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Abstract: This paper proposes a model predictive control for a hybrid transformer (HT)
with matrix converter (MC). The proposed HT system is composed of a power transformer
connected to a power electronic converter which controls the output voltage on the
secondary side. The proposed solution of HT is used to resolve power quality issues and
power flow control in the electrical power distribution system. The advantages of predictive
control are its very simple realization and the possibility to optimize various predefined
criteria. Presented in the paperr is a discussion of the conception of a model predictive
control strategy to compensate for voltage sags, swells and harmonics on the grid side by
providing continuous AC voltage regulation of the HT. Also, presented are the preliminary
simulation results, which verify the high performance of the proposed predictive control.
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1 Introduction

Grid voltage sags and swells that propagate in the distribution grid may have a
great impact on electric devices, and may consequently reduce their life cycles and
generate additional economic costs [1], [2]. Modern systems of industrial plants
are being established with high-tech equipment for increased productivity that
requires a higher demand for quality power. Reducing the impact of supply
voltage changes on the operation of electrical devices requires the use of various
improvements throughout the power energy system. Two main compensation
methods of voltage-disturbance in power systems occur: parallel — “current” (SVC
— static VAR compensator and STATCOM - static synchronous compensator,)
and series — “voltage” (DVR - Dynamic Voltage Restorer). In addition,
conventional transformer with a tap changer are used to compensate seasonal
voltage changes or low incidence occurances.
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One of the solutions for power quality problems is the use of power electronic
systems that enable various ways to compensate for existing disturbances [3]-[5].
The group of compensators which are based on power electric devices
(STATCOM, SVC, and DVR) guarantees good dynamic properties of the
compensation process. Depending on voltage compensators position in the
electrical system we can distinguish: (i) separate compensator — local, (ii) group
compensator and (iii) central compensator. The above methods of compensators
arrangements are presented in Fig. 1. Separated compensation — applies to direct
cooperation between compensator and load. The group and central compensation
— allow the use compensators for a selected industrial plants, buildings or parts of
the power network.

©

Figure 1
Methods of location of voltage compensators: local (a), group (b), central (c)
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In addition, the concept of various hybrid transformers has been proposed as a
compensator in AC voltage amplitude changes [6]-[10]. HT is devices where a
conventional electromagnetic transformer cooperates with a pulse-width
modulation (PWM) AC/AC converter. In the literature, one can find many
different solutions of hybrid compensators [10]-[12]. In this publication, HT with
a matrix converter will be considered [10].

Proposed in publication [10] is the concept of a HT with a MC, but without
indication of any automatic regulation algorithm in a closed feedback loop. In this
article, static parameters such as the voltage regulation range and its phase shift
angle for Space Vector Modulation [13] control have been determined and the
basic control characteristics have been shown. In addition, examples of
compensation for symmetrical and asymmetrical AC voltage changes have been
presented. For symmetrical voltage variations in each of the supply lines, good
compensating properties were obtained. However, for compensating unbalanced
voltage distortions, the obtained results were not satisfactory. In the output
voltages after compensation there were additional low orders harmonics. The
closed loop control strategy with PI regulators has been proposed in the reference
[11] and [12]. In presented algorithm the detection of both input and output
voltages and the determination of compensating signals is requires. The proposed
control was quite complex, and it requires optimization of PI regulator settings,
which also depended on the parameters of the transformer used. Additionally, in
order to precisely shape compensating signals with unsymmetrical strained supply
voltage, complex algorithms of PLL synchronization loops should be used [14,
15].The obtained results presented in [11] and [12] for the compensation of
asymmetric voltage sag indicates a lack of full compensation. Similar as in [10]
the lower orders of voltage harmonics occur in the output voltages.

In the scientific literature many methods have been proposed for controlling
power converters. Among them, one can distinguish: hysteresis control, linear,
sliding, predictive, non-linear and using artificial intelligence. The indicated
methods are characterized by different complexity and properties. More complex
methods require significantly higher computational power of dedicated control
platforms (DSP, FPGA), but they significantly improve the properties of
controlled systems. In recent years, a lot of work has been devoted to the
development of non-linear methods and with the use of artificial intelligence in
various fields of technology such as automation, process control,
telecommunications, logistics, transport and optimization of networks and
processes [16]-[24].

With the control methods developed in recent times, predictive control has gained
a lot of interest especially in the applications of power electronic converters and
electric drives [25]. Predictive control includes a very wide group of controllers
with very different approaches to operation. However, a common approach for all
types of predictive control is modeling of the controlled system and determining
the future state of the system, including the optimization of control criteria [25].
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In this paper the model predictive control of a hybrid transformer with matrix
converter is proposed. Model-based predictive control has been commonly used as
a method to control load current, motor speed and torque control by different
types of power electronic converter [25]. Furthermore, using the MPC in
converters control allows control of different converter parameters such as: the
switching frequency, input power factor (PF) and common mode voltage. Those
parameters are control depending on the assumed cost function. Additionally, the
MPC is usually employed in parallel compensators working as STATCOM to
shape the compensator currents [26]. The novelty of this paper is the use of MPC
in a series voltage compensator to shape the compensator voltages. The working
principle of the MPC in the proposed AC voltage conditioner is to generation of
the compensation voltage signals at different voltage distortion conditions. In
addition to the generation of compensation voltages, an additional objective
function has been introduced related to the adjustment of the input power factor.
The proposed methods for controlling the series AC voltage compensator have
advantages to classical control methods. A significant advantage is the
compensation of both changes in voltage amplitude as well as asymmetrical and
harmonic distortions. In addition, better dynamic properties are achieved.

Because the transformer has unity voltage ratio and the grid voltages are measured
on the transformer secondary side, only the matrix converter with input and output
filters models are included in the proposed control algorithm. In the presented
preliminary stage of research, the parameters of the electromagnetic transformer
were not taken into account. The influence of transformer parameters on the
prediction of grid currents must be analyzed in the future in more detailed studies.
At the current stage of research, tests of the proposed prediction algorithm with
symmetrical and unsymmetrical voltage distortions will be carried out.

The structure of the paper is organized as follows. Sections 2 introduce hybrid
transformer witch matrix converter topology. The main idea of the proposed
control technique based on Model Predictive Control is shown in Section 3. In this
chapter, the input and output filter models were determined and the prediction
algorithm based on the allowed combinations of matrix converter switch states
was defined. In addition, the method of determining compensation voltages and
minimizing the set target functions has been defined. The results of simulation
verification of the system are presented in Section 4. Finally, Section 5 concludes
the paper and shows possible directions for future research.

2 Proposed HT with MC

The main HT system with MC proposed in accordance with [10] is shown in
Fig. 2. A fundamental component in the provision of reliable electricity to the end-
user is the distribution transformer with two secondary windings. The output
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voltage of the whole HT is the sum of the MC output voltage and the second
secondary winding voltage of the transformer. The transformer voltage ratios
between primary and each secondary winding of the transformer are 1:1. Such
voltage ratios allow the MC to be switched-off via bypass switches, while working
with nominal amplitude value of the grid voltage. The MC can adjust the
amplitude of the output voltage in the range from 0 to 0.866 times the supply
voltage and adjust the phase of the output voltage within the whole range of its
voltage change [13].
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Figure 2
Proposed Hybrid Transformer (HT) with Matrix Converter (MC)

3 Model Predictive Control

The main characteristic of predictive control is the use of a model of the system
for predicting the future behavior of controlled variables [25]. Obtained
information is used by the control unit to obtain the optimal switch configuration,
according to a predefined optimization criterion. Therefore, in the MPC, the
controller model consists of: 1) a discrete input filter model; 2) the model of the
converter determining the relations between the input and output terminals, 3) the
discrete output filter model; 4) optimization criteria. On the basis of the
mathematical model of the system, one state is determined for all allowed
combinations of connectors, for which the optimization criterion has a minimum
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value. The mathematical model of individual components and optimization
criteria are described in this chapter.

We assume in this paper an idealized transformer with two taps both with a
voltage ratio of 1:1. All three-phase currents and voltages are written in a complex
form using Clark transformation:

N 1 = 1l
, a 2 2 2
x=xtin e lg] =5 5 H (1)
A A
2 2
The continuous time system of source and load filter can be rewritten as follows:
%x(t) = Ax(t) + Bu(t) © sx(s) = Ax(s) + Bu(s) 2
The input filter is described by the following equation:
dugpc
_dtb _ 0 uabc CS 3
dis N RLS labc ( )
dt Ls Ls

where: ug;,. — the voltage at the source filter capacitors (MC input voltage), is —
the source current, ug — the source voltage (us = vrq), igpe — the MC input
current. All variables are described in complex form x, + jxg. Similar, the output
filter model has the following form:

duc 0 L 0
ac | _ cL Uc + o _ABC @
diapc _ 1  _Rul|llspc X
dt Ly Lp

where: u 5. — the MC output voltage, i; —the load current, u, — the compensation
voltage, ispc — the MC output current.

Using a bilinear transformation, we replace "s" with the following relationship:

_ 2 (-1

T Tp(z+1) ®)
where Tp, is the discretization time, we obtained digital space equations:
zx(2) = Agx(z) + Bqu(z) (6)
Individual matrices after digitization have the following form:

2 172
Ad—(gl—A) (EI+A) @
-1

Bi=(1-4) B ®)
where | - unit matrix. Based on equation (6) we get the difference equations:
[Eabc(k + 1) — [Eabc(k)] B [_S(k) (9)

is(k+1) is(k) 5 [iape (k)
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[ uc(k+1) 1 _ [ uc (k) [EABc(k)
inpc(k + DI~ T iy (k) L i k)

where Asg, Bsg, ALg, BLg — matrices of input and output filter space model after the
digitization, respectively. Based on the models described in the recursive formulas
(9) and (10), the values of the predictive source current ig and the compensator
output voltage u. are determined as follows:

is(k + 1) = agpiUapc (k) + aszpis(k) + bsaqus(k) + bspzliane (k)
uc(k +1) = apuc(k) + api2iapc (k) + bryuape (k) + bsi2i;, (k) (11)

(10)

where: ag,1, Agp2, bsa1, bsyo are the appropriate elements of the matrix Ag and Bg;
Q121, Ar22, bro1, boo are the appropriate elements of the matrix A, and B;.

Other values in the model are measured directly in the system or calculated based
on the following relationships:

lape = DTiABC (12)
Uspe = Dugpc (13)

Saa  Spa SCA]

D= (14)

Sap  SpbB  ScB
Sac  Sbc  Scc

In order to compensate for variations in the source voltages (voltage sag/swell,
variations, harmonic distortion), the reference compensating voltage signals
should be generated at the output of the MC (uc,.r), Which signals are the
differences between the expected value at the HT output (u,,..r) and the measured
value of the supply network (u).

Ucref = Upref — Us (15)

Hence, determining the compensation signal is relatively simple and results from
the natural difference of the expected and measured signal. The HT output voltage
is the sum of compensator and source voltages:

w, = e + Us (16)

In the prediction algorithm, in the next iteration step, 27 different solutions for 27
allowed switching combinations of MC switches are checked (Table 1).

Then, based on the obtained results, the cost function g is minimized [25], [27]. It
is possible to minimize many functions of costs. In the presented preliminary
research approach, the cost function regarding the accuracy of shaping the output
voltage “g:” and the shaping of the input power factor “g,” are minimized. Most
applications request a unity input power factor, therefore, the input reactive power
Qs value is minimized. The final cost function “g” is the sum of the individual
cost functions with the selected weighting factors Ky, K.
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Table 1
Switch configuration in the and corresponding output voltage and source current

No|a|b|c| SaSam SBas Seby Scar Scb Uabs Upes Uea | Ha By ic
SAC SBC SCC
1 |A|JA|A|1 0 O 1 0 O 1 0 0O 0 0|0 0 0
2 B|B|B|O 1 0|0 1 O 0 1 010 0 00 0 O
3 c|icic|1 0 o 1 0 O 1 0 0O 0 0|0 0 0
4 [A|C|C|1 0 0[O0 O 110 0 1] -UnO tUn|ia O 4,
5 B|{C|C|O0O 1 0|0 0 1 0 0 1 |ugc O-ugc| O i, -y
6 BI|A|A| 0O 1 O 1 0 O 1 0 O -Uag 0 Upg -ijy O
7| C|A|]A|0 0 1 1 0 O 1 0 0 |uca O -Uca | -ia O i,
g8 |C|{B|B|O0O 0 1 0 1 0 0 1 0 | -ugc O ugc 0 -
9 |A(B|B|1 0 0|0 1 O 0 1 O |uspg O -upg | iz -ig O
0 |C|A|C|O0 0 1 1 0 O 0 0 1 [uca Uca O] iy O -ip
11 |]c|B|C|0 0 1 0 1 O 0 0 1 -UgcUgc O 0 iy -ip
12 |A|B|J]A|1 0 0|0 1 O 1 0 0 | upg -Usg O -y O
I3|A|C|A|1 0 0|0 0 1 1 0 O -Ucalca O -y 0 iy
4 |/B|C|B|O0O 1 0|0 0 1 0 1 O |ug -ugc O 0 -ipip
I5|B|A[{B|0 1 O 1 0 O 0 1 0 -UpgUpag O i, -ip O
66| C|C|A|O0 0 1 0 0 1 1 0 0|0 uca -Uca | ic O -ig
7|]Cc|C|{B|O0 0 1 0 0 1 0 1 0 0 -UgcUpc 0 i -ig
18| A|A[{B|1 0 O 1 0 O 0 1 0|0 up -Uss -igle 0
I9|A|A|C|1 0 O 1 0 O 0 0 1 0 -UcaUca -ie 0 g
2|B|B|C|0 1 00 1 O 0 0 1 |0 uge -Ugc 0 -igc
21| B|B|A| 0 1 0 0 1 0 1 0 O 0 -UpgUap ic -ic O
2[A[B|C|L1 0 0[]0 1 0]0 0 1] Uslsclcs iniole
23 A[C|B|1 0 0[]0 0 1|0 1 0] -UgaUsclns inicd
24 | BJ|A|C| 0 1 O 1 0 O 0 0 1 | -Uag-Uca-Ugc igial
B IB|C|AlO 1 0]0 0 1|1 0 0| Uscloats icioi
26|C|A|B|0 0 1 1 0 O 0 1 0 UcaUagUgc ipicia
27/C|B|A[O 0 1|0 1 0] 1 0 0| -Upc-Upglon iini,
g1 = |uaLref(k + 1) - uaL(k + 1)| + |u/3Lref(k + 1) - uBL(k + 1)' (17)
g2 = 1Qs| = |Uﬁs(k + Digs(k + 1) —ugs(k + Digs(k + 1)| (18)
9=K9,+ K9, (19)

The selection of the switch combinations for the successive time interval is
performed using a quality function “g” minimization technique. For the
computation of “g”, the output voltage and input reactive power on the next

sampling interval are predicted.
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4 Simulation Results

The proposed HT control algorithm with model predictive control has been
verified in simulation studies in Matlab Simulink. The simulation parameters are
as follows: process discretization time Tp is equal 5 ps, generator voltage Us=230
V/ 50 Hz, inductance of the input filter Ls=0.1 mH/0.2 Q, capacitance of the input
filter Cs=100 pF, inductance of the output filter L, =3 mH/ 0.2 Q, capacitance of
the output filter C =25 uF. The tests were carried out for the RL load Rz =10 Q
and Lz =50 mH.

In simulation verification, a converter model built from idealized connectors was
used. Simulation files are available from [28]. In addition, discrete models of input
and output filters have been implemented. The value of compensation voltages
was determined in accordance with the relation (15), by measuring the
instantaneous value of the supply voltage. Then, in each sampling period tp, the is,
Uane @nd Ug, iagc Signals are calculated in accordance with (9), (10), respectively
for each of the 27 allowed combinations of matrix converter switches. Out of
these 27 results, one combination of switches is activated, for which the objective
function “g” (19) has a minimum value. The simplified scheme of MPC for the
proposed HT with MC is shown in Fig. 3(a), whereas control flowchart is shown
in Fig. 3(b).

Examples of output voltage stabilization during the symmetrical 70% source
voltage sag (observed within 45 ms to 80 ms) and 130% overvoltage (observed
within 80 ms to 120 ms), using the HT with MC and model predictive control are
presented in Fig. 4. As is visible in the presented time waveforms, the amplitude
of output voltages is constant. Oscillations due to step voltage change are visible
only at the moments of initiation and cessation of the voltage sag or overvoltage.

The use of predictive control is also a very simple way of enabling compensation
of asymmetric voltage sag and overvoltage. An example of such compensation is
shown in Fig. 5 for asymmetrical voltage dip with phase shift and overvoltage in
one line. The asymmetrical voltage sag with phase shift in two lines is observed
within 40 ms to 100 ms in Fig. 5. In addition, in the time from 100 ms
asymmetrical overvoltage in the one line occurs. Without changing the control
strategy, it is possible to fully compensate voltage for unbalanced changes in the
supply voltage amplitude. We obtain much better results than those presented in
reference [10] which uses the classic SVM method. A similar situation occurs
during compensation of voltage harmonics [29]. An example of such a situation is
shown in Fig. 6 for harmonic distortions at the nominal value of the supply
voltage (observed within 40 ms to 100 ms) and 80% of the supply voltage sag and
harmonic distortions (observed within 100 ms to 140 ms).
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Figure 3

Blok diagram of the predictive control of HT with MC with minimalization of the output voltage
tracking error and input reactive power (a), control flow chart (b)
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Figure 4
Simulation results of HT source and output voltage time waveforms during 70% symmetrical source
voltage sag and 130% source symmetrical overvoltage
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Figure 5
Simulation results of HT source and output voltage time waveforms during 70% unsymmetrical source
voltage sag in two lines with voltage phase shift and 130% unsymmetrical overvoltage in one line

The obtained result confirms the possibility of compensation for this type of
distortion, without additional expansion of the control algorithm, and the result is
quite satisfactory. The presented preliminary results of research limited to
simulation studies indicate the huge potential of using the predictive method. The

next tests will have to take into account additional parameters such as those of the
transformer or power network.
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Figure 6
Simulation results of HT source and output voltage time waveforms with harmonic distortion and 80%
voltage sag with harmonic distortion

5 Limitations and Scope

The proposed approach has several limitations. Firstly, the implementation of the
control system will require a large number of A/D converters and voltage/current
sensors to measure three-phase voltages and currents in the compensator circuit.
Furthermore, the proposed voltage compensator has some drawbacks, related to
the connections of the HT to the same system in which there is a grid fault.
Because the system has no energy storage element, the HT needs a minimum
network voltage to work properly and it may not be able to compensate very deep
sags and large overvoltage.

The proposed model predictive control algorithm does not take into account the
transformer parameters that will be important in the control of a real system. The
preliminary research results presented in the letter indicate the significantly
improved properties of this type of control compared with classical methods based
on SVM algorithms.

It should be emphasized that the proposed system can already be easily
implemented to protect consumers whose loads are sensitive to voltage
fluctuations. The load power range for which a compensator is provided is equal
to several dozen kVA. An important issue of future work will be to assess the
benefits and costs of the AC voltage compensation system [30].
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Conclusions

In this paper, a three-phase hybrid transformer with a matrix converter and model
predictive control, for compensation of source voltage sag/swell and harmonics
has been presented. The operation and circuit have been described previously in
paper [10]. In this letter the main topic is related to the presentation of the
proposed automatic control of the analyzed source voltage variations compensator
using the model predictive control method. Initial investigation has given very
satisfactory results. The preliminary research results presented in the article
indicate significantly improved properties for this type of control compared with
classical methods based on SVM algorithms [10].

The next step of the research will focus on the theoretical modeling of the
electromagnetic transformer which is used in the HT and will take into account the
parameters in the predictive control algorithm. In addition, the experimental
verification of the properties of the proposed system will be the target of future
research. Economic analyzes [31], construction and implementation of the
proposed solution in the context of individual, group and central applications will
also be considered.
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