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Modeling and analysis of dynamic properties of the hybrid
transformer with MRC

Abstract. this paper deals with the modelling and analysis of dynamic properties of the three-phase AC transformer with electromagnetic and
electric (hybrid) coupling. The electromagnetic coupling is realized by means of the conventional transformer. The electrical coupling is realized by
means of a matrix-reactance chopper (MRC), which is supplied from an auxiliary secondary winding of the transformer. In this paper there are
descriptions of the proposed solution, with a presentation of their modeling and analysis of their static and dynamic properties.

Streszczenie. Artykut dotyczy modelowania i analizy stanéw dynamicznych tréjfazowego transformatora prgdu przemiennego ze sprzezeniem
elektromagnetycznym i elektrycznym (hybrydowym). Sprzezenie elektromagnetyczne realizowane jest przez konwencjonalny transformator.
Sprzezenie elektryczne realizowane jest przez sterownik matrycowo-reaktancyjny zasilany z dodatkowego uzwojenia wtérnego transformatora. W
artykule przedstawiono opis dziatania proponowanego uktadu z modelowaniem i analizg wtasciwo$ci statycznych i dynamicznych. (Modelowanie i

analiza wiasciwosci dynamicznych transformatora hybrydowego z SMR)
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Introduction

The dynamic states in AC electric systems, such as
faults, fast load changes, switching effects, generate for the
consumer undesirable effects like voltage sags, swell and
interrupt [1]. In the case of sensitive devices such as
computers, transceivers devices, medical systems, erratic
supply parameters cause failure or defective devices [2]. In
the case of big plants and factories, voltage sags and swells
may cause very large financial damage. The application of
an AC-AC converter using Pulse Width Modulation (PWM)
control strategy to build secondary supply sources (voltage
sag and swell compensators and voltage regulators)
mitigate the unwanted effects of supply [3]-[5]. The
conception of a single-phase new generation distribution
transformer is presented in [6], where a conventional
transformer works together with a unipolar matrix converter.
Circuit with conventional transformer and matrix (MC) or
matrix-reactance (MRC) chopper has two couplings (hybrid
coupling). Electromagnetic coupling is realized by means of
the conventional transformer and electric one realized by
means of a matrix converter. From this reason it is called a
hybrid transformer (HT). Single phase and three-phase
topologies of HT was described in [7]-[11]. Because the
hybrid transformers work as voltage sag and swell
compensators, voltage regulators and constant-voltage
regulators, the dynamic properties, ability to fast response
on source voltage changes is very important and desired
characteristic. This paper presents three-phase hybrid
transformer using buck-boost type matrix-reactance
chopper. Presented in this paper there is a description of
the proposed solution and an analysis of their static and
dynamic properties.

Description of the presented HT. Mine circuit

Schematic diagram of the presented three-phase hybrid
transformer (HT) is shown in Fig. 1.
As is visible in Fig. 1 the circuit of the HT contains two main
units. The first one is three-phase conventional transformer
(TR), with two secondary windings in each phase. The
second one is a three-phase buck-boost type matrix-
reactance chopper (MRC b-b) [12]. Primary windings are in
Y-connections. The main secondary windings (a1, az, as) of
TR also have Y configurations and, by input filter LC, are
connected with the MRC b-b. Secondary phase windings
(b1, bz, b3) are connected in series with the required phase
output connectors of MRC. Output voltages of HT (ur1, Uiz,
ur3) are the sum of secondary voltages (ppUs1, PoUs2, Pplss)

and phase output voltages of the MRC. The voltages of the
transformer secondary windings a1, a, as and b4, by, bz are
equal p, = 4/3 and py = 2/3 respectively.
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Fig.1. Schematic diagram of the three-phase hybrid transformer
with matrix-reactance chopper

Idealized voltage time waveforms illustrating operation
of presented HT are shown in Fig. 2.
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Fig.2. Idealized voltage time waveforms of presented HTfor D=0.6

Exemplary voltage phasors of considered HT are shown
in Fig. 3
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Fig.3. Voltage phasors of presented HT

As is visible in Fig. 2 and Fig. 3, the output voltages of HT is
a sum of two voltages (1).

Up=nUg+Ucy,
M Up=nUg +Ugp, -
Ups=n,Ug +Ucgs

where: n,Us123 — secondary voltages of windings a1 23 of
TR, Uct1,2,3 — output voltages of MRC b-b.

Control circuit of the hybrid transformer

Schematic block diagram of the control circuits is shown
in Fig. 4. Main part of circuit contains Pl regulator and PWM
circuit. The feedback loop include peak detector unit [13].
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Fig.4. General schematic block diagram of the control circuit

More detailed schematic bloc diagram of the control
circuit is shown in Fig. 5.
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Fig.5. Schematic block diagram of the control circuit

Equation (2) is described the function realized by peak
detector unit [13].

2) Uyt = \/ U, sin(et))’ + (U, cos(ar))’

Schematic block diagram of the PWM circuit is shown in
Fig. 6.
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As is visible in Fig. 6 commutation strategy is based on
PWM control method with “dead time”. Each phase (L1, L2,
L3) is controlled independent by control signals Sp1(f),
Sio(t), Sis(t). Control signals (Si1,.2, c3(t))are a function of the
references voltage U and load voltage U, (Fig. 5).

Theoretical analysis. Static properties

Theoretical analysis is based on averaged state space
method [15]. Averaged state space equation in general form
can be described:

X = A(D)X + B(D)ug

(3) _ _
y =C(D)x+D(D)ug

where: X- vector of the averaged variables, A(D) —
averaged state matrix, B(D) — averaged input matrix, C(D) —
averaged output matrix, D(D) — averaged input-output
matrix.

According to (3) averaged state space equation of the
considered circuit of HT (Fig. 1) in matrix form can be
described as:
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Take into account (4) is constructed averaged circuit model
of HT (Fig. 7).

Fig.7. Three-phase averaged circuit model of HT
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Assuming symmetrical and balanced circuit of presented
HT and using d-q transformation method (5), we can
describe it as single phase circuit [9], [10], [15] (Fig. 8).

(5) deq = Kxabc

where:

cos(wt) cos(wt — 27”) cos(wt + 27”)

K= \E sin(at)

sin(wt — 27”) sin(awt + 27”)

Fig.8. Equivalent schematic diagram of HT

Averaged circuit model (Fig. 8) is divided into four
terminal networks. Applying the four-terminal description
method and procedure described by figure 9 we obtain
equation (6).
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Fig.9. Equivalent schematic diagram of HT
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where G — matrix of hybrid parameters G-type.

In accordance with four terminal theories, we obtain:

U 1
(8) EU ==L ’
Us Apyrn+4urn /2.
(9) arg H —arg( ! J
U — ’
Ay *Apra ' Z,,

(10)

Ay = P_S = cos arg( Ayru Ry + Ayrin ]
Ss Aprn Ry + Ay
Static characteristics of presented HT are shown in
Figs. 15-17 in the section “Simulation and experimental
test results”.

Dynamic properties

It is assumed that all variables have two components: a
running constant component [15] (the averaged value in the
switching period Ts), which is marked by upper case letter,
and perturbation marked by lower case letter, straddled by
the symbol “*”.

ipp =Ipp +igesucp =Ucp +ucp,ig, =1 +ig

(11) R

ue, =Ugq +iig,d=D+d
(12) %(X+§()zAi+Bﬁ+[(Al—AZ)X+(BI—BZ)U]a?
where A = A(D) for D = 0, A, = A(D) for D = 1. According

to (12), the Laplace transform for small signal state-space
equation is expressed as (13) and (14):

(13) K= AK(s)+ Bils)+ [(A, -A,)X+(B, - BZ)U]a?(s)’
(14) L?L(s)z Cf((s)+ Dﬁ(s)_

Solving equation (13) and (14) we obtain (15) and (16).

3(s)= (51— &) Bils) + [(&, - A, )X + (B, - B, )UK(s)]=

(15)
=G,-K()u() G, (s)d(s)
$)=[CG a(s)+ Dli(s)+ |G (5 )H(s)=
(16) . :
uLu()u(s)+ L a(s)d(s)
where:

(18) G..= (s)

X,d dA(S)
R 10

(17)  Gyu= (s).

i, (s)
1 ;==
( 9) GuL,ll ﬁ(S) ’

The calculation and simulation test results of the transient
states of the considered HT are shown in Fig. 17 in the
section “Simulation and experimental test results”.

Stability
Equivalent block diagram of considered hybrid
transformer is shown in Fig. 10.
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Fig.10. Equivalent block diagram of presented HT
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Transmittance of the MRC can be described as:

(21) Gurc(8) =Gp(s)-Gr(s)
where Gp — linearized characteristic of MRC (22), Gr — input
filter transmittance (23).

AL[MRC

(22) Gp(s) =

= kMRC‘

1
$2LpCp +5R,Cp +1

(23) Gr(s) =

Transmittance of PI regulator is described as (24).

(24) G (s)_&_K .
PI Error P T
ULpeak 15
AU
(25) Go(s) = —fo, Gpr(s)- Gpre (5) -
AUvaeak

Take into account (25) and assuming transmittance of peak
detector equal 1 (Gpeak_qet(s) = 1), the main transmittance of
circuit shown in figure 10 can be described as (26).

G
26 G =—0
(26) 1t (5) G,
27) Gy (5) = —
error 1+G0 ’

(28) Gz(5) =Gy (8) + G, () Gype () = 1y +1,Gppc (5) -

Take into account (28) distortion transmittance can be
described as (29).

Gy (s)

(@9) 1+Gy(s)

Gdist (S) =

Time waveforms of step response (26) and control error
(27) are shown in Figs. 18 and 19 respectively.

Simulation and experimental test results

The parameters of the circuit shown in Fig 1, which has
been investigated, are collected in the appendix in table I.
The presented results have been obtained for matching
conditions described by (30)

EfE

Experimental voltage time waveforms during step up and
step down of duty factor value D are shown in Fig 11 and
Fig. 12 respectively.

As is visible in Figs 11 and 12, response of the load
voltage during step up/down of D is very fast (= 2ms).
Experimental voltage time waveforms during source voltage
us2 swell are shown in Fig 13.
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Fig.11. Experimental voltage time waveforms for step up duty factor
from D=0.1to D = 0.6
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As is visible in Fig. 13 during 40% voltage swell the a)
output voltages u; has constant value all the time.

up

Experimental voltage time waveforms during over 50%

source voltage us; sag are shown in Fig 13. Static

characteristic of voltage magnitude, phase and input power

factor are shown in Figs. 15-17. In the circuit with /
presented HT, the range of change of output voltage is from

0.66us to more then 3us (Fig. 15). A phase shift between

source and load voltage is caused by passive elements in

MRC structure.
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Conclusions

In this paper the results of modeling an analysis of a
three—phase hybrid transformer using buck-boost type
matrix-reactance chopper has been presented. Modeling of
HT is based on averaging method and four—terminal
description method. Generally the results of the simulation
investigation confirm the results of theoretical study. The
range of change of output voltage gives the possibility of
using proposed HT for compensation of 50% sags and over
50% swells of source voltage. Further research will be
focused on detailed analysis of non-balanced circuit
analysis.

Appendix

Table 1. Circuit parameters
Parameter | name value unit
Pa voltage ratio 4/3 -
Po voltage ratio 2/3 -
LelL, MRC inductance 1 mH
Cel CL MRC capacitance 10 uF
Z Load impedance 60 Q
fs switching frequency 5 kHz
Us supply voltage 50 \Y
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