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(57) Abstract: A method for controlling an electrical converter system (10) comprises: determining a nominal pulse pattern (l*pj i

Au *p ;) and a reference trajectory (x*) of at least one electrical quantity of the electrical converter system (10) over a horizon of future
sampling instants, wherein the nominal pulse pattern (l*p » Du *p ;) and the reference trajectory (x*) are determined from a table of

optimized pulse patterns, the nominal pulse pattern (l*pj » Au *p] ;) comprises switching transitions (Au *p] Jbetween output voltages of an

electrical converter (12) of the electrical converter system (10) and the reference trajectory (x*) indicates a desired future development of

an electrical quantity of the converter system (10); determining a small-signal pulse pattern (7, (7 1 b, ;) by minimizing a cost function,

which cost function includes a small-signal error, which is based
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on a difference of a reference trajectory (x*) and a predicted trajectory (x), wherein the impulse strengths (4 p]i) of the small-signal pulse
pattern (@ , (¢ 4 b, ) encode a voltage-time value at each switching transition of the nominal pulse pattern (Z*p,i’ Au *p] ;). and wherein
the predicted trajectory (x) is determined over the horizon from measurements (i, v, i g) in the converter system (10) and from a model

of the converter system (10), into which a sum of the nominal pulse pattern (Z*p,i’ Au *p] ;) and small-signal pulse pattern (&, (% 1 b, P))

are input; determining a modified pulse pattern (¢ optp,i® Aupj ;) by moving the switching transitions of the nominal pulse pattern (l*p i

Au *p, ;) wherein a switching transition is moved by a time interval, such that the time interval times a direction of the switching transition
equals the voltage-time value that the impulse strength (A » ;) encodes at the nominal switching transition; and applying at least the next

switching transition of the modified pulse pattern (¢ Aupj ;) to the electrical converter system (10).

opt,p,i°
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DESCRIPTION

Model predictive pulse pattern control based on small-signal pulse pattern

optimization

FIELD OF THE INVENTION

The invention relates to the field of control of electrical converters. In particular, the
invention relates to a method, a computer program, a computer-readable medium and a
controller for controlling an electrical converter system. Additionally, the invention relates

to an electrical converter system.

BACKGROUND OF THE INVENTION

Optimized pulse patterns (OPP) are particularly suitable for medium-voltage converters
thanks to their low total harmonic distortions (THD) at low switching frequencies. To
achieve fast closed-loop control and to reject disturbances, model predictive control (MPC)
methods are promising for power electronic applications. In particular, model predictive
pulse pattern control (MP>C) may be seen as an adaptation of the MPC principle to the
control problem of OPPs. MP>C controls the stator flux vector of an electrical machine along
its nominal trajectory by manipulating the switching instants of the OPP. For example, EP 2
469 692 A1l describes such a method, in which switching instants of an optimized pulse

pattern are modified to reduce a flux error.

However, MP>C is usually only applicable to first-order systems, such as electrical
machines. For these, the stator flux in the orthogonal coordinate system is the integral of the
applied converter voltage (when neglecting the voltage drop due to the stator resistance).
When considering higher-order systems, such as converters with LC filters, the internal
model of MP*C may not capture the resonant behaviour of the power converter circuit. To
account for this, MP>C may need to be augmented by an additional damping term in its cost
function or an outer damping loop must be added. Whilst these approaches may be effective
during steady-state operation, the performance during large transients may be rather poor.
More specifically, to avoid exciting the filter resonance too strongly, large reference step

changes may have to be filtered by a ramp-limiter, resulting in a sluggish step response.
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WO 2016/134874 Al relates to time shifting of switching instants of an optimized pulse
pattern. The time shifting is done with model predictive control, in which an objective

function based on a flux error is minimized.

The following articles relate to converter control based on model predictive control and

mention linearization of optimization problems:

Quevedo et al: "Model Predictive Control for Power Electronics Applications" In:
"Handbook of Model Predictive Control", 30 November 2018 (2018-11-30), Springer
International Publishing, pages 551-580

Geyer et al: "Hybrid Model Predictive Control of the Step-Down DC-DC Converter",
IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, IEEE SERVICE
CENTER, NEW YORK, NY, US, vol. 16, no. 6, 1 November 2008, pages 1112-1124

Cairano et al: "Model predictive controller matching: Can MPC enjoy small signal
properties of my favorite linear controller?, 2009 EUROPEAN CONTROL
CONFERENCE (ECC), IEEE, 23 August, 2009, pages 2217-2222

DESCRIPTION OF THE INVENTION

It is an objective of the invention to provide a controller for an electrical converter based
on optimized pulse pattern, which also has a good performance during transient operations

and/or which can be used for converter systems being higher-order physical systems.

This objective is achieved by the subject-matter of the independent claims. Further
exemplary embodiments are evident from the dependent claims and the following

description.

An aspect of the invention relates to a method for controlling an electrical converter
system. In particular, the method may be applied to a converter system comprising an
electrical converter and a further component supplied by the converter, such as an electrical
machine, a resonant subsystem and/or a cable with high impedance. The resonant subsystem
may be a filter, such as an LC or LCL filter. As already mentioned, LC filters may result in
a mathematical model of higher order, which may be addressed with the present method.

The method may be automatically performed by a controller of the converter system.

According to an embodiment of the invention, the method comprises: determining a
nominal pulse pattern and a reference trajectory of at least one electrical quantity of the

electrical converter system over a horizon of future sampling instants, wherein the nominal
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pulse pattern and the reference trajectory are determined from a table of optimized pulse
patterns, the nominal pulse pattern comprises switching transitions between output voltages
of an electrical converter of the electrical converter system and the reference trajectory

indicates a desired future development of an electrical quantity of the converter system;

A pulse pattern may comprise switching instants and an output level of a phase of the
converter at the switching instant. The pulse pattern and all quantities mentioned below may

be multi-phase quantities, i.e. may have values for every phase of the converter system.

A switching instant may be a time, at which the converter is switched. A sampling instant
may be a time, for which future quantities in the controller are calculated. For example,
sampling instants may be equidistant with respect to each other. A switching instant may be

situated between two sampling instants.

The nominal pulse pattern may be determined by the controller online from a lookup table
of offline optimized pulse patterns, which may have been determined with respect to an

optimization goal for steady-state operation.

Furthermore, for one electrical quantity or multiple electrical quantities of the converter
system reference trajectories may be determined. The electrical quantities may comprise a
converter current, a grid current, a filter capacitor voltage, etc. In general, an electrical

quantity may be a current and/or voltage and/or flux of a component of the converter system.

This may be done by extrapolating the quantities from actual values, which may have
been determined from measurements, into the future. The extrapolation may be done with a
mathematical model of the converter, which may comprise differential equations for the
quantities. It also may be that the reference trajectories already have been determined offline

for the optimized pulse patterns and are read from a lookup table.

According to an embodiment of the invention, the method further comprises: determining
a small-signal pulse pattern by minimizing a cost function, which cost function includes a
small-signal error, which is based on a difference of the reference trajectory and the predicted
trajectory. The small-signal pulse pattern may encode an instantaneous voltage-time impulse
at each switching transition of the nominal pulse pattern. The position in time of the impulse
is given by the switching instant, whereas the amplitude or strength of the impulse relates to
a voltage-time area when modifying this switching transition. The predicted trajectory may
be determined over the horizon from measurements in the converter system and from a
model of the converter system, into which a sum of the nominal pulse pattern and the small-

signal pulse pattern are input and/or inputs.
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The cost function may be a function of the small-signal pulse pattern and in particular it
may be a function of the instantaneous voltage-time impulses, which may be encoded with
a set of voltage-time values. The cost function may be a quadratic function of these voltage-

time values.

The small-signal error may be determined from a difference of the reference trajectory
and a predicted trajectory. More specifically, at future time steps differences of values of
these trajectories are determined and a weighted norm of these differences quantifies the

result as a scalar. The cost function may be determined to output the small-signal error.

The model, which may be seen as a mathematical and/or physical model of the converter
system, may model differential equations of quantities of the converter system, such as a
converter current, a capacitor voltage, a grid current, a machine current, a flux, etc. The
differential equations may be processed in the form of difference equations. In general, the
quantities may comprise currents and/or voltages and/or fluxes of components of the
converter system. The cost function may be composed of quantities, which are determined
based on the mathematical model. These quantities may be assembled into matrices and/or

vectors, which are used in the cost function.

All these quantities may be seen as trajectories over time. For each quantity, sequences

of values over time, i.e. trajectories, may be determined.

It may be that the prediction and/or optimization takes place with respect to constraints,
such as minimal and maximal voltages and/or currents for specific components of the
converter, such as a DC link voltage, a magnitude of an output current and/or output voltage

of the converter, etc.

The prediction and/or optimization may lead to a quadratic program, which is
implemented in the controller. In this case, the controller solves equations of matrices and
vectors, which have been filled before, based on measurements, the reference trajectory

and/or the small-signal pulse pattern before.

According to an embodiment of the invention, the method further comprises: determining
a modified pulse pattern by moving the switching transitions of the nominal pulse pattern,
wherein a switching transition is moved by a time interval, such that the time interval
multiplied with a direction of the switching transition equals the voltage-time value at the
switching transition. In other words, the strengths of the impulses are equal to the voltage-

time areas that are added to the nominal pulse pattern to obtain the modified pulse pattern.
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Here, the direction of the switching transition may refer to a voltage difference and/or a sign

of this voltage difference defined by the switching transition.

In this way, not the pulse pattern itself, but the small-signal pulse pattern is optimized,
which may simplify the computational burden when solving the optimization problem
significantly. Basically, using the small-signal pulse pattern may be seen as a linearization

around the nominal switching instants.

According to an embodiment of the invention, the method further comprises: applying at
least the next switching transitions of the modified pulse pattern within the sampling interval
to the electrical converter system. It may be that a receding horizon policy is performed by
the controller, i.e. that the modified pulse pattern and/or the small-signal pulse pattern is
determined over a horizon of more than one sampling instant and that solely the next
switching transition or the switching transitions up to the next sampling instant are applied

to the converter.

In general, the method may be applied to any linear converter system with multiple state
variables and integer switch positions, which is modulated by optimized pulse patterns. Both
continuous and discontinuous switching angles may be used. The method may regulate the
converter system states along their reference trajectories, may manipulate the switch
positions (or, effectively, the switching instants and switching transitions) of the converter
and may modulate the converter with a modified optimized pulse pattern. The modifications
to the pulse pattern may be approximated with the strengths of voltage-time impulses, that
is, the normalized volt-second contribution of the impulse. These impulses may be called

voltage-time impulses herein. Their strengths may be called voltage-time values.

The usage of the small-signal pulse pattern may be seen as a linearization around the
switching instants. As a result, the evolution of the state error may be described by a set of
linear differential equations. The optimization problem encoded by the cost function and
optionally further constraints may penalize a tracking error and optionally a deviation from
the unmodified switching instants. It has to be noted that the optimization problem may be
formulated as a convex quadratic program and thus may be computationally relatively easy
to solve.

On the other hand, during steady-state operation, the superior harmonic performance of
optimized pulse patterns may be achieved. Furthermore, during transients, disturbances
and/or faults a fast response may be achieved. One example for this may be a superior low

voltage ride-through capability.
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Electrical resonances in the converter system may not be excited and/or any related
oscillations may be to be actively damped.

The method may be insensitive to measurement and observer noise, and may be robust
with respect to parameter uncertainties, such as unknown variations in the system
parameters. Examples for this may include variations in inductors and/or capacitors of the
converter system.

According to an embodiment of the invention, the switching transitions of the modified
pulse pattern during an actual and/or current sampling interval are applied to the electrical
converter system. The small-signal pulse pattern and the modified pulse pattern may be
determined during an actual and/or current sampling interval for a horizon of more than one
future sampling interval. Only the switching transitions of the modified pulse pattern during
the current sampling interval may be applied to the converter system.

According to an embodiment of the invention, during the current sampling interval, the
small-signal pulse pattern and the modified pulse pattern are determined again for a horizon
starting with the next sampling interval. In other words, a receding horizon policy may be
applied. The small-signal pulse pattern and the modified pulse pattern may be determined at
every sampling interval for a horizon longer than one sampling interval.

According to an embodiment of the invention, the cost function is a quadratic function in
the voltage-time values, which are arranged into a vector of voltage-time values. The cost
function may comprise a quadratic term with a model matrix, which is multiplied at both
sides by the vector of voltage-time values and a linear term with a model vector multiplied
by the vector of voltage-time values. The structure of the model matrix and the model vector
may be determined offline, and/or online by inputting the measurements, the reference
trajectory, and the small-signal pulse pattern into the mathematical model of the electrical

converter.

According to an embodiment of the invention, the model matrix and the model vector are
determined from measurements in the converter, the reference trajectory, and the small-
signal pulse pattern, such that the cost function encodes the small-signal error. With the
known structure of the model matrix and the model vector, the values of the entries of the
model matrix and the model vector can be determined online from measurements in the

converter system, the reference trajectory, and the small-signal pulse pattern.

According to an embodiment of the invention, the cost function additionally minimizes a

magnitude of the voltage-time impulses, the voltage-time values. For example, the cost
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function may comprise a quadratic term with a penalty matrix, which is multiplied at both
sides by the vector of voltage-time values. The penalty matrix may be a positive semidefinite

matrix, which penalizes the voltage-time values of deviating from zero.

According to an embodiment of the invention, the small-signal pulse pattern is
determined by minimizing the cost function subject to constraints. These constraints may
comprise constraints on voltages and/or currents in the converter system, in particular that
these voltages and/or currents do not leave a bounding interval. A bounding interval may be

defined by a constant minimum and a constant maximum.

According to an embodiment of the invention, the voltage-time values of the small-signal
pulse pattern are constrained, such that the modified switching transitions in a phase stay in

the original order.

According to an embodiment of the invention, the optimal small-signal pulse pattern is
determined by solving a quadratic program into which the small-signal pulse pattern, the
reference trajectory, and the measurements are input and/or are inputs. The quadratic
program may be based on a cost function quadratic in the voltage-time values (such as
describe above) and optionally constraints (such as mentioned above). At every sampling
instant, the quadratic program may be solved numerically by the controller for determining

the voltage-time values.

According to an embodiment of the invention, the method further comprises: determining
an incumbent pulse pattern over the horizon, wherein the incumbent pulse pattern comprises
the modified switching transitions determined at the previous sampling instant and the

remaining switching transitions of the nominal pulse pattern up to the horizon.

When the method already has determined a modified pulse pattern, the incumbent pulse
pattern may be used instead of the nominal pulse pattern to optimize the voltage-time values
of the small-signal pulse pattern. To enhance the accuracy of the approximations, the
linearization at subsequent time steps may be done around the modified switching instants
computed at the previous time step rather than around the switching instants of the nominal

pulse pattern.

In particular, the predicted trajectory may be determined from the model of the converter
system, into which a sum of the incumbent pulse pattern and the small-signal pulse pattern
are the input. The model matrix and the model vector used for forming a quadratic cost
function may be determined from the reference trajectory, the measurements, and the small-

signal pulse pattern.
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According to an embodiment of the invention, the small-signal pulse pattern encodes
instantaneous voltage-time impulses, which may be encoded by impulse strengths, at each
switching transition of the incumbent pulse pattern. In other words, the time instants of the
instantaneous voltage-time impulses of the small-signal pulse pattern are moved to the ones
of the incumbent pulse pattern (instead of the nominal pulse pattern). This may enhance the

accuracy of the linear approximations around the switching instants.

According to an embodiment of the invention, a difference pulse pattern is determined,
which encodes at least one rectangular voltage-time area to compensate a difference between
the nominal pulse pattern and the incumbent pulse pattern. The difference pulse pattern may
encode a rectangular voltage-time area at some or all switching transitions of the incumbent
switching pattern. To account for the difference between the nominal pulse pattern and the
incumbent pulse pattern, rectangular voltage-time areas may be included along with the
small-signal pulse pattern. The difference pulse pattern may be the difference of the nominal
pulse pattern and the incumbent pulse pattern determined at the previous sampling instant.
The voltage time area at a switching transition may be equal to a difference of the time-
instants of the nominal pulse pattern and the incumbent pulse pattern multiplied by the
direction of the switching transition. It has to be noted that the rectangular voltage-time
areas, which represent previous switching instant modifications, are not optimized but are
used for compensating the differences between the nominal pulse pattern and the incumbent

pulse pattern.

According to an embodiment of the invention, the optimized pulse patterns and the
reference trajectory are determined offline and stored in a lookup table. An optimized pulse
pattern may be determined for each modulation index and each pulse number, which are
used in the converter system. The actual modulation index and pulse number may be

determined from actual reference values and/or measurements in the converter system.

The optimized pulse patterns may have been calculated oftline with respect to a specific
optimization goal, such as a minimal total demand distortion of the current during steady-
state operation. The optimized pulse patterns may be stored in a lookup table in the

controller.

One or more reference trajectories also may have been determined offline for the
optimized pulse patterns. The values for these reference trajectories also may be stored in a

lookup table in the controller.
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Further aspects of the invention relate to a computer program, which when executed by a
processor is adapted for performing the method as described above and below and to a
computer-readable medium, in which such a computer program is stored. The method may
be implemented in software and may be run on a controller having a processor and a memory

in which the computer program is stored.

A computer-readable medium may be a floppy disk, a hard disk, an USB (Universal Serial
Bus) storage device, a RAM (Random Access Memory), a ROM (Read Only Memory), an
EPROM (Erasable Programmable Read Only Memory) or a FLASH memory. A computer
readable medium may also be a data communication network, e.g. the Internet, which allows
downloading a program code. In general, the computer-readable medium may be a non-

transitory or transitory medium.

A further aspect of the invention relates to a controller for an electrical converter adapted
for performing the method as described above and below. It has to be noted that the method

also may be at least partially implemented in hardware, for example in a DSP or FPGA.

A further aspect of the invention relates to a converter system, which comprises an
electrical converter interconnected with an electrical grid and a controller as described

above and below.

According to an embodiment of the invention, the converter system further comprises a
resonant subsystem comprising at least one of inductors and a filter. For example, the
resonant subsystem may be an LC filter or a cable, which may have a high impedance. The
model of the converter system used during the optimization of the cost function may include
a model of the electrical converter and the resonant subsystem. In particular, the resonant

subsystem may result in differential equations of higher order.

It has to be understood that features of the method as described in the above and in the
following may be features of the converter system, computer program, the computer
readable medium and the controller, as described in the above and in the following, and vice
versa.

These and other aspects of the invention will be apparent from and elucidated with

reference to the embodiments described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter of the invention will be explained in more detail in the following text

with reference to exemplary embodiments which are illustrated in the attached drawings.
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Fig. 1 schematically shows a converter system according to an embodiment of the

invention.

Fig. 2 shows a block diagram for a controller according to an embodiment of the

invention.

Fig. 3A and 3B show pulse patterns, which are used in a method according to an

embodiment of the invention.

In principle, identical parts are provided with the same reference symbols in the figures.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

Fig. 1 shows a converter system 10 comprising an electrical converter 12 and an LC filter
14, which are coupled with an electrical grid 16. The further respective quantities shown in
Fig. 1 are listed in the end of the present description. Fig. 1 also shows a controller 18, which
is adapted for performing the method for controlling the converter system 10, as described
herein.

The LC filter 14 may comprise filter inductors L and filter resistors R connected between
the converter 12 and the grid 16, and filter resistors Rc and filter capacitors C connected to
the interconnection of the converter 12 and the grid 16.

As shown, the electrical converter 12 may be a neutral-point-clamped converter having a
neutral-point-clamped phase leg 20 for each output phase. Other converters 12, such as T-
type converters, modular multi-level converters and/or converters with flying capacitors may
be used as multi-level converter 12. Also, two-level converters could be used.

Fig. 2 is a further drawing of the system 10, where the controller 18 is shown in more
detail. The controller 18 comprises a pulse pattern selector 20, a reference trajectory
generator 22, a small-signal optimizer 24, an incumbent pulse pattern determiner 26 and a
Clarke transformation block 28.

A method for controlling the converter system 10, which may be automatically performed
by the controller 18, will be explained with respect to the different blocks 20, 22, 24, 26, 28
in the following.

In a first step, depending on the grid voltage v, the grid current reference Ig and the grid
phase reference ¢4, an appropriate optimized pulse pattern is selected by the pulse pattern
selector 20. The pulse pattern selector 20 then provides the nominal switching instants ¢, ;

and the nominal switching transitions Auw,, ; of a nominal pulse pattern.
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Offline computed OPPs are a specific pulse width modulation (PWM) method. Unlike
carrier-based PWM or space vector modulation, OPPs abandon the notion of the fixed
modulation interval with one switching transition per phase and modulation (half)interval.
The removal of these restrictions facilitates the computation of optimal switching angles that

minimize the harmonic current distortions for a given switching frequency.

The switching instants and switch positions of an OPP are typically computed for one
phase over a quarter of a fundamental period, assuming quarter- and half-wave symmetry

and a 120° phase shift between the three phases.

In a second step, the optimal state reference trajectory x* is generated by the reference

*

trajectory generator 22 from the nominal pulse pattern t,,;,

Auy, ;.

In summary, a nominal pulse pattern t,;, Au,; and at its corresponding reference
trajectory x* of the electrical converter system 10 are determined over a horizon of future
sampling instants, wherein the nominal pulse pattern t,;, Au,; and the corresponding
reference trajectory x* are determined from a table of optimized pulse patterns. The nominal

*

pulse pattern ¢, ;,

Au,, ; comprises switching transitions Au,, ; between output voltages of an
electrical converter 12 of the electrical converter system 10 and the reference trajectory x*
indicates a desired future development of the electrical quantities of the converter system
10.

The optimized pulse patterns and optionally the reference trajectory x* may be
determined offline and stored in lookup tables in block 20 and block 22, respectively.

In a third step, the small-signal optimizer 24 receives measurement values, such as the
converter current i, the filter capacitor voltage v, and the grid current i;, which have been

measured in the system 10 and which have been Clarke transformed by block 28.
The Clarke transformation
$ap = K&ape (1)
maps any variable &g = [é4 & .17 in the abc-plane to the two-dimensional vector

€up = [¢a £p]” in the ap-plane via the transformation matrix

1 -1 _1

k=2 2 2
3lg B _¥3

2 2

Herein, all variables in the abc-plane are denoted by their corresponding subscript,

whereas the subscript is dropped for those in the af-plane.
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From the measurements, the small-signal optimizer 24 calculates an initial small-signal
error, X, = Xy — X;. It then builds the Hessian H with the help of (44), see below, and the
model vector ¢ with the help of (50) and (51). By solving the QP (61), the vector of optimal

impulse strengths A, is found.

A small-signal pulse pattern U, (t, lp,i), which may be provided as a vector of optimal
impulse strengths A,y,, is determined by minimizing a cost function, which cost function
includes a small-signal error, which is based on a difference of the reference trajectory x*
and the predicted trajectory x. The impulse strengths A,,; of the small-signal pulse pattern
Uype (t, lp,i) encode a voltage-time value 4, ; at each switching transition of the nominal

*

pulse pattern t,;, Au,;, and wherein the predicted trajectory x is determined over the
horizon from measurements i, V., i  in the converter system and from a model of the
converter system 10, into which a sum of the nominal pulse pattern t,;, Au,; and small-
signal pulse pattern U ,p, (t, lp,i) are input and/or are inputs.

After that, in a fourth step, the strengths 1,,; are translated back to the switching instant
modifications Aty,:,; by the small-signal optimizer 24, which are then added to the
switching instants t,,; of the nominal pulse pattern or to the switching instants t;,,i of the
incumbent pulse pattern (see below) to determine the modified switching instants ¢4y, Of

the modified pulse pattern, in accordance with (63).

A modified pulse pattern top¢ 5 i, Aty ; is determined by moving the switching transitions

of the nominal pulse pattern ¢,,;, Au, ;, wherein a switching transition is moved by a time
interval, such that the time interval times a direction of the switching transition equals the

voltage-time value that the impulse strength 4,,; encodes at the nominal switching transition.

Only the switching transitions of the modified pulse pattern t,,¢p;, Au,; within the

sampling interval are then applied to the electrical converter 12.

Optionally, it may be that the method also uses an incumbent pulse pattern t,;,
Auy, ; instead of the nominal pulse pattern in the small-signal optimizer 24.

!

In this case, the modified switching instants t;;

and the switching transitions Au,;
determined at a sampling instant are stored as the incumbent pulse pattern by block 26. The

incumbent pulse pattern t;,li, Au, ; is updated at each sampling instant. At the subsequent
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sampling instant, the incumbent switching pattern t,;, Auy; is an input (instead of the

nominal pulse pattern) into the optimizer 24.

In summary, an incumbent pulse pattern t;,li, Au,,; is determined over the horizon,

!

wherein the incumbent pulse pattern t,, ;,

Au,, ; comprises the modified switching transitions

toptp,i determined at the previous sampling instant and the remaining switching transitions

*

of the nominal pulse pattern ¢,

Au,, ; up to the horizon. In the optimizer 24, the predicted
trajectory x is determined from the model of the converter system 10, into which a sum of
the incumbent pulse pattern t;,li, Au,,; and small-signal pulse pattern g, (t, Ap,i) is the
input.

The above steps may be repeated at each sampling instant. Note that the first two steps
may be only required, if the operating conditions of the converter system 10 change.

In the method, several types of pulse patterns are used, which are shown in Fig. 3A and
3B.

The nominal pulse pattern u* is determined from the offline calculated optimized pulse
pattern. The three-phase nominal pulse pattern is denoted by u,.(t). Its switching
transitions occur at time instants t,, ;.

The incumbent pulse pattern u may be used by the controller 18 as a starting point, i.e.

the pulse pattern whose switching transitions are modified. The three-phase incumbent pulse

pattern is denoted by u ;. (t). Its switching transitions occur at t;,,i.

The impulse strengths (or voltage-time values) 4, ; of the small-signal pulse pattern i are
optimized by the small-signal optimizer 24. The small-signal pulse pattern % comprises a
train of Dirac delta functions (also known as impulses) at switching instants t;,,i with impulse

strengths A, ;.

The modified pulse pattern u,,,4 results from the optimizer, and its first part (within the

sampling interval) is applied to the converter 12. The three-phase modified pulse pattern is

denoted by U044 (£). Its switching transitions occur at tp,; = t,,; + Atp;.

As shown in Figs. 3A and 3B, the controller 18 operates at discrete time steps kT's, where
k € N, and 7j is the sampling interval, such as 25 us. Note that, even though the controller
18 operates at discrete time instants k7T, the switching instant modification may be
formulated in the continuous-time domain. This implies that the modified switching instants

are real-valued quantities.



10

15

20

25

30

WO 2021/069259 PCT/EP2020/077246
14

The pulse patterns u*, u and % + u are only determined for a prediction horizon 22. Out
of the prediction horizon 22, only the modified switching instants within the current
sampling interval are applied, that is, between kT and (k 4+ 1)Ts. Then, at each subsequent
sampling instant, the modified switching instants from the previous sample (which are now
the incumbent switching instants) are re-optimized based on new information. This may be
called receding horizon policy, which provides feedback and may make the controller robust

to disturbances and modelling errors.

Converter system

Converter systems 10 are considered, which comprise linear elements and switching
elements. The switch positions of the switching elements can be described by integer
variables. Typical linear elements are voltage and current sources, ohmic resistances,
capacitors and inductors. Because inductors and ohmic resistances are the building blocks
of transformers and rotating electrical machines, these also may be part of the converter

system 10.

A converter system 10 with linear elements and integer inputs can be described by the
continuous-time state-space representation

dx(t)
de

Fx(t) + Gugp (1) + Pvg(0), (2)

where x € R™ and vy € R™ are the state and parameter vectors in the off reference
frame, respectively, with n, € N* and n,, € N{. The input vector Uy, = [, Up U]’ € Z3
is the three-phase switch position. Finally, F, G, and P are the state, input and parameter

matrices, which characterize the converter system 10.

The formulation in (2) is sufficiently general to include any converter topology, including
dc/ac, ac/de, dc/dc and ac/ac converters, two-level, three-level and general multilevel
converters, and voltage-source as well as current-source converters. By adapting the
dimension of the input vector Uy, converters with a wide range of phase configurations

can be addressed, including single-phase, three-phase and multi-phase converters.

As an embodiment, consider an NPC converter 12 connected to the grid 16 via an LC
filter 14, as shown in Fig. 1. The phase voltages are denoted by v,,, where p € {a, b, c} are

the three phases. Assume that the dc-link capacitors have an infinite capacitance, and that
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the neutral point N is fixed, dividing the dc-link voltage V; evenly across the dc-link
capacitors. Each phase leg can synthesize three voltage levels: — %, 0, %. Thus, the output

voltage for a particular phase is given by
v, = Eup, 3)
where u,, € {—1,0,1} represents the switch position of the particular phase.

The three-phase grid voltages are assumed to be symmetrical, and its phase voltages are
shifted by 120° with respect to each other with a positive phase sequence. The stationary

orthogonal reference frame can be defined by the grid voltage

sin(wlt)
2
S e
9k sin (wlt + )

where Vy;; is the root-mean-square (rms) line-to-line grid voltage, and w, is the
fundamental angular frequency.

Also the three-phase converter current i, = [ig ip i.]’, the three-phase capacitor
voltage V. gpc = [Vc,a Vep vclc]T of the LC filter, and the three-phase grid current iy 4p =
[ig,a igp ig,C]T may be defined. These quantities are transformed into the stationary
orthogonal reference frame with the Clarke transformation (1).

Based on this, the state vector is defined as

x(t) = [icx(t) iﬁ(t) ig,a(t) ig,ﬁ(t) vc,a(t) vc,ﬁ(t)]T

and the converter system can be written in the continuous-time state-space form (2). The

corresponding matrices are given as

R+R¢ R¢ 1
e PR PR B , o
RC Rg+RC 1 2 1 2x2
F=|—1I I, —IL| G6=-(0,;| K andP=—|—1I,]|.
Ly Ly 2L L
1 022 0,52
I —Elz 0252

In here, I, denotes the 2 x 2 identity matrix, and 0, is a 2 x 2 zero matrix. The grid
voltage v, is treated as a time-varying parameter to the system. Note that the input U,y 1s
given in the three-phase abc frame, whereas the state vector x and the parameter vector v,

are given in the stationary orthogonal af reference frame.



10

15

20

25

30

WO 2021/069259 PCT/EP2020/077246
16

Control Problem

The control problem at hand is to regulate the state variables x of the power converter
system (2) along a suitable state reference x*. In general, state variables include voltages,
currents, fluxes and power of the converter, filter, load, grid or electrical machine. In doing
so, the real and reactive power of the converter, its dc-link voltage or current, internal
converter quantities such as neutral-point potential or a flying capacitor voltage, and the grid
or load can be controlled. Typical load quantities to be controlled are the electromagnetic
torque and the magnetization of an electrical machine, the phase currents of a load, or the
real and reactive power of a load. Any converter topology can be considered, including
single-phase, three-phase, multi-phase, dc/ac, ac/dc, dc/dc, and ac/ac converters. Two-level,
three-level and general multilevel converter can be addressed, and voltage-source and

current-source converters may be considered.

In order to minimize the harmonic distortions and the switching frequency, optimized
pulse patterns (OPPs) with discontinuous switching angles may be used to modulate the
converter switches. OPPs lack a fixed modulation interval. Therefore, regularly spaced time
instants, and thus sampling instants, do not exist at which the ripple on the state variables is
zero. This implies that when sampling the state quantities at regularly spaced time instants,
the sum of the fundamental component with its ripple component will be measured. This

significantly complicates the controller design.

The present control method described herein regulates the states of a linear multiple-input
multiple-output system with integer inputs along its reference trajectories, manipulates the
switch positions of the converter, modulates the converter with OPPs during steady-state
operation to achieve a superior harmonic performance at a low switching frequency,
achieves fast responses with little overshoots during reference step changes, and rejects

unmeasured disturbances.

Small-Signal Modifications of the OPP Switching Instants

Small-Signal Corrections
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Firstly, solely Fig. 3A is considered. To simplify the notation, the phase p is dropped
from the variables. The nominal pulse pattern is denoted with u*(t). The nominal pulse
pattern has n* switching transitions that occur at the (nominal) switching instants t;,i =

1, ...,n"%, and can be represented as

n*
w0 =up+ ) Mih(t—t), @
i=1

where h(t) is the Heavyside step function and uj is the initial (nominal) switch position.

The pulse pattern that may be optimized, i.e. the pulse pattern whose switching transitions
are modified, is called the incumbent pulse pattern, and it is denoted with u(t). The

incumbent pulse pattern can be represented as
n
u(t) = uy + Z Au;h(t —t7), %)
i=1

where the switching transitions t; are referred to as the incumbent switching instants.

The pulse pattern that will be applied to the power converter is denoted with u,,,4(t) and
is referred to as the modified pulse pattern. The modified pulse pattern has n switching

transitions that occur at the modified switching instants
t; =t + At ©)
for i =1, ...,n, and where At; is the time modification. It can be observed that the ith
switching instant modification is associated with an area of
(M
)li = —AtiAui
that is removed or added to the incumbent pulse pattern. This area is proportional to a

voltage-time area. The modified pulse pattern may be represented by

n
8
Umoa (t) = Ug + Z Au;h(t — (t; + AL)). ®)
i=1
Recall that the time derivative of the step function A(t) is the Dirac delta function, or
simply the impulse, &(t). By using a first-order Tayler series expansion of the step functions

around the incumbent switching instants t;, (8) can be approximated by

tmoa(£) = g + ) Auy(h(t = £)) — AtiBi(t — 1)), ©)

=1

With the definitions of (5) and (7), (9) simplifies to

(10)
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n
tmoa(£) = u() + ) AiBi(t — £)).
i=1

The (linearized) modified pulse pattern in (10) comprises two terms. The first one is the

(unmodified) incumbent pulse pattern u(t), whereas the second expression
n
a6 = ) Abi(t =) (1
i=1

states the (approximated) modifications. These modifications are impulses at the
incumbent switching instants t; with strengths A;, and the strengths may be seen as

representing (rectangular) voltage-time areas.

This gives rise to a train of voltage-time impulses that will be an input to a small-signal
model, as describe below. Based on this model, the model predictive controller of the
optimizer 24 will adjust the impulse strengths A; of the small-signal pulse pattern as required.
By rewriting (7), the impulse strengths can be translated into the switching instant
modifications

At; = — 2L (12)

Au;
The translation from impulse strengths to switching instant modification is based on the
linearization in (10). More specifically, the (shaded) rectangular voltage-time areas in Figs.
3A and 3B are approximated by the strengths of the voltage-time impulses. The narrower

the voltage-time areas, the better the approximation.
Updating the Incumbent Switching Instants

Since the modifications to the pulse pattern of (10) are based on approximating
rectangular voltage-time areas with impulse strengths, the influence of the modifications on
the behavior of the system states will as a rule only be accurate for small modifications (i.e.
small impulse strengths) to the switching instants. However, using impulse strengths to
model corrections will result in the underlying optimization problem of the control algorithm
to be a convex QP. If impulse strengths were not used to model corrections, and therefore
no linearization step was used, the optimization problem would be substantially more
difficult and time consuming to solve. To address this issue, the optimization problem is

formulated around the switching instants computed at the previous time step, rather than the
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nominal switching instants. This ensures a convex QP and highly accurate predictions during

steady-state operation within a few sampling instants after a step-like transient.

The small-signal input is defined as the difference between the modified pulse pattern and

the nominal pulse pattern,
tmoa(£) — () = () — ' (8) + (D) (13)
= u(t) + (). (14)
The small-signal input #L(t) + i(t) comprises two terms.

The first term @(t) = u(t) — u*(t) refers to the difference between the incumbent pulse
pattern and the nominal pulse pattern. This term is called small-signal difference pulse

pattern, or small-signal difference input, and/or may be composed of voltage-time areas.

The second term i(t) refers to the train of voltage-time impulses, which may be called

small-signal pulse pattern.

In Fig. 3A, the switching instants of the nominal pulse pattern and the incumbent pulse
pattern are equal (t; = t;). This results in the small-signal input only containing voltage-
time impulses #%(t) as defined in (11) and depicted in Fig. 3A. The controller 18 then
calculates the impulse strengths, which are then translated to the modified switching instants

t; (of the modified pulse pattern) using (6) and (12).

At the subsequent step in Fig. 3B, the incumbent switching instants t; are updated with
the modified switching instants t; computed at the previous time step k — 1 (i.e. the modified
switching instants shown in Fig. 3A). The small-signal input now contains additional terms,
which are the actual (rectangular) voltage-time areas from the previous correction, alongside

the voltage-time impulses, i.e.,

n n* n
() + A(t) = (ug — ul) + Z Auh(t —t)) — Z MCR(E—t) |+ 4,8t —t).
i=1 i=1 i=1 (15)
This is illustrated in Fig. 3B. Note that all terms in (15), except for the last one, refer to

the small-signal difference pulse pattern %(t).
Three-Phase Case

The previous sections are generalized to the three-phase case. The modification of the ith

switching instant in phase p, with p € {a, b, ¢}, is defined as
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Atp; = tp; — by, (16)
where t,,; denotes the modified switching instant, and ¢,,; is the incumbent switching
instant. The corresponding switching transition is defined as
Aup; = Up; — Upi—1 (17)
from u, ;4 to u,;, where u,;_; and u,; € Z. Generalizing (7), the ith pulse strength in
phase p is defined as
Api = —Aty, Auy,; (18)
Consider the modified three-phase pulse pattern U;;5q qpc(t) over the time interval t €

[0, Tp], where T, is the prediction horizon of the to-be-designed controller. Following the

principle derived in (10), the modified pulse pattern is defined as the superposition

umod,abc(t) ~ Ugpe (L) + Ugpe (tr Ap,i) (19)
of the incumbent three-phase pulse pattern
ua(t)] Ug,0 + Z?gl Aua,ih(t - tc’z,i

Ugpc(t) = [ub B = |upo + Z?fl Aub,ih(t - tl’;,i) (20)
uC(t) Uco + Z?:Cl Auc,ih(t - té,i

and the three-phase modification (i.e. the three-phase small-signal pulse pattern)
~ n
Ug (tr Aa,i) Zizal S(t - tc’z,i) Aa,i
~ ~ n
Ugpe(t, Aps) = |Tp(t Aps) | = | 272, 8(t — t1,) Ay (21)
~ n
U (tr Ac,i) Zizcl S(t - té,i) Ac,i
in the form of a train of weighted voltage-time impulses. In here, n,, is introduced as the
number of switching transitions in phase p that fall within the horizon T, and 4,; as the
strength of the ith impulse in that phase. Note that the incumbent switching instants ¢, ; are
defined relative to the current time step £y = 0. The total number of switching transitions in

the three phases within the horizon T, is denoted by ng,, = n, +n;, + n..

Internal Dynamic Model

Recall the differential equation of the power converter system in (2). The modified three-

phase pulse pattern U,,oq qpc(£) is used as the input to this system. By integrating (2), the

future state vector at time t € [O, Tp] is



WO 2021/069259 PCT/EP2020/077246
21

t t
x(t) = ethO + f eF(t_r)Gumod,abc (7‘) dr + f eF(t_r)Pvg (T') dr, (22)
0 0

where x 1s the initial state at time t, = 0. Similarly, the optimal state reference trajectory

during steady-state operation follows from the nominal pulse pattern as

t t
x(t) = eftx; + f "I eul, (1) dr + f efF =" py (r) dr, (23)
0 0
5 where x is the optimal initial state and

u (0) Ugo + 2?31 Aug h(t - t5,;)
Ugpe (D) = [u;ﬁ(t)] = |up o + z?jl Auy, h(t -t | (24)
ue(t) Ugo + Z?jl Aug;h(t — ;)
The error between the actual state and its reference
X)) =x(t) —x*(t) (25)
is the so-called small-signal error, ¥ € R™ . By inserting (23) and (22) with (19) into (25),
10 the expression

(26)

t
%(t, A,;) ~ €% + f eF G (ugpe (r) — Wy (1)) dr + f eF G e (1, 4y;) dr
0 0

is obtained, where X, = X, — X, is the initial small-signal error. Because the expression

(19) only holds approximately, the small-signal error in (26) is also an approximation. Note

that the state error %(t, lp,i) is a function of the impulse strengths 4, ;, which model the

15 modifications to the incumbent pulse pattern. The grid voltage is not part of the small-signal
model in (26), but the grid voltage will be required by the controller when selecting the

appropriate pulse pattern.

State Error in Vector Form
20
The small-signal error (26) can be written in a compact form. To this end, in (26) the

small-signal pulse pattern U, (t, Ap,i) is rearranged, see (21), resulting in
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%(t, 1) ~ ef*%, + T (1)
t Nng np
+ f e G| o Y 8(r = th)Aar + (1] D 60— 5, )
0 i=1 i=1
0] &
+10[ D 60— i) | ar, (27)
1=
where
t
5 I = f e G (Ugpe (1) — Uhpe (1)) dr. (28)

0
Manipulations involving I'(t) are moved to Appendix A. By using the well-known sifting

property of the impulse,

| £80 = 6) dr = £(60m(e - 0),

the integral in (27) turns into

10 %(t, 4,;) ~ eF*%, + T (1)

Ng
+ Z ef(tad G (e — t.)Aq;
i=1

b ne (29)
+ Z e Guh(t — t) Ay, + Z et G h(t — tL) A
i=1 i=1
where G, = 6[100]7, G, = G[010]’, and G, = G[001]".
The small-signal error can now be written in vector form as
15 X(t,A) ~ ef*%, + T(t) + (DA, (30)

where @ (t) € R™*™sw ig the input matrix,
®(t) = [eF(f-fz’z,i)Gah(t —th,) . eFCtand G n(t — ¢l , ) eFEb)G,h(t - (31)
thy) . e (t—tz’,,n,,)th(t —thn,) €6 R(t —t),) ... eFEtenc)G h(t — tg,nc)],

and A € R™w is introduced as the vector of impulse strengths,

20 A=[Ag1 - Agn, Ap1 - Abny Aot e Aem,)', (32)
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with the ng,, impulse strengths over the horizon T,,. Note that I'(¢) captures the behavior
of the previous corrections. It will be shown below that it may be neglected at the expense

of accuracy.
Control method

In this section, the controller 18 and the control method performed by the controller is
described in more detail. The controller 18 and the control method are based on the small-

signal error expression (30).
Objective Function

The objective function

Tp

1
Jw) = [ 1% de + 31113 (33)
0

penalizes with the positive semidefinite penalty matrix Q € R™™™ the integral of the
small-signal error over the prediction horizon of length T},. Note that ||'i||é = XTQx%. The
second term in (33) penalizes the strength of the voltage-time impulses in order to discourage
unnecessarily large modifications to the incumbent pulse pattern. The corresponding penalty

matrix R € R™w*™sw ig required to be positive semidefinite.

First Term The first term can be expanded to
Tp

Ji(A) = f (ef'%, + T(t) + (AT Q(eFt%, + T'(t) + ®(t)A) dt,
0

Tp 1
= f <§ ATY(OA+O0()TA + 9(t)> dt,
0

Tp Tp Tp
1. . (34)
=-A fY(t)dt A+ f@(t) dt A+f 0(t)dt,
0 0 0

where
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Y(t) =20()TQd(t), (35)
D()" = 2(e"%, + I'())" QP (1), (36)
and
0(t) = (e””0 + I‘(t)) (e”azo + I‘(t)). (7)
5 Consider the (i’,j")th entry of the n,, X ng, matrix Y in (35). Assume that the i'th entry

corresponds to phase p; € {a, b,c} and the ith switching transition in that phase. The
quantities p, and j are defined accordingly for a given j'. The (i’,j")th entry of Y can then

be written as

Y(iljl)(t) =2 <6F(t_t”’1'i)6p1h(t - t;’n,i)>T Qe ( pz ]) pzh(t pZ,j)’ (38a)
10 =267, (eF (t‘t{ﬂili))T Qe’ (t‘t{ﬂzli)apzh(t —ti;), (38b)
where t{; = max({t,, ;, t, ;}. The integral of (38b) results in
Tp
T
Vin = Zf Gps (e (- tp“)) Qe ftreig Gpoh(t —tj;) dt. G9)

0
Calculating the integral of the product of two matrix exponentials, which do not commute,

is not trivial. According to a theorem, the integral

t
15 2(t) = f (eFTQe dr (40)
0
can be calculated as
E(t) =M@)TN(), (41)
where
_FT Q (e—Ft)T (e—Ft)Tf (eFr)TQeFr dr L(t) N(t)
o ] =10 M@ | @2
nxxnx nxxnx Ny XNy
20 Next, the integral in (39) is rewritten in the form of (40) so that (41) and (42) can be used

to solve it:

Tp

’ T e
V(i'j') = 2671;1 (e Ftp1,1) f(eFt)TQeFth(t _ tL’]) dt e Ftpz']sz
0
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T
—re! \T : -Ft]
=261, (e Pili) f(e”)TQe” dt e 'p2iG ), (43)
ti;

By time shifting the integrand forward by t;;, the integral becomes

l]’
!
Tp—ti;

! ! T !
Vi = 267, (e—th’i)T f (eF(t+tij)) Qe (Ht”)dte Ftpzlepz

0
T (o F(tli—tpsi) T (Tt FEYT 0 oFt gp oF (ti=th2. )
:ZGpl(e ij pi,L) f (e )Qe dt e’ \*ii" p2.j sz
0

5 :26';1 (eF(fi" pu)) (T U.) eF(ti'i‘f{zz.i)sz (44)

The ng,, -dimensional column vector @(t) in (36) is split it up into two terms

0T =0,()T + 0r(t)T (45)
where
0, ()" = 2(e" %) QP (1) (40)
10 or()T =2(T®)" Q@ (1). (47)

Consider the i'th entry of @,(t)T, and assume that it corresponds to phase p and the ith
switching transition in that phase. With (31),

@o,i’(t)T = 2%;(e")" Qe (t ' )Gph(t - tzg,i)' (48)
Its integral
Tp
15 Cg,i’ = 2%’5 f (eFt)TQeF(t_tp'i) dt Gp, (49)

tpi
can also be written in the form of (40), so that (41) and (42) can be used to solve it.

Following a time shift forward by t, ;, the integral becomes

pis

!
Tp_tp,i

T
Coy = 2%) (e Pl) f (efHTQef*dt G,
0

20 = 2% (e w) E(T, — t,,,)Gp (50)

The calculation involving the second term in (45),

(1)
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Tp

el = f 2(r(D) Q@ (¢) dt,

0

are moved to Appendix B.
The i’th entry of the vector ¢ is then given by

€t = Cqy +Cpyr. (52)
Note that 8(t) in (34) is not a function of the vector of impulse strengths A. Therefore, it

is merely a constant in the cost function, which has no influence on the solution of the to-

be-derived optimization problem. This fact allows us to omit 6(t) hereafter.
The first term of the objective function, Ji, which minimizes the small-signal error, can

now be written as

J1(8) =S ATVA +cTA. (53)

Second term  The second term of the objective function, which penalizes the entries of

the vector of impulse strengths A, is
J2(A) = ATRA. (54)
Vector Form The objective function is the quadratic function
J(A) = J3(A) +J2(A) = SAT(V + R)A + cTA
==ATHA+cTA, (55)

where H = V + R is known as the Hessian and contains the second-order partial

derivatives of J(A), and c is a vector with linear coefficients.

In the above, the matrix V is also called the model matrix, while the vector c is called the

model vector. The matrix R is called the penalty matrix.

Constraints

To enforce an ascending order on the modified switching instants in each phase, the set

of constraints

<T, (56)
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must be imposed for each phase p. Switching instants cannot be shifted into the past and

not beyond the prediction horizon Tj,. Alternatively, the n,zh switching transition in a phase

can be upper bounded by the next incumbent switching transition beyond the horizon,
Lpnp+1

5 With the help of (16) and (18), the set of constraints (56) can be recast in terms of the

impulse strengths A, ;:

A s Apn
<t P eyt P2 < ——PF < 57
0<tp, Aup; — tp.2 Aup, — = Epny Aupny, — T, 57

Applying (57) to the phases a, b, and c, the constraint

AA<B (58)
10 in matrix form arises, with respect to
[ 0 0 0 0
Aup’1
_1 1 0 - 0 0
Aup’1 Aup’2
Aa _ 1 1 0 0
A= A , with A, = Aupp  Alps
A, :
0 0 0 -— :
Aup,np_i Aup,np
0 0 0 - 0 :
L Aup,np_
(59)
and
T
BzwngBﬂtwmgpzﬁhtﬁ—%Jm %—%M]. (60)
15
Additional constraints may be added to the controller formulation. For example, state
constraints in the form of X¥(t) € X, with the time t € [O, Tp], could be added to (61b), see
below. Provided that the constraint set X is a polyhedron, the optimization problem (61)
below remains a convex QP.
20

Quadratic Program

Minimizing the objective function (55) while respecting the constraint (58) leads to the

quadratic program (QP)
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Agpe = argmin %ATHA +cTA (61a)

subject to AA < B. (61b)

The vector of impulse strengths A is the decision (or optimization) variable, and A,y is
the optimal solution to the QP. The latter cannot be solved algebraically; instead, numerical
optimization techniques must be employed, such as gradient methods or interior point

methods.

Note that the problem (61) is convex, since the constraints are linear and the objective
function is quadratic in the decision variable with a positive semidefinite Hessian H. One
can show that this follows from the fact that the penalty matrices ( and R are positive

semidefinite. If R is positive definite, then the Hessian H is also positive definite.
Optimal Switching Instants

Having solved the QP (61), the vector of optimal pulse strengths A, is translated with

(18) into the optimal switching instant advancements or delays

A

_ opt,p,i
Atopt,p,i = _Tpi. (62)

By adding these modifications to the incumbent switching instants of the pulse pattern,

the optimal switching instants are obtained

Ao i
= t,; — == (63)

t ,
[ Aup,i ?

opt,p,i

where (16) was used.
Standard Controller

The computational burden of the control algorithm can be reduced if the switching instant
updating step is neglected (i.e. the linearization is always done around the nominal switching
instants). This implies that the incumbent pulse pattern U, (t) is replaced by the nominal
pulse pattern uy,;.(t). Because the incumbent pulse pattern and the nominal pulse pattern

are then equal, the small-signal error in (30) reduces to

Xt A) ~ ef'%, + ®(HA. (64)
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The i'th entry of the linear term in the cost function, see (52), then reduces to ¢;; = ¢, ;.

The accuracy of the small-signal error prediction may be reduced. Recall that the voltage-
time areas in Fig. 3A where approximated by the strengths of their corresponding impulses.
Small modifications, and thus small voltage-time areas with small impulse strengths are

5 accurately represented, but a certain error may arise for larger modifications. These errors
may manifest themselves in inaccurate predictions. Nevertheless, thanks to the receding

horizon policy, these inaccuracies may be compensated by the controller.

Appendix A
10
The expression I'(t) defined in (28), which appears in (30), can be re-arranged as
Ng
r(©) = Y (eF-ted) — 1) FG g h(t - )
i=1
np
T
=1
Nn¢
n Z (eF(f—fé,i) — 1) F—lGCAuC,ih(t — ¢ l)
=1
ng
§ =3 (eFCt) — 1) F 6ot h(t — )
=1
nh
_ z (eF(t—tZ,i) — 1) F71G,Au; h(t —t;;)
=1
ne
_ z (eF(t—tZ,i) - 1) F71G Auj;h(t —t);)
i=1
+(eft = DF*GAugy. ©)
where it has been used that an integral involving the step function is
t
20 f eF1G,Au, h(r —t,;) dr = (ep(t_tp'i) B I) FGpbupih(t = tp,).
0

T T :
Here, Aul,. o = [ug0 Upo Uco] — [Uio Uho uio] has been introduced.

(65) is decomposed into three terms
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I(t) = I'(t) — T (£) + To(t), (66)
Ng
r'(t) = Z (eF(t_tt’z,i) — I) F‘lGaAua,ih(t - tc'l,i)
i1
np
+ Z (eF(t"t”"i) — 1) F'GpAuy h(t — ty;)
i1
Ne
+ Z (eF (e=ted) — ) F'Gohu;h(t —tr,), (67)
i1
ng
5 T*(t) = Z (eF(t_tt*z,i) — 1) F1G Au; h(t —ty;)
i1
nj
+ Z (eF(f—fZ,i) — 1) F‘leAuZ,ih(t — tZ,i)
i1
ng
+ Z (eF(t—té,i) _ 1) F1G Aujh(t —t7)), (68)
i1
To(t) = (e — DF " Ghugpcp. (69)

10 Appendix B

The equations involving the integral of (66) are evaluated. The integrals of the terms in

(48) will be considered separately,

Tp Tp Tp
cr; = f O ()7 dt +f Or (T dt +f Or (7 dt

0 0 0

T T T
15 = Cl—-llil + Cl—-*,il + Cro,i” (70)
where

O (O = 21" (1) Qe "G, h(t — ¢ )
O (D)7 = zr*(t)TQeF(t‘t{o,i)Gph(t —ty; (72)
Or, (7 = 2T,(0)7 Qe" " ri)G,h(t — £}, (73)

20
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First, (71) is further decomposed into each phase separately

O (D)7 =
npz

! T !
=2y Bty () (7 1) h(e 1), )0 PG h(e — ;)
j=1

(74)
npz T
2653y () 1) e
j=1
5 where p> is a particular phase of (67) and t;; = max {t,;, t,, ;}. Note that @ ;(t) =
Opr o1 (8) + Opry 1(t) + O ;7 (). Its integral is split into two parts
Np2 Tp
T T p—INT F(t-tp, ;) T Fe-t,;) /
€ oyt = 26 (F71) Z Ay, | (e p2j) — 1) Qe "\ PiUn(t —tj;)dt | G,
j=1 0
Np2 Tp T
=261, (F DT Z Aty f (eF(f—f{az.f)) 0e () gt
Jj=1 ti,j
T
! (75)

!

10 and following a time shift forward with t;;, and using algebraic manipulations similar to

the derivation of (44), becomes

T & F(t-’-—t' ) T
€Lyt = ZG;Z(F—l)TZ Aty | (e P2, ) 2(T, — ti;)
j=1
Tp—ti;
F(t] -t
— f Qeftdt |e i) Gy, (76)
0
where E(t) is defined in (40). The second integral can be calculated using
(77)

t
15 W) = f Qeft dt
0

where
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[ . ] I, [,Qe™ dr :[ I, W(t) o
0n,xn, F 0., 5, eft 0, 5n, M@)|

Using (77), (76) becomes
npz

C;',pZ,i’ = ZGTz(F_l)TZ(AUPZJ( F(cir- pz])) 2(T, — tiy) — W(T,

! F i ! i
~ e i, 79
5 Next consider (72), which has the same structure as (71), and after following the same

derivations used in the calculation of the latter, can be stated as

o
Cl ot = ZGTZ(F‘l)Tz(AuPZJ( r(tdj- vZJ))T E(T, —tj;) — W(T,
Jj=
_ t{j))ep(ti’;_t;"i))Gp. (80)
where t;; = max{tp i p2]}
10 Lastly, consider (73), which can be re-written as
Or, (O = 20Ul oG (F-1YT (eFt — 1T Qe" (006, h(¢ — 1)), 81)
Its integral is also split into two parts
Tp Tp
cf , = 20Ul 6T (F )T f (eF)TQeF(=hi) gt — f e" (54t |6,
p, . (82)
and following a time shift forward by t,,; becomes
Tp=tp, o=ty
15 cf = 28l 6T (F)T (e”{a.i)T f (e")TQer*dt — f Qeftdt |G,
0 0 (83)

Using (41) and (77), (83) becomes

1 \T 84
CFOJ, = 2Aul, 6" (F )T <(eF tni) 2(Tp — tp;) —W(T, — t;,,i)> G,. (84)

20  Symbols

t Time, t € RT
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by

Ly
tp,i
At,;
Ugpc (1)
Ugpc (1)
Upnog,abc(t)

(b

u(t)
x(t)
x*(t)
%(t)

33

Discrete time step, k € N

Pulse number, d € N

Modulation index, m € [0,4/m]

A particular phase, p € {a, b, c}

ith single-phase switch position of phase p, u,; € {—1,0,1}

ith switching transition in phase p, Au,,; € {—1,1}

ith impulse strength (also known as the voltage-time value) in phase p, 4,,; €
R

Vector of impulse strengths (also known as the vector of voltage-time values)

over the horizon, A € R™sw

ith nominal switching instant of phase p

ith incumbent switching instant of phase p

ith modified switching instant of phase p

ith switching instant modification of phase p, Aty,; = t,,; — t;;
Three-phase nominal pulse pattern

Three-phase incumbent pulse pattern

Three-phase modified pulse pattern

Three-phase small-signal pulse pattern, defined as U(t) = Uypqgpc(E) —
Ugpc(0)

Three-phase difference pulse pattern, defined as U(t) = —u,,.(t) — ug,(t)
State vector

Optimal (reference) trajectory of the state vector

Small-signal error, defined as X(t) = x(t) — x*(t)

Prediction horizon in time, T, € R*

Sampling interval of the controller, T, € R*

Number of switching transitions in phase p occurring within the horizon
Total number of switching transitions within horizon, ng, = n, +n, + n,

System matrix in the continuous-time domain



10

15

20

25

30

WO 2021/069259 PCT/EP2020/077246

34
G Input matrix in the continuous-time domain
p Parameter matrix in the continuous-time domain
H Hessian matrix in the QP
c Column vector in the QP
Variables
z(t) Scalar quantity in the continuous-time domain
z Column vector referring to, e.g., a three-phase quantity
Abbreviations
ac Alternating current
dc Direct current
MPC Model predictive control
MP3C Model predictive pulse pattern control
NPC Neutral-point-clamped
OPP Optimized pulse pattern
PWM Pulse width modulation
QP Quadratic program
rms Root-mean-square

While the invention has been illustrated and described in detail in the drawings and
foregoing description, such illustration and description are to be considered illustrative or
exemplary and not restrictive; the invention is not limited to the disclosed embodiments.
Other variations to the disclosed embodiments can be understood and effected by those
skilled in the art and practising the claimed invention, from a study of the drawings, the
disclosure, and the appended claims. In the claims, the word “comprising” does not exclude
other elements or steps, and the indefinite article “a” or “an” does not exclude a plurality. A
single processor or controller or other unit may fulfil the functions of several items recited
in the claims. The mere fact that certain measures are recited in mutually different dependent
claims does not indicate that a combination of these measures cannot be used to advantage.

Any reference signs in the claims should not be construed as limiting the scope.
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CLAIMS

1. A method for controlling an electrical converter system (10), the method comprising:

*

determining a nominal pulse pattern (¢,

Auy, ;) and a reference trajectory (x”) of at

least one electrical quantity of the electrical converter system (10) over a horizon of future

*

sampling instants, wherein the nominal pulse pattern (t, ;,

Au,, ;) and the reference trajectory

*

(x7) are determined from a table of optimized pulse patterns, the nominal pulse pattern (t,,;,

Auy, ;) comprises switching transitions (Au, ;) between output voltages of an electrical

converter (12) of the electrical converter system (10) and the reference trajectory (x*)

indicates a desired future development of an electrical quantity of the converter system (10);,

determining a small-signal pulse pattern (Ugpc (t, lp,i)) by minimizing a cost
function, which cost function includes a small-signal error, which is based on a difference
of a reference trajectory (x*) and a predicted trajectory (x), wherein impulse strengths (Ap,i)

of the small-signal pulse pattern (ﬁabc(t, lp,i)) encode a voltage-time value at each

*

switching transition of the nominal pulse pattern (t,;,

Au, ;), and wherein the predicted
trajectory (x) is determined over the horizon from measurements (i, V., i,) in the converter

system (10) and from a model of the converter system (10), into which a sum of the nominal

*

pulse pattern (t,,;,

Au,, ;) and small-signal pulse pattern (€gp(t, 4p,;)) are input;

determining a modified pulse pattern (¢opep,i» AU,;) by moving the switching

*

transitions of the nominal pulse pattern (t,;,

Au,, ;), wherein a switching transition is moved
by a time interval, such that the time interval times a direction of the switching transition
equals the voltage-time value that the impulse strength (Ap,i) encodes at the nominal
switching transition;

applying at least the next switching transition of the modified pulse pattern (top¢ ;s

Au,, ;) to the electrical converter system (10).

2. The method of claim 1,

wherein the switching transitions of the modified pulse pattern (top¢ p i, Aty ;) during

a current sampling interval are applied to the electrical converter system (10);
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wherein, during the current sampling interval, the small-signal pulse pattern
(ﬁabc(t, lp,i)) and the modified pulse pattern (topp,i» Auy,;) are determined again for a

horizon starting at a next sampling interval.

3. The method of claim 1 or 2,

wherein the cost function is a quadratic function in the impulse strengths (4, ;), which
are arranged into a vector of impulse strengths (A);

wherein the cost function comprises a quadratic term with a model matrix (V), which
is multiplied at both sides by the vector of impulse strengths (A) and a linear term with a

model vector (¢) multiplied by the vector of impulse strengths (A);

wherein the model matrix (V) and the model vector (c¢) are determined from

measurements (i, V., iy) in the converter system (10), the reference trajectory (x*), and the

small-signal pulse pattern (U p, (t, lp,i)) such that the cost function encodes the small-signal

error.
4. The method of one of the previous claims,

wherein the cost function additionally minimizes a magnitude of the impulse
strengths (4, ;).
5. The method of one of the previous claims,

wherein the cost function comprises a quadratic term with a penalty matrix (R),

which is multiplied at both sides by a vector of impulse strengths (A).

6. The method of one of the previous claims,

wherein the small-signal pulse pattern (U, (t, Ap,i)) is determined by minimizing
the cost function subject to constraints;
wherein the impulse strengths (4, ;) of the small-signal pulse pattern (g, (t, Ap,i))

are constrained, such that the modified switching transitions in the same phase stay in the

original order.
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7. The method of one of the previous claims,

wherein the small-signal pulse pattern (ﬁabc(t, lp,i)) is determined by solving a
quadratic program into which the reference trajectory (x*), the measurements (i, v, i ), and

the small-signal pulse pattern (U, (t, lp,i)) are input.

8. The method of one of the previous claims, further comprising:

!

determining an incumbent pulse pattern (¢,

Au,,;) over the horizon, wherein the

!

incumbent pulse pattern (&,

Au,,;) comprises the modified switching transitions (op¢,p,i)

determined at the previous sampling instant and the remaining switching transitions of the

*

nominal pulse pattern (t,;,

Auy, ;) up to the horizon;

wherein the predicted trajectory (x*) is determined from the model of the converter

!

system (10), into which a sum of the incumbent pulse pattern (t,;,

Au,,;) and small-signal

pulse pattern (U, (t, lp,i)) are input.

9. The method of claim 8,
wherein the impulse strengths (Ap,i) of the small-signal pulse pattern (¥, (t, Ap,i))

are positioned at each switching transition of the incumbent pulse pattern (t;,,i, Au, ),

wherein a difference pulse pattern (W, (t)) is determined, which encodes at least

one rectangular voltage-time area compensating a difference between the nominal pulse

*

pattern (t,,;, Auy, ;) and the incumbent pulse pattern (t Auy,;).

p.i>
10 The method of one of the previous claims,

wherein the optimized pulse patterns and/or the at least one reference trajectory (x*)

are determined offline and stored in a lookup table.

11. A computer program, which when executed by a processor is adapted for performing

the method of one of the previous claims.

12. A computer-readable medium, in which a computer program according to claim 11

is stored.
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13. A controller (18) for an electrical converter adapted for performing the method of

one of claims 1 to 10.

14. A converter system (10), comprising:
an electrical converter (12) interconnected with an electrical grid (16);

a controller (18) according to claim 13 for controlling the electrical converter (12).

15.  The converter system (10) of claim 14, further comprising;
a resonant subsystem (14) comprising at least one of inductors and a filter;

wherein the model of the converter system (10) used during optimizing the cost

function includes a model of the electrical converter (12) and the resonant subsystem (14).
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