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Abstract

Matrix converters (MC) offer a compact, bidirectional solution for power conversion; how-
ever, achieving precise reactive power control at the input terminals remains challenging
under varying operating conditions. This paper presents an enhanced Singular Value
Decomposition modulation technique (e-SVD) as a solution tailored to optimize reactive
power management on the MC input side, enabling both active and reactive power control
regardless of the power factor. The proposed method achieves input reactive power control
based on a reactive power gain, a quantity derived from the apparent output power and
defined by a mathematical expression involving electrical parameters and control variables.
Experimental tests carried out on a low-power MC prototype to validate the proposal show
that the measured reactive power gain closely aligns with theoretical predictions from the
mathematical expressions. Overall, the proposed e-SVD modulation technique lays the
foundation for more reliable reactive power regulation in applications such as microgrids
and distributed generation systems, contributing to the development of smarter and more
resilient energy infrastructures.

Keywords: matrix converter; power converter; modulation techniques; reactive power
control; power electronics

1. Introduction

The matrix converter (MC) is a power electronics device that performs direct AC—
AC conversion without bulky energy storage components. This device offers several
advantages, including high power density, high-quality low-frequency signals, bidirectional
power flow, and a controllable input power factor, among others [1-5]. Several modulation
techniques have been proposed for MC control [6], and new methods continue to be
developed, highlighting the current validity of the power converter as a research topic [7-9].

A notable feature of the MC is its ability to control the input power factor, which has
been explored to enhance the capabilities of the device. Several studies have proposed
controlling the MC to achieve unitary power factor operation upstream of the input fil-
ter [10-12], where the reactive power at the input terminals of the MC compensates for the
filter’s reactive power demand. Another approach enables operation with a controllable
input power factor over a limited range using space vector modulation (SVM) [13]. Reactive
power management is critical for MC operation and its interaction with the power grid.
As a result, research has extended beyond power factor control to directly investigate
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reactive power behavior at the input terminals. Ref. [14] presents an MC with an auxiliary
circuit designed to improve input reactive power control by introducing an additional
degree of freedom, albeit with increased control complexity to cope with the additional
hardware. Research [15] focuses on developing an input reactive power controller with
an active damping strategy for MCs used in wind power generation systems. In [16],
a modulation technique is proposed for a three-input, five-output (3X5) MC to maximize
input reactive power based on load conditions. The work presented in [17], introduces
a modulation strategy to achieve maximum input reactive power, based on the active or
reactive output power and the input-output voltage ratio. Similarly, ref. [18] proposes
several indirect modulation techniques that consider the output power factor to enhance
the MC’s input reactive power capacity. In [19], two additional modulation methods are
presented, showing improved performance compared to those in [18]. The last three pro-
posals aim to maximize input reactive power under specific load conditions. However, they
do not provide explicit mathematical expressions or clearly defined operating conditions
for precise reactive power control. Finally, Ref. [20] explores the use of Singular Value
Decomposition modulation (SVD-M) to improve the reactive power performance of a
permanent magnet synchronous wind generator by solving an optimization problem.

The MC has been proposed for various applications due to its advanced features,
including outstanding input reactive power control. Since its invention, the use of the MC
as a motor driver has been the most prominent and, consequently, the most extensively
studied [21-25]. Another important application is as a power-conditioning device installed
between distributed generation (DG) sources and the main power grid [26,27]. In this
context, the MC has been proposed as a controller for wind energy conversion systems
(WECS), managing the operation of different types of generators, such as in [28], where it is
applied to a doubly fed induction generator (DFIG); in [29], to an induction generator; and
in [20], to a permanent magnet synchronous machine. Similarly, the MC has been proposed
for power quality applications [30-32], as well as a power controller within the electrical
system [33], a static synchronous compensator [34-36], a unified power flow controller [37],
and a hybrid transformer [38].

To support the integration of the MC in power control applications within electrical
systems, this work proposes an enhanced Singular Value Decomposition (e-S5VD) modula-
tion technique. This technique consists of a set of algorithms derived from the conventional
SVD modulation strategy, designed to improve its performance. To the best of the authors’
knowledge, the SVD-M has not been thoroughly investigated in input reactive power con-
trol, apart from the results presented in [20]. The proposed method explores the capabilities
of SVD-M to manage reactive power at the input terminals while simultaneously supplying
both active and reactive power at the output terminals. Accordingly, a formulation for a
reactive power gain is developed, relating the apparent output power to the input reactive
power through electrical variables and controllable parameters.

The structure of the paper is as follows. Section 2 introduces the fundamentals
of the SVD-M. Section 3 details the principles behind the e-SVD modulation algorithm,
with a focus on voltage generation and reactive power management. Section 4 presents
experimental results that validate the effectiveness of the proposal. Finally, Section 5
summarizes the main conclusions of the work.

2. SVD Modulation Technique (SVD-M)

The SVD modulation proposed in [39] is a duty cycle modulation technique that
models the relationship between current and voltage at the MC terminals using space
vector signals. The topology of the MC is illustrated in Figure 1, where the modulation
strategy operates on signals at the input (abc), after the input filter elements, and at the
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output terminals (ABC), before the output filter. The modulation technique defines the
procedure for constructing the transformation matrix M, which links the output voltages
(Vapc = [va vp vc]T) and input currents (Ip = [ia ip ic]T) to the input voltages (V. =
[0a vy vc]T) and output currents (Iapc = [ia ip ic]T), as shown in Equations (1) and (2).
The matrix M is subject to the constraints described in Equation (3), which ensure the safe
operation of the matrix converter. In the SVD-M approach, the matrix M explicitly depends
on four parameters 6;, 6, 44, and q,, and is defined in Equation (4) [39].

Vapc = MV, 1)
Lpe = MT I4pc ()

mga  Mgp My

M= |mya mpp  mpc
Mea M MeC 3)
0<m; <1
=y = i=abcj=AB,C
mip + mig + mjc =1
B cos(fy)  cos(Bp—) cos(6p+)
M= 17,137% cos(fp-) cos(fpy) cos(6p)
cos(fp1) cos(6y)  cos(6,-)
6 6 Om—
4a+ s cos(0) cos(Bmt) cos(Bm—)
to3 cos(0pu—) cos(6y) cos(Omy)
cos(Om+) cos(Bm—) cos(Bm) @
1 1 11 c1 C 3
+§ 1 1 1|+ |1 2 c3
1 11 c1 ¢ c3

g ¢ c3
=M+ |1 ¢ c3],
1 2 C3

where angles 6 and coefficients c; (k = {1,2,3}) are defined as follows,

27

6p = 00 +60i, Ops =00 +0i — ==, 6y =60+ 6,
21
szgo_ei/ Gm—&-:eo_ei_?/ Gm—zeo_ei/

1 — max;{M1(i, k) } + min;{M; (i, k) }
3 — Yymaxi{Mi(i,j)} + X mini{ My (i, j) }

cp = —mini{M(i,k)} + Y min{M(i,j)} x
]- 1

In the SVD modulation scheme, the three-phase signals (abc) are converted into the a8
frame by the Clarke transformation, as indicated in Equation (5), to represent the signals
on the complex plane. The vector a + jB can be expressed in polar form as re/’, where
r=+/a?+ B%and 6 = atan2 ( g) . The three-phase input and output voltages correspond

to the complex vectors v;e/® and v,e/?, while the three-phase input and output currents
correspond to the vectors i;e/7i and i,e/7°, respectively.

Uq
Vave = | 0p 5)
Uc

(4

szﬁ = KVapes szﬁ = o
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Figure 1. Matrix converter (MC) circuit and peripherals.

In order to generate the output voltages and input currents, the input voltages and
output currents are projected onto a rotating dq reference frame defined by the angles
6; and 6,. This transformation yields the components v;; and vg; for the input voltages,
as shown in Equation (7), and the components i4, and iy for the output currents, as shown
in Equation (8).

-Udz' _|cos(6;) —sin(6;) Um'_
qu] B Lin(ﬂi) cos(6;) 1 L’ﬂi_ @)
[i40 _|cos(8,) —sin(6,) i
l‘qo‘| B [sin(@o) cos(6,) ] LﬁO_ 8)

Based on this set of signals, the dg components of the output voltages (v4,, v4,) and
input currents (iz;, i) are synthesized using the parameters g, and ¢, as described in
Equation (9). These components must satisfy the constraints defined by expression (10)

(See Figure 2).
Udo = 4d0di,
Ug0 = 4q0yis )
igi = qaido,

Igi = Gqlgo-
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94| + [94] <1
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max{|44], |g4|} < %

[~0.13, @]
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Figure 2. Accepted values for g4 and g, for the SVD-M.

Figure 3 illustrates the signals at the input and output terminals of MC involved in the
SVD-M scheme. The figure shows both the stationary reference frame (¢f8) and the rotating
reference frame (dq), which is defined by the angle 6. In this context, the input voltage
vector v;e/?i transitions to the output voltage vector v,e/?e, while the output current vector
ioe/7 transitions to the input current vector i;e/7i. These transformations are governed by
the parameters 0;, 0,, 4, 94 as described in Equation (9).

Figure 3. Input and output signal representation for the SVD-M.

3. Enhanced Singular Value Decomposition (e-SVD)

The SVD-M technique controls the operation of the MC through the parameters 6;, 6,,
q4, and q,, enabling the transfer of voltage from the input to the output terminals and the
flow of current from the output to the input terminals. The proposed e-SVD modulation
defines these parameters to synthesize the desired output voltages and to regulate the
transfer of input reactive power from the output apparent power, as detailed below.

3.1. Generation of Output Voltages

The components v, Vg and ig,, igo depend on the signals viej‘/’i and i,e/7, in addition

to the SVD-M parameters 6; and 6,, as described in Equations (11) and (12).
vg; = vicos(p; — 6;),

11
Ui = U; Sin((Pi — 91'). D

igo = 1o cos(yo — 6),

S (12)
igo = ipsin(yo — 6o).
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To establish the output voltage vector voe/? in the a8 reference frame, the dg compo-
nents of the output voltage, computed using Equation (9), are rotated by the angle 6,. This
transformation is represented mathematically in Equation (13).

Uno cos(6,) —sin(6,) | |v4o
=1 (13)
Ugo sin(f,)  cos(6o) | |vg0
By expanding and rearranging Equation (13), Equation (14) is obtained, which explic-

itly demonstrates that the output voltage depends on the input voltage v;, the input phase
angle ¢; and the SVD-M parameters 0;, 0,, q; and g;.

[vao] _ [vi cos(¢;—6;) cos(f,) —v;sin(¢;—6;) sin(Go)] [qd} (14)
Vgo v;cos(¢p; — 0;)sin(B,)  v;sin(¢; — 6;) cos(6y) | |44

Finally, by rewriting Equation (14) considering that the desired output voltages and
angles 6; and 6, are now input parameters, the required values for variables g, and g, are
obtained, as seen in expression (15).

cos(6o) sin(6,)
qa _l cos(p;—0;)  cos(g;—0;) | | Vo 15
- —sin(6,) cos(6,) v (15)
g P lsin(g-0)  singi-6) | LOP°

Therefore, the evaluation of the parameters g; and g, requires the desired output
voltage, expressed through its components vy, and vg,, along with the specification of the
angles 6; and 6,. To avoid singularities, the difference (¢; — 6;) must not be equal to 0 or
7%, as this would cause the input voltage vector to align exactly with either the d-axis or
the g-axis. The following conditions assess the constraints on the output voltage without
imposing limitations on the parameter 6, as detailed below.

3.2. Output Voltage Restrictions

The maximum achievable output voltage magnitude is determined by the constraints
imposed on the parameters q; and g4, as well as the components v;; and vy These
components are functions of the angle 6; and the known input voltage angle ¢;, specifically
through the term (¢; — ;). In this work, the angle resulting from this difference is treated as
a fixed value used to compute v4; and vg;, making them dependent solely on the magnitude,
rather than the phase angle of the input voltage vector. Consequently, by evaluating g4
and g, the achievable output voltage magnitude can be determined, with 6, treated as an
unrestricted, free parameter. This study considers two specific cases for evaluating the
output voltage magnitude: when (¢; — 6;) = /4 and when (¢; — 0;) = 71/6.

321.Casel, (¢i—0;) =

In this case, the evaluation of the dg components of the input voltage yields the
values presented in Equation (16), as illustrated in Figure 4a. Taking into account the con-
straints defined by Equation (10), the corresponding output voltage is shown in Figure 4b.
The achievable output voltage lies within the region bounded by the continuous gray line.
It can be observed that the voltage magnitude is greater near the dg axes compared to
the regions between them. To ensure a constant maximum output voltage magnitude,
the region enclosed by the dashed gray line, representing a radius equal to %, is considered.

Within this region, any output voltage vector with a magnitude less than or equal to
% can be achieved for any phase angle, without imposing restrictions on the value of 6,.

V2 V2 (16)

Ogi = TUi’qu = 701'-
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(a) (b)
Figure 4. Voltage vectors for (¢; — 6;) = /4, (a) input, (b) output.

322 Case2, (¢p; —0;) = %

This case considers a scenario in which the input voltage vector is positioned closer
to the dg axis compared to the previous case. As a result, the dg components of the input
voltage are given by Equation (17), as shown in Figure 5a. The corresponding output voltage
is presented in Figure 5b, where the achievable output voltage region is identified. The area
near the d axis yields the highest voltage magnitude, reaching up to 0.75v;. However, as in
the previous case, it is preferable to define a region with a fixed maximum output voltage
magnitude. Therefore, the region bounded by the dashed gray line, representing a radius
of approximately 0.433v;, is considered. Within this region, any output voltage vector with
a magnitude less than or equal to 0.433v; can be generated for any phase angle, regardless
the value of 6,.

V31 (17)

(@ (b)
Figure 5. Voltage vectors for (¢; — 0;) = /6, (a) input, (b) output.

3.3. Reactive Power Control at the Input Terminals.

The manipulation of reactive power at the input terminals of a MC depends on the
selected modulation technique. Some approaches are based on the input-output voltage
ratio (Gy), while others utilize the output active and reactive power in conjunction with
modulation parameters.

A number of studies have focused on determining the maximum achievable input re-
active power. For well-established MC modulation strategies, such as optimum-amplitude
modulation [2] and space vector modulation (SVM), the input reactive power could be
synthesized from the output reactive power, as expressed in Equation (18), and form the
active power, as shown in Equation (19) [20].

1-Gy
Go

Qin < Qout (18)
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-G
Go
Additionally, the maximum value of the input reactive power can be determined

Qin < Pout (19)

through the optimization problem formulated in Equation (20), although this formulation
does not yield an explicit analytical expression. Input reactive power can also be syn-
thesized from the output apparent power, as proposed in [17], where Equation (21) was
developed based on the input-output voltage ratio. Furthermore, in [39], Equation (22) was
derived, showing that the input reactive power also depends on the modulation parameters.
It is worth noting that these studies do not explicitly define the conditions and constraints
required to determine the valid operating range for the last two expressions.

max|I;| = max{M"'1,}

Vo =MV, (20)
Subject t0q Gy <k = |q4] + |q4| <1
max{|qal, |a]} < 2

1.5U;1, [Qmux —q Sin((])L)],
ol < if  q< qmaxsin(¢r) 1)
e 1.5U;1, cos(¢r) /9Pax — 92

if max Sin(¢£) < g < Gmax
Qin < VI (tan(ds) cos(61) cos(8r, — ¢r)

22
sin(6) sin(6, — ¢r)) “

1
tan(ds)

3.4. e-SVD Reactive Power

According with the instantaneous power theory, the relationships governing the input
and output power of the MC in the dg reference frame are expressed by Equations (23) and (24),
respectively. Likewise, assuming an ideal (lossless) MC, the active power at the input and
output terminals is equal, i.e., pout = Pin-

3 . .
Pin = 5 (Vaitai + 0gilgi),
3 ' . (23)
Gin = 5 (0gilai — Vailgi)-
3 . .
Pout = E(Udoldo + qulqo)/
3 (24)

Jout = E(Ut]oido - vdoiqo)

Subsequently, the expression for the input reactive power g;,, is reformulated using
the expressions introduced in Section 3.1. After applying appropriate simplifications, this
leads to Equation (25). The resulting expression depends on the modulation parameters
(6;,6,), the electrical output variables (vo, ¢, i, 7o), and the input voltage phase angle (¢;).

Gin = %[Uoio[tan(gbi —0;) cos(yo — 65) cos(¢o — 6,)
+ cot(¢; — 6;) sin(7yo — 8,) sin(¢o — 6o)])

(25)

In order to derive a simplified expression and define the reactive power gain (Gy),
Equation (25) is rewritten as Equation (26), which establishes the relationship between
the input reactive power and the output apparent power. This gain can be adjusted through
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the nonlinear dependence between the angles 6; and 0,. It is important to note that (G,) is a
periodic function of 8, with a period of 7.

G, = % — tan(¢; — ei)cos('yo + o — 26;) + cos(vo — ¢o)
cos(Yo — o) — cos(Yo + ¢po — 26,)
2

(26)

+ cot(¢; — 6;)

Accordingly, by incorporating the output voltage constraints discussed in Section 3.2,
and treating the parameter 6, as an unrestricted variable, the expression for the reactive
power gain in Equation (26) can be modified as detailed below.

3.4.1. Casel, (¢p; — 0;) = %i

By applying the conditions outlined in Section 3.2.1 to Equation (26), a simplified
analytical expression for the reactive power gain is obtained, as shown in Equation (27). To
further refine this expression, a change of variable is introduced in Equation (28), where
the new variable @, is defined in Equation (29). Substituting this into Equation (27) yields
Equation (30), which expresses the reactive power gain in terms of ®,. This final expression
reaches its maximum and minimum values of 1 and —1, respectively, under the conditions
D, — 20, = 0and ®, — 20, = — 7. Since 6, is treated as a free and unrestricted variable,
and the parameters ¢, and 7, are known, any value within the range of [—1, 1] can be
assigned to G;.

The graphical representation of Equation (30) is provided in Figure 6, where Figure 6a
shows a three-dimensional view of the model and Figure 6b presents the front view. These
figures illustrates the feasible region for Gq across all values of ©,.

Gy = cos(¢o + Yo — 26,) (27)
90 = ®o + Qbo (28)

o, = Po — Yo (29)

Gy = cos(P, —20,) (30)

22\ !
/-
/2
7

%N

722
i\
=

[SIE]

@)

Figure 6. Reactive power gain for G; = cos(P, — 20, ), Equation (30). (a) 3D view, (b) front view.

In the case where (¢; — 6;) = — %i, the reactive power gain represented by Equation (30)
changes to expression (31), resulting in the inverted version of the case where (¢; — 6;) = & .

3.4.2. Case2, (¢; —0;) = %i

Applying the conditions established in Section 3.2.2, Equation (26) can be reformulated
as Equation (32). Similarly, by using the change of variable introduced in Equation (28),
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the reactive power gain G, can be expressed as Equation (33). In this case, the maximum
and minimum values of G, are V3/3 and —/3/3, respectively. The maximum value is
achieved when 6, = +71/2 and ®, = +7, and the minimum occurs when 6, = +71/2 and
d, =0.

Expression (32) is presented in a three-dimensional representation in Figure 7a and in
a frontal projection in Figure 7b. These figures illustrate that the maximum and minimum
values of G; occur only under specific conditions, rather than across the entire domain.

:2cos(¢0 + Yo —26,) — cos(¢po — Vo)

G 32
q \/g (32)
2 D, —20,) — D
Gy = cos(D, o) — cos(D,) (33)
V3
1V3/3
1.0
V3/3
0 10
x 0
2
1.0 -1.0
—V3/3 d > 0 3 ™ ~V3/3
, B,
(a (b)
Figure 7. Reactive power gain G = 2C°S(©“72\%>7COS(Q“> (33). (a) 3D view, (b) front view.

3.4.3. Case3, (¢; — ;) = — &

This case exhibits the same voltage constraints as case 2; however, for reactive power
gain, expression (26) is reformulated as shown in Equation (34). The corresponding three-
dimensional and frontal views of expression (34) are presented in Figures 8a and 8b,
respectively. This visualizations clearly reveal an inversion in comparison to those depicted
in Figure 7.

2 cos(P, —20,) — cos(P,)
V3

An analysis of the G, expressions derived for cases 2 and 3 reveals that they can

Gy =—(

) (34)

complement each other to achieve higher G, values, considering that the parameter (¢; —6;)
is adjustable. Figure 9 displays the overlapping regions generated by expressions (33) and
(34), highlighting that a broader set of conditions for ®, can be considered to enhance
G4. However, in this scenario, it is necessary to know the specific value of ®, in order to
determine the corresponding angular difference (¢; — 6;).

Based on the preceding analysis, it can be concluded that the proposed e-SVD mod-
ulation strategy effectively defines the conditions necessary for generation a controllable
output voltage and achieving a reactive power gain. This is accomplished by assigning
appropriate values to g4, 44, 0;, and 0, derived from the electrical signals of the MC and the
desired output voltage. The implementing procedure for the e-SVD strategy is detailed in
Algorithm 1 below.

The modulation techniques presented demonstrate the capability to control reactive
power at the input terminal, albeit with limitations, as this control depends on the voltage
ratio and electrical parameters such as the power factor, and the active and reactive com-
ponents of the output power. In contrast, the proposed approach enables input reactive
power control based on the output apparent power, utilizing a mathematically defined
reactive power gain.
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_ V3/3
1 1.0
Q? 0 0
-1
_ -10
o, 2 F 4 o, ~V3/3 - i <I(>) 3 m ~V3f3
@) (b)
Figure 8. Reactive power gain G; = —(ZCOS(%_Z%)_COS@”) ), Equation (34). (a) 3D view, (b) front

view.

i o)
—=(27)

Figure 9. Overlay of the expressions (33) and (34).

Algorithm 1 e-SVD modulation

1: Inputs:
Vias Vip <= Va, Up, Ve > Input Voltage measurement
Voa, Uop €~ VA, VB, UC > Output voltage setting
lo, lop <= 14,1B,iC > Output current measurement

2: Initialize:

¢i + atan2(v,;, vg;)

Ui < V2 + 05,

¢o < atan2(vy,, Z)lgo)

Vo 4 /02, + v%o

Yo < atan2(ino, ig,)

8: iy < /12, + i}%o
9: Procedure:

10: ; < Set value for (¢; — 6;) >eg., 0 =¢;+71/6
11: 8, < Set value for 6, > evaluating G, with o, ¢
12: 44,4, < evaluating Equation (15)

13: M < q4,44,9,00 > Conventional SVD-M

4. Experimental Results

To validate the effectiveness of the proposed method, experiments were conducted
using a low-power MC prototype integrated into a small-scale test power system. The
objective of the test was to demonstrate control of the reactive power at the MC input
terminals based on the apparent output power, while maintaining constant output voltage
and current waveforms.

The experimental setup emulates a low-scale three-phase transmission system compris-
ing a line impedance, a coupling transformer, and the MC equipped with input and output
filters. The MC prototype was assembled using HGT151260A4DS IGBT modules. The
filter components were selected as follows: L; = 1.0 [mH], C; = 6.8 [uF], L, = 0.56 [mH],
and C, = 6.8 [uF]. The peak input and output voltages were 100 [V] and 30 [V], respectively,
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with a transformer turns ratio of 2.3. A schematic of the experimental setup is shown in
Figure 10, while Figures 11 and 12 display the physical implementation and the MC proto-
type, respectively. Power measurements were acquired using the Labvolt Data Acquisition
and Control Interface (DACI), with signals recorded at the input terminals of the MC input
filter and at the secondary side of the coupling transformer.

Figure 11. Experimental implementation of the power system under test.

y e G

Figure 12. MC prototype.

MC control algorithms are implemented in the microcontroller TMS320F28379D,
produced by Texas Instruments (Dallas, TX, USA), along with the four-step current com-
mutation strategy within the same device as described in [40]. The voltages v,4 and v,; are
set by a proportional integral controller to achieve a voltage at the transformer secondary
terminals with a deviation from the output voltage of Av;=3 and Av; = —2, resulting in an
active and reactive power of 23.85 [w] and —13.93 [var]. Consequently, the resulting power
factor causes ®, have a value of —0.3877 [rad] from the experimental data.

The experimental validation of the proposed method comprises two tests. The first
evaluates the input reactive power response to variations in the control parameter, aiming
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to validate the concept of reactive power gain. The second test examines the transient
behavior of the voltage and current signals in response to changes in the control parameter.
These tests are described below.

4.1. Test 1

The first experimental test considers a variation in the variable Af;, assigning the
values of 7, =%, 7, and -* during four time periods defined as cycles I, II, III, and 1V,
respectively. For each cycle, A, changes in steps of {¢ from = to 7, corresponding to one
reactive gain period. Figure 13 presents the active, reactive, and apparent input powers,
while Figure 14 shows the active, reactive, and apparent output powers at the secondary
terminals of the coupling transformer. It is worth noting that the MC low efficiency in
terms of active power is due to its operation at the low power level set by the transistors.
Additionally, reactive input power exhibits an offset due to the capacitor of the input filter,
which must be eliminated in order to evaluate the reactive power at the input terminals of
the MC, Qinmc'

In Figures 13 and 14, during cycle I, Af, starts with a value of =7, then it changes for a
whole period. For the other cycles, variable Af, changes as indicated until completing two
periods. It must be noted that during cycles I and II, the reactive input power signals show
opposite behavior concerning the mean value. Therefore, the controllable input reactive
power range is the same in both cycles. Finally, during cycles IlI and IV, the input reactive
power curves are scaled and shifted up and down with respect to cycles I and II. On the
other hand, it can be observed that unitary power factor operation is reached only in cycle
IV, and a lower value of —100 [var] is achieved only in cycle III.

150 6 II o 111 = v

100 |- A

0
-50
—— Py W]
-100 ———Qin [var]
Sin [va]
-150- ‘ i ‘ ‘ ‘ —— Qumelvar]| |
100 200 300 400 500 600 700 800
Time [s]

Figure 13. Experimental measurements for active, reactive, and apparent input power.

40 - I 11 11T 1V ]

QOWMWM

ok N

W

20 ¢ ]

4oL ]
—goum [[W] ]

-60 |- Soms [va] |

1 1 1
100 200 300 400 500 600 700 800
Time [s]

Figure 14. Experimental measurements for active, reactive, and apparent input power at the
transformer secondary terminals.
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The evaluation for each section considers the theoretical gain and the normalized
experimental gain to validate the proposal, where the normalization helps to represent the
gain variation from Af,.

4.1.1. Section I

For Af; = § and ®, = —0.3877 [rad], the reactive power gain in Equation (30) takes the
values shown in Figure 15. The experimental powers in the system are shown in Figure 16,
where the input—output active power waveforms are similar, while the input reactive and
apparent power changes as does the parameter Af,. Calculating the ratio % to normalize
the gain by dividing it by the max value (1.48), results in the values shown in Figure 17,
which corroborate that the gain exhibits a similar behavior as the theoretical result.

“,TT S

INEWS
joe]
el

EIEIS

Figure 15. Theoretical reactive power gain at Af; = I and ®, = —0.3877 [rad].
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Sin [val -80 + ——— Qouts [var]
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Figure 16. Active, reactive and apparent powers while Af; = T at the (a) input and (b) output.

100 120 140 160 180 200
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Figure 17. Experimental normalized reactive power gain at Af; = § and ®, = —0.3877 [rad].
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4.1.2. Section IT

For A9; = — 7 and @, = —0.3877 [rad], the reactive power gain takes the values shown
in Figure 18, resulting in a negative version of the previous case. The experimental powers
in the system are shown in Figure 19, where the input reactive and apparent power present
the opposite behavior to that shown in the previous case. Again, calculating the ratio %
to normalize the gain by dividing it by the max value (1.48), indicated in Section 4.1.1,

results in the gain shown in Figure 20, validating the theoretical result.

ool |
ISERS
[oe]

voln -

Figure 18. Theoretical reactive power gain at Af; = — 7 and ®, = —0.3877 [rad].
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Figure 19. Active, reactive, and apparent powers while Af;= —7 at the (a) input and (b) output.
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Figure 20. Experimental normalized reactive power gain at Af; = —F and ®, = —0.3877 [rad].
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4.1.3. Section IIT

Considering for this case that Af; = —Z and ®, = —0.3877 [rad], the reactive power
gain in Equation (32) takes the values shown in Figure 21. The experimental powers in the
system are shown in Figure 22b, where the input reactive power is not centered at zero vars
due to the presence of a negative offset. As in the previous cases, the gain is normalized
using the ratio value QS%Z’C and dividing it by 1.48. The result is the gain curve shown in
Figure 23, which presents a waveform similar to the theoretical prediction with only a small
difference in the maximum values.

sl 1]

o
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Figure 21. Theoretical reactive power gain at Af; = £ and ®, = —0.3877 [rad].
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Figure 22. Active, reactive, and apparent powers while A; = ¥ at the (a) input and (b) output.
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Figure 23. Experimental normalized reactive power gain at Af; = % and &, = —0.3877 [rad].
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4.1.4. Section IV

In this last case of test 1, Af; = — 7 and ®, = —0.3877 [rad], the reactive power gain
in Equation (32) takes the values shown in Figure 24. Figure 25b shows the experimental
powers in the system, where the input reactive power has a positive offset value, achieving
negative and positive values. Normalizing the gain as in all previous cases, Figure 26 is
obtained. Again, this curve presents a waveform similar to the theoretical gain, except for
small differences in maximum values.

1+ i
§0§0 [ T [ ) (] T I
¢ | l l .
B _‘;1 ,‘S_W _‘E _‘1 6

0o

Figure 24. Theoretical reactive power gain at Af; = — % and ®, = —0.3877 [rad].
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Figure 25. Active, reactive, and apparent powers while Af;= — % at the (a) input and (b) output.

760 780 800 820 840 860
Time [s]
Figure 26. Experimental normalized reactive power gain at Af; = fracrt6 and ®, = —0.3877 [rad].
As a general conclusion from the first test, the results confirm that the proposed

technique effectively regulates the input reactive power by adjusting the reactive power
gain, as detailed in Section 3.4. This evaluation required extended measurement periods
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to accurately capture the active, reactive, and apparent power values. To complement
this analysis and assess the system’s instantaneous response, a second test was conducted
over a shorter time frame, focusing on the transition between two operating conditions
previously examined in Section 4.1.4. during the first test.

4.2. Test 11

As a second test, voltage and current signals at the input and output terminals of the
experimental power system are measured under the variation in Af, at values _T” and _1—?,
while Af; has the fixed value of _T”. The value of _T” in Af, corresponds to the start of cycle
IV in Figure 13, with a positive value of input reactive power. On the other hand, the value
of 5 corresponds to the time of 700 [s] in Figure 13, where there is a negative value in the
input reactive power. Hence, test II evaluates the system’s response to variations between
positive and negative reactive power values.

Figures 27 and 28 show phase c voltage signals of the experimental power system,
when the value of A, changes from 57 to —* and from = to 7Z, respectively. The value
=& corresponds to the operation where the current lags the voltage, i.e., inductive behavior,
while for %T the current leads the voltage, i.e., capacitive behavior.

In these figures, it can be observed that the variation in the parameter Af, instantly
modifies the input current waveform, while the output signals remain invariant. Addi-
tionally, it is appreciated that the magnitude of the input current also changes, as does
the controllable value. Similarly, the power factor changes according to the phase angle
difference between the input voltage and current signals.

100
50
i
ok
S
-50
-100 L I I L -
-0.06 -0.04 -0.02 0 0.02
Time [s]
@)
i
r
S
I I I L] -2

-40 1 1 1 1 1 1
-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03

Timels]|
(b)
Figure 27. Transition for A, from 3 to —7 (voltage on the left axis (gray), current on the right axis
(black)). (a) Input and (b) output.
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Figure 28. Transition for Af, from —7 to 5Z (voltage on the left axis (gray), current on the right axis
(black)). (a) Input and (b) output.

5. Conclusions

This paper proposed the enhanced Singular Value Decomposition modulation tech-
nique (e-SVD), a set of algorithms that determine the SVD modulation parameters required
to control the MC operation. The e-SVD strategy allows the generation of a controlled
output voltage in the MC, with limited magnitude but for any phase angle, in addition
to a controllable input reactive power dependent on the apparent output power. Further-
more, an important contribution of this work has been the deduction of a deterministic
mathematical expression for the relationship between the input reactive power and the
output apparent power in the MC, which allows precise control of the input reactive power
value within a continuous region with established limits. This contribution is expected to
facilitate the integration of the MC into a wider range of power compensation applications.

Finally, experimental tests were performed on a low-scale prototype of a power
transmission system to validate the effectiveness of the proposal. Through a series of tests,
it was verified that it is possible to achieve the operational objectives set for the MC in
terms of input reactive power control and output voltage generation.
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