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Abstract—This paper proposes a novel PWM modulation algo-
rithm for Multiphase Conventional Matrix Converters (MCMC),
with 3 inputs and % outputs, using the transfer function of
the load angle. The proposed approach extends the range of
power angle control at the input during the operation with a
maximum voltage transfer ratio. The proposed concept is based
on the Direct Analytic Voltage PWM (DAV-PWM) modulation
with an elliptical trajectory of reference load voltages. The
proposal has been verified using the circuit simulation in PSIM
software, symbolic analysis using Matlab, and finally through an
experiment.

Index Terms—matrix converters, AC/AC synthesis, pulse width
modulation, input angle displacement control.

NOMENCLATURE

j Imaginary unit v/—1.

t Time.

T  Transposition of the matrix.

v;  The analytic input voltages matrix.

= [Vi1x, Vizx, Vizx) T — the real parts of v;.

= [vi1y, Vizy, Vizy| T — the imaginary parts of v;.
v, The analytic output reference voltages matrix.
k  Number of outputs.

= [Votx, -+, Vokx] | — the real parts of v,.

= [Uoly, e voky}T — the imaginary parts of v.
i;  Averaged input currents [is1, 52, %3]
i,  Measured output currents [io1, ..., lok
D PWM duty cycle matrix with size 3 x k.
¢;  Input displacement angle.

o Output displacement angle.

7.

w; = 2w f;, where f; is the input frequency.
w, = 2mf,, where f, is the output frequency.
;= wjit the input voltage angle, 1; €< 0,27 >.

1o = wot the output voltage angle, 1, €< 0,27 >.
a, b Semi-major, semi—minor axis of ellipse.

q = V,/Vi, voltage transfer ratio equal to a.

r Trajectory of reference voltages.

IT  Voltage synthesis field.

TrwnmModulation period.

fs  =1/Tpwwm sampling frequency.

I. INTRODUCTION

HE Multiphase Conventional Matrix Converter (MCMC),
shown in Fig. 1, is fed by a three—phase sinusoidal
voltage source, which is connected to the load terminals using
the true bidirectional semiconductor switches arranged into
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a 3 X k matrix topology [1]-[3]. Such configuration can be
divided into k cells with sij, Sor, and s3i switches. The
single switch can be built from two transistors with two
diodes or two RB-IGBT devices [1], [4], [5]. Each cell should
be controlled to prevent line—to-line short circuits and to
maintain a continuous load current flow [6], [7]. Comparing
to AC/DC/AC back-to-back converters with large capacitors
in DC-link, the matrix topology allows for direct AC-AC
conversion using the small input filter, which is an advantage
of these solutions. An important feature of the MCMC control
is the possibility to adjust the input displacement angle ¢;
shown in Fig. 2 [8]-[10].
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Fig. 1. The topology of the MCMC converter.
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Fig. 2. General application scheme.

When MCs operate with the maximum voltage transfer
ratio, it is not possible to change the input displacement angle
using the standard modulation algorithms [1]. Hence, it is
not possible to fully compensate for the offset introduced
by the required input capacitive filter shown in Fig. 2. The
zero value displacement angle may require a reduction in the
voltage transfer ratio, which is disadvantageous. On the other
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hand, reactive power generation may increase electricity bills.
Matrix converters are very often used in the electric drive
[1], [2]. However, the potential use of matrix converters is
not only limited to these applications. This converter’s type
has been suggested to interconnect two independent power
grids of different voltages and frequencies for the active
and reactive power flow control between them [11]. The
direct power control using Unified Power—Flow Controllers
(UPFC) based on matrix converter, which does not have a
large capacitors bank in the DC-link, could be an interesting
alternative to classic solutions [12], [13]. The matrix converter
can be also applied to compensate lagging power factor loads
using inductors instead of electrolytic capacitors for energy
storage. A concept of the capacitorless static synchronous
compensator (STATCOM) with the model predictive control
has been presented in [14]. Some papers deal with regulators
and compensators for AC grids based on a hybrid transformer
with a matrix converter realizing electrical coupling in that
unit [15]-[17]. Extending the range of power angle control at
the input of the MC increases the application potential in the
area discussed above.

One can distinguish two general approaches to an input
power factor control among the fundamental modulation meth-
ods. The first approach assumes that such a control is realised
independently of the angle between the load voltage and
current. In this case, only the stationary and zero vectors
are involved in the switching sequence, and that concept
of modulation is typical for direct, indirect and predictive
methods based on the Space Vector Modulation (SVM) [1],
[3]. If one neglects the shift generated by the applied input
filter, which is shown in Fig. 2, the common relation between
the input angle ¢; and the voltage gain ¢ for topology 3 x k,
can be written as follows

¢i(SVM) = f(qv k) = arCCOS(q/Qmax)v (D

where gmax 1s the maximum voltage transfer ratio for the given
system [18], [19]. For k equal to three and zero displacement
angle, value of gn.x is no greater than 0.866. However, the
power factor less than the unity will decrease the voltage
transfer ratio. The second fundamental approach to control
the input displacement angle ¢; was proposed by Venturini
and Alesina, and is based on the direct transfer functions [1],
[3], [20], [21]. This solution allows for obtaining ¢; in the
range

®i(VENTURINT) = 9 * Pos (2

where g €< —1,1 >. However, the drawback of this method
is that the voltage transfer ratio cannot exceed 0.5. Moreover,
the AC machine power factor varies according to the actual
load condition and the range of ¢, is relatively tiny. Thus,
the range of adjusting the input displacement angle ¢; is not
effective for this type of application, and the superiority of
SVM methods is indisputable here.

Extending the range of reactive power control in MC
requires an analytical model. In three-phase systems, due to
the symmetry of the system, such a model is proposed in two
orthogonal references frame, for the input current and output
voltage, respectively. Such reference frames contain a certain
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number of the selected vectors among the stationary, rotating
and zero vector groups. Such a grouping is characteristic of
the space-vector approach PWM modulation method. The re-
lationship between the quantities at the input and output of the
system can be represented by the fundamental transformation
matrices. The PWM duty cycles are elements of these matrices
and have to be finally calculated. Solving such a system of
matrix equations requires the use of parametric dependencies
or the use of linear programming algorithms. The implemen-
tation of such a general solution is not suitable for industrial
implementation in real-time processors. Therefore, simplified
solutions have been developed in the form of the direct and
the indirect PWM algorithms [1]-[3].

Increasing the power angle control range can be realized
by applying a mentioned general solution with computation
effort. This methodology can be found in the work [22].
The disadvantage of this approach is the large number of
systems of equations to be solved. If the number of outputs
is greater than 5, the implementation of such an approach
method becames quite complex in the practice because the
total number of vectors involved by the Clarke transform
is 3*. An introduction of the known physical restriction of
the conversion in CMC, such as limitation of the output
voltage generation to the input voltage envelope, may reduce
the modelling problem. A mathematical method for MC 3x3,
which enhances the control range of input reactive power was
presented in [23]. A lot of attention was paid to the description
of mathematical constraints, a number of limitations were
formulated. However, no explicit formulas for the PWM duty
cycles for the proposed solution were finally given for the zero
vectors. Similar considerations, also only for the 3x3 topology,
are presented in [24]. The proposed solution is also based
on the mathematical model. In comparison to the previous
publication, the problem of the zero-sequence component and
its constraints is explained. A complex analysis of the control
extension, but for the sparse type MC, is presented in [25],
but considerations do not cover the case of a larger number
of output phases greater than three. A modulation technique
for a 3x5 MC achieving a maximum input reactive power
range, based on the load information, was proposed in [26].
However, implementation requires a proper setting of the
free parameters in the optimisation formulas using complex
formulas. With the increase of the number of output phases,
the restrictions become more complex, and thus, the solution
to the optimization problem is more difficult to obtain.

PWM modulation algorithms are developed using the space-
vector approach and the Clarke transformation. For systems
with fewer phases, this is the standard and effective approach,
which also allows the input power angle control range to
be extended. However, as research shows, as the number of
phases increases, practical implementation of these solutions
becomes very difficult. Thus, simpler way of presenting the
problem and solving it is needed. Therefore, the goals of the
considerations presented in the article are:

(A) reduction of the number of vectors needed to solve the
problem,

(B) discussion of the influence of common—mode voltage on
modulation properties,
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(C) simplification and acceleration of the calculation of the
PWM duty cycles,

(D) replacing a complex algebraic optimization with an equiv-
alent graphical arrangement,

(E) and finally, proposing a truly universal solution for mul-
tiphase systems.

Points (A)—(C) are presented in section II and have a general
form. Detailed descriptions of (D) and (E) are moved into
section III. Results are presented and discussed in sections
with simulation, experimental research, and conclusions.

II. THE CONCEPT OF THE GENERAL SOLUTION

According to the concept proposed in [27], the input and
reference voltages of MC3x3 can be represented by the Hilbert
pairs, which consist of the real and the imaginary component,
as shown in Fig. 3. These components are orthogonal to each
other and can be represented by the set of the rotating vectors
in zy plain. The set of input vectors moves in the II; plane,
and the set of reference vectors moves in the II,. plane. The
angle

o= /(II;,11,) 3)

between these planes can be used to demonstrate the three
main cases shown in in Fig. 4. The layout shown in Fig.
4(a) corresponds to the approach proposed by Venturini. Fig.
4(b) shows the graphical arrangement, which allows for devel-
oping the space-vector PWM methods [28]. Case (c) shows
an intermediate solution that allows obtaining the maximum
voltage transfer coefficient and a certain range of additional
adjustment of the power angle at the input. The projection of
the reference voltage trajectory ', onto the xy plane (circle,
line or an ellipse) does not have to fit inside the synthesis field.
The collection of points, which correspond to the reference
voltages, can be freely shifted inside the synthesis field and
such an operation does not impact the generated line-to-line
voltages. However, in general, adding the shift vector to the
reference vectors changes the waveform of the common-mode
voltage and number of switching. Considering the application
of the elliptic trajectory, at least three shifting strategies can
be briefly described.

The first layout, shown in Fig. 5(a) corresponds to the case,
in which all reference points are located in the middle area of
the triangular. The PWM duty cycles can be calculated using
the simple rational functions for that arrangement, as follows

din diz dis 1 A A Agg
Dy = | dor daa doz | = A Agr Agy Aogg
d31 dsz ds3 1231 Ag1 Agy A33( :

where symbol A corresponds to an appropriate a triangle’
area depicted in Fig. 6, which can be calculated using the
second-order determinant with x and y coordinates [29]. If
the reference voltage does not slide along the edge of the
triangle or stick to its vertex, then the waveforms of the PWM
duty cycles are continuous. The total number of switching can
be reduced by the connection of one of the reference points
to one of the vertices of the synthesis field for some time. In
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Fig. 3. The input and the reference voltages for MC3x3: (a) as the orthogonal
pairs, (b) as the rotating vectors.
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Fig. 4. Modification of the II, plane orientation.: (a) for Venturini method,
(b) for space—vector PWM, (c) for the proposed approach.

such conditions, the matrix of the PWM duty cycles can be
expressed as

1 0 0
Dy =| d21 da2 dos 5
d31 d3z ds3

Initial research found that the discontinuous modulation type
II, depicted in Fig. 5(c), is the optimal approach because
it allows for both, decreasing the number of switching, and
simple shifting of an ellipse. The matrix of the PWM duty
cycles can be rewritten as

din diz2 O
Dey=| 0 d dos (6)
d3y dz2 ds3

The next section focuses on a detailed explanation of the
chosen variant of the PWM modulation.
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Fig. 5. Three variants of displacement way of reference points.
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Fig. 6. An area of triangles as PWM duty cycles: (a) for the first load phase,
(b) for the second load phase, (c) for the third load phase, (d) area of the
synthesis field used as a normalisation factor in (4).

III. DAV-PWM MODULATION WITH AN ELLIPTICAL
TRAJECTORY OF REFERENCE OUTPUT VOLTAGES

The proposed algorithm is implemented in 4 steps. In the
first step, the input v;

cos (1)
cos(tp; — 2m/3)
cos(th + 2m/3)

jsin(¢s)
jsin(v; — 27/3) @)
jsin(ys + 27/3)

vi=V

and reference load voltages v, are calculated

a cos(,) jbsin(¥,)
acos(i — %ﬂ) jbsin(, — 2?”) ¥
acos(tho + ZF)  jbsin(iho + ZF)

Vr:‘/i

where a €< 0, ¢max > 1S a semi—major axis, b is a semi—
minor axis of the ellipse. Next, two calculated ellipse offset
coordinates [vsy, VUsy| are added to each point that represents
the load reference voltage v,

acos(9o) + Vsx J(bsin(v,) + vsy)
GCOS(% - 2?77) + Usx j(bSin(wo - 2%) + vsy)
GCOS(% + 2?77) + Usx j(bSin(wo + 2%) + vsy)
©)

Vo:‘/i
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In the case of k—output converter, the output voltages v,, can
be expressed as

Usx jvsy
Volkx2] = Vr[kx2] + el e (10)
USX jvsy [kxg]

All required PWM duty cycles are calculated in step 4 using
(4) for any reference points’ positions. Note, that only the
real part of the output voltage v, generates the voltage across
the load. The imaginary part of this vector does not impact
the average line—to-line output voltage. Any operation on the
imaginary components is realised for the input displacement
effect or obtaining a specific harmonic content in the input
current. While the imaginary value for the output voltage in
(9) can be given explicitly, the imaginary (orthogonal) part of
the input voltage in (7) has to be computed. The grid voltages
can be represented by rotating vectors with pulsation wj, which
are shown in Fig. 3(b). In the case of the sinusoidal source,
the real = and the imaginary y coordinates of these vectors can
be calculated using various approaches using the Quadrature
Filter, the Second Order Generalized Integrator structure or
applying the Clark transform [28], [30]. The procedure of
determining the shift vector plays a key role in the proposed
modulation. The next subsection clarifies a basic idea of the
shift-vector computation.

A. Calculation of the shift—vector coordinates

There are two proposals in this subsection. The first one is
addressed to the case, in which the number of outputs is less
than 8. For the remaining cases, a slightly different approach
is proposed in the second subsection’s part. The difference
is that in the first case, the operation leads to a shift of the
collection of the reference points (voltages) towards the inside
of the synthesis field, while in the second solution, the entire
trajectory should be shifted.

L. Solution of the shift—vector calculation for k < 11

Adding the shift-vector is required for an appropriate
displacement of the reference points in the synthesis field.
These points move on an elliptical trajectory, thus it is enough
to find two characteristic points and move them so that they
will be exactly on the edge of the triangular synthesis field
- this corresponds to the case illustrated in Fig. 5(c). A
single point, which is moving along the ellipse becomes
the characteristic point if its distance from the edge of the
triangle is the greatest — if the point lies outside the synthesis
field, or the value is smallest — if the point resides inside. A
distance criterion, expressed by the following formula

- i 1
h " Vigx  Vigy
Al 2ean g (o e 1 (an
p vrpx vI‘py 1
should be calculated for each reference point and two selected
lines given in the slope—intercept form y = max+n. A variable
g is the index of the first input voltage, while /A corresponds
to the second input voltage, and both voltages lie on the same
line, which is one of the triangle edges. Considering the case
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Fig. 7. A concept of I" displacement using the shift-vector in the xy plane
for k < 11.

shown in Fig. 7, which correspond to the CMC3x7 converter,
two sets of the distance criterion can be proposed

AB2l = min JABA ABA 7132
1 2 9 7 (12)
AR = min § ABT AR AR

The indices of the two characteristic points are equal to the

indices of the two minimal elements from (12),

[2,1]
4

AlB2]

= A[3’72] and AU = A (13)

hence, the search values are 7 and 4. Now it’s enough to solve
the following system of equations

U7y + Vsy = M3z - (Uy7x + Vsx) + N3z 14)
Urdy + VUsy = Mo1 - (Ur4x + st) + no1
with conditions
{ms2,n32} = { {Zzzi ,Vigy — Ma2-Viax} < |vigsx| >0
’ {0, vizy } & Vi3 =0
vialy (15)
{ma1,n21} = { {R’ Vigy — Ma1Vizx} & [Vigk| >0
7 {0, vizy } < vigix =0
(16)

where vgx and vgy are the unknowns in the equation (14) and
can be found using the determinant method. The formulas for
the shift-vector coordinates can be calculated finally based on
the following equations

Vr7y —Urdy —M1 ' Vr7x+M2 Vrax—N1+nN2

vSX

mi1—mso
_ m1-(UrrxFVsx ) +M2- (Vrax+Vsx ) FN1+n2 —Vr7y —Uray an
Usy = 2

The calculations for the other two cases are analogous. It can
be noticed that the calculation complexity of the shift-vector
coordinates is the same for any number of the converter’s
output.

I1. Solution of the shift—vector calculation for k > 11

For a large number of outputs - greater than 7 - the maximum
voltage transfer ratio is near 0.75. In this case, only the

: é)ermittpd,_ but republication/redistribution requires IEEE permission. See http://www.ieeeor%
Authorized licensed use limited to: Politechnika Gdanska. Downloaded on December 28,2021 at 12:56:28 UTC from I|E|

i Yo=moTtng |

0.5
yo N\~
0.5 -1
1
13593 0 05 1 sl

Fig. 8. A concept of I' displacement using the shift-vector in the zy plane
for k > 11.

a>0.5

a<0.5

Fig. 9. Input voltage sectors.

trajectory I' depicted in Fig. 8, is shifted, and no matter how
many reference voltages move on it. The shift-vector vy = wp
is calculated using coordinates of points p and w

VUsx = Wx — Px (18)
Usy = Wy — Py
where
Px = T2 T
_ mimsemamy (19)
by = mi—mso

The point w is the triangle vertex, which is the nearest to
the intersection point p of two non—vertical straight lines, y;
and y, parallel to the line-line voltage vectors. These two
auxiliary straight lines are tangent to the master ellipse marked
by the dotted line. Table I presents the final solution, which
has been elaborated for each of the six input voltage sectors,
shown in Fig. 9.

B. The range of a and b parameters.

The range of a parameter depends on an odd number of
converter’s outputs k, while the range of b parameter is a
function of a

ar e {0, 22N e (0 ba)  QO)
2-Cos(ﬂ)
and by . can be calculated as follows

cos("(kal)) -1 V3

. w(k—1 . w(k—1
\/gsm(%) QSIH(%)
The maximum value of the by mna.x parameter for the given

value of k£ is shown in Table II. The maximum value of
b, within the linear modulation range, can be determined

2

bk max — Ak max °
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TABLE I
DATA NEEDED TO COMPUTE THE SHIFT-VECTOR IN EACH INPUT VOLTAGE
SECTOR FOR k > 7.

for a > 0.5
Si w mi n1 m2 n2
81 Vi2 ij% =& % —&2
52 vi1 % &1 % &2
53 Vi3 Zﬁ% —&1 % —&2
s4 vi2 Zjii &1 Z:z% &2
55 vi1 Zﬁ% —&1 % —&2
56 Vi3 Z:z% &1 Z:g% &2

for a < 0.5
Sy w mi n1 m2 n2
81 Vi1 % &1 % —&2
52 Vi3 % &1 % —&2
53 Vi2 % 31 Z;z% —&2
s4 win Ziii —& % &2
55 Vi3 % —&1 Z:;% &2
56 Vi2 % —&1 Z:Z% &2

where €1 = {/bmax? + (am1)? and &2 = 1/bmax? + (ams2)?

TABLE II
THE MAXIMUM VALUE OF THE b, ax PARAMETER.
k Gmax bmax
3 0.866 0.134
5 0.788 0.072
7 0.769 0.051
11 0.757 0.031
13 0.755 0.026

by the analysis of characteristic positions of an ellipse and
its intersecting points with the edges of the synthesis field.
Assuming the maximum semi—major axis a of an ellipses
I', shown in Fig. 10(a)—(b), it is apparent that at least three
of these points belong both, to an ellipse, and the synthesis
field. For £ > 11 another general solution can be proposed.
There are two general cases for consideration. In the first case,
shown in Fig. 10(c), the semi—major axis a is greater than the
semi—minor axis by,,x of the ellipse defined by the following

parametric formula
ar = a-cos (o) +a—0.5
! 22
yr = bmax + Sin (wo) ( )

where

0.5
bmax = f(a) o= n? —a? - m?
m = s (23)
Vi3x —Vilx
;=0
n = Ugy — M- Vigx +m- (a—0.5)
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(d)

Fig. 10. Characteristic positions of the ellipse I' inside the synthesis field:
(a) for CMC3x3, (b) for CMC3x5, (c) and (d) for CMC3xk and k£ > 11.
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(@) b= f(a) (b) ¢ = f(9007 ag max)

Fig. 11. Applicability range: (a) of an ellipse parameters, (b) of an input
displacement angle control for maximum voltage transfer ratio.

For a = 0.75 the semi—minor axis b is zero. When a < 0.5
the maximum value of the semi—minor axis can be elaborated
using a graphical arrangement depicted in Fig. 10(d). The
parametric form of an ellipse can be expressed as

xr = a - cos (¢)
yr = bmax - sin ('(/)o) +b—-0.5 (24)

where <05 n2 095 5
a<0. 25— (m-
binax = f(a) “Z %
1/);::#/6 Vigy —Vi1
m - 'UiSi*'Uili (25)
Yi=—7/6
n = 1

The proposed second modulation variant, for £ > 11, does
not allow for a non-zero setting of the input displacement
angle at the input of the system when MC operates with the
maximum voltage transfer ratio. A theoretical applicability
range of the proposed modulation is presented in Fig. 11.

C. The control of an input power factor

For a given output displacement angle ¢, and the load
current amplitude I,,x, the input currents in a3 plane can
be analytically expressed as

tia (V1) = Imax - (a - cos(ipo) - cos(1;) — b - sin(p,) - sin(h;))

iip(1i) = Imax - (@ - c08(po) - sin(4hi) + b - sin(gp,) - cos(¢i))
(26)

Equations (26) can be transformed to the form, in which
the current’s vector [iio (¢; = 0), 45 (¢ = 0)] with a constant
start position is multiplied by the rotation matrix R as follows

liia (¥i) , 4B (¥1)] = Imax-[a - cos (¢,), b - sin (¢o)] - R (27)
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e () —sin (%)

COS i — Sin i

sin (¢1)  cos (1) 28)
Thus, the tangent of the input displacement angle can be
derived directly from (27)

b
tan(¢;) = o - tan(yo) (29)

The comparison of two DAV-PWM algorithms with the
straight-line (denote by subscript L) and the elliptic (denote
by subscript E) trajectory is presented in Table III.

TABLE IIT
THE COMPARISON OF DAV-PWMj, AND DAV-PWMEg.
DAV-PWMp, or SVM DAV-PWMg
i cos(¥) cos(¢s) — cos(¥)
sin(v;) sin(¢;)
U'{% c0§(1j)i) sin(¢;) + sin(v);)
sin(v;) cos(¢s)
U?/% q COS(wo) + vsx a COS("!’O) + Vsx
U(‘)}iy Vsy b Sin(’tl)o) —+ Vsy
Jmax g3 max = 0.866 see Table II
411 max = 0.75
i goos(po)cos(gi+1)  acos(pa) cos(y) -
bsin(po) sin(t);)
. geos(io) sin(@i + 1) a cos(po) sin(¥) +
bsin(po) cos(vi)
foR direct indirect by (29)
control
PWM discontinuous discontinuous - section A.I,
method continuous - section A.Il

The comparison of the DAV-PWM;, with Venturini and
Extended Venturini method has been done in paper [27]. The
next comparison of this algorithm with the SVM method has
been performed in work [30]. As can be deduced, the control
of the input displacement angle in the case of DAV-PWM,
is direct and depends on the angular shift of the input voltage
vectors. However, the DAV-PWMEg method of modulation
allows for transferring the output displacement angle to the
input. The comparison of an input displacement control range
for these modulation methods is presented in Fig. 12. The
simplified diagram of the proposed DAV-PWME modulation is
presented in Fig. 13. The green colour accentuates the change
in the case of the number of outputs greater than 3.

IV. RESULTS

The research was performed in two stages. The proposed
algorithm for the number of outputs greater than 3 was
verified at the first stage using the converters topology 3x5
and 3x11. The simulation scheme included only the elementary
elements, such as the AC voltage sources, the matrix converter,
and resistance—inductive load. The aim of the research in
the second stage was to demonstrate the convergence of the
simulation and experimental results for k¥ = 3, assuming that
the MC operates with the maximum voltage transfer ratio of
G3max = (max = 0.86. The values of supply voltages and
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Fig. 12. The theoretical range of an input displacement angle as a function
of the load angle ¢, and the voltage transfer ratio a for two types of the
DAV-PWM modulations.
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Fig. 13. Simplified modulation DAV-PWME, diagram.

load parameters were appropriately selected for obtaining a
measurable effect of transferring the load angle to the SkVA
converter’s input. The research, therefore, did not cover a
specific application but contributed to the demonstration of
the PWM modulation capabilities. The simulation parameters
are shown in Table IV. The parameters set for the experiment
have been the same as the simulation parameters for k = 3.
Algorithms were supported by the DLL library with user C—
code. The schematic diagram for a simulation and experiment
using CMC3x3 converter is presented in Fig. 14. Photos of the
hardware configurations are shown in Fig. 15 for testing the
3x 3 topology, and in Fig. 16 for 3 x k topologies, respectively.

A. Simulations for k =5 and k = 11

Simulation results for £ = 5 and maximum a = 0.788
for three example values of b parameter are presented in Fig.
17(a). In contrast to the proposed modulation algorithm, for
such a value of voltage transfer ratio a both methods, SVM

Xplore. Restrictions apply.

publications_standards/publications/rights/index.html for more information.


http://mostwiedzy.pl

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2021.3135521, IEEE
Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

TABLE IV
THE SIMULATION PARAMETERS.
name value
software PSIM11
Trwwm for 100us
step 10ns
the load resistance R for k = 5; 11 0.1Q2

the load resistance R for k = 3 1Q
the load inductance L for k = 3;5; 11 6mH
3 x 100 Vac, 50Hz
3 x 50v/3 V¢, 50Hz
simplified RL, any filters

the input line-to-line voltage for k = 5;11

the input line—to-line voltage for k = 3

schematic for £ = 5;11

as in Fig. 14
also at experiment

schematic for k = 3

*, \’7
UNn

200 uH | %4y

\Ya
330 Uilx
| S

1
| S|

g g,
50 Vac TN L{Fﬁ 1Q 6mH

\ 7
)6\.3 u/FK 2.2 uF

Fig. 14. The schematic diagram for a simulation and experiment using
CMC3x3 converter.

- CONTROLS & PLOTS

LOAD RL = ]

Fig. 16. Photo of the hardware configuration CMC3x12 in the laboratory.

and DAV-PWM,, are not able to generate nonzero input
displacement angle due to their theoretical constraints. As
can be seen, during the operation with a maximum ¢, one

use limited to: Politechnika Gdanska.
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Fig. 17. The influence of the step change of parameter b on the input
displacement angle and the reactive instantaneous power: (a) MCMC3xS5, (b)
MCMC3x11.

can obtain an input displacement angle of about 0.227. If
k = 11, the second solution of the shift-vector calculation
can be applied. For that value of k&, DAV-PWM[, and SVM
modulations have the same limit of ¢11 max = 0.75 and both
algorithms do not allow to generate the reactive power at the
converter’s input. However, it can be shown that the transfer
of the load angle (29) allows obtaining a greater input angle
than SVM or DAV-PWMj, methods for the load parameters
under the following condition

M) ‘ (30)

arccos <q—k>
4k max a-R

Simulation results for £ = 11 and maximum a = 0.7 for three
example values of b parameter are presented in Fig. 17(b).
Using (30) one obtains 0.11697 < 0.48247, which proves the
advantage of the proposed concept.

<

arctan (

B. Experimental results for k =3 and k =5

The results of a step change of parameter b to the input
displacement angle and the generation of the input reactive
power Q; for a = 0.86 and w, = 2 are presented in Fig. 18(b).
As can be seen in Fig. 18(c), the simulation and experimental
results converge and show that the proposed solution allows
for controlling the input power angle ¢; within a certain range
under the maximum voltage transfer ratio ¢ = 0.86.
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Fig. 18. The result of a step change of parameter b to the generation of the
input reactive power @; for a = 0.86, wo = 2wj, and k = 3.

The experimental result for CMC3 x 5 shown in Fig. 16
were performed for R = 47 Q and L = 6 mH with a
maximum voltage transfer transfer ratio of 0.78. Load voltage
waveforms and the change of reactive power at the input in
the case of a step change of parameter b are shown. The
greater the number of converter outputs limits the load angle
transfer range to the input (29) under the maximum voltage
transfer ratio (20), as can be illustrated in Fig. 11(b). The
modification of the reference output voltage trajectory (the
transition shown from an ellipse to the straight line) does
not affect the generated average load currents when the a
parameter remains unchanged.
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Fig. 19. The result of a step change of parameter b for a = 0.78, wo = 2wy,
and k = 5.

V. CONCLUSION

Extended control of the input angle for multiphase conven-
tional matrix converter connected with the non-unity power
factor loads has been presented during operation under max-
imum voltage transfer ratio. The main advantages of the
proposal are:

(A) The total number of required vectors is equal to 3+ k& and
it’s much less compared to the SVM method, in which
the total number of the considered vectors is equal to 3"
(Fig.3, Fig. 4).

(B) The geometric arrangement consisting of an ellipse and
a triangle allows one to easily see the conduction states
and the blocking of power electronic connectors. The
mechanism of shifting this ellipse allows obtaining the
continuous or discontinuous type of the PWM modulation
(Fig. 5).

(C) No complicated formulas are needed to calculate the
values of the PWM duty cycles. Calculations are based on
coordinates of the points shown in Fig. 6 and the formula
for the area of the triangle. Such an approach frees the
algorithm from the trigonometric form of the solution and
speeds up the computation [30].

(D) As discussed in the introduction, the problem has been
reduced to a geometric form, where all constraints are
explicitly specified and no advanced parametric optimiza-
tion is needed.

(E) The presented solution can be applied to any number
of outputs. However, the trajectory shifting mechanism,
which corresponds to the load angle transfer function, is
limited by the increasing number of load outputs.

To compared to the SVM method, two disadvantages can be
formulated. (1) The SVM methods for multiphase systems
are considered in the multi-orthogonal space—vector frames,
which can be used for example — (a) for torque increasing,
(b) control of the two—speed mechanical system [31], [32].
The proposed solution operates only within the first orthogonal
space. (2) The switches’ states are not tabularized and opti-
mized as in SVM algorithms. Thus, the proposed approach,
which is based on the commutation cells shown in Fig. 1
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