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SPECIAL SECTION

Predictive-SVM control method dedicated to an AC/DC converter
with an LCL grid filter
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Abstract. This paper presents simulation and laboratory test results of an implementation of an infinite control set model predictive control into
a three-phase AC/DC converter. The connection between the converter and electric grid is made through an LCL filter, which is characterized
by a better reduction of grid current distortions and smaller (cheaper) components in comparison to an L-type filter. On the other hand, this type
of filter can cause strong resonance at specific current harmonics, which is efficiently suppressed by the control strategy focusing on the strict
control input filter capacitors voltage vector. The presented method links the benefits of using linear control methods based on a space vector

modulator and the nonlinear ones, which result in excellent control performance in a steady state as well as in a transient state.

Key words: three-phase voltage converter, model predictive control, space vector modulation, infinite control set.

1. Introduction

The multi-directional and dynamic development of material,
information, and production technologies enables us to use
renewable energy sources more efficiently. Many experts focus
on improving the first stage of electricity conversion associated
with obtaining it directly from solar, wind, or water energy.
Subsequently, the acquired energy is transferred to the convert-
er’s DC-link via DC or AC voltage converter, depending on the
type of energy source. Then, using the AC/DC converter, it is
transformed and pushed into the power grid. A large number
of renewable energy sources in the electricity grid have their
advantages. By increasing local electricity resources, the reli-
ability of powering energy consumers is improved [1, 2]. How-
ever, the operation of power electronics devices has an impact
on the quality of electricity [3, 4]. Switching the transistors
in the converter branches results in higher harmonics, which
reduces the efficiency of the power electronics device itself and
also increases transmission losses in the power network [5-7].
This forces us to use larger filters connected between the con-
verter and the power grid. The simplest method of filtration is
the use of an L-type filter. An example diagram of the converter
coupled to the power grid through an L filter is shown in Fig. 1.

This method of combining the converter with the power
supply network offers numerous advantages. These include the
absence of a resonant frequency of the filter and the ease of
use with most of the converters control methods (linear and
nonlinear) [8, 9]. However, for effective filtration, a higher
inductance value should be used, especially when compared
to the total inductance characterizing LCL type filters offering
the same suppression efficiency of higher harmonics [10, 11].
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Fig. 1. Connection diagram of the converter to the power grid using
an L-filter

Considering an exemplary diagram of the converter connected
to the power supply via an LCL filter (Fig. 2), we notice two
resonant circuits. The first of them consists of elements Z; and
C, and the second of elements L, and C. In order to achieve high
quality of the grid current regulation, appropriate resonance
frequencies should be ensured during the design phase of the
filter, which will not amplify the harmonics generated by an
AC/DC converter.

For this reason, nonlinear control methods with variable
switching frequency [12—15] are problematic when used in
the system from Fig. 2. Therefore, this article presents a new,
predictive AC/DC converter control method with an infinite
number of converter output voltage vectors.
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Fig. 2. Connection diagram of the converter to the power grid using
an LCL filter
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This method aims to minimize higher harmonics introduced
into the power supply network by using Space Vector Modu-
lation (SVM). This results in a constant switching frequency,
which facilitates filtering the unwanted current components.
The general principle of the presented control algorithm is
based on controlling voltage on the filter capacitance. It allows
the reduction of resonant harmonics and obtaining a sinusoidal
grid current.

In the literature, other methods use SVM to control the
converter connected to the power supply via an LCL filter. An
example is stated in Zhang et al. 2018 [16], where the predic-
tive method was used but the control structure utilises addi-
tional feedback from the capacitor current simulating damp-
ing resistance, which the proposed control method does not
exhibit. Another example of control is the use of a combination
of linear and resonant controllers in the control loop [17]. In
the abovementioned article, the quality of the generated cur-
rent is lower compared to the proposed control method despite
the use of higher filter inductances and the same switching
frequency.

The remaining contents of the paper are organized as fol-
lows: in Section 2 the mathematical model of the grid-connected
converter system is analysed, followed by the explanation of
the proposed control strategy in Section 3. Section 4 introduces
the simulation results, and section 5 presents the experimental
results to show the efficiency of the proposed method. Finally,
Section 6 concludes this paper.

2. Considered model

All operations related to the control system are performed in
a rotating xy reference frame. The considered model of an LCL
type filter is shown in Fig. 3.

The filter consists of the inductance L, on the network side,
the inductance L, on the converter side, and the filtering capac-
itor C. On the right side of the figure, the discrete nature of the
voltage variations u, on the converter AC terminals is marked.
The following equations describing the dependencies between

i Ly i Ly
o VY N
A
i
eT u, T"_‘: C w5 T J-I—
up
o o

Fig. 3. Diagram of an LCL filter coupling the power supply network
with the converter in a rotating reference frame xy

voltages and currents in an LCL filter were used for the syn-
thesis of control rules:

d . . o £
LlEllze_]nglll — U= U;— Ug, (1)
d . . ok ¥
L25l2 = U, —ngL2l2 — Uy = Uy — Uy, (2)
d .. .
C—u.=1i1—i)— jo,Cu,, 3)

dt

where
e — grid voltage vector,
u, — capacitor voltage vector in the LCL filter,
u, — converter voltage vector,
iy — grid current vector,
i, — inverter current vector,
L, — filter inductance on the grid side,
L, — filter inductance on the converter side,
C — capacitance of the filter capacitors,
o, — grid pulsation.
All variables marked by “*” represent set values of voltages
or currents.

3. Control circuit

Figure 4 shows the overall structure of the proposed control
system, which is oriented to the power grid voltage vector e.

e i L L, i AC/DC l
— YN e g o WV W U, |Enerey
St % e
u(
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I l 3 abe abc
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Fig. 4. Structure of the control system
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The converter side current #, is formed by the difference
between the filter capacitor voltage u. and the voltage at the
AC terminals of the converter u,. The output voltage of the
converter varies considerably faster than the capacitor voltage.
Hence, it is assumed that during one control period, the voltage
vectors generated by the converter have a significant impact on
the current changes in inductance L,. The tested system uses a
two-level converter, which generates six active and two zero
vectors on the AC terminals (4).

%Udce-’(”—l)(”/3) for n = {1’ 2,3.4,5, 6}
0" for n = {0,7}

U, =

(4)

The vectors described above are shown in Fig. 5. In addi-
tion, the figure presents a vector interpretation of the equations
describing the dependencies occurring in an LCL filter (1-3).
The voltage derivatives d,,,, visible in the drawing are defined
as the difference between the set voltage u5 and the available
voltage vectors u,.

From (2) and (4), a quantity d,, proportional to the converter
current derivative scaled by factor L, is calculated:

d . *
Lzalz =uy —uy=dy,, Q)
where
uz = u: — i;ja)ng, (6)

and the voltage setpoint on the filter capacitor u,:
* ok .
u, =e—ijjo,L,. (7

Switching on any voltage vector u, changes the current vec-
tor #,. The direction of changes in the vector i, position can be
calculated from the vector d,,,:

d .
dy; = 2= dy,/L,. (8)

The predicted position of the converter current vector i,
after using the selected vector u, for time 7:

iy, + iy = dyT;. ©

The maximum displacement of the i, vector depends on
the selected converter voltage vector, the sampling time of the
control system 7 and the inductance L,. Figure 6 graphically
illustrates the possibilities of controlling the i, vector.

After determining the new position of the converter current
vector (i), it is possible to define the direction of changes d,,
of the voltage vector on the filter capacitor:

. . . *
i1 — I, — jo,Cu,
C

d
uc:E

(uc) =

(10)

Bull. Pol. Ac.: Tech. 68(5) 2020

}

011

010

001

d

N | T ugp0

;—jruJ!.,i,

101

100 ‘T‘

Fig. 5. Available vectors on AC terminals of a two-level converter and
graphic interpretation of equations describing voltages and currents
in an LCL filter
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Fig. 6. Available displacements of the end position of the converter
current vector (#,,) during one control period

Predicted voltage vector on the filter capacitor ., changes
their position due to the converter current vector position dis-
placement. After time 7, a new position of that vector is:

Uep = U+ d, T (1)
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Similarly, to determining the changes of the i, vector due
to the interaction of the converter vectors u,, the changes of
the #; vector are determined based on the voltage changes on
the filter capacitor. It is assumed that the voltage value u,. on
the filter capacitor changes significantly faster than the voltage
value in the supply network as a result of the interaction of the
converter voltage vectors. This is described by the following
equations:

d .
LlE’lzuc_ucp:dlua (12)
d .
di.=Li—d /L. 13
i=oh 1/ L (13)
i, =i+ dT;, (14)

where

d,, — quantity proportional to grid current derivative,

dy; — quantity describing direction of changes in current

vector iy,

i}, — predicted grid current vector position as a result of

changing filter capacitor voltage vector.

The equations (5—14) present the principles of voltage and
current prediction in an LCL filter as a response to the use of
a single vector during one control period. This is a character-
istic feature of nonlinear methods from the group of finite
control methods (FCS). Control methods from the indicated
group are characterized by two main disadvantages. First, they
have limited error correction capabilities, which means that it
is not possible to achieve zero error after a single control step
most of the time. Secondly, they have a variable connection
frequency, which makes it challenging to select the value of
filter components connecting the converter with the power
supply network.

The proposed method is based on “the reverse order” of the
analysis equations (5—14). This allows us to determine the exact
change in the current i, on the basis of the value of the current
error i1, which will zero the grid current error A#; during a single
control period 7, at least in theory. The equations presented
below were derived from previous relationships and given in
the form of differential equations.

Based on the set values of the grid current vector i} and the
actual value of the grid current #; flowing through inductance
Ly, the grid current error Ai; is calculated. Equation (15) is
based on the transformation of (12—14). In those equations, the
i}, vector is replaced by a set value vector of grid current i

In the next step, the required voltage gain on the LCL filter
capacitors is calculated. According to (10) and (11), the error
vector Ai; is compensated during the next control period when
the capacitor voltage will change the value by Au,.

Au.=u, —u, — Ai,L,/T,. (16)
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In order to change the voltage on the filter capacitor, the
converter current increase Ai, flowing through the inductance
L, has to be computed. It is possible by the following equation
based on (5, 8 and 9):

Aiy, = il—iz—ja)gCuz—Auc-C/Ts 17

To reproduce the calculated displacement of the #, current
vector to any point in the hexagon shown in Fig. 7, three-vector
modulation during a single control period is used. Such a fea-
ture assigns the proposed method to the continuous control

set (infinite control set) group of voltage converters control
methods.

.‘J””

d-"'rm;?f( hrm/ h
h 0 o
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Fig. 7. The method of determining the heights that are the basis for
calculating the duties to an SVM modulator in a static state

The most important feature of the proposed algorithm is the
use of two approaches to select the generated voltage converter
vector depending on the position of the tail of the current error
vector Ai,. In the event that the error vector Ai, is in the area
of the sector where the head of the i, current vector is located
(as in Fig. 7), three-vector modulation is used.

The two shortest voltage derivatives d», . and correspond-
ing current derivatives d,, . (8) choose the two active vec-
tors. The use of the indicated vectors with a zero vector during
a single control period creates the i,,, vector, whose tail can
be placed in every point of the sector created by the derivative
vector tails (Fig. 7). This is done practically by changing the
time of use of these vectors during one control period.

The calculation of the duty cycles for an SVM modulator is
based on the analysis of the ratio of the height of the vector Ai,
head from the sector sides, to the total height of the sector 4.
A graphic interpretation of the duty cycles calculation method

Bull. Pol. Ac.: Tech. 68(5) 2020
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2igpy
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Fig. 8. Selection of converter voltage vectors used in three-vector modulation in case the head of the error vector is another sector than its tail

is illustrated in Fig. 7. Duty cycles are computed using the fol-
lowing equations:

Vinaxh + Voyawha Voo + Vi o

diy = . (8

A P o (18)
Vst + Vioyescha  Vioseho + Viseho

diy = (19

B ; + 7 (19)

dt = Vit + Vioysechz L Vigsxcho + Vi ho 20

h 2h

where V(). is a one voltage vector from a vector set selected
to modulation. Subscript y indicates a number of active vec-
tors in the selected vector set. For example, V{;).5, from vector
101 is equal to 0, and Vjjy,c is equal to 1. Vi and V:; are zero
vectors. A precise description of calculating those duty cycles
is presented in [18].

If the head of the error vector Ai, is placed inside another
sector than the head of the current vector i, (as illustrated in
Fig. 8), three vectors are also modulated. It allows compensat-
ing the converter current error A#, in one control period.

However, in a dynamic state, when the error vector Ai, tail
is placed outside the hexagon defined by current derivatives
d,;..v, one vector is used for the entire control period. In this
control mode, it is not possible to compensate the current error
Ai, to zero during a single control step. The selection of the gen-
erated vector is based on the analysis of the distance between

Bull. Pol. Ac.: Tech. 68(5) 2020

the heads of vectors d,; . and Ai,. The vector that generates
the shortest distance is selected. In this way, the smallest error
of the Ai, vector is obtained after a control period.

4. Numerical test

Simulation tests were conducted in the Matlab Simulink envi-
ronment. Parameters of the tested system are presented in
Table 1. Internal filter resonance frequencies should be greater
than ten times the frequency of grid voltage and less than half
the modulation frequency [19]. According to parameters pre-
sented in Table 1, the resonant frequencies of the used filter
are equal to: fr; = 1.17 kHz (elements L, and C), fr, = 744Hz
(elements L, and C) and fr = 1.39 kHz.

Table 1
Parameters of the tested circuit used in the numerical test

Parameter Value
Grid voltage Uy ms 230V
Grid frequency f, 50 Hz
DC link voltage Upc 650V
Grid side inductance L, 1.83 mH
Converter side inductance L, 4.57 mH
Filter capacitance C 10 uF
Sampling time of control circuit 7§ 200 us
Modulation frequency f,, 5 kHz

1053



www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMIA NAUK

K. Dmitruk

Current in the LCL grid side inductance L1
I |

Time (seconds)

Fig. 9. LCL filter voltages and currents waveforms obtained in the numerical test under various power conditions and setpoint of grid current

The simulation result (Fig. 9) shows how the control system
operates both under static and dynamic conditions. At the time
0.05 s the x grid current component was set to 10 A. In the
time interval from 0.1s to 0.3 s the measured THD of the grid
current is about 0.99%, and the THD of the capacitor voltage
is 0.94%. In the next point (0.3 s), a distortion was added to the
power grid voltage. Power grid voltage was distorted by the
5" and 7™ harmonic (3.00% of fundamental harmonic), i.e.,
overall grid voltage THD was 4.24%. This results in an increase
in the generated grid current THD. Under that condition, for
one period of the supply voltage (0.35-0.55 s), the THD of the
grid current increased to 3.0%. Also, the THD of the LCL filter
capacitor voltage at this time rose to 4.64%. A step-change in
x component of the grid current from 10A to —5 A (at 0.625s)
leads to perturbation in the filter capacitor voltage. The tran-
sient state lasts about 2ms. An overshoot of the filter capacitor
voltage is 50 V. Changing the grid current setpoint or rapid
change of voltage in the power grid causes minor perturbations
in the grid voltage and current. Their amplitude does not exceed
1.5 A'in the grid current and 60 V in the filter capacitor volt-
age during the simulation. The maximal length of the recorded
perturbation is 5 ms.

5. Laboratory test

The laboratory test was performed at the same specification
as in simulation. The control algorithm was created in a C++
language, and loaded into microprocessor Analog Devices
ADSP-21369. The microprocessor is designed to gather all
signals from the voltage and current transducers and compute

1054

duty cycles for each phase. The generation of gate pulses for
transistors in a two-level AC-DC converter is executed in Spar-
tan XC3S400 FPGA.

To obtain a bi-directional current flow from the power grid,
a lead-acid battery pack was connected to the DC-link through
a DC-DC converter. The tested system is powered by an arbitrary
power source California MX30-3Pi. This equipment allows us
to conduct tests under different power conditions. Presented time
courses were recorded on Tektronix DPO7054C oscilloscope.

== AC/DC
two-level
converter

gic;r;verter DC/DC

inductance converter
Filter
capacitors

Grid side

inductance

Fig. 10. Hardware configuration of a tested system in a laboratory
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Fig. 11. The grid current (red — 5A/div.), LCL capacitor voltage (blue — 100V/div.), and power grid voltage (green — 100 V/div.) waveforms
captured on a tested system under balanced and symmetrical grid voltage. Timebase — 10 ms/div (The green and blue lines overlap)

The measuring of the THD levels in the grid current was con-
ducted in software included with the California power source.
Time courses of voltages and currents in the tested system
under sinusoidal and balanced power grid voltage are presented
in Fig. 11. The measured grid current THD in steady state is
2.5%. The presented time courses of the grid voltage and fil-
ter capacitor voltage are overlapping. This indicates that the
algorithm accurately mimics the waveform of the power grid
voltage on the filter capacitor voltage. This figure also shows

a dynamic state. The dynamic condition changes the x grid cur-
rent component from 10 A to 5 A and vice versa. At the time of
the first transient, the filter capacitor voltage was momentarily
increased by 25 V for a time less than 1ms. When the second
transient was triggered, a 35 V spike on the capacitor voltage
waveform occurs. The voltage increase lasts about 1 ms.
Figure 12 presents a system tested under distorted condi-
tions. The same harmonic distortion was used as in the numeri-
cal test, i.e. the 5th and 7th harmonic in the power grid voltage.

[}
Ug
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.
@ 100vidiv
T 5.08/div
AT 100VIdiv

5.0ms/div 20.0kS/s

50.0ps/pt

Single Seq

1acgs

RL:1.0k

Fig. 12. The grid current (red — 5A/div.), LCL capacitor voltage (blue — 100V/div.), and power grid voltage (green — 100V/div.) waveforms
captured on tested system under balanced and distorted grid voltage. Timebase — 10ms/div (The green and blue lines overlap)
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The grid current THD amounted to 3.1%. As can be seen, there
is no significant increase in the current distortion due to the
distorted grid voltage.

When comparing the results of the simulation and laboratory
tests, one can note that these results are convergent. In transient
states, the simulations very well reflected the momentary voltage
changes in the network filter capacitors compared to the tests
performed in the real system. However, in a steady state the
higher THD of the current in the grid inductance was obtained,
which is caused by the limitation of the laboratory hardware
equipment (e.g. measurement voltages, currents and processing
those signals) and inaccuracies of the model parameters.

6. Conclusions

The proposed control method is ultimately fulfilling the pri-
mary assumption, which is sufficient regulation of voltage on
the filter capacitors. The presented waveforms confirm that the
algorithm is able to effectively reduce the capacitor voltage
oscillations caused by the filter resonance, as its shape mimics
the shape of the grid voltage in the static condition. This results
in a sinusoid, satisfying quality of the grid current. It is worth
emphasizing that the assumed purpose of voltage control on the
filter capacitor is attained by using only eight available vectors
of the two-level converter with low modulation frequency (long
control period). The selection of appropriate vectors and their
time of use based on the position vectors i, and Ai, provides
precise control over many variables in an LCL filter (iy, i, u,.).
The use of space vector modulator results in the presence of
characteristic harmonics in the generated current. This approach
affects a more comfortable design of the input converter filter.
In contrast to nonlinear control methods, the current spectrum
is well known. The values of filter elements can be selected
directly to suppress the generated current components related
to the SVM modulator effectively.
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