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

ARCHIVES OF ELECTRICAL ENGINEERING VOL. 68(2), pp. 341-356 (2019)

DOI 10.24425/aee.2019.128272

Power flow controller based on bipolar direct
PWM AC/AC converter operation with active load

JACEK ZBIGNIEW KANIEWSKI

Institute of Electrical Engineering, University of Zielona Gora, Poland
e-mail: j.kaniewski@iee.uz.zgora.pl

(Received: 02.10.2018, revised: 14.01.2019)

Abstract: The uncontrolled power flow in the AC power system caused by renewable
energy sources (restless sources, distributed energy sources), dynamic loads, etc., is one of
many causes of voltage perturbation, along with others, such as switching effects, faults,
and adverse weather conditions. This paper presents a three-phase voltage and power flow
controller, based on direct PWM AC/AC converters. The proposed solution is intended to
protect sensitive loads against voltage fluctuation and problems with power flow control in
an AC power system. In comparison to other solutions, such as DVR, UPFC, the presented
solution is based on bipolar matrix choppers and operates without a DC energy storage
unit or DC link. The proposed solution is able to compensate 50% voltage sags, in the case
of three-phase symmetrical voltage perturbation, and single phase voltage interruptions.
Additionally, by means of a voltage phase control with a range of +60° in each phase,
it is possible to control the power flow in an AC power system. The paper presents an
operational description, a theoretical analysis based on the averaged state space method and
four terminal descriptions, and the experimental test results from a 1 kVA laboratory model
operating under active load.
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1. Introduction

The modern electrical power system is being increasingly saturated with distributed energy
sources, especially renewable sources such as wind farm and photovoltaic systems, etc. Generated
energy from renewable energy sources are strongly dependant on primary energy (wind, sunshine).
In consequence, the operation of restless sources can lead to uncontrolled power flows between
particularly parts of the electrical AC power system [1, 2]. The uncontrolled power flow and
other causes, such as adverse weather conditions, dynamic loads, and switching effects, generate
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undesirable end-user effects, such as voltage sags/swells, voltage variations, voltage unbalance,
interruptions and flicker effects [3]. To limit and control the power flow in the power system,
power flow controllers are installed. Devices such as phase shifters and more advanced as well as
various types of unified power flow controllers (UPFCs) are implemented to control power flow
[4-10]. The first group is usually based on thyristor converters with transformers and quadrature
phase shifters, however such devices have limited properties and a narrow control range [4, 5]
or, as in the case of quadrature converters [6], they change the voltage at the connection point.
The concept of the UPFC is well known and widely described in the literature and is still being
developed [7-11]. Conventional UFPFCs are based on AC/DC/AC converters [7, 8] and contain a
DC link with a DC energy storage unit (usually electrolytic capacitor). The principle of operation
and classical topology of the UPFC is shown in Fig. 1.
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Fig. 1. Simplified schema of conventional UPFC (a), voltage phasors (b)

The electrolytic capacitor bank is the main factor contributing to their size, and is the most
frequently damaged component in operation [12, 13]. An alternative solution to conventional
UPFCs employs devices with direct PWM AC/AC converters, without a DC link and electrolytic
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capacitor bank [9, 11]. The solutions based on a full matrix converter [9, 10] allow for the power
flow control and control of amplitude and voltage phase independently, however they need many
bidirectional switches and a complicated and advanced control system. The power flow controller
described in [11] uses two bipolar Cuk B2 matrix-reactance choppers in each phase. This type of
AC/AC converter has strongly nonlinear characteristics of voltage gain and an input power factor
and a limited useful working area, as well as it is being additionally susceptible to poor matching
conditions. This means that the voltage gain depends on load impedance. This paper develops
a concept described in [11] by replacement of the matrix-reactance chopper with the other type
of direct AC/AC converter — the bipolar matrix chopper (MC), which has other properties in
comparison to the matrix-reactance chopper. Implementation of this type of bipolar MC as a
voltage sag/swell compensator is presented in [14, 15]. The simulation test results of the power
flow controller with bipolar AC/AC, based on the MC and principle of operation are described in
[16]. The main advantage of the considered circuit in comparison to e.g. quadrature phase shifters
[6] is greater functionality, especially the possibility of simultaneous and independent control of
the amplitude and phase of voltage in a wider range. In comparison to a conventional UPFC with
AC/DC/AC converters [7, 8] the proposed solution is devoid of an electrolytic capacitor bank,
which is the most frequently damaged element. In addition, the used MC is self-synchronizing
with the AC grid and has just one stage of AC to AC energy convertsion. In comparison to
solutions based on a full matrix converter [9, 10], presented solution has a less complicated
structure and voltage gain of the used matrix chopper is from 0 to 1 [14, 15], while in the case of
a full matrix converter up to 0.866 of source voltage [12]. In comparison to the Cuk B2 matrix
reactance chopper implemented in [11], the used bipolar matrix chopper has linear characteristics,
a simpler structure, a wider operating range, a better input power factor across the operating range
and lack of susceptibility to matching conditions [14, 15].

This paper extends the research described in [16] by introducing a mathematical model and
theoretical analysis in a steady state. The presented solution has the ability to control simultane-
ously and independently the amplitude and phase of the voltage and to compensate up to 50% of
three-phase voltage sag and single-phase voltage interruptions without a DC energy storage unit.
These properties, in addition to voltage regulation, allow power flow control in a system with
active load. The main aim of this paper is the presentation of the proposed topology of a power
flow controller, description of the principle of operation, checking the possibility of bidirectional
power flow in a two-source system (active load) and the analysis of the basic properties such as
the range of amplitude and phase control of output voltage.

2. Operational description

The schema of the main circuit of the considered three-phase power flow controller is shown
in Fig. 2. The considered circuit, as in the case of a conventional topology of the UPFC, is a kind
of series device. It contains three power electronic modules (PE I, PE II, PE III) (Fig. 2). Power
electronic module PE I operates on line L, but is supplied from two other phases — from line L,,
and L3. Analogously PE II operates on line L;, but is supplied from lines L; and L3, and PE III
operates on line L3, but is supplied from lines L; and L, (Fig. 2).
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Fig. 2. Simplified schema of proposed three-phase power flow controler

Each of PE units consists of two bipolar AC/AC converters based on a conventional matrix
chopper (MC1 and MC2) (Fig. 3).
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Fig. 3. Schema of a single power electronic modul PE I

With the bipolar converter, it is possible to obtain an output voltage from the “in-phase” or the
“anti-phase” in relation to the input voltage and dependant on pulse duty factor D. The bipolar
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character of the output voltage can be achieved by implementation of various solutions of AC/AC
converters [15], e.g. a full bridge AC/AC converter [16] or a bipolar matrix-reactance chopper
[11]. The employed bipolar AC/AC converter needs only two bidirectional switches, S; and S,
but also requires a symmetrical supply voltage source realized by a transformer (7R;, TR,) with
two symmetrical secondary windings (Fig. 4) [14, 15]. The outputs of both MCs (MC1 and MC2)
are connected to the primary side of transformers TRz and TRy, respectively. The secondary sides
of TRz and TR, are connected in series (Fig. 4). The voltage ratios of TR; and TR4 equal to 1
(nrr3 = nrra = n = 1). For obtaining two symmetrical input voltages, two input transformers
(TR and TR;) with two secondary windings are used. The voltage ratios of the input transformers
are alsoequal to 1 (nrr1 = nrr2 = n = 1). The power electronic switches S; — Sy are controlled by
the classical PWM modulation method, where the modulated signal (triangle) is compared with
the modulating signal (constant signal). Each of the two MCs is controlled independently by pulse
duty factors D and D;. The idealized voltage transmittance of a simple MC is defined as (1) [15].

U
\HC| = ‘—U—MC = (2D - 1), (M)

where: U - is the output voltage of the matrix chopper, U ¢ is the input voltage of the matrix
chopper, D is the pulse duty factor which is defined as a relation between a switching period
and switch 1 conducting time (Ts/t,,). Taking into account (1), the output voltages of MC1 and
MC?2 are described as (2) and (3), respectively:

QMCl=Q52(2D1—1), ()

Upcr =Ug3 2D2 = 1) 3)

The output voltage of PEI (U upfe1) 1 the sum of the output voltages of matrix choppers MC1
and MC2 (U 4,1 U pyc0) ().

Uit =Yt *Upien - “4)

Describing three-phase source voltages for wt = 0 as (5), assuming voltage ratios of all
transformers as unity then according to (2) and (3) we can easily obtain an output voltage in
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Fig. 4. Exemplary voltage phasors of PE I for conditions: (a) Dy = Dy = 0.25; (b) Dy = Dy = 1;
(¢c) D1 =0,Dy =0.75; (d) D1 =0.75, D, = 0.25
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complex form (U upfcl) for power electronic module PE I (6). In the same way, voltages for other
lines (U, fe2 and U, pfc3) are construed.

Usi=Us- e, Ug =Us- e, Ug; =Us- e, o)

U prer = Us (ej%” @D -1 +e T (2D, - 1)) ) (6)

The exemplary voltage phasors of power electronic module PE I for various conditions,
showing the principle of operation, are presented in Fig. 5. According to (6) and as can be seen
in Fig. 4, the voltage vector U upfel is constructed from two phasors - U ,, ~, and U ,, ~,.

(O] ®
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Fig. 5. Exemplary voltage phasors of UPFC circuit for pulse duty factors: (a) D1 = Dy = 0.75; (b) D1 = 0.2,
Dy = 0.57

Because matrix chopper MC1 is supplied from line L, (by voltage Us;) and has a bipolar
character, voltage Ups ¢ could be in-phase or anti-phase in relation to voltage Us,. It is analogous
in the case of MC2 (see Fig. 2 and 3) supplied from line L3 (Ug3). If pulse duty factors D; and
D, are in the range from 0 to 0.5, voltages U ,,~, and U ,, ., are in anti-phase in relation to
input voltages. If pulse duty factors Dy and D, are in the range from 0.5 to 1, voltages U ,, ~,
and U ,, -, are in-phase in relation to input voltages. In consequence the output voltage of power
electronic module PEI (U upfel ) can be controlled in magnitude and phase independently. If pulse
duty factors D and D; are equal (D; = D) only the amplitude of the voltage changes (without
a change of phase angle) (Fig. 4(a), 4(b)). If pulse duty factors are different (D; # D;) (Fig. 4(c),
4(d)) then magnitude and phase angle change. The operating area of output voltage PET (U , pﬂ,l)
is indicated by a dashed line (Fig. 4). Voltages Uc|, Uc> and Ucs of the considered UPFC are
a sum of source voltages Us;, Usy, Us3 and the output voltage of power electronic modules
PE I-PE Wl (U,pfe1, Uz Unpye3)- Taking into account (5) and (6), voltage U ~, in complex form
for the first phase (line L) is described by (7).

Ugy = Us- /@) - Ug (e/'(‘“f‘%") 2Dy - 1)+ /%) 2D, - 1)) : (7)
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The exemplary voltage phasors in the considered UPFC for condition D| = D, and Dy # D;
are shown in Fig. 5(a) and 5(b), respectively.

In the case when the both pulse duty factors are the same (D = D;) only the amplitude of
voltage U upfe 1S controlled (Fig. 5(a)). According to (7), for pulse duty factors D| = D, = 0.75 and
assuming a 50% voltage sag of voltage U ¢, (Fig. 5(a)) the amplitude of voltage U upfel 0.5U g,
and according to (7) voltage U -, = U . If pulse duty factors D; and D are different (D # D),
as is visible in Fig. 6(b), both parameters, amplitude and phase of voltage U, e are controlled.
For example for pulse duty factors D; = 0.2, D, = 0.57 and according to (7) the amplitude of
voltage U ~, is approximately equal to the amplitude of U g, but it is shifted in phase by angle

¢ = 40° in relation to U ¢, (Fig. 5b).

3. Theoretical analysis

The main properties of the considered power flow controller were analysed on the basis of the
averaged state space method (8) and four-terminal description, which is comprehensively and in
detail described in [17-19], and implemented in [20].

X =A(D)x+B(D)us, (8)

where: X is the vector of the averaged variables, A (D) is the averaged state matrix, B(D) is the
averaged input matrix [17-20]. On the basis of the averaged state space method (8) and averaged
circuit model of bipolar matrix choppers MC1 and MC2 described in [21], an averaged circuit
model of the considered power flow controller is constructed and shown in Fig. 6. For the sake of
analysis, the averaged circuit model is divided into four terminal networks.

As we can see in Fig. 6, and as it is already mentioned, the power electronic module PE I
operating in the first (L1) phase is supplied from two other phases (L2 and L3). For this reason
it is necessary to introduce matrixes of chain parameters to describe phase dependencies in a
three-phase system — between operating phase L1 and phase L2 supplying MC1 (9), and between
operating phase L1 and L3 supplying MC2 (10). All transformer ratios are assumed as 1:1
(nTR1 = nTR2 = NTR3 = NTR4 = 1).

1

Ap,=| (03 — V32 , 9)
0 (0.5 - jv3/2) |
. 0
A, =| (F05+jV3/2) , (10)
0 (0.5 + jV3/2) |

Taking into account that the parameters of the input and output filters of both matrix choppers
arethesame (Lpy = Lpy = Lp3 = Lpa = Lp,Cp1 = Cp2 = Cp3 = Cpa = Cp, Ly = Lo = Ly,
Cpr1 = Cry = CL), the four terminal parameters (chain parameters) of the input and output filters
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Fig. 6. Averaged circuit model of considered power flow controller based on bipolar direct AC/AC converters

can be described as (11) and (12) respectively. The four terminal parameters of the averaged
circuit model of the matrix choppers used are described as (13)-(16) [21].

1 —U.)zLFCF ijF
Ap = . (11
ijF 1
1 -w?’L;Cy  jwLp
A= . (12)
jwCr, 1
: 0
A =| D1 : (13)
0 D
! 0
A, =| Di-1 : (14)
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1
— 0
éc3 =| D2 s (15)
0 D,
1
I 0
Ay =| P2” : (16)
0 Dy -1

Taking into account that the voltage ratios of transformers TR1-TR4 are assumed as 1:1, the
chain parameters of input (7R1, TR2) and output (7R3, TR4) transformers can be described as
(17) and (18), respectively.

1 0
Argia =ArRiy = AR = Arrop = [ 0 1 } (17)

1 0 8
0 1| (18)

In accordance with four-terminal theory [22] and taking into account the type of connections
of the four terminal networks, we can easily obtain substitute chain parameters of the analysed
circuit. Moreover, to obtain a four-terminal description of the considered power flow controller it
is necessary to introduce a matrix of chain parameters of source voltage A ¢, (19) connected in
series with the load and output of power electronic module PE I (Fig. 7).

1 0
4U51= o 11| (19)

Applying the four-terminal description method [22] and the procedure described in Fig. 7 it
is easily to obtain the four terminal parameters of the considered circuit (20), where G represents
four-terminal hybrid parameters.

Un

Iy,

Un

I,

1 _Q 122

Gy —detG,

ArnArp 1

é172] é1722

1 Q1_21

=51

U
—“}.(m)

Iy,

In accordance with four-terminal theory [22], we obtain dependences on voltage transmittance
(21) and phase of voltage transmittance (22) of the considered circuit.

u UL 1 1)
=Uv- T A A, 0/ 201
Ugi A ntArn/Zo
1
H, = . 22
HeZu arg(él_u"Lél_lz/ZLl) 22

Graphical interpretations of dependencies (21) and (22) are shown in Fig. 8(a) and 8(b),
respectively.
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Fig. 7. Equivalent schematic diagram of considered power flow controller and its subsequent transformations:

(a) main circuit; (b) after first transformation; (c) after second transformation; (d) after third transformation;
(e) substitute final four-terminal network

Fig. 8. Characteristics as a function of duty factors D and D;: (a) voltage transmittance; (b) phase of voltage
transmittance
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Voltage transmittance Hy (also called voltage gain) can be changed in the range from 0 to
2Us. This means that the considered circuit has a buck-boost character and that the output voltage
can be lower or higher than source voltage Us, depending on pulse duty factors D; and D,
(Fig. 8(a)). Also, the phase of the output voltage can by changed, depending on pulse duty factors
D and D, (Fig. 8(b)). The range of change of the output voltage phase is approximately +60°.
These properties give the opportunity to control and compensate overvoltages and voltage sags
up to 50% of Us, and deal with single phase interruption and power flow control in the AC power
system.

4. Experimental results

The schematic diagram and photo of the experimental set of the analyzed power flow controller
are shown in Fig. 9. The parameters of the experimental set were as follows: rated power S = 1 kVA,
supply and load voltage Us = 100 V, Uy, = 100 V respectively, inductance and capacitance of
input/output LC filters L = Ly, = 1 mH, Cr = C, = 20 uF, line reactance X; = 30 Q, switching
frequency fs = 10 kHz, which is a compromise between commutation losses, conducting losses
and the size of passive LC filters.

,source” ,active load”
: 3x400V [

\ ATR1

usy

() (b)

Fig. 9. Experimental set: (a) schematic; (b) photo: 1 — PWM control circuit, 2 — matrix chopper,
3, 5 — input/output LC filters, 4, 6 — input transformers, 7 — output transformer

The voltage phasors and experimental time waveforms of voltages, currents and instantaneous
power for various conditions are shown in Fig. 10. All cases are shown for equal values of the
rms voltage of the source (Us), load (Ur) and output voltage of the power flow controller (Ucy).

In the condition when the source voltages (us), load voltages (u#7) and output voltage of
the power flow controller (uc1) are the same (Fig. 10(a)) there is no energy exchange between
the sources (no power flow). In the case when voltage U | is delayed in the phase in relation
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Fig. 10. Experimental voltage phasors and voltage, current and instantaneous power time waveforms at
conditions: (a) usy = ury = uc1, Us1 = Ur1 = Uct, ¢ = 0; (b) ugy = ur1, Usy = Ur1 = Uct, ¢ = —45°%;
(©usi =ur1, Usi = Ur = Ucy, 45°
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to voltage U , | (Fig. 10(b)) the instantaneous power (pc1) is positive, which means that energy
is transferred to the load. The opposite is the case if voltage U -, is ahead of voltage U ,,
(Fig. 10(c)). In addition, the amplitude of the output voltage of the power flow controller can be
changed (Fig. 11).

(O]

p= DS0- 20044, MYS0913113: Thu Mar 29 11:48:27 2018

movs 2 o100v/ 3100w/ 4 5.00A/ 0.0s 5.0002/ Autorn

US3 4 'Q.SE
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\ \ LlOO V/div
o | ._____// iL 1

5 A/div

d i

L e Pci

500 W/div

\
(a)

I D90-X 20044, MYS0313113: Thu Mar 29 11:47.41 2018
100v/ 2 100/ 3100V, 4 S00A/ 0.0s 5.0002/ Autom

T ke (”s1=llm
100 V/div

T
Moo’ (i“j
T

o L’
P g {5 A/div

| U’('l
Lsoo W/div
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Fig. 11. Experimental voltage phasors and voltage, current and instantaneous power time waveforms under
conditions: (a) us1 = ur1, Us1 = Ur1, ¢ = 0,Ucy > Us1; (D) ug1 = up1, Usi =UL1, ¢ = 0, Uct1 < Usi

As alredy mentioned, to control only the voltage amplitude, both pulse duty factors must
have the same value (D; = D). If both duty factors are equal and lower than 0.5, voltage U
is higher than source voltage U ¢, (Fig. 11(a)). If the pulse duty factors are higher than 0.5,
voltage U -, is lower than source voltage U g, (Fig. 11(b)). The source side current and active
load side current, for various operating conditions are shown in Fig. 12 (during the control of the
voltage phase (Fig. 12(a)), during the control of the voltage amplitude (Fig. 12(b)). Because the
presented power flow is a kind of series device, the grid side current and active load side current
are similar.
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Fig. 12. Experimental voltages and currents time waveforms: (a) phase control; (b) amplitude control

5. Conclusions

A three phase power flow controller with direct PWM AC/AC converters, for the control of
amplitude and phase of voltage, is presented in this paper. The main circuit and operation principle
have been described. The article presents a theoretical analysis based on the average circuit model
of the considered power flow controller, obtained on the basis of averaged state variables and the
four-terminal description method. On the basis of theoretical analysis the static characteristics
of magnitude and the phase of voltage transmittance have been obtained. The experimental
laboratory model was built for a rated power of 1 kVA. For power flow analysis, the experimental
research was carried out with an active load (in a two-source system). Considering the main
properties and the characteristic way of supplying the power electronic modules in particular
phases, the analyzed circuit has the ability to compensate 50% three-phase voltage sag/swell
and single phase voltage interruption. Additionally, by voltage phase control (approximately with
in £60° in each phase) it is possible to control the power flow in the AC power system. The
construction of the AC/AC bipolar converter used is quite simple, but it requires a transformer
with a center tap. Moreover, control signals for each of the AC/AC converters are easy to obtain
and are based on the conventional PWM control method. The next step of the investigation will
be focused on the implementation of a control system with a closed control loop and analysis of
the dynamic properties.
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