the first phase-leg 220 and a positive DC bus 270.

[0013] The first phase-leg 220 of the MMC 200 includes a bottom arm 220g having a third limb

reactor 232 (e.g. an inductance or a series combination of an inductance and a resistance), a
plurality of submodules 2341 - 234, (labelled in Figure 2 SM_BA - SM_BA,, to denote

submodules of phase-leg A, bottom arm) forming a second valve and a fourth limb reactor 236
(e.g. an inductance or a series combination of an inductance and a resistance) connected in
series between the mid-point node of the first phase-leg 220 and a negative DC bus 280.

[0014] Similarly, the second phase-leg 240 of the MMC 200 includes a top arm 240+ having a

first limb reactor 242 (e.g. an inductance or a series combination of an inductance and a
resistance), a plurality of submodules 2441 - 244, (labelled in Figure 2 SM_TB¢ - SM_TB,,, to

denote submodules of phase-leg B, top arm) forming a third valve and a second limb reactor
246 (e.g. an inductance or a series combination of an inductance and a resistance) connected
in series between a node at a mid-point of the second phase-leg 240 that connects the second
phase terminal 204 to the second phase-leg 240 and the positive DC bus 270.
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[0015] The second phase-leg 240 of the MMC 200 includes a bottom arm 240g having a third

limb reactor 252 (e.g. an inductance or a series combination of an inductance and a
resistance), a plurality of submodules 2541 - 254, (labelled in Figure 2 SM_BB1 - SM_BB,,, to

denote submodules of phase-leg B, bottom arm) forming a fourth valve and a fourth limb
reactor 256 (e.g. an inductance or a series combination of an inductance and a resistance)
connected in series between the mid-point node of the second phase-leg 240 and the negative
DC bus 280.

[0016] Similarly, the third phase-leg 260 of the MMC 200 includes a top arm 2601 having a first

limb reactor 262 (e.g. an inductance or a series combination of an inductance and a
resistance), a plurality of submodules 2641 - 264, (labelled in Figure 2 SM_TC4 - SM_TC,, to

denote submodules of phase-leg C, top arm) forming a fifth valve and a second limb reactor
266 (e.g. an inductance or a series combination of an inductance and a resistance) connected
in series between a node at a mid-point of the third phase-leg 260 that connects the third
phase terminal 206 to the second phase-leg 260 and the positive DC bus 270.

[0017] The third phase-leg 260 of the MMC 200 includes a bottom arm 260g having a third

limb reactor 272 (e.g. an inductance or a series combination of an inductance and a
resistance), a plurality of submodules 2744 - 274, (labelled in Figure 2 SM_BC, - SM_BC,, to

denote submodules of phase-leg C, bottom arm) forming a sixth valve and a fourth limb
reactor 276 (e.g. an inductance or a series combination of an inductance and a resistance)
connected in series between the mid-point node of the third phase-leg 260 and the negative
DC bus 280.

[0018] Each valve of the MMC also includes a plurality of first sensors configured to indicate a
voltage value for each submodule of the valve and a second sensor configured to indicate a
polarity or sign of a current in the valve.

[0019] Thus, the first valve includes a plurality of first sensors 2284 configured to indicate a
voltage value for each submodule of the first valve and a second sensor 228, configured to

indicate a polarity or sign of a current in the first valve. Similarly, the second valve includes a
plurality of first sensors 2381 and a second sensor 2385, the third valve includes a plurality of

first sensors 2484 and a second sensor 248, the fourth valve includes a plurality of first
sensors 2581 and a second sensor 2585, the fifth valve includes a plurality of first sensors 2684
and a second sensor 2685, and the sixth valve includes a plurality of first sensors 2784 and a
second sensor 2785. It is to be understood that the positioning of the respective first and

second sensors in Figure 2 is illustrative only, and that the first and second sensors for each
valve can be positioned at any convenient location in the valve that would allow the first and
second sensors to fulfil their respective voltage and current sensing functions.

[0020] It is to be noted that the positioning of the limb reactors 222, 226, 232, 236, 242, 246,
252,256, 262, 266, 272, 276 in Figure 2 is merely exemplary. In alternative MMC topologies, a
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limb reactor for the arm 2201 could be provided only between the first terminal 202 and the
submodule 224, or only between the positive DC bus 270 and the submodule 2244, or could

be split between the bottom limb reactor 222 and top limb reactor 226. Limb reactors for the
arms 2401, 2607 could be similarly positioned, whilst limb reactors for the arms 220g, 2405,

2605 may be provided only between the respective terminals 202, 204, 206 and the
submodules 2344, 2544, 2744, or only between the negative DC bus 280 and the submodules
234,, 254,, 274, or split between the top limb reactors 232, 252, 272 and the bottom limb
reactors 236, 256, 276.

[0021] In operation of the MMC 200, a switching algorithm function 295 selectively activates
(inserts) the submodules of each valve 220, 220g, 2407, 240, 2601, 260 according to a

switching algorithm, as illustrated schematically in Figure 3, as a DC voltage is applied across
the positive and negative DC bus 270, 280, to selectively charge and discharge the energy
storage elements 110 (e.g. capacitors) of each submodule. By controlling the number of
submodules that are activated and the timing at which the submodules of each valve 220,

220g, 2407, 240p, 2601, 260 are activated, a desired output voltage, as defined by a

respective control valve voltage reference signal Veontrol_ref_PhaseTopA: Veontrol_ref_PhaseBottomA

Vcontrol_ref_PhaseTopB, Vcontrol_ref_PhaseBottomB, Vcontrol_ref_PhaseTopC, Vcontrol_ref_PhaseBottomC, can
be produced at each respective valve 2207, 220g, 2407, 240g, 2607, 260R, so as to generate a

desired voltage at each of the AC terminals 202, 204, 206.

[0022] An important criterion in the selection of an HVDC transmission scheme is losses.
Losses in an MMC-based scheme are typically distributed between a transformer on the AC
side of the MMC, the MMC itself, and DC lines used to transmit power between stations. Within
the MMC itself, approximately 35-40% of the total losses can be attributed to the commutation
frequency of the submodules (i.e. the frequency with which the switching elements of the
submodules are activated in order to insert or bypass the submodule in the MMC in order to
meet a desired MMC output voltage), and 60-65% of the total losses can be attributed to
conduction losses in the submodules.

[0023] A desire therefore exists to reduce losses in MMC-based HVDC transmission schemes.

[0024] The article by D. Rosheila et al: « A Modified Voltage Balancing Algorithm for the
Modular Multilevel Converter: Evaluation for Staircase and Phase-Disposition PWM. |IEEE
Transactions on power electronics, Institute of electrical and electronics engineers, USA,
Vol.30, n°8 1st August 2015 (2015-08-01), discloses a low complexity implementation of the
voltage balancing algorithm aiming to reduce the switching frequency of the power devices in
Modular Multilevel Converters.

[0025] The article by Qin Jiangchao et al : « Reduced Switching-Frequency Voltage-Balancing
Strategies for Modular Multilevel HYDC Converters »,IEEE Transactions on power delivery, IEE
Service center, New York, NY ,US, Vol. 28, no 4 1st October 2013 (2013-10-01), discloses a
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general framework for the capacitor voltage balancing of a Modular Multilevel Converter.

[0026] The article by Antonio-Ferreira Abel et al : « Comparison of cell selection methods for
modular multilevel converters », 2016 IEEE 16th International conference on environment and
electrical engineering, 7 june 2016 (2016-06-07), analyzes and compares several algorithms of
cell selection methods for modular multilevel converters.

Summary

[0027] According to a first aspect, the invention provides a method according to claim 1 for
selecting submodules of a valve of modular multilevel converter in order to generate a desired
valve output voltage.

[0028] The method may further comprise: if the sign of the current in the valve is positive, prior
to comparing the obtained voltage value to the first threshold, multiplying the first shift voltage
value by a gain value to obtain a modified voltage shift value; and if the sign of the current in
the valve is negative, prior to comparing the obtained voltage value to a second threshold,
multiplying the first shift voltage value by the gain value to obtain a modified voltage shift value.

[0029] If the sign of the current in the valve is positive and the first shift voltage value is below
a minimum value threshold, the value of the minimum value threshold may be retained for
subsequent use as the first shift voltage value. If the sign of the current in the valve is positive
and the first shift voltage value exceeds a maximum value threshold, the value of the maximum
value threshold may be retained for subsequent use as the first shift voltage value; if the sign
of the current in the valve is negative and the first shift voltage value is below the minimum
value threshold, the value of the minimum value threshold may be retained for subsequent use
as the first shift voltage value; and if the sign of the current in the valve is negative and the first
shift voltage value exceeds the maximum value threshold, the value of the maximum value
threshold may be retained for subsequent use as the first shift voltage value.

[0030] According to a second aspect, the invention provides a computer program comprising
instructions which, when executed by a processing unit, causes the processing unit to perform

the method of the first aspect.

[0031] According to a third aspect, the invention provides a processing system comprising one
or more processing units configured to execute the computer program of the second aspect.

[0032] According to a fourth aspect, the invention provides a modular multilevel converter
according to claim 6.

[0033] Each valve of the modular multilevel converter may comprise a limb reactor.

[0034] The limb reactor may comprise an inductance or a series combination of an inductance
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and a resistance.

Brief Description of the Drawings

[0035] Embodiments of the invention will now be described, strictly by way of example only,
with reference to the accompanying drawings, of which:

Figure 1 is a schematic representation of a half-bridge submodule for use in a modular
multilevel converter;

Figure 2 is a schematic representation of a modular multilevel converter;

Figure 3 is a schematic diagram illustrating the use of a switching algorithm to control the
submodules of a modular multilevel converter to achieve a desired output voltage at each arm
of the MMC;

Figure 4 is a diagram illustrating steps in a method which is not covered by the scope of the
claims for selecting submodules of a valve of an MMC in order to achieve a desired valve
output voltage;

Figure 5 is a diagram illustrating steps in an alternative method which is not covered by the
scope of the claims for selecting submodules of a valve of an MMC in order to achieve a
desired valve output voltage;

Figure 6 is a diagram illustrating steps in a first method according to the invention for selecting
submodules of a valve of an MMC in order to achieve a desired valve output voltage; and

Figure 7 is a diagram illustrating steps in an alternative method according to the invention for
selecting submodules of a valve of an MMC in order to achieve a desired valve output voltage.

Detailed Description

[0036] The present disclosure relates to an improved switching algorithm for a modular
multilevel converter (MMC) which selectively activates the submodules of the valves of the
MMC in order to generate a desired valve output voltage defined by a control valve voltage
reference signal, whilst limiting commutation frequency losses in the MMC. Referring now to
Figure 4, a method (algorithm) performed by the switching algorithm function 295 for selecting
submodules (either no submodules, one submodule, or more than one submodule) of a valve
of an arm 2201, 220g, 2407, 240p, 2607, 2605 of an MMC 200 to be activated (inserted) in

order to generate a desired valve output voltage is shown generally at 400. This method

illustrated on figure 4 is not covered by the claims and is for understanding the present
invention.
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[0037] In a first step 410, a voltage value indicative of an instantaneous voltage across a
storage element such as a capacitor 110 of each submodule of each valve of arms 220+, 220,

240+, 240g, 2607, 260g is obtained. The voltage value may be obtained, for example, by

measuring or estimating the voltage across the energy storage element 110 at a sample time,
using the first sensor of the valve.

[0038] A determination is then made for each submodule of each valve, at step 420, as to
whether that submodule was previously selected (i.e. selected at a preceding sample time). If
the submodule was previously selected then a virtual voltage shift value, which in this example
is a predetermined fixed value, is added to or subtracted from the obtained voltage value,
depending upon the sign or polarity of instantaneous current flow (at the sample time) in the
valve to which the submodule belongs, as explained below, to generate a modified voltage
value.

[0039] If the submodule was previously selected, and the sign or polarity of instantaneous
current flow at the sample time in the valve to which the submodule belongs (as measured, for
example, by the second sensor of the valve) is negative, then the virtual shift voltage value is
added to the obtained voltage value, such that the modified voltage value is greater than the
obtained voltage value.

[0040] If the submodule was previously selected, and the sign or polarity of instantaneous
current flow at the sample time in the valve to which the submodule belongs (as measured, for
example, by the second sensor of the valve) is positive, then the virtual shift voltage value is
subtracted from the obtained voltage value, such that the modified voltage value is less than
the obtained voltage value.

[0041] If the submodule was not previously selected, then no virtual shift voltage value is
added to or subtracted from the obtained voltage value.

[0042] Once a modified voltage value has been generated for all of the submodules that were
previously selected, all of the submodules of each valve are added to a histogram for that
valve, at step 430. The position of each submodule in its respective histogram is based on the
modified voltage value (where a modified voltage value has been generated) or the obtained
voltage value (where no modified voltage value has been generated).

[0043] At step 440 the switching algorithm selects none, one or more submodules for each
valve based on their rankings in the histogram (from lowest to highest or from highest to
lowest) to be activated to generate a desired valve output voltage. The desired valve output
voltage at each sample time is provided to the algorithm by the controller 290 as a reference
voltage, and the switching algorithm selects none, one or more submodules for each valve at
each sample time in order to create a voltage in the valve that is equal to the reference voltage
provided by the controller. The submodules are selected in order from lowest to highest or
highest to lowest, as a function of the sign of the current through the relevant arm(s).
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[0044] Thus, for the valve of arm 2201, none, one or more of the submodules 2244 - 224, are
selected, based upon their rankings in the histogram for the valve of arm 2207, to be activated

such that the valve output voltage generated by the combination of the selected submodules is
equal to the specified valve output voltage Veontro|_ref PhaseTopA-

[0045] Similarly, for the valve of arm 220g, none, one or more of the submodules 234 - 234,
are selected, based upon their rankings in the histogram for the valve of arm 220g, to be

activated such that the valve output voltage generated by the combination of the selected
submodules is equal to the specified valve output voltage Veontrol_ref PhaseBottomA-

[0046] Adding the virtual voltage value to, or subtracting the virtual voltage value from, the
obtained voltage value for submodules that were selected at the preceding sample time alters
the position of those submodules in the histogram (as compared to positioning the submodules
in the histogram based upon their obtained voltage values alone) and increases the likelihood
that they will be selected again at the current sample time, which reduces the need to insert or
bypass submodules by changing the state of their switching elements. Thus, the switching
frequency of the submodules in the MMC is reduced, leading to a reduction in switching losses
in the MMC.

[0047] Figure 5 is a flow diagram illustrating steps in an alternative method 500 (algorithm) for
selecting submodules (either no submodules, one submodule, or more than one submodule)
of a valve of an arm 2201, 220g, 240, 240g, 2601, 2605 of an MMC 200 to be activated in

order to generate a desired valve output voltage. This method illustrated on figure 5 is not
covered by the claims and is for understanding the present invention.

[0048] In a first step 510, a voltage value indicative of an instantaneous voltage across a
storage element such as a capacitor 110 of each submodule of each valve of arms 2201, 220g,

2407, 240g, 2601, 260g is obtained. The voltage value may be obtained, for example, by

measuring or estimating the voltage across the energy storage element 110 at a sample time,
using the first sensor of the valve.

[0049] A determination is then made for each submodule of each valve, at step 520, as to
whether that submodule was previously selected (i.e. selected at a preceding sample time). If
the submodule was previously selected then the sign or polarity of instantaneous current flow
(at the sample time) in the valve to which the submodule belongs (as measured, for example,
by the second sensor of the valve) is determined.

[0050] At step 530, one or more virtual voltage shift values are added to or subtracted from the
obtained voltage value, depending on i) the sign or polarity of the instantaneous current flow
(at the sample time) in the valve to which the submodule belongs and ii) the instantaneous
voltage across the storage element of the submodule at the sample time.
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[0051] Thus, if the sign or polarity of instantaneous current flow in the valve at the sample time
is positive and the instantaneous voltage across the storage element at the sample time
exceeds a predetermined threshold, only a first virtual voltage shift value is subtracted from the
obtained submodule voltage to generate a modified voltage value. The first virtual voltage shift
value may be a predetermined fixed value.

[0052] However, if the sign or polarity of instantaneous current flow in the valve at the sample
time is positive and the instantaneous voltage across the storage element at the sample time is
below the predetermined threshold, the first virtual shift voltage value and a second virtual
voltage shift value, which may be a predetermined fixed value that is equal to the first virtual
voltage shift value, are subtracted from the obtained submodule voltage to generate a modified
voltage value.

[0053] If the sign or polarity of instantaneous current flow in the valve at the sample time is
negative and the instantaneous voltage across the storage element at the sample time falls
below a predetermined threshold, only a first virtual voltage shift value is added to the obtained
submodule voltage to generate a modified voltage value. The first virtual voltage shift value
may be a predetermined fixed value.

[0054] If the sign or polarity of instantaneous current flow in the valve at the sample time is
negative and the instantaneous voltage across the storage element at the sample time
exceeds the predetermined threshold, the first virtual voltage shift value and a second virtual
voltage shift value, which may be a predetermined fixed value that is equal to the first virtual
voltage shift value, are added to the obtained submodule voltage to generate a modified
voltage value.

[0055] If the submodule was not previously selected, then no virtual voltage value is added to
or subtracted from the obtained voltage value.

[0056] Once a modified voltage value has been generated for all of the submodules that were
previously selected, all of the submodules of each valve are added to a histogram for that
valve, at step 540. The position of each submodule in its respective histogram is based on the
modified voltage value (where a modified voltage value has been generated) or the obtained
voltage value (where no modified voltage value has been generated).

[0057] At step 550 the switching algorithm selects none, one or more submodules for each
valve based on their rankings in the histogram (from lowest to highest or from highest to
lowest) to be activated to generate a desired valve output voltage.

[0058] Thus, for the valve of arm 2201, none, one or more of the submodules 2244 - 224, are
selected, based upon their rankings in the histogram for the valve of arm 2207, to be activated

such that the valve output voltage generated by the combination of the selected submodules is
equal to the specified valve output voltage Veontro|_ref PhaseTopA-
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[0059] Similarly, for the valve of arm 220g, none, one or more of the submodules 234 - 234,
are selected, based upon their rankings in the histogram for the valve of arm 220g, to be

activated such that the valve output voltage generated by the combination of the selected
submodules is equal to the specified valve output voltage Veontrol_ref PhaseBottomA-

[0060] As in the method discussed above in relation to Figure 4, adding the first virtual shift
voltage value to, or subtracting the first virtual shift voltage value from, the obtained voltage
value for submodules that were selected at the preceding sample time alters the position of
those submodules in the histogram (as compared to positioning the submodules in the
histogram based upon their obtained voltage values alone) and increases the likelihood that
they will be selected again at the current sample time, which reduces the need to insert or
bypass submodules by changing the state of their switching elements. Thus, the switching
frequency of the submodules in the MMC is reduced, leading to a reduction in switching losses
in the MMC.

[0061] Additionally, adding the second virtual voltage shift value to, or subtracting the second
virtual voltage shift value from, the obtained voltage value increases the voltage band of the
submodules, thereby further reducing the need for submodules to be inserted or bypassed in
the MMC and thus further reducing the average commutation frequency of the submodules
and associated switching losses in the MMC.

[0062] Referring now to Figure 6, an embodiment of a method (algorithm) according to the
invention for selecting submodules (either no submodules, one submodule, or more than one
submodule) of a valve of an arm 220T, 220B, 240T, 240B, 260T, 260B of an MMC 200 to be
activated in order to generate a desired valve output voltage, is shown generally at 600.

[0063] In a first step 610, a voltage value indicative of an instantaneous voltage across a
storage element such as a capacitor 110 of each submodule of each valve of arms 2201, 220g,

2407, 240g, 2601, 260g is obtained. The voltage value may be obtained, for example, by

measuring or estimating the voltage across the energy storage element 110 at a sample time,
using the first sensor of the valve.

[0064] A determination is then made for each submodule of each valve, at step 620, as to
whether that submodule was previously selected (i.e. selected at a preceding sample time). If
the submodule was previously selected then the sign or polarity of instantaneous current flow
(at the sample time) in the valve to which the submodule belongs (as measured, for example,
by the second sensor of the valve) is determined.

[0065] At step 630, a dynamic voltage shift value is generated based on i) the polarity or sign
of instantaneous current flow in the valve to which the submodule belongs and ii) a threshold
representing either a minimum or a maximum voltage across the storage element 110 of the
submodule, depending upon the sign or polarity of instantaneous current flow in the valve.
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[0066] Thus, if the sign or polarity of instantaneous current flow in the valve at the sample time
is positive, the instantaneous voltage across the storage element 110 of the submodule at the
sample time is compared to a maximum voltage threshold representing a maximum voltage
value across the storage element 110 of the submodule. A dynamic voltage shift value is
obtained by calculating the difference between the maximum voltage threshold and the
instantaneous voltage across the storage element 110 of the submodule at the sample time. If
this dynamic voltage shift value is below a predefined maximum voltage shift value and above
a predefined minimum voltage shift value, then the dynamic voltage shift value is subtracted
from the obtained voltage value for the submodule to generate a modified voltage value for the
submodule. If the dynamic shift value is below the predefined minimum voltage shift value,
then the predefined minimum voltage shift value is subtracted from the obtained voltage value
to generate the modified voltage value for the submodule. If the dynamic shift value meets or
exceeds the predefined maximum voltage shift value, then the predefined maximum voltage
shift value is subtracted from the obtained voltage value to generate the modified voltage value
for the submodule.

[0067] If the sign or polarity of instantaneous current flow in the valve at the sample time is
negative, the instantaneous voltage across the storage element 110 of the submodule at the
sample time is compared to a minimum voltage threshold representing a minimum voltage
value across the storage element 110 of the submodule. A dynamic voltage shift value is
obtained by calculating the difference between the instantaneous voltage across the
submodule at the sample time and the minimum voltage threshold. If this dynamic voltage shift
value is below the predefined maximum voltage shift value and above the predefined minimum
voltage shift value, then the dynamic voltage shift value is added to the obtained voltage value
for the submodule to generate a modified voltage value for the submodule. If the dynamic shift
value is below the predefined minimum voltage shift value, then the predefined minimum
voltage shift value is added to the obtained voltage value to generate the modified voltage
value for the submodule. If the dynamic shift value meets or exceeds the predefined maximum
voltage shift value, then the predefined maximum voltage shift value is added to the obtained
voltage value to generate the modified voltage value for the submodule.

[0068] Once a modified voltage value has been generated for all of the submodules that were
previously selected, all of the submodules of each valve are added to a histogram for that
valve, at step 640. The position of each submodule in its respective histogram is based on the
modified voltage value (where a modified voltage value has been generated) or the obtained
voltage value (where no modified voltage value has been generated).

[0069] At step 650 the switching algorithm selects none, one or more submodules for each
valve based on their rankings in the histogram (from lowest to highest or from highest to
lowest) to be activated to generate a desired valve output voltage.

[0070] Thus, for the valve of arm 2201, none, one or more of the submodules 2244 - 224, are
selected, based upon their rankings in the histogram for the valve of arm 2207, to be activated

such that the valve output voltage generated by the combination of the selected submodules is
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equal to the specified valve output voltage Veontro|_ref PhaseTopA-

[0071] Similarly, for the valve of arm 220g, none, one or more of the submodules 234 - 234,
are selected, based upon their rankings in the histogram for valve 220g, to be activated such

that the valve output voltage generated by the combination of the selected submodules is
equal to the specified valve output voltage Vcontrol_ref PhaseBottomA-

[0072] As in the previous examples, adding the shift voltage value to, or subtracting the shift
voltage value from, the obtained voltage value for submodules that were selected at the
preceding sample time alters the position of those submodules in the histogram (as compared
to positioning the submodules in the histogram based upon their obtained voltage values
alone) and increases the likelihood that they will be selected again at the current sample time,
which reduces the need to insert or bypass submodules by changing the state of their
switching elements. Thus, the switching frequency of the submodules in the MMC is reduced,
leading to a reduction in switching losses in the MMC. Further, the use of upper and lower
value thresholds imposes a limit on the commutation frequency of the submodules, thereby
limiting switching losses.

[0073] Referring now to Figure 7, a further embodiment of a method (algorithm) according to
the invention, for selecting submodules (either no submodules, one submodule, or more than
one submodule) of a valve of an arm 220+, 220y, 240, 240pg, 2607, 260 of an MMC 200 to

be activated in order to generate a desired valve output voltage, is shown generally at 700.
The method 700 combines features of the methods 500, 600 discussed above with reference
to Figures 5 and 6.

[0074] In a first step 710, a voltage value indicative of an instantaneous voltage across a
storage element such as a capacitor 110 of each submodule of each valve of arms 220+, 220,

240+, 240g, 2607, 260g is obtained. The voltage value may be obtained, for example, by

measuring or estimating the voltage across the energy storage element 110 at a sample time,
using the first sensor of the valve.

[0075] A determination is then made for each submodule of each valve, at step 720, as to
whether that submodule was previously selected (i.e. selected at a preceding sample time). If
the submodule was previously selected then the sign or polarity of instantaneous current flow
(at the sample time) in the valve to which the submodule belongs (as measured, for example,
by the second sensor of the valve) is determined.

[0076] At step 730, a dynamic voltage shift value is generated based on i) the polarity or sign
of instantaneous current flow in the valve to which the submodule belongs and ii) a threshold
representing the minimum or maximum voltage across the storage element 110 of the
submodule.

[0077] Thus, if the sign or polarity of instantaneous current flow in the valve at the sample time
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is positive, the instantaneous voltage across the storage element 110 of the submodule at the
sample time is compared to a maximum voltage threshold representing a maximum voltage
value across the storage element 110 of the submodule. A dynamic voltage shift value is
obtained by calculating the difference between the maximum voltage threshold and the
instantaneous voltage across the storage element 110 of the submodule at the sample time.
The dynamic voltage shift value may be multiplied by a gain value to obtain a modified voltage
shift value.

[0078] If the (modified) dynamic voltage shift value is below a predefined maximum voltage
shift value and above a predefined minimum voltage shift value, then the modified dynamic
voltage shift value is retained as a voltage shift value for subsequent use. If the modified
dynamic shift value is below a predefined minimum voltage shift value, then the predefined
minimum voltage shift value is retained as the voltage shift value for subsequent use. If the
modified dynamic shift value meets or exceeds the predefined maximum voltage shift value,
then the predefined maximum voltage shift value is retained as the voltage shift value for
subsequent use.

[0079] The instantaneous voltage across the storage element 110 at the sample time is then
compared to a first threshold. If the instantaneous voltage across the storage element 110 at
the sample time is less than the first threshold, then the voltage shift value is multiplied by a
first gain value, and the result of this multiplication is subtracted from the obtained voltage
value to generate a modified voltage value for the submodule. If the instantaneous voltage
across the storage element 110 at the sample time is greater than the first threshold, then the
voltage shift value is multiplied by a second gain value, which is a multiple of the first value,
and the result of this multiplication is subtracted from the obtained voltage value to generate
the modified voltage value for the submodule.

[0080] If the sign or polarity of instantaneous current flow in the valve at the sample time is
negative, the instantaneous voltage across the storage element 110 of the submodule at the
sample time is compared to a minimum voltage threshold representing a minimum voltage
value across the storage element 110 of the submodule. A dynamic voltage shift value is
obtained by calculating the difference between the instantaneous voltage across the storage
element 110 of the submodule at the sample time and the minimum voltage threshold and. The
dynamic voltage shift value may be multiplied a gain value to obtain a modified voltage shift
value.

[0081] If the (modified) dynamic voltage shift value is below a predefined maximum voltage
shift value and above a predefined minimum voltage shift value, then the modified dynamic
voltage shift value is retained as a voltage shift value for subsequent use. If the modified
dynamic shift value is below a predefined minimum voltage shift value, then the predefined
minimum voltage shift value is retained as the voltage shift value for subsequent use. If the
modified dynamic shift value meets or exceeds the predefined maximum voltage shift value,
then the predefined maximum voltage shift value is retained as the voltage shift value for
subsequent use.
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[0082] The instantaneous voltage across the storage element 110 at the sample time is then
compared to a second threshold. If the instantaneous voltage across the storage element 110
at the sample time is greater than the second threshold, then the voltage shift value is
multiplied by a third gain value, and the result of this multiplication is added to the obtained
voltage value to generate a modified voltage value for the submodule. If the instantaneous
voltage across the storage element 110 at the sample time is less than the second threshold,
then the voltage shift value is multiplied by a fourth gain value, which is a multiple of the third
gain value, and the result of this multiplication is added to the obtained voltage value to
generate the modified voltage value for the submodule.

[0083] Once a modified voltage value has been generated for all of the submodules that were
previously selected, all of the submodules of each valve are added to a histogram for that
valve, at step 740. The position of each submodule in its respective histogram is based on the
modified voltage value (where a modified voltage value has been generated) or the obtained
voltage value (where no modified voltage value has been generated).

[0084] At step 750 the switching algorithm selects none, one or more submodules for each
valve based on their rankings in the histogram (from lowest to highest or from highest to
lowest) to be activated to generate a desired valve output voltage.

[0085] Thus, for the valve of arm 2201, none, one or more of the submodules 2244 - 224, are
selected, based upon their rankings in the histogram for the valve of arm 2207, to be activated

such that the valve output voltage generated by the combination of the selected submodules is
equal to the specified valve output voltage Veontro|_ref PhaseTopA-

[0086] Similarly, for the valve of arm 220g, none, one or more of the submodules 234 - 234,
are selected, based upon their rankings in the histogram for valve 220g, to be activated such

that the valve output voltage generated by the combination of the selected submodules is
equal to the specified valve output voltage Vcontrol_ref PhaseBottomA-

[0087] As in the previous examples, adding the shift voltage value to, or subtracting the shift
virtual voltage value from, the obtained voltage value for submodules that were selected at the
preceding sample time alters the position of those submodules in the histogram (as compared
to positioning the submodules in the histogram based upon their obtained voltage values
alone) and increases the likelihood that they will be selected again at the current sample time,
which reduces the need to switch submodules in and out and thus reduces the average
commutation frequency of the submodules and therefore reduces switching losses in the
MMC.

[0088] As will be appreciated from the foregoing, the methods described above reduce
switching losses arising in a MMC due to insertion and bypassing of submodules, as the
likelihood that a submodule that was previously selected will be selected again, thus reducing
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the need to insert and bypass submodules by adjusting the state of their switching elements.
Thus, the average commutation frequency of the submodules of the MMC can be reduced,
reducing losses.

[0089] The switching algorithm and the switching algorithm function 295 may be implemented
in hardware, or may be implemented in one or more processing units, e.g. computers,
executing instructions to perform the methods described above. The instructions may be
stored on any convenient computer readable storage medium such as static or dynamic
memory, hard disc, CD-ROM, DVD-ROM or the like.

[0090] It should be noted that the above-mentioned embodiments illustrate rather than limit the
invention, and that those skilled in the art will be able to design many alternative embodiments
without departing from the scope of the appended claims. The word "comprising” does not
exclude the presence of elements or steps other than those listed in a claim, "a" or "an" does
not exclude a plurality. Any reference signs in the claims shall not be construed so as to limit
their scope.
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Patentkrav

1. Fremgangsmade til valg af submoduler af en ventil af modulaer flerniveau-
omformer for at generere en gnsket ventiludgangsspaanding, hvilken
fremgangsmade omfatter:
at opna en spaendingsveerdi for hvert submodul af ventilen, hvilken
spaendingsvaerdi indikerer en spaending hen over et energilagringselement
af submodulet;
for hvert submodul af ventilen:
i) hvis submodulet var tidligere valgt:
hvis fortegnet af naevnte strgm i ventilen er positivt, opn3s en fgrste
forskydningsspaendingsveaerdi, som er en dynamisk forskydningsveerdi,
ved at beregne forskellen mellem en maksimal spaendingstaerskel og
den opndede speaendingsveaerdi for submodulet;
hvis fortegnet af stremmen i ventilen er negativt, opnds den fgrste
forskydningsspaendingsveaerdi, som er en dynamisk forskydningsveerdi, ved
at beregne forskellen mellem den opndede spaendingsvaerdi for submodulet
0g en minimumsspandingstaerskel;
ifglge et fgrste ELLER-alternativ:
hvis fortegnet af naevnte strgm i ventilen er positivt:
hvis den dynamiske forskydningsveerdi er under en foruddefineret
maksimal spaendingsforskydningsveerdi og over en foruddefineret
minimumsspaendingsforskydningsveerdi, traekkes den dynamiske
forskydningsvaerdi fra den opndede spaendingsveerdi for at
submodulet kan generere den modificerede spaendingsvaerdi for
submodulet;
hvis den dynamiske forskydningsvaerdi er under den foruddefinerede
minimumsspaendingsforskydningsveerdi, traekkes den foruddefinerede
minimumsspaendingsforskydningsveerdi fra den opnaede
spaendingsvaerdi for at generere den modificerede spaendingsvaerdi for
submodulet;
hvis den dynamiske forskydningsvaerdi opfylder eller overstiger den
foruddefinerede maksimale spaendingsforskydningsveaerdi, traekkes
den foruddefinerede maksimale spandingsforskydningsvaerdi fra den
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opndede spaendingsvaerdi for at generere den modificerede
spaendingsvaerdi for submodulet;

hvis fortegnet af strammen i ventilen er negativt:
hvis den dynamiske forskydningsvaerdi er under den foruddefinerede
maksimale spandingsforskydningsveerdi og over den foruddefinerede
minimumsspaendingsforskydningsveerdi, tilfgjes den dynamiske
forskydningsvaerdi til den opndede spaendingsveerdi for submodulet
for at generere den modificerede spandingsveerdi for submodulet;
hvis den dynamiske forskydningsvaerdi er under den foruddefinerede
minimumsspaendingsforskydningsveerdi, tilfgjes den foruddefinerede
minimumsspaendingsforskydningstaerskel til den opnaede
spaendingsvaerdi for at generere den modificerede spaendingsvaerdi for
submodulet;
hvis den dynamiske forskydningsveerdi overstiger den foruddefinerede
maksimale spandingsforskydningsveerdi, tilfgjes den foruddefinerede
maksimale spaendingsforskydningsveerdi til den opn3ede
spaendingsvaerdi for at generere den modificerede spaendingsvaerdi for
submodulet;

ELLER ifglge et andet ELLER-alternativ:

hvis fortegnet af stremmen i ventilen er positivt, sammenlignes den

opnaede spaendingsvaerdi med en farste teerskel og:
hvis den opnaede spaendingsvaerdi er mindre end en fgrste teerskel,
multipliceres den fgrste forskydningsspandingsvardi med en fgrste
forsteerkningsveerdi og resultatet af multiplikationen traekkes fra den
opndede spaendingsvaerdi for at generere den modificerede
spaendingsveaerdi;
hvis den opnaede spaendingsveerdi er stgrre end den fgrste taerskel,
multipliceres den fgrste forskydningsspaendingsveerdi med en anden
forsteerkningsveerdi, som er et multiplum af den fgrste
forsteerkningsveerdi, og resultatet af multiplikationen traekkes fra den
opndede spaendingsvaerdi for at generere den modificerede
spaendingsveaerdi;

hvis fortegnet af streammen i ventilen er negativt, sammenlignes den

opnaede spaendingsvaerdi med en anden taerskel og:
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hvis den opnaede spaendingsveerdi er stgrre end den anden teerskel,
multipliceres den fgrste forskydningsspandingsvaerdi med en tredje
forsteerkningsveerdi og resultatet af multiplikationen tilfgjes til den
opnaede spaendingsvaerdi for at generere den modificerede
spaendingsveaerdi;
hvis den opndede spaendingsvaerdi er mindre end den anden teerskel,
multipliceres den fgrste forskydningsspaendingsveerdi med en fjerde
forsteerkningsveerdi, som er et multiplum af den tredje
forsteerkningsveerdi, og resultatet af multiplikationen tilfgjes til den
opnaede spaendingsvaerdi for at generere den modificerede
spaendingsveaerdi; og
submodulet tilfgjes til et histogram ifglge den modificerede spaendings-
veerdi for submodulet;
i) hvis submodulet ikke var valgt tidligere:
submodulet tilfgjes til et histogram ifglge spaendingsveerdien for
submodulet; og
iii) ingen submoduler, et submodul eller mere end et submodul
veelges, baseret pd deres placering i histogrammet, sdledes at det/de
aktiveres, for at generere den gnskede ventiludgangsspaending.

2. Fremgangsmade ifglge krav 1, idet det andet ELLER-alternativ af naevnte
fremgangsmade yderligere omfatter:
hvis fortegnet af strammen i ventilen er positivt, forud for sammenligning
af den opnaede spaendingsvaerdi med den fgrste taerskel, at multiplicere
den fgrste forskydningsspandingsvaerdi med en forstaerkningsvaerdi for at
opna en modificeret spaendingsforskydningsvaerdi; og
hvis fortegnet af strammen i ventilen er negativt, forud for sammenligning
af den opnaede spaendingsvaerdi med en anden taerskel, at multiplicere den
fgrste forskydningsspaendingsvaerdi med forstaerkningsveerdien for at opna
en modificeret spaendingsforskydningsvaerdi.

3. Fremgangsmade ifalge krav 1 eller krav 2, hvor det andet ELLER-alternativ
ifglge krav 1 yderligere omfatter:
hvis fortegnet af strammen i ventilen er positivt, og den fgrste
forskydningsspaendingsveaerdi er under en minimumsveaerditeerskel, at
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fastholde vaerdien af minimumsvaerditaersklen til efterfglgende anvendelse
som den fgrste forskydningsspaendingsvaerdi;
hvis fortegnet af strammen i ventilen er positivt, og den fgrste
forskydningsspaendingsveaerdi overstiger en maksimal vaerditeerskel, at
5 fastholde veerdien af den maksimale veerditaerskel til efterfglgende
anvendelse som den fgrste forskydningsspaendingsvaerdi;
hvis fortegnet af stremmen i ventilen er negativt, og den fgrste
forskydningsspaendingsveaerdi er under minimumsvaerditeersklen, at
fastholde vaerdien af minimumsvaerditaersklen til efterfglgende anvendelse
10 som den fgrste forskydningsspandingsvaerdi; og
hvis fortegnet af stremmen i ventilen er negativt, og den fgrste
forskydningsspaendingsveaerdi overstiger den maksimale varditeerskel, at
fastholde veerdien af den maksimale veerditaerskel til efterfglgende
anvendelse som den fgrste forskydningsspaendingsvaerdi.
15
4. Computerprogram omfattende instruktioner som, nar de eksekveres af en
behandlingsenhed, far behandlingsenheden til at udfgre fremgangsmaden ifalge et
hvilket som helst af de foregdende krav.

20 5. Behandlingssystem omfattende en eller flere behandlingsenheder konfigureret
til at eksekvere computerprogrammet ifglge krav 4.

6. Moduleer flerniveau-omformer omfattende:
en flerhed af ventiler, hvor hver ventil omfatter:
25 en flerhed af submoduler;
en fgrste sensor konfigureret til at indikere en spaendingsveaerdi for
hvert submodul af ventilen;
en anden sensor konfigureret til at indikere en polaritet eller et
fortegn af en strgm i ventilen;
30 og
en styreenhed konfigureret til at vaelge submoduler af ventilen af den
modulare flerniveau-omformer for at generere en gnsket
ventiludgangsspeaending,
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kendetegnet ved, at naevnte styreenhed, efter modtagelse af indikationer

fra naevnte fgrste sensor og naevnte anden sensor, er konfigureret til:

for hvert submodul af ventilen:
i) hvis submodulet var tidligere valgt:
hvis fortegnet af naevnte strgm i ventilen er positivt, opn3s en fgrste
forskydningsspaendingsveaerdi, som er en dynamisk forskydningsveerdi,
ved at beregne forskellen mellem en maksimal spaendingstaerskel og
den opndede speaendingsveaerdi for submodulet;

hvis fortegnet af stremmen i ventilen er negativt, opnds den fgrste

forskydningsspaendingsveaerdi, som er en dynamisk forskydningsveerdi, ved

at beregne forskellen mellem den opndede spaendingsvaerdi for submodulet

0g en minimumsspandingstaerskel;

ifglge et fgrste ELLER-alternativ:
hvis fortegnet af naevnte strgm i ventilen er positivt: hvis den
dynamiske forskydningsveerdi er under en foruddefineret maksimal
spandingsforskydningsveaerdi og over en foruddefineret
minimumsspaendingsforskydningsveerdi, traekkes den dynamiske
forskydningsvaerdi fra den opn3ede spaendingsveerdi for submodulet
for at generere den modificerede spandingsveerdi for submodulet;
hvis den dynamiske forskydningsvaerdi er under den foruddefinerede
minimumsspaendingsforskydningsveerdi, traekkes den foruddefinerede
minimumsspaendingsforskydningsveerdi fra den opnaede
spaendingsvaerdi for at generere den modificerede spaendingsvaerdi for
submodulet;
hvis den dynamiske forskydningsvaerdi opfylder eller overstiger den
foruddefinerede maksimale spaendingsforskydningsveaerdi, traekkes
den foruddefinerede maksimale spandingsforskydningsvaerdi fra den
opndede spaendingsvaerdi for at generere den modificerede
spaendingsvaerdi for submodulet;

hvis fortegnet af strammen i ventilen er negativt:
hvis den dynamiske forskydningsvaerdi er under den foruddefinerede
maksimale spandingsforskydningsveerdi og over den foruddefinerede
minimumsspaendingsforskydningsveerdi, tilfgjes den dynamiske
forskydningsvaerdi til den opndede spaendingsveerdi for submodulet
for at generere den modificerede spandingsveerdi for submodulet;
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hvis den dynamiske forskydningsvaerdi er under den foruddefinerede
minimumsspaendingsforskydningsveerdi, tilfgjes den foruddefinerede
minimumsspaendingsforskydningstaerskel til den opnaede
spaendingsvaerdi for at generere den modificerede spaendingsvaerdi for
submodulet;

hvis den dynamiske forskydningsveerdi overstiger den foruddefinerede
maksimale spandingsforskydningsveerdi, tilfgjes den foruddefinerede
maksimale spaendingsforskydningsveerdi til den opndede
spaendingsvaerdi for at generere den modificerede spaendingsvaerdi for
submodulet;

ELLER ifglge et andet ELLER-alternativ:
hvis fortegnet af stremmen i ventilen er positivt, sammenlignes den
opnaede spaendingsvaerdi med en farste teerskel og:

15

20

25

30

35

hvis den opnaede spaendingsvaerdi er mindre end en fgrste teerskel,
multipliceres den fgrste forskydningsspandingsvardi med en fgrste
forsteerkningsveerdi, og resultatet af multiplikationen traekkes fra den
opndede spaendingsvaerdi for at generere den modificerede
spaendingsveaerdi;

hvis den opnaende spaendingsvaerdi er stgrre end den farste teerskel,
multipliceres den fgrste forskydningsspaendingsveerdi med en anden
forsteerkningsveerdi, som er et multiplum af den fgrste
forsteerkningsveerdi, og resultatet af multiplikationen traekkes fra den
opndede spaendingsvaerdi for at generere den modificerede
spaendingsveaerdi;

hvis fortegnet af streammen i ventilen er negativt, sammenlignes den

opnaede spaendingsvaerdi med en anden taerskel og:

hvis den opnaede spaendingsveerdi er stgrre end den anden teerskel,
multipliceres den fgrste forskydningsspandingsvaerdi med en tredje
forsteerkningsveerdi, og resultatet af multiplikationen tilfgjes til den
opndede spaendingsvaerdi for at generere den modificerede
spaendingsveaerdi;

hvis den opndede spaendingsvaerdi er mindre end den anden teerskel,
multipliceres den fgrste forskydningsspaendingsveerdi med en fjerde
forsteerkningsveerdi, som er et multiplum af den tredje
forsteerkningsveerdi, og resultatet af multiplikationen tilfgjes til den
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opndede spaendingsvaerdi for at generere den modificerede

spaendingsveaerdi;
ii) hvis submodulet ikke var valgt tidligere:
submodulet tilfgjes til et histogram ifglge spaendingsveaerdien for

5 submodulet;
0g
iii) ingen submoduler, et submodul eller mere end et submodul
veelges, baseret pa deres placering i histogrammet, siledes at
det/de aktiveres, for at generere den gnskede
10 ventiludgangsspaending.

7. Moduleer flerniveau-omformer ifglge krav 6, hvor hver ventil yderligere

omfatter en forgreningsreaktor.

15 8. Modulzer flerniveau-omformer ifglge krav 7, hvor forgreningsreaktoren omfatter
en induktans eller en seriekombination af en induktans og en modstand.
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Figure 1
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