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Abstract

This paper investigates space-vector-modulation (SVM) technique that uses only rotating
space vectors to drive a direct matrix converter (DMC) with zero common-mode volt-
age (CMV). Two methods for controlling grid power factor have been proposed in the
literature for such a drive. Until now, analysis has been limited to balanced grid condi-
tions. However, total harmonic distortion (THD) of grid currents significantly increases
under unbalanced conditions. Hence, the aims of this paper are: (1) derivation of DMC
model consisting of general equations for output voltages and input currents, written in
the complex form. (2) Analysis and comparison of two existing methods for grid power
factor control under balanced grid conditions, by using the previously derived model. (3)
Proposal of extended versions of both methods in order to improve converter’s perfor-
mance under unbalanced grid conditions. The proposed control strategy aims to achieve
sinusoidal currents and maintain the same power factor on the grid side while completely
compensating grid unbalance on the load side. (4) Determination of the maximum transfer
ratio under balanced and unbalanced grid conditions. Experimental results with Hardware
In the Loop (HIL) are provided to verify the theoretical analysis and effectiveness of the
proposed control strategy.

1. Reactive grid power control [9—19]. Under balanced grid
conditions, reactive power is controlled by setting the grid

Matrix converters (MC) are direct AC/AC power topologies
without intermediate energy storage elements. Architectures
based on MC provide a more-silicon solution with reduced
needs for passive components, leading to high-performance
and high-power-density electric drives. These requirements are
essential for aircraft applications where size and weight ate criti-
cal parameters [1]. Furthermore, it has been shown that MC ate
suitable for various modern industrial applications such as vari-
able speed drives |2, 3], distributed power generation systems [4,
5], wind energy [6], and unified power flow controllers (UPFC)
[7, 8].

In most grid-connected applications, control strategies
applied to matrix converter aim to achieve sinusoidal and bal-
anced output voltages with varying amplitude and frequency
while drawing sinusoidal currents with controllable power fac-
tor angle from the grid. There are two main reasons why grid
power factor angle should be controllable:

power factor angle to a constant value once the steady state
with established active and reactive power required by the
consumer is reached. In order to meet the requirements for
the unity grid power factor, separate control of the grid and
load power factor is needed [9—11]. However, the potential
use of MC in distributed power generation systems and other
applications expands the requirements for reactive power
control [12-19]. One can distinguish two general approaches
to reactive grid power control [17]. According to the first
approach, the grid-side reactive current is made from the
reactive part of the load-side current [14, 15]. Modulation
techniques adopting the second approach for controlling the
grid-side reactive current incorporate the load-side active
current [16]. Some more complex methods propose modu-
lation techniques that combine both approaches to expand
the range in which grid power factor can be controlled
[17-19].
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2. Grid current THD improvement under unbalanced grid
conditions [11, 20-30]. Modulating the grid power factor
angle dynamically around its constant value allows low-
frequency harmonics to be significantly suppressed or even
eliminated from the grid currents waveforms [20, 21].
Following the same idea, but applying different control
strategies based on space-vector-modulation (SVM) modu-
lation [22—24], mathematical construction of MC [25], notch
filters [20], reference generation of reactive power [27, 28],
feedback control [29], and model predictive control [30] has
been proposed in the literature.

Conventional pulse-width modulation schemes [31] produce
a high-frequency common-mode voltage (CMV) at the machine
terminals, which causes bearing [32] and circulating currents
[33] in electric drives and also increases requirements for
common-mode noise filtering, By using Ventruini’s first method
[34], the matrix converter can be modulated using only the
switching states that can eliminate the high-frequency CMV and
generate rotating voltage vectors at the machine terminals. For
conventional 3 X 3 MC-based drives, the SVM technique that
uses only rotating vectors (RVs) has been investigated in many
papers [35—40]. It has been shown that output reference volt-
ages of desired amplitude and frequency can be generated using
only rotating voltage vectors. However, voltage gain ¢ in stan-
dard 3 X 3 MC topology is limited to 0.5, which is insufficient
for most practical applications.

On the other hand, direct torque control using only RVs
can achieve greater voltage gain ¢ = 0. 833, as shown in [41].
To increase voltage gain up to ¢ = 1.5, topology presented
in Figure 1 has been proposed in [42, 43], where two 3 X 3
MCs are applied, one at each side of an open-end-winding ac
machine. Finally, grid power factor angle can also be controlled
by using only RVs to control the reactive power [15, 16] and
improve the THD of the grid current under unbalanced grid
conditions [22]. However, analysis in [22] has been limited to the
unity power factor, while the improvement of the grid current
THD under unbalanced conditions has been verified only by
simulation results, without experimental results and theoretical
analysis.

This paper has four main aims, each one presented and
analysed in a separate section:

1. The SVM technique that uses only RVs to drive an open-
end-winding drive is analysed in Section 2. Furthermore, a
new MCs model for such a drive consisting of general equa-
tions for output voltages and input currents, written in the
complex form, is proposed and derived in this section.

2. Two methods for controlling reactive power [15, 16] are anal-
ysed and compared in Section 3 using the previously derived
model.

3. Section 4 proposes new, extended versions of both methods
to improve the converter’s performance under unbalanced
grid conditions. The proposed control strategy aims to
achieve sinusoidal currents and maintain the same power
factor on the grid side while completely compensating grid
unbalance on the load side, establishing the paper’s main
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FIGURE 1

converter.

Open-end-winding drive based on DMC. DMC, direct matrix

contribution. Conventional methods presented in [27-30]
require input current measurement, current or reactive
power reference generation, and control in the closed loop,
where the THD of the input current depends on the con-
trol loop’s bandwidth. Higher harmonics in the input current
can only be suppressed to a certain amount. On the other
hand, with proposed control strategy, the influence of the
grid unbalance on the load side of the matrix converter
is eliminated in a feed-forward manner. As shown analyt-
ically and experimentally, the proposed method inherently
achieves sinusoidal input currents under unbalanced con-
ditions requiting only input voltage measurements, without
closed-loop control. However, extracting the grid voltage’s
positive and negative sequence components results in a
slightly more complex signal processing and modulation
scheme.

4. The maximum voltage transfer ratio which can be reached
under unbalanced grid conditions is determined in Section 5.

Finally, the HIL experimental results are provided in Sec-
tion 6 to validate the theoretical analysis and proposed
methods.

2 | NOVEL DIRECT MATRIX
CONVERTER MODEL

A conventional 3 X 3 direct matrix converter (DMC) driving
three-phase ac machine with a star-connected winding configu-
ration can achieve a maximum voltage gain of g = 0.5, which s
insufficient for most applications in drives. Besides, some input
power factor control methods reduce voltage gain even further,
as will be explained in Section 3. Furthermore, to compensate
for the effect of unbalanced grid conditions on the load side of
the matrix converter, the maximum gain is even further reduced,
which is the subject of Section 5. The open-end winding-based
drive shown in Figure 1 can achieve three times greater voltage
gainuptog = 1.5and therefore is a more suitable solution for
most practical applications, regardless of twice as many active
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semiconductor components. In this section, the SVM modula-
tion technique for such an open-end-winding drive is discussed
in detail.

For the open-end-winding drive presented in Figure 1, the
CMYV at the open-end-winding machine terminals (2,1, 2,,,2)
is defined by (1). The resultant CMV, defined as 7, ,, =
(Vo1 F Vo ) /2, causes bearing currents [32]. On the other
hand, differential CMV across the open-end-winding machine
defined as v, 47y = Vi1 — Vomo causes circulating currents in

open-end-winding drives [33].

Va1 @)+ op1p @) +ve12 (@)
Vepmw1,2 (f) = 3 (1)

For topology presented in Figure 1, 18 switching combina-
tions can achieve zero CMV at the output terminals of the MC,
eliminating bearing and circulating currents in that way. Nine of
them result in counterclockwise (CCW) RV, while the remaining
nine generate clockwise (CW) RV. Even though output volt-
age space vector can be synthesized using only CCW or CW
rotating pairs of vectors, a combined modulation technique that
uses both pairs of vectors has several significant benefits, as
explained in the following sections.

2.1 | Modulation using CCW rotating vectors
Input and output three-phase voltages can be represented by
instantaneous space vectors defined by (2) and (3). Factor 2/3 is
used so that the magnitude of the voltage space vector is equal
to the amplitude of the phase voltage.

2 . s 2z
Vg=§<pﬂ(z‘)elo+vb(l)e+ 5 40 (t)e 3> 2

2 . 2_7'[ _.271
V,= 3 (”Al O+ () Fue ()3 >

2 . o =
3 <”/12 O+ () e Fucy ()3 ) ©)

Suppose that input phase voltages are connected to the out-
put terminals of the matrix converter in the way that phase order
remains the same. In that case, the output voltage space vector
rotates in the same CCW direction as the input voltage vec-
tor. By using Equations (2), (3), and (4), nine switching states
( = 1:9) that generate CCW RV I, on the output termi-
nals can be presented by discrete values of complex modulation

index s, listed in Table 1. Six of them guide to non-zero

CCW RV with
shifts with respect to grid space vector. The remaining three

3 times greater amplitude and different phase

are zero voltage vectors, obtained by cancelling two CCW RV
with the same amplitudes and phases on each side of the three-
phase open-end-winding load. So, compared to the modulation
index used to represent only the amplitude gain, the complex

TABLE 1 Switching states generating CCW vectors

Mg Al Bl Cl A2 B2 C2  Equation (4)

s
V3te

My a b ¢ b ¢ a
b b V3 3
Mo ¢ a b ¢ a 3¢
.5
i
My ¢ a b a b ¢ \/38 6
5w
—i3®
My b ¢ a a b ¢ \/ge 6

T

iz
oS b ¢ a ¢ a b \/3@ 2

m,

T

_iE
Mt a b ¢ ¢ a b \ﬁ e 6
My b ¢ a b ¢ a 0
Mo ¢ a b ¢ a b 0
My a b ¢ a b ¢ 0

modulation index also carries information about the phase shift
of the output voltage space vector with respect to the grid space
vector. The corresponding vectors are plotted on the complex
plane, as shown in Figure 2a. For all switching states listed in
Table 1, CMVs at the open-end-winding terminals #,,,,1 , are
equal to zero according to (1), assuming that », + », + », = 0.

|

ocewi

;= (4
e 2

Let us define the desited complex modulation index as

re 3 ref g% ref . .
mm‘,/,f == /ﬁm{ ¢% where mm‘l is the reference modulation
_— 2

. re . .

index and @m{ is the reference angle. It can be synthesized dur-
ing one switching period 75 by applying two adjacent active
switching vectors (m, n,) and one zero vector (@) for a certain
fraction of switching petiod 75 (d,,,1, d0, d,0), as described
in (5). Hence, ,,, tepresent the average value of complex

modulation index over one switching period.
Mo = ol ﬂ + dm;/Z 7y + dmzf() @ (5)

The sector in which the reference space vector is located
is determined based on the reference value of the angle QZZ
Afterwards, Table 2 reveals which vectors are active depending
on the ordinal number of the sector /V in which the reference
vector is located. Finally, the duty cycles of the corresponding
vectors are calculated using Equations (0) to (8). Angle @, is
defined as the limiting value of the angle range in a correspond-
ing sector. From Figure 2a, one can observe that the maximum
value of converter voltage gain ¢ for SVM operating in the linear
range is g,,,, =
to 1, converter voltage gain changes from 0 to 1.5.

1.5. By varying modulation index mff{ from 0

et = 13 sin (@, 671 ©
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FIGURE 2  Space-vector modulation using (a) CCW rotating vectors, (b)

CW rotating vectors. CCW; counterclockwise; CW] clockwise.

TABLE 2 Look-up table of active vectors

Sector m, m, my [
T
1 Mol w2 g7 ;
57
il M2 w3 w8 ?
57
11 o3 o w9 - ?
T
v My M5 Meen - Z
T
Vv Meews e 8 - Z
T
T p
VI o 2 o M9 -

TABLE 3  Switching states generating CW vectors

my,; Al Bl Cl A2 B2 C2  Equation (11)

LU
Mo a ¢ b ¢ b a \/ge-‘—[Z
+iZ
M b a ¢ ¢ b a 3¢ "2
5t
My b a ¢ a ¢ b \/3?17
51
M ¢ b a a ¢ b \/ge_l 6
s
M5 ¢ b a b a ¢ \/3(?715
LT
My a ¢ b b a ¢ \/ge_[z
My ¢ b a ¢ b a 0
Mg b a ¢ b a ¢ 0
s a ¢ b a ¢ b 0
ref . T ref
df{lL’Z = My SN <§ - q)v + emﬂ ) (7)
dmer =1- d[[ll/l - dm:/Z (8)

The average voltage space vector at the output terminals can
be written in the following form:

,

ocow = 7, 1 (9)

v Vg

On the input side of the MC, the average current space
vector given by (10) is derived from the power equilibrium equa-

tion, where the output voltage vector is substituted with

ocenw

expression (9).

T/:g [(gj'm/ = T/;m:/ ]0* - ]gm;/ = m, ]a (10)

Equation (10) reveals that input current is equal to the prod-
uct of conjugate (designated with *) of complex modulation
index and output current vector 7.

2.2 | Modulation using CW rotating vectors

By changing the order of input phases when connecting them to
the output terminals of the matrix converter, the output voltage
space vector starts rotating in the opposite (clockwise) direc-
tion from the input vector. Hence, the conjugate value of the
grid voltage vector is used to represent the complex modulation
index. As stated in the previous case, discrete values of complex
modulation indexes referring to nine switching states generating
CW RV are derived by using Equations (2), (3), (11) and pre-
sented in Table 3 and Figure 2b. It should be noted that these
switching states also result in zero CMVs at output terminals as
ones generating CCW RV (Table 1), except that phases # and ¢
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have swapped positions.

v,

ocwi
Moy = * (11)
g

Discrete values of complex modulation index 7,,; are used

owi

to synthesize the average reference value 7, in the same man-
ner as previously explained when modulation using CCW RV
was investigated. The average voltage space vector at the output
terminals is defined by (12).

Viw = 20 V" (12)

As before, substituting (12) into power equilibrium Equa-
tion (13), the expression of input current vector /,, can be

derived. On the left side of the power equilibrium equation,
conjugate values of grid voltage and current vectors are used
because phases b and ¢ have swapped positions.

T/g* é: T/;/ﬂl’ £_) g =@ z (13)

2.3 | Combined modulation technique

The basic idea of the combined modulation technique is to
modulate the output voltage vector by using both CCW and
CW RV. During the first part of the switching period, two active
and one zero CCW vectors are used to synthesize the CCW
component 7, of the output voltage space vector. The same
principle is used only with CW RV during the second part of
the switching period when the CW component 17, is gener-
ated. The average value of the output voltage space_vector over
one switching period is defined by (14) and equal to the vec-
tor sum of two components. Similarly, on the input side of the
MG, the average value of the current vector is defined by (15).
Equations (14) and (15) represent the model of DMC written in
the complex form, which provides a deeper insight into matrix
converter performance under different kinds of input or output

disturbances.
Vieew Vow
/—“ﬂ /——’h“
— *
Z = Mgy T{é + & Vg (14)
]gmz' ng
~— —
— % K
[g - mfm'[o + mm']n (1 5)

An important feature of the combined modulation tech-
nique is that both MCs participate equally in generating the
output voltage’s CCW and CW components. Therefore, the
proposed modulation technique is expected to achieve equal
power distribution among two MCs. Suppose that the ref-
erence CCW vector is in a Sector I. According to Table 2
Mop's Mp and 7,7 are active and used for modulating the

reference vector. Table 1 shows that those switching states
result in modulating the reference vector only by switching

MC1 (A1B1C1 = abc — cab — bea) while the switching
configuration of MC2 is not changing during this time
(A2B2C2 = bea). In the next sector, MC2 modulates the refer-
ence vector, while the switching configuration of MC1 remains
the same. During the petiod required for the reference vector
to turn a full circle, MC1 and MC2 participate in the modula-
tion of the reference vector equally. The same logic refers to the
modulation of the CW reference vector.

However, due to the increased number of vectors used
to generate a reference output voltage, switching losses of
matrix converter are expected to increase. The sum of all
duty cycles of the six corresponding vectors that are used
(0> deot> donos Aoy s> dyp) during the one switching
period must be equal to 1. Despite increased switching losses,
it is of interest to modulate the output voltage vector using both
CCW and CW rotating pairs of vectors. In that way, the input
power factor angle can be controllable, which is essential for
several reasons, as explained in the following sections.

3 | TWO METHODS FOR
CONTROLLING GRID POWER FACTOR

Output voltage space vector can be generated only by using
CCW or CW rotating voltage vectors. However, the input phase
angle is equal or opposite to the output phase angle, depending
on whether the direction of the resultant output voltage space
vector coincides with the direction of RV that are generating
it [42]. Hence, it is impossible to control the input power fac-
tor or modulate the input phase angle to improve the power
quality under unbalanced conditions. On the other hand, a com-
bined modulation technique that uses both CCW and CW RV
can achieve both aims at the cost of increased switching losses.
This section investigates two grid power factor control methods
based on combined modulation under balanced grid conditions
using the previously derived model of a DMC. Grid space vec-
tor under balanced conditions is given by (16), where I7F and
w, stand for amplitude and the angular frequency of the grid
phase voltages.

I, =1+ & (16)

&

The input power factor equals unity if CCW and CW output
voltage components are equal in amplitude and phase [14]. By
changing the phase [16] (Method I) or amplitude [15] (Method
II) in the appropriate ratio, the input power factor can be con-
trolled. Two methods differ in the range in which the grid
power factor angle can be controlled, as well as output voltage

capability.
3.1 | Method I—Combined modulation with
phase control

This method controls phases of CCW and CW output voltage
components while keeping them equal in amplitude (Figure 3a).
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FIGURE 3

Control of grid power factor: (a) method I, (b) method 11

CCW and CW rotating pairs of vectors are applied each for pre-
cisely one half of the switching period % in such a way that the
resultant CCW and CW output voltage components are equal
in amplitude and shifted in phase by angle 2a. This method can

also be presented by the complex modulation indexes (17) and
(18).

Z il @)t i 17)

mﬁl/

— % me;‘(wﬁcqg)/ez‘a (18)

Modulation index # is used for controlling the amplitude and
w, refers to the angular frequency of the output voltage. Substi-
tuting (16), (17), and (18) into (14) gives an expression for the
output voltage space vector (19).

3 . 3 .
V. =_mV+€z(wol a) + _mv+€z({uﬂt+a)
— 4 4
3 + oy
= EV m cos ae'® (19)

Assuming that the load is linear, the output current can be
written in the following form:

L= 1,¢@F) (20)

where amplitude /, and output power angle 0 depend on load
characteristics. By substituting (17), (18), and (20) into (15), the

expression for the grid current vector (21) can be derived.

/

“gecw

/

“gew

3 i 3 ;
é =Zm[nel<w‘gl+a_p) + Zwloe’(“{;’f+“+P)
3 i, +a)
= Elgm cos pe'e 1)

Equation (21) reveals that the grid power factor angle @ is
equal to @ and independent of the output power factor angle
0. Hence, it can be controlled in any range -z <P <L %, but
the output voltage decreases with the power factor cos @, as
shown in (19). Finally, using expressions for grid voltage (10)
and current (21) space vectors, input power under balanced
input conditions can be written in the following form:

. 3
S=hk

2 2, (22)

9 9
=7 V't I mcospcosa—i I V*Imcospsina

From (22), it can be observed that reactive output power
does not influence the reactive input power. Hence, this method
is advantageous in applications where reactive output power
does not meet the restrictions for reactive power on the grid
side. However, the converter’s output voltage and active power
capability decrease with the reactive grid power.

3.2 | Method II—Combined modulation with
amplitude control

Contrary to method I, method II controls the CCW and CW
output voltage component’s amplitudes while keeping them
equal in phase (Figure 3b). During the first part of the switch-
ing period (0 <7 < k1)), the CCW output voltage component
(Ven) 1s synthesized using CCW RV, and its amplitude is pro-
pﬁonal to 4. During the second part of the switching period
(k7 <t £ 1)), the CW output voltage component (17,,) is syn-
thesized using CW RV, and its amplitude is proportional to
(1 — £). This concept is presented by the complex modulation
indexes (23) and (24).

o = 3 O 3

My = % md @A (1 — k) 24)

ay

By substituting (23), (24), and (10) into (14), we get the
expression for the voltage vector (25) on the output terminals.

V;[[ﬂ’ T/om'

3 . 3 )
v, =§mV+elw”’,€ + sz"’elw”t 1—4k)

3 .
=3 Ve @ (25)



STANIC ET AL.

| 7

The grid current vector expression (20) is detrived by
substituting (23), (24), and (20) into (15).

{zz‘¢71' 1(@71'

A =%m[06i(a)«¥’_p)/€ + %m[aei@gﬁp) 1—-4)
3 1w, ! —ip i
= Smle (ke + (1 — &) ¢P) (26)

From (20), it can be observed that the input power factor
angle @ can be controlled in the range of —p < ® < p by vary-
ing coefficient £in the range 0 < £ < 1 without reducing output
voltage capability, as shown in (25). Equation (27) reveals that
reactive grid power is controlled by coefficient £ in the range
limited by the positive and negative value of the reactive out-
put power. If the reactive output power is sufficient to meet the
grid needs, this method is preferred due to no reduction in the
converter’s output voltage or active power capability.

2 £

% = %Vﬁom cosp —i % VtLm(l —2k)sinp 27

The preferred method depends on the operating point of the
converter. For input power factor angle in the range of |®| < p,
method II (amplitude control) is preferable because it, unlike
method I, does not require reduction of the output voltage. On
the other hand, only method I (phase control) can control the
input power factor in the extended range of p < |®| < % The
simple control algorithm, which will use the optimal method
depending on the range in which the input power factor is
controlled, should result in better overall performance. This
way, the input power factor is controlled by modulating only
the amplitude or phase of the CCW and CW components in
a particular operating region. On the other hand, controlling
both phase and amplitude in the whole range expands the
power factor control to its absolute maximum values limited
only by the linear operation of SVM. Even though such a
control strategy results in the best overall performance in the
whole power factor range, it becomes much more complex and
therefore remains for future work.

4 | IMPROVEMENT OF TWO POWER
FACTOR CONTROL METHODS

This section analyzes methods from Section 3 under unbal-
anced grid conditions. Due to an increase in THD of both input
and output currents, methods need to be improved. Hence,
extended versions of both methods are proposed to improve
the convertet’s performance under unbalanced grid conditions.

4.1 | Analysis under unbalanced conditions

The grid space vector defined by (28) has both positive Vg+

and negative ;" sequence components under unbalanced

&

conditions. 17~ and 87 refer to the amplitude and initial phase
angle of the negative sequence component. Factor # is defined
by (29) and represents grid voltage imbalance degree.

[ W
S N
V=V 4100 (28)
-

The following analysis aims to show how the negative
sequence component of the grid voltage affects the THD of
the input and output currents. The two methods at the unity
power factor result in identical expressions for the complex
index modulation. By inserting the value & = 0 into Equa-
tions (17) and (18) or £ = 0.5 into Equations (23) and (24), the
corresponding expressions given by (30) and (31) are obtained.

(12,4

3 .
P = 5 e @ (30)

3 .
w =7 me @t (31)

X

By substituting (30), (31), and (28) into (14), expression (32)
for the output voltage vector under unbalanced grid conditions
is obtained.

v, = % wl/ Tl %mv—ei(cuﬂt—Zcogf—Q_)
(32)
+ ém{/—/(%f‘*'z%f“'@_)
4

From (32), it can be observed that positive sequence compo-
nents of grid voltage will result in the wanted component of the
output voltage at the desired frequency w, while the negative
sequence component will generate two unwanted components
at w, — 20, and w, + 2w, angular frequencies. The same fre-
quency components appear in the output current if the load
is linear, while each specific component’s amplitude (Z,, 7,1, 1)
and phase shift (o, 01, 0,) depend on the load characteristics.
Therefore, the output current vector can be written in the
following form:

é =7 A =p) +101€j(w”l_2w‘“t_9__p]) .
+]2€i(wﬂz+2cqu+9_—p2) (33)
0.

By substituting (30), (31), and (33) into (15), an expression for
the input current given by (34) is derived.

3 .
f,= > ml cos pe™?

3 wseo . ,
+ e @487 (1P 4 [,0P2) (34)

3 . _ . ,
+ Z””Z(aw‘gH—Q ) (]glezm +]02€—sz)
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Equation (34) reveals that unwanted components in the out-
put current cause negative sequence component and undesired
third harmonic in the input current waveform. Due to the
unwanted components in the input and output currents wave-
forms, there is a necessity to expand the existing methods for
power factor control.

According to [20], MC tied to an unbalanced grid should
adopt a control strategy that aims to completely compensate
the input unbalance on the output side of the converter while
achieving sinusoidal but unbalanced input currents and main-
taining control of grid power factor. Hence, extended versions
of the two methods are presented in this section to improve the
power quality of DMC-based drive operating under unbalanced
grid conditions. The same concept, presented in Figure 4, is
used for both power factor control methods. Namely, unwanted
component (/) of the output space vector generated during

the first part of the switching period when CCW vectors are
active can be eliminated during the second patt of the switching
period by using CW RV to generate one additional component

(V(,:,;) equal in amplitude and frequency, but opposite in phase

to the unwanted one. In the same manner, unwanted compo-
nent (17,,) generated during the second part of the switching

period when CW RV are active, can be compensated using CCW

(b)

Improvement of two methods operating under unbalanced grid conditions. Extended version of (a) method 1, (b) method 11

RV to generate additional component (V,,;[,j ) during the first
part of the switching petiod.

4.2 |
control

Improvement of method I—Phase

The extended version of method I is represented by com-
plex modulation indexes (35) and (306). In each expression, one
additional negative term is added, to cancel out the unwanted
voltage components resulting from imbalanced grid voltage.
The modulation index 7 must be extended to #/ following
Equation (37) to maintain the same output voltage amplitude, by
taking into account the grid voltage imbalance factor #, defined
in (29).

Mgy = % @A =) émlﬂei(wut+@¥/+9*+a) (35)
3 i(,t+w t+a) 3, i(w =, —07 —a)
Mo = 7 20677 7% - Z/ﬂ ue' P’ %y (36)
1
' = 37
” ml — 2 37)
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By substituting Equations (28), (35), (30) into (14), the output
voltage vector is derived and presented in (38).

1 73

&

Vo= (V5 + 1 ) (V5 4 17

+ -
I/;[[IL‘ I/;[(W

= %777, V+€f(wgl—a) + %ml V—/(%l‘—Za{gt—oc—e‘)

! !
+ A
Viaow v

oo

3

_Z”/V_ J@ 20407 _ 3 ol @D

+ -
T/om' T/;ax‘

+ §MIV+€Z'(Q)0[+O£) +%777’V_€j(w”t+2w§t+a+9_>

’ '
+ A -
[/ﬂt' W [ ocw

3

2,/ V—ei(maf—Za{gl—a—G’) _ %mlﬂy—ei(a)at—a) —

vE 4t V=
ocew ocn ocew ocw

3 - 3 .
=3 't cosad®’ — Em’MV_ cos ae'®” (38)
Following Equation (29), #7”~ can be replaced with #>17+.
By substituting 7/ with expression (37) and #17~ with #*17F,
the final expression for the output voltage vector is derived and
presented in (39).

3 . 3 .
V,= > VEn cosa (1 —4?) &% = > V't mcos ae®’

39)

From (39), it can be observed that output voltage remains
unchanged in the presence of unbalanced input conditions.
Hence, the expression of the output current space vector
remains the same as in (20). Combining (35), (36), (20), and (15),
an expression for the input curtent vector (40) can be derived.

— * *
[g = Mgy ﬁ"‘/ﬂm, ]o

+ -
{gzm’ ‘{gmz'

3 . B 3 . _
— _m/L)el<Q¥/+a 0) _ Z’”’]am i(@+07+a+p)

4
Len Low (40)
3, i@, +a+p) 3, —i(w 46" +a—p)
+ = L s —3” Lue V"¢
i L
3 ; 3 _; -
zml cos pjﬂez(cqgwoc) _ Em/ cos pLue i(w+67+a)

From (40), it can be observed that both positive and negative
sequence components at fundamental frequency ate present.
Still, there are no unwanted low-frequency harmonics, which
means that the proposed control strategy is inherently capable
of achieving sinusoidal input currents under unbalanced con-
ditions. Finally, by using expressions for grid current (40) and
voltage (28) vector, an expression for grid complex power (41)
is obtained.

S, = > v, I} = 9V+]
=5 L=y 7 COS 0 COs O
13
9 1+ 4 (41)
—i ZV+]0mcospl tZZ sina
N——
14
qﬂf{'

9
—i 3 V=L cos psin (ngt +67+ Oc)

Compared to balanced grid conditions, the dc component of
reactive power is slightly higher by factor ¥, and the oscillating
component occurs at twice the grid frequency. Instantaneous
active power is equal to its dc component and remains
unchanged compared to balanced grid conditions, which is
expected considering the unchanged output characteristics of
the converter.

4.3 |
control

Improvement of method II—Amplitude

Following the same idea, method II is extended by adding
one additional term in expressions (42) and (43), representing
modified complex modulation indexes.

3 R CEO % W @) (1 Z gy 42)

gy =

. = é mlei(wﬁwg)z (1 _ /é) _ %m/%ei(a)of—wgz—e_)/é (43)

oy 2

The voltage space vector at the output terminals is given
by (44) and derived by substituting Equations (42), (43), and
(28) into (14). The proposed method compensates the input
unbalance at the converter’s output terminals.

+ —
T/ﬂt’ﬁl/‘ L ocen

v, = gmll/+€z‘w”% +%mIV—€i(wot—2Q2t—9_)/é

’
+ g =
Vo Voon

3 - - 3 .
_Em/V—ez(wat+2wgt+6 ) (1 _ /é) _ Em,%V_é’lw“/ (1 _ ,é)
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o+ —
I oo I/ﬂﬁl 4

+ %/ﬁ’ V+€iw”t (1 _ /é) +%l¢/ V—ei(wyl+2a{zl+97) (1 _ /%)

Vi Vi
—ém’ @20 =6T) ém'%V_ejw”’k
2 2
3 + 00,
= EV me' e (44)

The grid current vector is presented in (45) and obtained by
substituting Equations (42), (43), and (20) into (15). As with
method I, the third harmonic is eliminated from the input
currents waveforms.

Ik I

“gecw “gecw

1:2 — glﬂ/[,,(fj(wﬂf_p)/é— %mfhlag—f(sz+9_+p) (1 _ /é)

+ —
{ gow [ gow

3 ) 3 ) _
+ S 1O (L= ) = Sl OO P

(45)
1+

&

3 . _ .
= zﬂ/faelwﬂt (ke + (1 — k) &P)

L

3 . _ . .
— Em’ﬂloe_l@fﬁe ) (/éelp +(1—4 e_z'o)

Grid power expression is given by (46). The same conclu-
sions drawn in the analysis of the method I can be applied here.
It should be noted that factor ¥, which slightly increases the
average value of grid reactive power, can be compensated by
adapting coefficient £ (or & for method I).

B &
—
PRI 9 . 144
$=1 1 COs P _ZZV lgm(l—Zk)l_ﬂzsmp
N——
14
Goscl
(40)

9
=i SVl ksin (20 + 67 = p)

Gosc2

—i %T/—[om’ (1—#)sin (2w, + 67 +p)

All the expressions presented in this section become equal
to the corresponding ones from the previous section when the
negative sequence component [~ is equal to 0. The proposed
control strategy accomplishes sinusoidal currents and maintains

the same power factor on the grid side without changing the
output characteristics of the converter.

5 | MAXIMUM CONVERTER VOLTAGE
GAIN

By using the control strategy proposed in the previous section,
the output voltage remains unchanged when unbalanced grid
conditions occur. However, the maximum voltage gain of the
converter is expected to decrease because input voltage unbal-
ance is compensated on the load side. To keep the converter
operating in the linear range, the following condition must be
satisfied:

3
< > 47)

+

m

oy mﬂl’

The following analysis aims to find the maximum modu-
lation index 7, for which SVM is operating in the linear
range. At the particular moment when 2w,/ = 7 — 6~ — 2a,
(35) and 2, (30) reach

their maximum amplitude levels given by (48) for the set value

the complex modulation indexes 7,

of modulation index 7.

7 7

oy =\

= % ' (1 + u) (48)

max max

Similarly, maximum amplitude levels of complex modulation
indexes (49), which refer to method II, can be obtained by

substituting 2w,# = 7 — 67 into Equations (42) and (43).

1

3, 3
| =xdek+a 11—k
72 e 2 I 2777 ( )”
49)
/4 3 3
| =z A=k + Ak
s . Zm( )+2m 7

For both methods, the modulation index should be limited to
M given by (50), which is obtained by substituting (48) or (49)
into (47) and finding the boundary value of the linear operating
range.

My = 1 — 11 (50)

Voltage gain Equations (51) and (52) for methods I and I are
derived from output voltage expressions (39) and (44). Its max-
imum values can be found simply by substituting modulation
index # with its maximum value #,,,,., given by Equation (50).

_9 3
/=5 =3 meosa > glu=3 (—scosa (1)
|4
17 ’—0 3 7 3
= = — = - 1_ 2
¢ =TF =577 =5 1) (52)
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q
— imit 3
q = i(l — u)cosa
7/, operating range
9
_r -~ T )
2 a 2

— imit 3
) qﬁlax =3 1-w
7/, operating range

FIGURE 5 Linear operating range of the SVM and its limit under
unbalanced grid conditions. (a) Method I, (b) method IL. SVM,
space-vector-modulation.

Based on previous analysis, graphics representing converter
voltage gain dependence of grid power factor angle are pre-
sented in Figure 5. By using the method I input power factor

. T T .
can be controlled in any range -3 <d<L > but 2 maximum

voltage gain ¢, decreases with factor cos®. On the other
hand, method II can control input power factor angle in a lim-
ited range —p < ® < p, but without sacrificing output voltage
capability. In both cases, under unbalanced input conditions,
maximum voltage gain decreases with factor 1 — u.

6 | EXPERIMENTAL RESULTS

A test setup is established (Figure 6) with National Instruments
sbRIO 9606 embedded controller to validate the proposed
methods. Its analog and digital IO pins are connected to
Typhoon HIL 602+ (Hardware in the loop) device. The model
implemented on HIL consists of two 3 X 3 MCs, one at each
side of an open-end three-phase R-L load. One of two meth-
ods is used to control the input power factor and generate
18 PWM signals to control the matrix converter’s bidirectional
switches modelled on the HIL device. DDSRF PLL [44] is used
to synchronize to the three-phase voltage source and extract the
positive and negative sequence components. Amplitude and fre-

quency of three-phase voltage source are: /' + = 230\/5 ,

J; = 50 Hz. Values of passive load components ate as follows:
R = 15Q, L =50 mH. The switching frequency is equal to
5 kHz. Modulation index and output frequency are set to 7 =
0.5and f, = 25 Hz. HIL SCADA software is used for captur-
ing input/output voltage and current waveforms. As shown in
Figure 0, star terminals are created using resistors £, = 20 k2
at convertet’s output terminals. CMVs are measured between
the star terminals and the ground. Obtained results are pre-
sented in Figure 7a. One can observe that both CMVs 2,1 »
equal zero during the output voltage modulation.

Considering input currents and output voltages pulsing
character, averaged values over one switching period 7] are
presented. Input instantaneous active and reactive power are
calculated using averaged values of input currents. Input volt-
ages (v,,), input currents G, output voltages (v 50), output
currents (Z4p30), and instantaneous power components (p, g) are
presented in Figures 8—11. By setting & = 0 (Method I) or
£ = 0.5 (Method II), a unity power factor on the input side can
be achieved, regardless of the output power factor angle. Two
methods result in identical expressions for complex modulation
indexes at this operating point. Time-domain graphics with the
corresponding frequency spectrum of the signals are presented
in Figures 8 and 9, respectively. Under balanced grid conditions
(Figures 8a, 9a), when I~ = 0 there ate no unwanted compo-
nents in either input or output currents. Instantaneous reactive
power is constant and equal to zero. Regarding the power dis-
tribution among two MCs, average values of input currents Ll
and 7,5, of each of the two MC (MC1 and MC2) are measured
and presented in Figure 7b. Currents of MC1 7,,;and MC2 7,
result in identical waveforms in the time domain, only shifted
in phase by 180°. The RMS value of each current is 10.2 A.

Input currents are sinusoidal and set to be in phase with

abe
the grid voltage. The RMS value of input currents z,, is equal to
12.17 A per phase. One can observe from Figures 8b and 9b that
negative sequence component (set to I~ = 0.25V") generates
two unwanted components in the output voltages and currents,
at | f,—2f,| and [/, + 2/,| frequencies (75 and 125 Hz). At
the same time, the third harmonic will appear in grid currents
(150 Hz). The corresponding results are consistent with Equa-
tions (33) and (34), derived in Section 4. Itis shown in Figures 8c
and 9c that all unwanted components can be eliminated by
using the control strategy proposed in Section 4, resulting in
sinusoidal but unbalanced input currents and unchanged out-
put characteristics of the converter compared to the balanced
conditions. These results ate consistent with Equations (39) and
(40), for the specail case when a = 0. Instantaneous active
power is constant, while the average reactive power remains
zero with a superimposed oscillating component at twice the
grid frequency, as shown by Equation (41).

To verify the performance of the extended version of method

. . . . 2
I proposed in Section 4, the input power factor is tuned to -

leading (@ = % ) and switched to % lagging (@ = —%) at
t = 0.03 s. First test is done under balanced grid conditions
(V™ = 0). The transient period is captured and presented in
Figure 10a. One can observe that the input power factor angle
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FIGURE 6 Block diagram of the real-time HIL test setup. HIL, hardware in the loop.
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FIGURE 7  Experimental waveforms of (a) output phase A voltage 75 and measured common-mode voltages z¢py1 2, (b) input currents z,,, input currents of

MCT1 Zy,¢q and input currents of MC2 z,,,. MC, matrix converters.
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FIGURE 8 Time-domain graphs for unity power factor operation under (a) balanced input conditions (I~ = 0), (b) unbalanced input conditions without
proposed control strategy (V™ = 0.25V*), (c) unbalanced input conditions with proposed control strategy (V™ = 0.25VF)
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FIGURE 9  Frequency-domain graphs for unity power factor operation under (a) balanced input conditions (V™ = 0), (b) unbalanced input conditions without

proposed control strategy (V™ = 0.25V7), (c) unbalanced input conditions with proposed control strategy (V™ = 0.25V*)

is equal to a, while output voltage decreases with cos &, as
expected by Equations (39) and (40). The same test is done
under unbalanced conditions (I~ = 0.25 I’") and the cap-
tured time diagrams ate presented in Figure 10b. Compared
to balanced grid conditions, the difference is the existence of
negative sequence component in the grid current at the fun-
damental frequency and an oscillating component of reactive
grid power. Also, the dc value of grid reactive power is slightly
higher due to factor ¥, defined by Equation (41). The extended
version of method II is tested for two boundary values of coef-
ficient & £ = 0 and £ = 1. The input power factor is set

to cosp = 0.886 leading (# = 0) and switched to cosp =
0.880lagging (£ = 1) at 7= 0.03 s. The transient period is cap-
tured under balanced and unbalanced grid conditions, and the
obtained results are presented in Figures 11a and 11b. Unlike
method I, there is no reduction in output voltage capability, as
predicted by Equation (44). On the other hand, the power factor
angle is limited to cos p. Other than that, the same conclusions
drawn by testing method I can be applied here.

The results obtained by the HIL test setup present the aver-
age value of input currents over one switching petiod. Such
representation neglects the high-frequency component at the
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FIGURE 11  Performance verification for extended version of method II during step change from £ = 0(® = p) to £ = 1(® = —p) under (a) balanced input
conditions (I~ = 0), (b) unbalanced input conditions ('~ = 0.251°%)
switching frequency and its harmonics, with negligible influ- 7 | CONCLUSION

ence on the low-frequency components. The input filter would
be used in the actual experiment, which should provide the
required attenuation of the high-frequency harmonics with min-
imal influence on the fundamental low-frequency components
of the input currents.

This paper investigates two grid power factor control methods
for direct-matrix-converter-based drive supplied by unbalanced
grid. Both methods are based on the SVM technique that uses
only rotating voltage vectors to control output voltages and grid
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power factor angle while eliminating high-frequency CMV at the
output terminals. A novel converter model, written in a com-
plex form, has been proposed and used for analysis. It has been
shown that two methods differ in the range in which grid power
factor angle can be controlled, as well as output voltage capa-
bility. Furthermore, new extended versions of both methods
have been proposed to improve the converter’s performance
under unbalanced grid conditions. Both the proposed control
methods obtain sinusoidal grid currents while maintaining reac-
tive power control. On the load side, the waveform quality of
the output currents remains unchanged. Finally, the experimen-
tal results obtained on the HIL laboratory setup verified the
previous theoretical analysis and the effectiveness of the pro-
posed control strategy even in the presence of high grid voltage
unbalances of 25%.
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