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Abstract. One of the main problems of multivariable cost functions in model predictive control is the choice of weighting factors. Two finite
control set model predictive control algorithms, applied to the three-phase active rectifier with an LCL filter, are described in the paper. The
investigated algorithms, i.e. PCi.u, and PCi,i.u,, implement multivariable approaches applying line (grid) current, capacitor voltage and con-
verter current. The main problem dealt with in the paper is the choice of optimum values of the cost function weighting factors. The values of
the factors calculated using the method proposed in the paper are very close to the values represented by the lowest THDi of the line current.
Moreover, simulations verifying the equations used in the prediction of controlled values, i.e. line current, capacitor voltage and converter cur-
rent, are presented. Both simulation and experimental results are presented to verify effectiveness of the investigated control strategies under

change of the load (P = 5 kW and 2.5 kW), during transient states, under unbalanced and balanced line voltage.

Key words: model predictive control (MPC), active front end (AFE) converters, inductive-capacitive-inductive (LCL) filter,

weighting factors selection.

1. Introduction

As the processing power of digital signal processors (DSP)
increased, so did the interest in model predictive control
(MPC) [1]. Predictive control methods can be classified into
two basic groups: finite control set-MPC (FCS-MPC) and con-
tinuous control set-MPC (CCS-MPC) [2].

The FCS-MPC algorithm utilizes the digital character of
power electronic converters, distinguished by a finite number
of voltage vectors for prediction of future behavior of regulated
variables. For all voltage vectors, computations are carried out
in any sampling period. The optimum switching combination
is chosen in order to minimize the determined cost function J,
which allows to simultaneously control several parameters in
the converter, such as voltages [3], currents [4], flux and torque
[5], average switching frequency of transistors [6], CM volt-
ages [7, 8] and speed [9]. Such properties were utilized to con-
trol methods presented in this article. With the wide range of
possibilities in setting out the cost function, the FCS-MPC al-
gorithm has been used for varied kinds of inverters such as mul-
tilevel inverters [10], current source converters [11] and active
filters [12].

Commonly, three-phase active rectifiers are connected to the
AC line by one of two types of passive filters: the first-order — L
filter, or the third-order — LCL filter (consisting of line-side in-
ductance, capacitance and converter-side inductance). The LCL
filter manifests better ripple damping as compared with simple
L inductance [13]. Therefore, the overall value of inductors re-
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quired is diminished, which also minimizes the cost and size of
the inverter. Nevertheless, the LCL filter generates resonance,
which should to be suppressed [14].

In [15], the authors propose two FCS-MPC methods: one that
uses cost function J to control two parameters of the LCL filter
and the another, which controls the line current directly. These
methods allow to suppress the harmonics around LCL reso-
nance and to obtain low line current total harmonic distortion
(THD;i) with low mean switching frequency fi,,(ay)-

The methods described in [16] use more than two variables
in the cost function. In PCigicue control, an entire model of
the LCL filter is used to predict change in the three controlled
parameters — converter current vector i., line (grid) current
vector i, and capacitor voltage vector u. of the LCL filter.
Compared to the existing methods, the authors have proposed
an alternative way to compute the reference capacitor voltage
and the converter current based on the reference grid current.
This allows all states to be considered in the cost function
instead of using only the system output to act as the controller,
i.e. grid current. Investigations have shown that the algorithm
guarantees very effective performance in both transient and
steady states.

The presence of weighting factors in the cost function J is
due to the fact that simultaneous control of many different
variables (i.e. ones that have different units, values or rate of
variation) in one cost function J requires coefficients to scale
the above-mentioned differences [17]. In other words, weight-
ing factors are there to unify the influence of the very differ-
ent physical quantities on the choice of the converter voltage
vector. What is more, weighting factors allow to change the
preferences concerning the quality of regulation of values in
the cost function, i.e. their values directly influence the quality
of control. The criteria for the choice of weighting factors are
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more ambiguous than the choice of optimum values for PI con-
trollers. These controllers have been known and used in power
electronics and electric drive for decades. Numerous different
criteria for the choice of linear controller setting have been de-
veloped [18].

The choice of the values of weighting factors has been widely
discussed and developed in recent years [1, 2]. Publications
[17] and [19] present prediction methods in which the values
of weighting factors in the cost function were chosen empir-
ically based on simulations. Genetic algorithms [20] as well
as fuzzy logic [21] and the criteria for minimization of mean
squared error (MSE) [22] proved to be useful in the choice
of the values of weighting factors. Publications [23] and [24]
describe algorithms which lack weighting factors in the func-
tion J. The automated tuning of weighting factors using an arti-
ficial neural network for uninterruptible power supply was pro-
posed in [25].

The algebraic tuning guidelines for model predictive torque
and flux control have been discussed in [26]. The author has
considered an asynchronous machine supplied by a three-level
neutral point clamped inverter. The algebraic design guidelines
were stated in [26] to achieve minimum torque, flux and current
ripple per switching frequency.

In the further part of this paper, a method which allows to es-
timate the values of weighting factors in algorithms PCi.u. and
PCigi.cu. is presented. The proposed solution does not produce
unambiguous values that will allow to obtain the best control
effect. However, this method narrows down the set of optimum
values of weighting factors to a considerable extent. Moreover,
simulations verifying the equations used in the prediction of
controlled values, i.e. line current, capacitor voltage and con-
verter current, are presented. The paper demonstrates simula-
tion and experimental results which prove that the values of the
weighting factors selected using the proposed method allow to
work with varying power (P = 5 kW and P = 2.5 kW), dur-
ing transient states, under unbalanced and balanced line voltage
(E, =0.75E,).

The organization of the paper is as follows. In Section 2,
a scheme of the converter is presented. Section 3 presents equa-
tions used for the calculation of the cost function of methods
PCi u. and PCigi.u. as well as their evaluation in simulations.
Section 4 presents an original method of selection of weight-
ing factors in the cost function. The method has been verified
by means of simulations. In Section 5, the proper selection of
weighting factors is further confirmed by laboratory tests. Fi-
nally, the general conclusions are summarized in Section 6.

2. Modeling of 2-level AC/DC-LCL converter

Figure 1 shows the three-phase active rectifier (converter)
linked to the line (grid) using a passive LCL filter. The active
rectifier can be described by relationships (1)—(3) within the dg
rotating reference frame:

Lg aigdq = eqq — JWgLgloiaq —Ucag D
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d. . .

Lc Elcdq =Ucdg — ]ngClqu —Udq, 2
d . . .

Caucdq =lgdg —ledq — ]wgcucdq ) 3)

where:
igqq — grid current vector in the rotating dqg reference frame,
icqq — converter current vector in the rotating dg reference
frame,
¢4, — line (grid) voltage vector in the rotating dq reference
frame,
u.qq — filter capacitance C voltage vector in the rotating dg
reference frame,
L, — line (grid) side inductor,
L. — converter side inductor,
C — filter capacitor,
@, — line (grid) angular frequency,

2 s
gUDCe/[(’_l)?_“’g’] for i={1,2,3,4,5,6}

“0” for i={0,7}
— converter output vector in the rotating dq reference frame.

udq =

AC/DC

K |eT B

Fig. 1. Schematic diagram of active rectifier with LCL filter

Figure 2 presents an equivalent circuit diagram described by
relationships (1)—(3). Table 1 contains the parameters of the
simulation and experimental model.

igdq L, ) i£dq ,\,];}-\ o
o——/ VY j_':
equ u,, T ia uqu
— 1 ,
Fig. 2. Circuit diagram of LCL filter in dq rotating reference frame
Table 1
System parameters
Variable Parameters Value
E Grid voltage 325V
Upc DC capacitor voltage 650 V
Ts(fs) | Sampling time (sampling frequency) | 25 ps (40 kHz)
L Grid-side inductor 1.8 mH
c Converter-side inductor 3.4 mH
C Filter capacitor 20 uF
Ir Lg—C—L. filter resonance frequency 1037 Hz

Bull. Pol. Ac.: Tech. 68(1) 2020
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3. Control algorithms

3.1. PCicu, algorithm. The active damping algorithm [27,
28] is the most universal method of damping line current dis-
tortions (oscillations connected with resonance frequency fg).
It is based on the virtual damping resistance R; parallel to the
capacitor C of the LCL filter, which decreases additional power
losses. The general drawback of the active damping algorithm
is its low immunity to line voltage disruptions. The appearance
of higher harmonics or asymmetry of line voltage results in de-
formation of the line currents [15, 16, 27].

An alternative approach to damping harmonics around LCL
resonance is to implement simultaneous control of two filter
parameters, i.e. converter current i, and capacitance voltage u,.
An algorithm named PCi.u, was presented in [29] and similarly
in [15]. Apart from superior resistance to disruptions appearing
in the line voltage, it also permits to achieve better quality of
the line current in the steady state at the same mean switching
frequency of transistors in comparison to the active damping
method [15, 29].

The PCi.u. method works based on the scheme depicted in
Fig. 3. Applying the set line current vector i;ﬁdq, it is possible to
determine the set values of the capacitance voltage vector (4)
and next the inverter current vector (5).

Uigq = €dg — JOgLglyqy, “4)

Irgq = lgaq — JOClizy, . 5)

For sufficiently short sampling time Ty, it can be assumed that:
Uegg(nt1) =ucgy(n), (6)

Legq(nt1) =iy (n). ()

This assumption has been applied to all the control algorithms
discussed in this article.

e o ‘g
@ /3 NN -
P

ELL abg

- ¢
9

g

Fig. 3. Schematic diagram of PCi.u, control method

Prediction algorithm starts and measures the real values of
currents and voltages (step n). Considering 7 as the sampling
time, the converter current derivative is obtained by means of
the Euler forward method:

d . N Aicdq(i’H'l) _ icdq(n—l—l) —icdq(n)

—ledg =
“ T T

T ()
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Taking account of formula (2), the predicted converter current
vector iqqq(n+1) can be expressed as:

Ucdg (n) - ngLcicdq (n) —Uqq (I’H— 1 )

C
lcdg(nt1) =icag(n) + Aicag(n+1) (10)
Assuming that:
d Aucdq(n—H) Ucdg (l’H—l) - ucdq(n)
— ~ = 11
dtquq T, T, ) (1D

the next capacitance voltage vector #.4,(n+1) can be obtained:

Aucdq(n—f—l) =
_ igdq(n) — ngcucdq(n) - icdq(n) - O'SAicdq (”H‘l) T (12)
C R
Ucaq(n+1) =ucgg(n) + Aucgg(n+1). (13)

Changes in voltage u.q, are essentially dependent on the cur-
rent i.q, that alters from icq(n) to icqq(n+1). Nevertheless,
its mean value, in the sampling time 7 equals (icqq(n) +
0.5Ai;44(n+1)). The factor 0.5 in equation (12) is in charge of
“averaging” the change of the current vector Ai.y, in period 7.
The change results in the alteration of the capacitor voltage vec-
tor Autcqqy(n+1).

Afterwards, expected errors of controlled variables are deter-
mined:

8icdq(”+1) = ijdq(”""‘” _icdq(n+1) ) (14)

eucdq(n+1) = u:dq(n+1) - ucdq(n+1)' (15)
In the last part of the prediction, applying the cost function J,
the determination of the optimum voltage vector of converter
uq(n+1) is performed:

J = Wee (Eaea(n+1) + €y (n41)) +

16
+ (gha(n+1) + €0, (n+1)) . (10
A 2-level converter delivers eight voltage vectors: six active
vectors and two zero vectors (“111” and “000”"). Computations
of cost function J are made for seven vectors. If the “0” volt-
age vector is selected as the optimum one, in order to minimize
the transistors’ switching frequency f,,, the selection between
“000” or “111” is made.

It is often the case that authors in publications omit the veri-
fication of equations used for the prediction of controlled quan-
tities. Therefore, Fig. 4 and Fig. 5 present the results of the
algorithm for calculating the predicted converter current vec-
tor i.qq(n+1) (Fig. 4) and capacitor voltage vector u.q,(n+1)
(Fig. 5). As the waveforms show, the values i.qq(n+1) and
Ucqq(n+1), determined in step 7, closely overlap with the val-
ues of current iy, and voltage .4, in step (n+1). The “mea-
sured” values of the vector i 4, and u.4, components have been
rendered in Matlab/Simulink with the step of 0.1 ps.
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Fig. 4. Waveform of the predicted current i.44(n+1) (0.5 A/div) vector
and the “measured” current i.4, (0.5 A/div) value: a) component d;
b) component ¢
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Fig. 5. Waveform of the predicted voltage vector .44 (n+1) (1 V/div)
and the “measured” voltage value u.q, (1 V/div) value: a) compo-
nent d; b) component ¢
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Figure 6 presents an oscillogram of phase voltage e, and
phase current iy, in a steady state. THD; of the phase current
equals 1.9%. The PCiu, algorithm allowed to obtain a substan-
tial minimized value of resonance harmonics of the LCL filter
in the line current.

20 T

155

10

THD=1.9%

15}
Bos

Fig. 6. Line phase voltage e, (100 V/div) and current ig, (5 A/div) for
PCicu, algorithm (simulations results)
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3.2. PCigicuc algorithm. The control method described in the
previous subchapter (PCicu,) uses the main advantage of FCS-
MPC algorithms, i.e. the fact that various control parameters
can be parallelly controlled by a single cost function. The re-
sults that have been obtained encouraged the authors to conduct
further research aimed at finding new ways to improve the prop-
erties of the PCi.u. method. Taking one step ahead, one could
expand the cost function J (16) to include additional direct con-
trol of the line current i,. Algorithm PCigicuc [16], i.e. predic-
tive control of the line current i,, the current of the converter
i., and the voltage on the capacitor u. could all be monitored in
this manner. A block diagram of the PCigicu, control algorithm
is shown in Fig. 7.

e .g g
S

abc abg,
dq dq

Fig. 7. Schematic diagram of PCigicuc control algorithm

Using the set line current vector i;ﬁdq, the set values of the
capacitance voltage vector can be expressed as (4) and those of
the converter current vector by (5). Applying previous assump-
tions (6)—(7) and assuming sufficiently short time Tg, it can be
considered that:

The future current converter vector i.q4(n+1) and capacitance
voltage vector u.4, are determined using equations (8)—(13).

Bull. Pol. Ac.: Tech. 68(1) 2020
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The predicted line current vector i,q,(n+1) is calculated by the
following equation:

By (+1) =
B eqy(n) — j@yLglgqq(n) —tcqq(n) —0.5Au.q4(n41) T (18)
- Lg NS

fgaq(n+1) =igaq(n) + Aiggq(n+1). (19)
Changes in current iz, depend on voltage u.4,, which that
oscillates between the range of u.qy(n) to ucqy(n+1). Nev-
ertheless, its mean value, over time T, equals (ucdq(n) +
0.5Au.44(n+1)). The factor 0.5 in equation (18) is in charge
of “averaging” the change of the voltage vector Au4, over the
period T;. The change causes the alteration of the line current
vector Aigq,(n1).

Afterwards, expected errors of controlled variables are deter-
mined:

Eicag(n+1) = ivg,(nt1) —icay(n+1), (20)
Eucdq(n+1) = upy, (n+1) —ueqy(n+1), (21)
Eigaq(n+1) =gy, (n+1) —igay(n+1). (22)

The last step implementation of the method is introduced to pro-
vide optimum control of the converter voltage vector u4,(n+1).
The determinations of J (23) are performed for all voltage vec-
tors, with reference to the switching optimization applied for
the PCicu, algorithm.
T =wi, (gna(nt1) + €5, (n+1)) +
+Wie (Enea (n+1) + £y (n+1) +

+ (eizcd(n+1) +£,~26q(n+1)) }

(23)

Basing on simulation tests, Fig. 8 shows the verification of
the algorithm for calculating the expected line current vec-
tor igqy(n+1). The waveforms show that the predicted values
ig44(n+1) determined in step n closely overlap with the values
of current izg,. The “measured” values of the vector izq, com-
ponents have been rendered in Matlab/Simulink with the step
of 0.1 ps. Figure 9 presents line current and voltage waveforms
for weighting factors w;,. = 1.0 and w;, = 24.3. The THD; value
of iy, is 1.3%.

4. Selection of the weighting factor values

4.1. Method of pre-selecting weighting factor values. One
of the main disadvantages of FCS-MPC control is the necessity
of selecting weighting factors in the cost function. However,
in comparison to the selection of settings for PI controllers,
this task is more complicated. To the authors’ knowledge, no
universal method of calculating optimum weighting factors has
been presented to date. Therefore, an approach to the approx-
imate determination of the factor values, useful in the above
algorithms, is presented below.

Bull. Pol. Ac.: Tech. 68(1) 2020
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Fig. 8. Waveform of the predicted current igg, (n+1) (50 mA/div) vec-
tor and the “measured” current iggdq (50 mA/div) value: a) compo-
nent d; b) component ¢
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Fig. 9. Line phase current ig, (5 A/div) and voltage e, (100 V/div) for
PCigicuc algorithm (simulations results)

The proposed cost functions J (16) and J (23) consist of the
errors of two (PCicuc) or three (PCigicuc) controlled variables
(igdg> icdq> Ucaq)- Factor w, affects the suppressing level of res-
onance frequency, while factor w;, determines the quality of
the set line current reconstruction. Those variables have a dif-
ferent character (different units and magnitudes, different rates
of change). Quantity Ai.q4,(n+1) in one sampling period 7 un-
dergoes a relatively largest change whereas for Aigy, (n+1) the
change is relatively smallest. The size of the changes translates
into the size of error vectors € in the cost functions J (16) and
J (23). In view of the above, it is essential to use weighting fac-
tors to regulate the impact of variables on the value of the cost
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function. Equations (20)—(22) define how the predicted values
of errors were calculated. They could also be presented in the
following form:

Eicaq(n+1) = ijdq(n+1) —lcgq(n+1) =

- , ) (24)
= ledg (n+1) - (lcdq (n) + Alcdq (n+1)) ,
Eucdg (1) =t g (nt1) = teaq(n+1) = (25)
= uqu(n—i—l) — (ucdq(n) + Aucdq(VH'l)) ,
Eigdq(n+1) =gy, (n+1) —igay(n+1) = o6

= tgaq(n+1) = (igag(n) + Algag(n+1)).

Assuming that the control method ensures that the controlled

values gy, icaq> Uedq are close to the set values Lodgr bedg» Weaqr

equations (24)—(26) can be simplified to:

eicdq(n+1) = _Aicdq(n+l)7 27
EMqu(nJrl) = fAucdq(n+l), (28)
El'gdq(l’H-l) = —Aigdq(n—l—l). (29)

Weighting factors w;, and wy. are there to unify/“align” the
changes of the grid current Aiyy, and the capacitor voltage
Auqq with the changes of the converter current Ai.y, in sam-
pling time 7. Using the cost function (23) and equations (27)—
(29), changes of the converter current Ai g, are compared ca-
pacitor voltage changes Au.q, and, separately, changes of the
converter current Ai.4, are compared with grid current changes
Aigdq:

Wue |Atteqq(n+1)| = |Aiggq(n+1)], (30)

Wig |Algaq(n+1)| = |Aigaq(n+1)]. 31)
Transformations (30)—(31) allow for preliminary estimation of
weighting factors by relating the largest changes of the con-
trolled values that are possible to be achieved during one sam-
pling period Tj:

Aicdq(l’H-l)

Xy |——= 32

Wue ‘Aucdq(n—kl) ; (32)
Aicdq(n—&-l) ‘

Wig Xy [ | =7 (33)
¢ ‘A’gdq(”"‘])

Aicgq(n+1), Aucgq(n+1) and Aigg,(n+1) are determined us-
ing equations (9), (12) and (18) for the converter voltage vec-
tor module |ug4,| = 2/3Upc. The value of the weighting fac-
tor is a root of the quotient of the analyzed changes because a
series of simulation tests showed that this improves the accu-
racy of estimating the values of the factors that provide for best
control quality. This way, the choice of the converter voltage
vector is mainly influenced by the inverter current error vector,
whereas the influence of the error vectors of the capacitor volt-
age and converter current is smaller. The given relationships
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allow for initial estimation of the weighting factors, which in
turn speeds up the implementation process of the methods be-
ing developed.

4.2. Verification of the method of pre-selection of weight-
ing factors. In order to verify the usefulness of the above-
described method of selecting weights, a number of simula-
tion tests was carried out to measure the THD; value of line
current ig. The values of factors calculated according to the
above-mentioned relations were presented in Table 2. The cal-
culated weight factor values were named as nominal values.
Figure 10 shows how the THD; value of line current i, changed
depending on the change of the weighting factor w,, for the
PCi.u. method. The calculated nominal value (Table 2) was
Wwyuen1 = 1.25 with THD; =2.1%. The lowest THD; = 1.9% was
noted for wy. = 0.8w,.y1. Lowering the w,. below 0.6w,n|
causes the increase of THD;. The values of w,. higher than
wuen1 also cause the increase of THD; of the line current.

Table 2
Calculated nominal values of weighting factors
Variable Parameters Value
wyuent | Nominal value of weighting factor wy,. for LCL | 1.25
filter from Table 1
WigN1 Nominal value of weighting factor w;, for LCL | 15.2
filter from Table 1
THDi=f(w,.)
9
8
7
6
-
9
=
3
2
1.
0
0 0.5 1 1.5 2 2.5
[Wuc/WucN1]

Fig. 10. THD; of the grid current i, with the changing weight w, for
the PCicu; method. The parameters of the LCL filter and the converter
as in Table 1

Apart from the wy, the PCigicuc method includes one more
weighting factor, i.e. w;,. The nominal value calculated from
the data from Table 1 was wigy1 = 15.2 (Table 2). Basing on the
results from Fig. 10, it was assumed that w,. = 0.8wy,n1. Low-
ering the value of w;, below w;,y1 causes the increase of THD;
of the line current (Fig. 11), whereas increasing it to 1.6w;en1
allows to achieve a better shape of the line current. The low-
est THD; = 1.3% is noted for w;; = 1.6w;en1. Wi values above
1.6w;gn1 cause THD; of the line current to rise again.

Bull. Pol. Ac.: Tech. 68(1) 2020
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THDI=f(Wg); Wyc= 0.8Wyeny

0 0.5 1 1.5 2 25
[Wig/Wign4]

Fig. 11. THD; of the grid current i, with the changing weight w;, for

the PCigicuc method. The value of the other weighting factor was con-

stant wy = 0.8wyn. The parameters of the LCL filter and the con-
verter as in Table 1

Figure 12 shows line phase voltage ¢, and line current wave-
forms i, with step changes of the weighting factor w,, for the
PCi.u. method. With w,,, = 0.4w,.y1 weaker damping of the
resonant frequency f,, of the LCL filter can be observed. With
Wye = 1.6wyn1, distortion of the line current increases and,
moreover, the converter operates with a non-unity power factor.

20 T T T T T
THDi=1.8% | THDi=1.3%  {THDi=1.4% .,
s | o

10

-10

-15

Wig1=0.4Wign1

Wig= 1 .6wigN1 wig=2 .0WigN1

20
0.04 0.05 0.06 0.07 0.08 0.09 0.1
Fig. 12. Line phase voltage ¢, (100 V/div) and current ig, (5 A/div)
for PCicu, algorithm while step changes of the w,,. factor

Figure 13 shows voltage e, and current i, with step changes
of the weighting factor w, for the PCigicue method. The value
of wye = 0.8wycy1 was not changed. When wy, is small and
equal to 0.4w;ey1, the choice of the voltage vector in the cost
function J (23) is influenced mainly by the error vectors €;.44
and €,¢44. The PCigicu. method behaves similarly to PCicue.
When wj, is larger than 2.0w;,y1, THD; of the line current in-
creases.

Subsequently, simulations which verify the operation of con-
trol algorithms were carried out for two active powers (5.0 kW
and 2.5 kW). They used the weighting factors calculated in the
way presented herein, whose values were w,,. = 1.0 (PCicu,) as
well as wye = 1.0 and w;; = 24.3 (PCigicuc).

Figure 14 shows waveforms of grid voltage e, and current
ig. As we can see, the selected values of the weighting factors
provide a low THD; of the grid current regardless of the active
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-20

Fig. 13. Line phase voltage ¢, (100 V/div) and current iy, (5 A/div)
for PCigicu, algorithm while step changes of the w;, factor. The value
of wy, was constant and equal to 0.8w,,.y

power values for both control algorithms, with a lower value
obtained for the PCigicu. method.

a)

i 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.1 0.12

b) 20

Bos o005 o006 007 o008 o008 01 o 0.12
Fig. 14. Line phase voltage e, (100 V/div) and current ig, (5 A/div):
a) PCicuc, b) PCigicu, for active power P = 5.0 kW and 2.5 kW

The proposed manner of determining factors allows to esti-
mate nominal values w,y and w;ey. The determined factors do
not ensure the lowest THD; of the line current (the highest qual-
ity of current i). The nominal values still be corrected in simu-
lation tests. However, they allow to significantly reduce the time
of implementation of the two methods (PCicu. and PCigicu)
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because they narrow down the search area for the best values.
This method (i.e. relating the largest changes of the controlled
values to each other) has also been used for the predictive torque
control method (PTC).

5. Laboratory investigations

Practical implementation was performed on a 2-level active rec-
tifier. The parameters of the experimental setup were the same
as those presented for the simulation in Table 1. The values of
weighting factors were w,,. = 1.0 (PCicu.) as well as wy,. = 1.0
and w;, = 24.3 (PCigiCuC). Characteristics of the laboratory
setup are presented in Table 3. In practical implementation, the
dead time was #; = 3 ps, real power P = 5 kW, and reactive
power Q = 0 Var. Experimental implementation included com-
pensation of the calculation delay.

Table 3
Main devices of the laboratory setup

Model
Yokogawa WT 1800
California MX30-3PI
ADSP-21369 + XC3S400 FPGA

Device

Power analyzer

AC power supply

Digital control

5.1. Steady state waveforms. THD; and average switching
frequency fi,, () are shown in Table 4. The waveforms of line
voltage e, and current iy, in a steady state are shown in Fig. 15.
Weight factor w;e influences the quality of line current i, and
the value of w,,. determines the damping level of resonance har-

a) Tek Prevu

140MH1 Nolse Filter

i i i i
5009 By)a.00ms 50,0013 Hy

2
8
<
2

([ ] /u.om;

1. 40MH1 Nmse Filter

)@ o000y 50,0005 Hy)

&Jf4.00ms

100Y By 500V

Fig. 15. Grid line voltage ¢, (100 V/div) and current iy, (5 A/div) for
an algorithms: a) PCicuc; b) PCigicuc (test results)
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monics. For the PCigicuc control method with extended cost
function (23) the value of THD; was smaller than for PCi.uc.

Table 4
THD; in steady state
Algorithm THD; [%] Sow(av) [kKHz]
PCicuc 2.1 5.6
PCigicuc 1.45 5.5

5.2. Operation during transients. To verify the effectiveness
of control schemes and the calculation of weighting factors,
tests were performed during transients. Oscilloscope measure-
ments (Fig. 16) show grid voltage e, and current ig,, grid cur-

a) TekPrevu 1.40MHz_oise Filter
T T T T T T T
A/
. Py D SRS DU B
ot Ugd =W\~ :
S X" N S S P S S B
200¥ By 00V Byl i i i i
200¥ By 200y wlnwmns i sy <10Hy)
b) Teksup 1.40MHz_Hoise Filter
- - - - —
S U S A
1 S =t 1
Tgd—p 3
B u
Igql gq
200V By 200V Byl i i i i
200y By 200 B.u]'wtlms R <10Hy
C) Tek stop —_— 140MHz an;eFlI(er
T T T T
. ea[l()()V/dlv]
S e e
& J[@oms

; i ; i ; ;
@ v 8 500V i@ 408y <10Hg

1. 4DMH1 anse Filter

d) Tek Prevu
T

T T T T T

™~ en[wowchv]

i i i i R i ;
@ v w S00Y_ 5)a00ms )@ a0y <10Hy

Fig. 16. Laboratory test results for variation of reference grid current
vector components i; 4 from 10 A'to 5 A: a), ¢) PCicuc; b), d) PCigicuc
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rent vector components igd» lgq and their references i* d, dur-
ing a step change of i’ za (Proportional to active power) from
10 Ato 5 A. It can be seen that the chosen values of weight-
ing factors ensure not only effective performance during steady
states but also in the case of dynamic changes of reference
values.

5.3. Operation under unbalanced network. One of the most
common power supply disruptions is voltage asymmetry. Most
commonly the line voltage becomes unbalanced as a result of
single-phase load, voltage dip, line impedance asymmetry, etc.
The case in which a-phase voltage is decreased to 75% of the
nominal value (Table 1) was examined to confirm robustness of
the algorithms being investigated.

The waveforms of line current i, and voltage e under unbal-
anced power supply are shown in Fig. 17. The THD; values
of the line current and average switching frequency fg,(q,) are
listed in Table 5. In both methods, the line current is balanced.

a) [

i %E? U, {125 V/dz]
U4 ™.V
e [00Vir]
u’ .oV
w e
) i [10 A/dz]
ouoot " < 1602 (pp) 3> —
b U, [125 Vidz]
1 ™soo v
e, e e [300Vid]

DX

-
whig,

==
SBesos
=<

Lg I e

[10 A/dz]

0.0005 <« 1602 (pp) 3> 50.000ns

Fig. 17. Laboratory test results of converter operating with line voltage
asymmetry. DC voltage, line voltages and currents for the algorithms:
a) PCicuc; b) PCigicuc
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A lower THD; = 1.2% of the line current was obtained for the
PCigi.u. method. Experimental studies confirm that the values
of coefficients wy, and wj,, determined in the manner described
above, guarantee the operation of algorithms both in the case of
balanced and unbalanced line voltage. It should be noted that
THD; values are lower than for a steady state (Table 4). This is
due to the fact that lower voltage in phase a causes the increase
of the reference line current to supply the DC circuit with the
same power P. At higher current values, a natural decrease in
the value of THDi is observed.

Table 5
THD; in steady state
Algorithm THD; [%] Ssw(av) [kHz]
PCicuc 1.8 5.5
PCigicuc 1.2 5.4

6. Conclusions

The paper compares two control methods (PCi.u, and
PCigicu.) proposed to control the three-phase active rectifier
with LCL filters. Both methods use one of the advantages of
FCS-MPC method, i.e. simultaneous regulation of different pa-
rameters in a single cost function, which allows to essentially
suppress the harmonics around LCL resonance in the line cur-
rent. This paper presents simulations which were performed to
verify the equations developed to predict the controlled quanti-
ties i,, i and u.. This step is often overlooked by the authors
of predictive methods. The results obtained confirm high ac-
curacy of this manner of determining predicted values which,
after the prediction time, coincide with the measured values.
Another element presented in the publication is the description
of how to select the optimum values of weighting factors wy,.
and w;,. There are basically no universal analytical methods for
determining the values of weighting factors in the cost function
in literature. The weighting factors calculated as presented in
the paper are very close to the values giving the lowest THD; of
the line current. The algorithm introduced allows us to signifi-
cantly speed up the process of implementation of the presented
methods. Experimental tests proved that the presented control
algorithms with the weighting factors w,. and w;, calculated in
the manner described above ensure excellent performance un-
der both balanced and unbalanced line voltage conditions.
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