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Abstract: This article presents a study of an AC voltage stabilizer based on a three-phase
hybrid transformer combined with a matrix converter. The proposed solution is used to
control AC voltage amplitude and phase shift. By adjustment of these voltage parameters
we can reduce the effects of overvoltage, voltage dips or lamp flicker. Such negative
phenomena are very significant, particularly from the perspective of the final consumer
and sensitive loads connected to the power network. Often the voltage in the power
system can be adjusted using a mechanical or thyristor controlled regulator, which in
a stepwise manner switches the taps of the electromagnetic transformer. The method for
obtaining continuous control of the voltage magnitude and phase shift with the use of
a conventional transformer with two output windings and a matrix converter is presented
in this paper. The operating principles, mathematical model and properties of the pro-
posed voltage stabilizers are discussed in this paper. The main part of the article will be
devoted to the mathematical model which is based on an averaged equation. Computer
simulation results are presented and compared with the results of a mathematical study.
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1. Introduction

Electric Power Quality (EPQ) is a term that refers to the maintenance of a near sinusoidal
waveform of power distribution bus voltages and currents at rated magnitude and frequency.
Moreover, modern systems in industrial plants are based on high-tech equipment for increased
productivity and this requires high quality electrical power. In addition, poor quality electricity
can also cause damage to domestic electronic equipment, which more often than not now has
miniature and large-scale integration of electronic circuits. Voltage sags are among the most
significant power quality problems impacting on sensitive industrial and home equipment.
Power quality standards define and classify voltage disturbances [1, 2]. A large number of
scientific papers are also dedicated to the issue of voltage disturbances in the power grid
[3, 4]. Power quality problems occur due to various types of electrical disturbances. Most of
the EPQ disturbances impact on amplitude or frequency or on both. Voltage sags and inter-
ruptions are common phenomena resulting from network faults and dynamic load changes.
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Voltage sags are rms/magnitude reductions in the AC voltage for a duration ranging from
a half-cycle to several dozen seconds.

In modern power systems, operators should prevent the causes and mitigate the effects of
voltage distortion. The best possible solution for customers might be the installation of miti-
gation equipment for voltage disturbances. There are many solutions for power systems. The
most common devices are tap changers (mechanical or solid-state) in electromagnetic trans-
formers [5, 6]. The second most common group consists of power electronic devices, which
continuously stabilize the voltage at the point of common coupling (PCC) [7, 8]. Such solu-
tions are often called Custom Power Devices (CPD). There are two main methods for com-
pensation of voltage-disturbances in power systems using power electronics devices: current
oriented parallel devices (STATCOM-static synchronous compensator, SVC-static VAR com-
pensator); and voltage oriented series devices (DVR-Dynamic Voltage Restorer) [9, 10]. In
this article only series compensation systems will be considered. The Dynamic Voltage Res-
torer (DVR) is one of the most efficient CPDs used to compensate fast voltage sags and over-
voltages at PCC [9]. The DVR devices inject a voltage of the required magnitude, phase angle
and frequency in series with the load. In this way the DVR maintains the set amplitude and
waveform for the voltage at the load, even when the source voltage is distorted or unba-
lanced [7].

The concept of a hybrid transformer (HT) is defined as a combination of a classical elec-
tro-magnetic transformer with a power electronics converter. The literature describes a few
concepts of HT with shunt connected converters, series connected converters and a combina-
tion of series and shunt connected converters [11-13]. The conception of the HT presented in
this paper is based on a structure with a series connected converter. In the proposed HT the
matrix converter (MC) is used [14, 15]. Generally, the three-phase MC is a single-stage con-
verter with an array of nine bi-directional switches. In order to ensure good performance, the
MC should have a LC source filter to minimize the high frequency current distortion. The MC
is a power device without a DC energy storage element. The DC energy storage element used
in classical frequency converters with a voltage source inverter (VSI) is the main factor in-
creasing size, weight and cost of the converter [15, 16]. Furthermore, this energy storage in the
form of electrolytic capacitors is the most frequently damaged element in operational service.
Elimination of the DC energy magazine will increase the reliability of the proposed voltage
compensator.

A preliminary study of the properties of the proposed MC based HT is presented in [12],
where the idealized properties are shown. In addition, several similar solutions of AC voltage
controllers for compensation of overvoltage and voltage sags (also based on the HT) are pro-
posed in [10, 11, 13, 17-21]. In the HT solution proposed in [11, 17] the PWM AC/AC matrix
and matrix-reactance choppers are used [15]. The proposed choppers are employed for
adjustment of the RMS value of the output voltages, excluding the possibility of output vol-
tage phase shift adjustment. Using the HT with the matrix converter we obtain the possibility
to control both the amplitude (or RMS value) and phase shift of the HT output voltages. This
additional degree of regulation offers new possibilities for the application of the proposed
solution, as previously shown in [12].
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The main purpose of this paper is to describe the basic operations, based on the averaged
mathematical model [22, 23] and simulation investigation, of the proposed HT with a space
vector modulated (SVM) matrix converter. The simulation and theoretical results will be
analysed and compared. In addition, the paper presents an application of the proposed HT to
voltage sag compensation at the PCC in balanced and unbalanced conditions.

2. Principles of the proposed solution

As illustrated in Fig. 1, the proposed hybrid transformer consists of two main units:
a three-phase matrix converter [14] and a conventional transformer. The transformer has two
taps for each of the output phases. The first tap (a;, a,, a;-the names of first taps in each phase)
is connected with the corresponding matrix converter input filter terminal (Lr, Cr). Both the
primary and secondary windings a,, a,, as are in star-connections (Fig. 1). Subsequent second-
dary windings (by, b,, bs-the names of second taps in each phase) are connected in series with
the corresponding MC output terminals. The voltage turn ratios of the windings a,, a,, a; and
by, by, by are equal to n,=4/3 and n,= 2/3, respectively. The voltage gains have been adopted
from the previous publications presenting HTs with AC choppers [11, 17]. It is possible to use
other transformer turn ratios, as will be mentioned in the summary. The HT output voltage is
the sum or result of the MC output voltage and output voltage of windings b, b,, b3. In order
to extract the fundamental component of the MC output voltage, a low-pass L;, C; output filter
is employed.
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Fig. 1. Proposed hybrid transformer with MC and passive load

The MC output voltage is adjusted using voltage gain ¢ and the voltage phase shift ¢;. The
maximum HT output voltage is achieved when the MC output voltages (uyc1, Uaica, Uncs are
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voltages at the output of L;, C; filter) have the same phase as voltages uy;, up, up. If the
source voltages are given as follows:

Ugy |= USsin(mt+2/3n+(pS) , 1)

then the HT output voltages (for an ideal transformer without LC filters) are described by Eq.
(2), where Us, U, represent the amplitude of the input and HT output voltage, respectively, @,
¢, @ represent the phase shift of the input voltage, MC output voltage and HT output voltage,
respectively. To determine the exact HT voltage transmittance, it is necessary to describe
a mathematical model that takes into account the parameters of components used in the LC
filters and the MC modulation strategy.

Uy |= USsin(a)t+2/37r+(pS+(pL)naq+USsin(wt+2/37t+(ps)nb =| U, sin(ot+2/37+¢) | -(2)
upy | | Ugsinwt—2/31+0g+¢; )n,q +Ugsin(wt—2/3n+@g)ny | | U, sin(or—2/37+¢)

The Space Vector Modulation (SVM) technique is the most frequently used modulation
strategy for MC applications [14, 22]. The instantaneous space vector representation of load
voltages (1p,) and source currents (is) in the MC is presented as follows:

2 —jom/3 2m/3 o, (1) . _2(. | —jm/3. om/3. \_ . B,
g0L=§(uah+e] U+ U, |=ugp OL(),;S=§ y+e /T ip el =lSejﬁ‘().(3)

The SVM method for the MC has been described many times in various publications (e.g.,
[14,22]). In this article there will be indicated only the basic formulas, useful for creating
mathematical models. The reference space-vectors up; and is are constructed by selecting four
basic “nonzero vectors” and one “zero vector”, used during the appropriate time intervals
within the switching period T,. The required modulation duty cycles for the corresponding
“nonzero vectors” are given by Egs. (4) [22]:

5,+5,+1 2q cos(oy —1/3) cos(B; —/3) 5,+S, 2qcos(0y —m/3)cos(B; +1/3)

dy=(-1 , dip=(-1 ,
=0 V3 coso; =D V3 coso,
“4)
doe = ()5S 2qcos(0y) +1/3)cos(B; —m/3) _ \Sy+5.+1 2gcos(0y +1/3) cos(B; +m/3)
=G0 , dy=(=1) ,
NE] COSQ; V3 coso,;

where: @; is the input displacement angle, oy and B; are the position angles of the output
voltage and input current vectors, respectively, measured from the bisecting line of the cor-
responding sectors of the complex coordinate system, which are limited as follows:
—T/6 < g < /6, —/6 < B; < /6. The disadvantage of the MC is its limited voltage gain, which
for the SVM is equal t0 gma =~/3/2 = 0.866.
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Knowing the maximum voltage gain of the MC and voltage turn ratios of the transformer
windings 7, and n,, it is possible to determine the idealized expressions for the maximum and
minimum HT output voltage [12]. The maximum HT output voltage for n,= 4/3, n,=2/3 and
an MC with SVM is defined by Eq. (5), whereas the minimum for the MC output voltage
phase shift equals 180 deg, and is defined by Eq. (6). The relations between voltage phasors
for U; = U rmax, U= U rmin a0d U 1ax< U 1 < U pmin for @, # 0, are shown in Fig. 2. The vol-
tage adjustment range is limited by a circle, as shown in Fig. 2. It shows that in the proposed
solution it is possible to compensate both voltage sags and overvoltage with the ability to
control the phase shift of the output voltage.
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Fig. 2. HT voltage phasors for n,= 4/3 and n, = 2/3 and SVM: U = U ., for @, = 0° and ¢, =0.866 (a);
Up= Upmin for @, = 180° and ¢pa = 0.866 (b); Upmax< UL < Upmin for @ # 0° and ¢e< 0.866 ()

The mathematical description and characteristics presented above are defined in the ideali-
zed case, without influence of the LC filter and transformer parameters. For a precise depic-
tion the properties of the analyzed system require a detailed mathematical model, which will
be shown in the next section. The main problem in providing a detailed mathematical
description of the analyzed HT is the inclusion of the modulation pattern of the MC switches.
The proposed modelling process will be based on the state-space average model [22, 23].

3. Modelling theory

The presented mathematical model is based on the state-space equations for the averaged
variables which are described by (7) [22].

% = A(d)x+ B(d), %)
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where: x is the vector of the averaged state variables, A(d) is the averaged state matrix, B(d)
is the averaged input matrix. This model is created by averaging of state variables in the
sequence period T, for all switch combinations of the analysed converter. The elementary
averaged models for each switch combination are defined for the relative duty cycles
di = t1/Tseq, as is shown in Eq. (8), where x represents the vectors of the state variables; 4(¢)
and By () are the state matrix and input matrix for A—th switch configuration respectively. The
state-space average Eq. (9) for an MC can be represented by 27 elementary averaged models:

i—x = A, (t)x+ B, (t), ®)
t
dx _
—— = A(d,t)x+B(d,1), )
dt
where:
27 27 27
zdk =1, A(d.0)=) d A4, (d.1), Bld,t)=) d;B(d.t)-
k=1 k=1 k=1

The coefficient d; is the degree of occurrence of all the possible configurations, and de-
pends on the switch modulation strategy. In an SVM MC only 21 switch configurations are
used; 18-active, and 3-zero [22]. Furthermore, the pulse duty factors dj, for MCs are a time
variable, therefore the presented model is a time-varying one [23]. Using the transformation
matrix K (10) we obtain the time-invariant model in the d-q rotating frame. Because the HT
output voltage frequency is equal to the supply voltage frequency, then K is defined only for
the supply voltage frequency, unlike MC models operating as a frequency converter [22, 23].

Kg .. 0 cos(wt) sin(wt) 1/42
K=|: " | Kg= %cos((nt—ZnB) sin(of —21/3) 1/+/2 . (10)
0 .. Kg cos(owr +2m/3) sin(or+2m/3) 1/:2

On the assumption of symmetry of HT components, we obtain the final version (11) of the
averaged models.

dy
—=(4-Q)Y+B, (11
d¢
where:
Q; - 0 0 w0
x=Ky, Q=|: " |, Qs=[-w 0 0.

0 - Qg 0 00
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The solution of Eq. (11) for general conditions and for the steady state is described by (12)
and (13) respectively [23], where ¥, represents the initial values of state variables, and [ is the
unit matrix.

x=Ke" Y, + K(4-Q)" (" - 1)B, (12)
x=-K(4-Q)"'B. (13)

The proposed model of the HT should take into account the MC switch modulation stra-
tegy. For the SVM of MC switches what should additionally be taken into account is the offset
voltage uy, (Fig. 1) [22]. Description of averaged state equations is connected with the calcu-
lation of the averaged pulse duty factor for each MC switch Sy, which is described by (14).

ua | \dgy dyp dyc|ua id| |dyy dpg dey|ia

up |=|dpy dpp dpe

Uce ch ch ch uc ic daC dbC ch c

< |

Bl=Duusc, |ig|=|dy dyp d.g|iv|=D ise. (14)

The SVM of an MC is described in many publications, e.g., [14, 22], thus switching
relations and vector definitions are not shown in this paper. All names of voltage and current
vectors, presented later in this article, are compatible with the names presented in the article
[22]. In order to determine the voltage uy,, consider the switching sequence in the sectors
S;=1and Sp= 1. The switch configurations are as follows: +9, —7, =3, +1, and matrix switches
are switched-on successively by a related time scheme:

1| = |dy| = || = |d1y| - (15)

Then, the transformation matrix D (14) is determined as follows:

|+ ey +|dh o+l 0 0
D:D(+9)‘d1‘+D(—7)‘du‘+D(—3)‘d1u‘+l)(+1)‘dlv‘: |+l ‘dlv‘ dyy |- (16)
0 dy|+dry| ]+

The same procedure is given for the other sectors with combined S; and Sp. Offset voltage
uy, in the averaged model of the MC with SVM is described by (17) and (18).

uN=(u“+lgb+uc), a”

- d +d, +d Ju,+d otd ptd Jus+Hd Ad Ad Juc - - -
uN:(aA bA CA)A (aB bB CB)B (aC bC CC)C:sluA+s2uB+s3uc, (18)

3

where:
s = dyg +dpg +dey 5y = dup+dpp+d.p 53 = dyc +dpc+dec

3 3 3
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Taking into account expressions (14) — (18), the final state—space averaging Eq. (9) of the
HT with the SVM MC are described by (19).

- . R,
g 1| 0 0 0 0 o - 0 0 0 0 0
= Lpy Lpy
dr Ry 1
dis2 0 - 0 0 0 0 — 0 0 0 0 ngig,
— Lpy Lpp L
& Rip 1 I Fl
dis3 0 0o —-—= 0 0 0 0 0 -— 0 0 0 isi Nallgy
2 Lrs Lrs . L
dirs 0 0 o Ry 0 Ju=h dp= decm L 0 || nug
& Ly Ly Ly Ly Ly is3 Ly
dirs 0 0 0 o B o D D= demso = o i 0
dr Ly Ly, Ly Ly Ly, i 0
diLss 0 0 0 0 o P deamsi dpmsr decmsy 0 i e o |-(19)
| Ly Ly Lys Lys Lyy (1B,
den | 1y g s e 0 0 0 0 0 |uen 0
_dr Cr Cr Cr Cr u 0
R
ducr o L o o dw s 0 0 0 0 0 | 0
d Cr Cr Cpn Cn wn —nyug
ducrs 1 doc e _dec ol N v
@ 0 0o -fec _Sc 0 0 0 0 0 o |- R,Cpy
dun Cr Cs Cm Cp uiz | | —pug
& 0 0 0 ci 0 0 0 0 o = _é 0 |us | |R,HCp
du Vil 1 uCn —yigy
|l o 0 0o 0 — 0 0 0 0 R:Cra
durs Cr RixCra - -
dar 0 0 0 0 o L 0 0 0 0 -
- L s Rp3C3 ]

4. Validation of HT averaged model

Static characteristics obtained from the mathematical model (19) are presented in Fig. 3.
The voltage gain K as a function of the setting of the MC output voltage phase shift ¢, for
different MC voltage gains g is show in Fig. 3a. The adjustment range of the amplitude of the
HT output voltage is shown with 3D characteristics in Fig. 3b. As can be seen from these
characteristics, it is possible to obtain the amplitude of output voltage U, equal to the ampli-
tude of source voltage Us, with and without a phase shift between source and output voltages.
It should also be noted that it is possible to obtain an output voltage equal to zero for g = 0.5
and ¢, approximately equal to 220°. Then, the matrix converter output voltage is shifted by
180° relative to the voltage u, of the transformer secondary winding and has the same ampli-
tude. An output voltage in antiphase to the mains voltage it also achieved.

The general function of the HT is compensation of AC voltage sags and overvoltage. Thus,
the HT works as a power transformer with a dynamic voltage restorer (DVR) function. Exam-
ples of AC voltage stabilization during a 70% source voltage sag and 120% source overvol-
tage, using the HT with the MC are presented in Fig. 4a. As can be seen in the presented time
waveforms (Fig. 4a), the moments of start and end of the voltage sag or overvoltage are
almost imperceptible, because both amplitude and phase shift 6 are compensated. A large
number of voltage sags in the power network are single-phase or unbalanced sags, resulting
from a single-phase short circuit to ground, a two-phase short circuit or a two-phase short
circuit to ground [3, 4]. The analysis of this type of compensation requires a complex form of
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power converter switch modulation strategy. Fig. 4b shows the simulation results of unba-
lanced sag compensation using the proposed HT. Before and during the disturbance the output
voltages have constant amplitude, but there can be seen some deformation in the shape of the
output voltages — low harmonic distortion [24]. In addition, simulation time waveforms of
voltages in the system for unbalanced and nonlinear loads are shown in Fig. 6. For unbalanced
load (Fig. 6a), the HT allows compensation of voltage sag and overvoltage with a similar
accuracy as for a symmetrical load (Fig. 5a). It should be noted that, for non-linear loads there
is considerable distortion of the output voltage (Fig. 6). All the presented simulation wave-
forms were obtained in an open control loop, since the main aim of this article was to describe
the basic properties of the HT. Using a closed control loop a reduction in output voltage dis-
tortion is to be expected.

All theoretical and simulation studies have been done using the following parameters:
source voltage 230 V/50 Hz, input and output filter inductance and their resistances Lp=L;
=1mH/0.01 Q, input and output filter capacitance Cr= C;=20 pF, switching frequency
Jseg= 5 kHz and simulation step 7,= 1 ps. It should be noted that in the simulation inves-
tigation idealized bidirectional switches are used. None of the commutation strategies of bidi-
rectional switches that are commonly used in MCs ([14, 25]) are used in the simulation model.
Different commutation strategies in an MC are used to provide the correct current switching
pattern for bidirectional switches and to eliminate distortion in the voltage and current wave-
forms, which occurs when the “dead time” between two control signals is used [25].

The proposed solution of an HT with an MC has some drawbacks, related to the connec-
tions 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 [16].

—¢=0.866 —g=0.5

féi‘\\\\\__qzos —¢=0.15 /’//
N

o N\
N/

9.[°]
0 100 200 300 400
(a)

Fig. 3. Voltage gain K of HT as a function of: output voltage phase shift ¢, for different MC setting
voltage gains ¢ (a), output voltage phase shift ¢, and MC voltage gain g (b)

Fig. 6 compares the simulation results obtained in Matlab Simulink software for the pre-
sented HT and the resulting averaged models in transient states. To provide a meaningful com-
parison of the simulation model and the averaged model, the corresponding time waveforms
of output voltage u;,, obtained from both models are juxtaposed in one graph. The correspond-
ing results from both models agree very well with and validate the accuracy of the averaged
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model versus the simulation model. Both results demonstrate good correlation, which con-
firms the usefulness of the analytical averaged method used in the analysis of the HT pro-
perties.
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Fig. 4. Simulation results of HT with MC as a voltage compensator: voltage time waveforms during
balanced 70% source voltage sag, and 120% source overvoltage (a); voltage time waveforms during 65%
unbalanced source voltage sag, which are the result of two-phase short circuit to ground (b)

5. Conclusions

This paper has presented a study of the properties and a mathematical averaged model of
a three-phase hybrid transformer with a matrix converter. The electrical circuit scheme and its
operational conditions have been described. Furthermore, a detailed mathematical model
based on average equations for an MC with SVM has also been presented. The proposed HT is
able to compensate voltage sags and overvoltage, as shown in the simulation investigation.
Compensation of both amplitude and resulting voltage phase shift, even for asymmetrical
deformations, is possible in the analyzed system.

It should be emphasized that such a system may already be easily implemented to protect
consumers in a power range equal to a few kVA. The next step of the research will focus on
experimental applications in closed loop control, and define a compensation range of voltage
sag and overvoltage.
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Fig. 5. Simulation results of HT with MC as a voltage compensator during balanced 70% source voltage
sag, and 120% source overvoltage, for unbalanced load (a), for nonlinear load (b)
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