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Abstract—In this paper a predictive control scheme for current
injection into three phase grids with power converters is pre-
sented. The proposed control scheme shows an excellent current
quality even under adverse grid conditions like unsymmetrical
grid faults.

By usage of iron powder inductors as filter elements for the
grid current a very high overload capability of the inverter
can be achieved without oversizing these filter elements. The
performance of the proposed control is experimentally verified
with a two-level three-phase active front end.

I. INTRODUCTION

Today the largest share of energy is still produced by means
of large scale power plants, but energy production by dis-
tributed energy resources has reached a considerable amount.
This share will even increase in the future, especially with
the environmental targets addressed by the German federal
government. According to [1], the amount of energy produced
by regenerative power plants is planned to be 80 % in the year
2050. In the same effort the last nuclear power plant will be
shut down until 2021.

These values show that the power grid will undergo a major
transformation in the next few years, from a centralized to a
mostly distributed energy production. Most of the distributed
energy resources are interfaced to the grid by means of
power electronic converters. In contrast to these converters
the synchronous machines used in large scale power plants
show an inherent robust behaviour against grid faults like
short circuits, voltage sags or frequency deviations. Addition-
ally, classical synchronous generators feature a high current
overload capability during such faults, which helps tripping
protection systems and increase grid stability.

In future grids dominated by power electronics, it is impor-
tant that this robustness — which is realised by power plants
today — is implemented in a distributed manner. One important
point therefore is maintaining of current control even under
severe conditions — like grid faults — to support the grid [2].
Therefore many different control approaches were presented,
for example [3]-[5].

However, inverters are normally limited to a maximum
current near their nominal current rating. Since fault events,
which require excessive currents for grid support, are rare
[6], it is undesirable to increase this nominal rating. Instead,
overloading capabilities of the inverter system should be used.

The power electronic device itself could be designed to enable
a high current overload, especially with emerging SiC devices
[6], [7]. Another limiting factor is the grid interfacing filter
element, which normally is imposed to saturation effects
under excessive currents, so controllability of the inverter is
challenging and system perturbations increase.

Addressing these drawbacks, a predictive current control
scheme is presented, which maintains high current quality and
controllability even under severe grid-faults. It is shown, that
by the usage of iron powder inductances as grid interfacing
filter elements, high overload currents of up to 250 % of
the nominal value are possible. A disadvantage is, that iron
powder inductors do not show a linear relationship between
flux linkage ¥ and current ¢, so predictive control approaches
which assume a linear relationship — like presented in [8] or
[9] — are likely to result in poor control quality.

In [10] a predictive current controller is suggested which
maintains control over the currents in synchronous machines
even under strong saturation effects. A rather similar control
loop is implemented and adapted for the purpose of grid
current injection.

In Section II the hardware setup is described and the
model for control implementation is derived. In Section III the
predictive control algorithm is presented. Section IV explains
the prototype testbed and Section V validates the model using

measurement results.
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Figure 1. Overview of the investigated system for modelling and control

implementation



II. HARDWARE SETUP

Figure 1 gives an overview of the investigated system. It
consists of a standard two-level three-phase bridge, interfaced
to the grid by a filter consisting of three uncoupled inductors.

In other applications these inductors are often coupled to
economize design, but single inductors are advantageous in
some cases because zero sequence currents through parasitic
elements can be reduced and emc considerations can be met.
Despite the missing magnetic coupling of the inductor, this
configuration can be used without loss of generality, as is
shown in Section II-B.

A. Choice of the magnetic material for the filter elements

As stated in Section I, besides the layout of the power
electronic switches itself — which is not within the scope of
this paper — the grid interfacing filter elements have to be
reviewed to evaluate possible current overload capability of
the whole converter system.

Materials for the filter inductors cores can be divided into
the three main groups:

o laminated cores

« ferrite cores

« iron powder cores
Whereas all materials have different characteristics, for as-
sessing overload capability especially the dependence of flux
linkage ¥ and current ¢ and hence with

dy
Li = —Q 1
aiff = (D

the evolution of the differential inductance Lgis are important.
If the decrease in differential inductance is too steep, this can
lead to undue system perturbations, which should be avoided
for power quality reasons.

To rate this behaviour, an exemplary measurement of three
different inductors was carried out. In Figure 2 the character-
istics of the differential inductances depending on the currents
are plotted.

To simplify comparison, the measurements are normalized
regarding the nominal inductance values and the currents at
which saturation starts. For the iron powder inductor the values
are normalized to the design nominal values.

It is obvious that inductors built with laminated or ferrite
cores show a region of nearly constant inductance, whereas
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Figure 2. Measurements of the differential inductance of different core
materials, normalized to rated inductance and saturating current.

beyond this point they show excessive saturation characteris-
tics. To enable high overload currents with these core types,
the core has to be chosen bigger than needed, otherwise only
rather small overload factors are possible.

In contrast, the iron powder inductor features a very soft
characteristic, where no abrupt change in inductance is present.
This enables a high overload capability without sacrificing
current quality impermissibly during overload operation. Lgis
varies over the whole current range, meaning there is no simple
linear relationship between flux linkage and current.

B. Modelling

To gain a mathematical expression for the plant, first the
equations for the three-phase system are given:

Viny,1 Vo q (9 (i1)
Vinv,2 + v | = a WQ (7’2) +
Vinv,3 Vo U3 (i3)
R 11 Upce, 1
R Z‘2 + Upce,2 (2)
R 13 Upcce,3

Here Vinyg, Upee,z» Wo and i, with € {1,2,3} denote the
respective inverter output voltage, grid voltage, flux linkage
and inverter output current. vy denotes the zero sequence
voltage measured from the split dc-link potential with respect
to the neutral line of the three-phase grid. The resistance value
R is assumed to be equal for all inductors.

Equation (2) is transformed using the Clark transformation:
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This transformation rule applied on equation 2 yields
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Figure 3. Plots of the resulting flux linkages after Clark transformation
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Figure 4. Implemented predictive current control scheme

Because the neutral line is not connected, a zero sequence
current can not exist (o = 0) and the last line of Equation (4)
can safely be omitted. This finally yields

Viny, d [y R (" Upce oc)
’ = — + . + ’ 5
(Uinv,rs> dt (%) ( R> (ZB) (Upcc,rs ®
—_— ——
voltase trop

resistive
voltage drop

Equation (5) is given here in more compact matrix notation
for later usage:
(6)

Uinv,ocﬁ = CT wocﬁ + Roc[S ' i(xﬁ + 77pcc,oc[3

t
The result of the clark-transformation for the vector of flux

linkage is

Bup = (w“(i“,iﬁ)) 2 [ Walin) — 5 ¥a(in) — 5 Ps(ia)
xp — - . -
LDB(Z“,Z[_J,) 3 § g/z(iz) _ ? y73(l'3)
(7

Regarding equation 7 it is apparent that the resulting flux
linkages ¥, and ¥ are depending on the currents 41, i3 and
i3, so they can be described as functions of i, and ig.

With Equation (7), flux linkages ¥ and W¥p can be calcu-
lated using measurements of a single inductor. The results are
given in Figure 3 showing the effects of the current dependent
inductance.

If three-phase inductors are used the derived system equa-
tions remain valid. In this case only the flux maps must be
adapted according to the additional magnetic coupling.

III. CONTROL SCHEME

In Section II-B the model of the control plant was derived.
Figure 4 shows a block diagram of the implemented control
system, which is explained in the following sections.

Because of the non linear relationship between flux linkage
@“B and current Zaﬁ, first the control of the flux linkage
values is shown in Section III-A, since this remains a lin-
ear problem. For current set point generation and mapping
between flux linkage values and current see Section III-B.

A. Predictive Control
For implementation of the control loop on a digital signal

processing system, Equation (6) is given in discrete time:

Vaplk + 1] — Puplk]

ta
R - iaplk] + Toce.aplk + 0.5 (8)

'Uinv,ocﬁ[k + 05} = +

Sample instant [k] denotes measurements, which are taken
at the begin of the present control period (see also Figure 4).
Subsequently instant [k + 1] denotes the values to the begin
of the next control period. t5 corresponds to the duration of
one control period.

In contrast the voltage values in Equation (8) are given to
sample instants of [k+0.5]. This means, that for the necessary
voltage vectors those values are regarded, which are effective
for the respective control period. The grid voltage prediction
method to gain these values is described in Section III-C.

The voltage viny,«p[k + 0.5] obviously corresponds to that
voltage, which is realized by the modulation process of the
power converter.

Because of the switching nature of the power converter, a
dead time of one switching period is inevitable to calculate
the control scheme. The flux evolution during this dead time
is calculated by means of Equation (8) to

@06[3 [k + 1] = ('D'inv,fxﬁ [k + 0'5] - Rocﬁ : Z?ocﬁ [k]_
Toce,ap [k +0.5]) - ta + Tap[k] (9)

Based on this prediction, the necessary voltage to reach the
reference flux linkage is then calculated with Equation (8) to:

Uiplk+2) — Uaplk+1]
+
ta
Rog ioaplk 4+ 1] + Opec.aplk +1.5]  (10)

'l_;inv,ocﬁ[k: + 1.5] =

J};B[k + 2] denotes the flux linkage reference values (Sec-
tion III-B)

Problems arise regarding the value for iqg[k + 1]. To
determine this value there are principally two options:



1) inversion of g (inp): iap[k+1] = f (@“B)

2) usage of inp[k]: Tap [k + 1] = iap (K]

Option one is exact, but also most challenging, regarding
computational power and storage. The value for Z‘xﬁ[k + 1]
is derived by inversion of the flux maps. Since this is a
computational extensive procedure, the calculation can be done
offline. The solutions can then be used as look up table.

To avoid storage or online calculation time option two can
be chosen. Regarding the resistive voltage drop in contrast
to the inductive voltage drop (see Equation (5)), the resistive
one is rather small, due to desired small resistance values.
By choosing the already measured value i [k] the resulting
error is sufficiently small. This approach is implemented in the
control algorithm, since degradation of control quality was not
noticed at the test bench.

B. Set point generation

The generation of set points can be split into two parts.

1) Current reference estimation: First off all the set point
currents must be generated. In a simple form, they are derived
by specification of active and reactive currents. Therefore the
desired active and reactive currents are rotated with:

cos @ —sin O
Ao = (sin 6 cosO ) an
In this case the angle © becomes
Oret = Y[k +2] =[k] +w-2-ta (12)

where ~[k] denotes the momentary angle of the positive
sequence of the grid voltage (see Section III-C), so even
under adverse grid conditions a sinusoidal, balanced current
is injected. The angle increment w -2 -tp , withw =2-7- f
is added, to account for the necessary prediction due to the
dead time. Also variations in grid frequency f are taken into
account.

Using these equations the corresponding positive sequence
currents on the «f3 plane can be calculated to:

08, X _
2 = A@,ref : ‘*actlve
Zpos, B Lreactive
where 7} ;. and 7%, . denote the active and reactive current
references. Obviously the trajectory of the reference current
can be freely chosen — within the possible dynamic range of
the inverter — so even injection of negative sequence currents

or higher current harmonics is possible. By addition of

i i
neg,o¢ | __ neg,real
(.*g ) - _A@,ref' (* ¢ )
Zneg, B Zneg,imag
to the current references calculated with Equation (13), nega-
tive sequence currents can be injected for enhanced ancillary
SeIVICes. ineo e AN %o im,, denote the respective real and
imaginary reference values for the negative sequence vector.

(13)

(14)

2) Flux linkage reference estimation: After calculation of
reference currents, the reference flux linkages for the control
loop have to be determined. Therefore one could use a look
up table with the data presented in Figure 3. With sufficient
computing power it is also possible to calculate the flux-
linkage reference values @;B [k + 2] with help of Equation (7)
directly from measured flux linkages ¥ (i) for the used in-
ductors and the reference currents calculated by Equation (13)
and Equation (14).

The latter approach was implemented since computational
power was no limiting factor.

C. Grid Voltage Prediction

As shown in Equation (10) and Figure 4, the control scheme
depends on the angle v of the positive sequence space vector,
grid frequency f as well as the grid voltages U p [k +0.5] and
Uap [k + 1.5]. All these values need to be calculated from the
measured grid voltage Upec,p [K].

1) Phase Locked Loop: The angle ~ and frequency f
are needed for reference value generation. Since even under
adverse grid conditions these values must be known with
high accuracy, a stable phase locked loop (PLL) scheme is
necessary. [11] and [12] deliver an overview of different
possible implementations for such robust PLL structures. In
the context of this paper, a similar PLL-structure like presented
in [13] is implemented, so the desired values can be derived
even under sudden grid faults.
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Figure 5. Voltage prediction during sudden grid faults



2) Voltage Prediction: To enable a high prediction quality
— even under non ideal conditions — a circular buffer is imple-
mented for the generation of prediction values for Uy [k+0.5]
and Uxp [k + 1.5]. A similar buffer was used before in [14] to
predict voltage errors for electrical machines.

In the bottom right cut out of Figure 5 the prediction
procedure implemented for the presented control scheme is
shown. Blue dots (®) denote the currently measured value
at the instant [k]. The desired prediction values for the grid
voltage vector to the instants [k+0.5] and [k+1.5] are denoted
by green circles (O). Since the trajectory of the grid voltage
space vector is highly stationary (under normal conditions), it
is feasible to store measured values in a circular buffer (values
denoted by grey crosses (¥)). The depth of this buffer is chosen
to hold all measured values from the last grid voltage period.
With help of these values, the prediction can be done with high
accuracy by interpolation between corresponding values from
the last grid period. This procedure even considers voltage
harmonics and existing negative sequence voltages.

Disadvantageous is the slow reaction in case of sudden
changes in grid voltage — like grid faults — since a full grid
period is needed, to update all values in the circular buffer.
Subsequently no meaningful prediction is possible during
this time. To enable stable current control even during such
faults, a second prediction algorithm is implemented, which
is explained in the bottom left cut out of Figure 5. The
currently measured voltage vector will simply be rotated with
help of Equation (11). The angle © in this case is chosen
to 9[;€+0.5] = w05 -ts and 9[k+1.5] = w15t
respectively. Resulting errors due to this imperfect prediction
stay sufficiently low, so a stable grid current injection is
possible.

3) Fault detection: The stored values are also used to
decide which algorithm is used for voltage prediction. For
every measured value, the corresponding value from the last
grid period is read from the buffer and compared. If the
euclidean distance between these two vectors (denoted with
a red arrow (—)) is too large (red circle in Figure 5), the
second algorithm is used for the subsequent grid period. If
after this time a new stationary grid voltage trajectory has
established, the prediction algorithm is switched back to the
circular buffer approach. This fault detection scheme can also
be used to set new reference values during grid faults.

D. Voltage limitation

After the voltage vector Uiy «p[k + 1.5] is calculated, it
must be ensured that it can be realized. If this is not possible,
due to a limited dc link voltage, the control error for the next
control period has to be minimized. Even though the presented
current control is implemented in «f3 coordinates, the output
voltage limitation technique presented in [15] can be used for
voltage limitation.

The limited voltage Uiny,«p limied|k + 1.5] is delayed and
fed back into the control algorithm for usage in Equation (9)
during the next control period . Finally the resulting voltage
vector is realized by the inverters modulation process.

Table I
KEY DATA OF THE USED PROTOTYPE SETUP

inverter switching frequency 8 kHz
dc-link voltage 450V

low voltage grid  nominal line to line voltage 125V
nominal grid frequency 50 Hz

inductance rated inductance 2mH
rated current 45 A

IV. PROTOTYPE SETUP
A. Prototype Hardware

For the measurements an inverter consisting of three Infi-
neon PrimePACK FF450R12IE4 modules was used. Due to
their high current rating they are ideal for verification of
the overload capabilities of the grid filter elements, because
no inverter current limit would be reached. Necessary gate
units are custom built to enable full flexibility for special
control implementations. Further data regarding the laboratory
prototype is given in Table I.

The power converter is integrated into a low voltage grid.
Additionally one phase is connected through an autotrans-
former, which allows evaluation of asymmetric fault ride
through conditions.

B. Real Time Control System

The control loop is implemented on a flexible real-time
system consisting of a Digital-Signal-Processor from Texas
Instruments, which enables the complete calculation in less
than 125 ps to reach a switching frequency of 8 kHz. Addi-
tional hardware like analog to digital converters and field pro-
grammable gate arrays for clock generation are implemented
as plug-in modules.

V. MEASUREMENTS
A. Fault Ride Through

To investigate the fault-ride-through behaviour, a measure-
ment with a sudden short circuit of vy, at the point of
common coupling was carried out (Figure 6).

The inverters operating point before shorting was set to
i ive = V220 A and i¥, ... = O A. Right after detection of
the short-circuit with the algorithm described in Section III-C,
the current was automatically set to ¢} ;.. = 0 A and i}, e =
—1/2-120 A. The implemented current control scheme shows
good stability, even during rapidly changing grid voltages a
large signal step is possible. Additionally the high overload
capability of the iron powder inductors (Figure 2) is validated
successfully. Regarding the nominal current rating, here an

overload factor of circa 250 % is demonstrated.

B. Positive and Negative Sequence Injection

Like stated in Section III-B, the reference current trajectory
could be chosen freely. The measurement presented in Figure 7
demonstrates this possibility by injecting a negative sequence
current into the grid. Additionally, the line voltage vpec2 was
lowered to approximately 60 % of its nominal value.
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Figure 7. Injection of positive and negative sequence currents

Up to t = Os only a positive sequence grid current was
defined as reference value with ¢} . . = 0A and 7}, . =
—V2-20A. Att=0sa negatlve sequence current reference
Of 4peg et = O A and 470 = —v/2-20 A was added.

With the implemented voltage prediction algorithm de-
scribed in Section 5 the unsymmetrical grid voltage does not
impose any problems for the control and the current references
are met with high accuracy.

VI. CONCLUSION

The proposed control scheme enables high quality current
control even under severe grid conditions. With the usage of
iron powder inductances a high overload capability of up to
250 % of the rated current was realized with the laboratory
prototype. Like shown, the model for control implementation
was given in most general form, so the control scheme is also
adaptable to three-phase inductors.

Additionally, the control scheme features a freely pro-
grammable current trajectory, enabling advanced ancillary
services for power converters, which will be evaluated in future
work.
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