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Control of a Three-Phase Power Converter Connected
to Unbalanced Power Grid in a Non-Cartesian
Oblique Frame

Grzegorz Iwanski"”, Senior Member, IEEE, Sebastian Wodyk

Abstract—The article presents a new approach to positive and
negative sequence current vector control of a grid-connected three-
phase three-wire power electronic converter operating under grid
voltage imbalance conditions. The concept utilizes the representa-
tion of unbalanced converter current in the new coordinates frame
in which the current vector components are constant. The nonlinear
trigonometric transformation of two-dimensional current vector
components from the stationary frame to the new frame is found on-
line depending on the reference current asymmetry. The presented
concept of new coordinates utilization allows implementation of
proportional-integral terms as current regulators without the use
of resonant terms and without the use of the measured current
symmetrical sequences decomposition. The article presents the
theoretical approach, simulation results, as well as laboratory tests
results.

Index Terms—AC-DC power conversion, current control,
Clarke’s transformation, Park’s transformation.

NOMENCLATURE
x General vector representing any
three-phase signal (voltage, cur-
rent, and possibly flux in an electric
machine).

Xas Xps Xe General three-phase signals.

Ixals [xsls el Amplitudes of abc three-phase
general signals.

Xos X3 af components of the general vec-

tor in a classic stationary frame
obtained by the Clarke transforma-
tion.

Direct (%) and quadrature () com-
ponents of general vector o3 com-
ponents.

Amplitudes of classic a3 station-
ary frame components of the gen-
eral vector.
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«af components of the general vec-
tor positive and negative sequence
in a classic stationary frame.

a3 components of the general vec-
tor in a modified non-Cartesian sta-
tionary frame obtained with the
new transformation.

Amplitudes of new non-Cartesian
a0 stationary frame components of
the general vector.

dg components of the general vec-
tor in a classic rotating frame ob-
tained with Park’s rotation transfor-
mation.

dq components of the general vec-
tor positive and negative sequence
in a classic stationary frame.

dq components of the general vec-
tor positive and negative sequence
in a classic stationary frame used
for transformation parameters de-
termination after consideration of
dead zones.

Positive and negative sequence vec-
tor lengths.

dg components of the general vec-
tor in a modified non-Cartesian ro-
tating frame obtained with the new
transformation and Park’s rotation
transformation.

Maximum amplitude from among
amplitudes of phase general sig-
nals.

Base amplitude for the new trans-
formation (base vector length giv-
ing the new transformation output
signals amplitudes equal to |x|pase)-
New non-Cartesian transformation
factors.

Synchronous angle (transforma-
tion angle for Park’s transforma-
tion) calculated on the basis of pos-
itive sequence a3 fundamental fre-
quency components.
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Grid voltage vector.

Grid voltage vector three-phase
signals.

Grid voltage vector a3 compo-
nents in a classic stationary frame
obtained by the Clarke transforma-
tion.

Grid voltage vector direct (%) and
quadrature (?) components in the
stationary o3 frame.

Grid voltage vector positive and
negative sequence components in
the stationary o3 frame.

Actual grid voltage positive se-
quence vector length.

Reference grid voltage positive se-
quence vector length.

Actual grid voltage negative se-
quence vector components in the
counter-rotating dg frame.
Reference grid voltage negative se-
quence vector components in the
counter-rotating dg frame.
Converter current vector.

Actual a8 components of the con-
verter current vector in a classic
stationary frame.

Reference a5 components of the
converter current vector in a classic
stationary frame.

Actual « ‘3’ components of the con-
verter current vector in a new non-
Cartesian stationary frame.
Reference o3’ components of the
converter current vector in a new
non-Cartesian stationary frame.
Reference dg components of the
positive and negative sequence
converter current vector in a classic
rotating frame.

Control errors of the current vec-
tor components regulation in a new
non-Cartesian stationary frame.
Three-phase converter voltage.
DC loading/sourcing current.
Actual dc voltage.

Average value of the actual dc
voltage.

Reference dc voltage.

Grid filter resistance.

Grid filter inductance.

DC bus capacitance.

New transformation from classic
a3 stationary frame to the new o’ 3/
stationary frame.

Inverse transformation from the
new o3 stationary frame to the
classic a3 stationary frame.
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Fig.1. Scheme of the power circuit of a three-phase power electronic converter

operating with unbalanced grid voltage.

outRig/, outRi,/ Output signals of current vector

components regulators.

I. INTRODUCTION

OWER electronics converters used as grid interfaces be-
P tween energy sources, energy storage systems, and loads
can nowadays be treated as a mature technology. Mostly they
are used as single-phase systems for fractional power and
three-phase systems for kilowatt range and above. A scheme
of the three-phase power electronics converter operating with
a three-phase three-wire grid under grid voltage imbalance is
shown in Fig. 1. Some recent grid codes take into consideration
assistance of energy conversion systems in the field of negative
sequence management during asymmetrical grid voltage sags
aiming at power system stability increase and improvement of
energy quality [1].

A crucial issue for positive and negative sequences manage-
ment without additional current distortions is a converter current
control loop. Both sufficient dynamics of converter current
control and adequate nondistorted reference current vector com-
ponents signals are equally important. Basically, two manners
are used for current control. The first one utilizes the decom-
position of sequences with separate coordinates frames and
proportional-integral (PI) current regulators for each sequence
[2]. The second one utilizes proportional-resonant (PR) terms as
current vector component controllers in the abc frame [3] or in
the stationary a3 frame [4], [5], or PI-resonant (PIR) controllers
in a rotating frame [6].

The sequence decomposition-based classic double syn-
chronous reference frame (DSRF) control [7] requires notch
filters deteriorating the dynamics of current control loops. This
is why more sophisticated DSRFs with decoupling terms be-
tween positive and negative sequence control paths [8] are
developed. The DSRF-based control method simplifies the issue
of current controllers state limitation and simultaneous control
signal limitation due to the applied PI term in each of the
four control paths. However, another issue—limitation of total
reference converter current at an appropriate level—has to be
solved, which for unbalanced current targets is not obvious. The
improved structures of DSRF control still require sophisticated
structures of precise limitation of phase current, but what is more
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important, a number of trigonometric functions calculations for
rotation transformation in the main paths and in decoupling
paths.

For unbalanced sinusoidal phase current limitation, some
sophisticated methods are applied, which require a number of
calculations [9], therefore other methods of reference signals
calculation matching the desired control targets, without se-
quences decomposition, are developed [10], [11]. However, the
resonant terms are used to track the reference current. Digital
implementation of resonant terms is not complicated when some
rules are kept (e.g., prewarping in discretization [12]). However,
they need associated structures of state limitation (antiwind-up),
which are more complicated than PI controllers and not so
intuitive.

To limit the state of oscillatory signals, simple cutting can be
made [13], but then the output signals are no longer sinusoidal.
To keep the sinusoidal character of resonant terms output signals,
an adaptation of the damping factor is applied when the signal
exceeds the limit [14]. The damping factor is changed by an
additional controller (e.g., a proportional one with a high gain).
An additional term influencing the damping factor requires a
separate tuning procedure, and it makes the tuning (selection of
gains) of the whole structure not trivial. Parallel operation of
resonant terms to the others (such as integral terms in the PIR
regulator in control realized in a rotating frame) causes anti-
windup structures even more complex, especially when more
than one variable is under control [15].

This article presents a new approach of three-phase three-wire
converter control using transformation to the non-Cartesian
frame. The parameters of transformation to the new frame are
selected to obtain sinusoidal signals in the new stationary frame
with the same amplitude and shifted by 7 /2. Thus, after next
Park’s transformation to the new rotating frame, the signals are
constant. This allows the implementation of two control paths
with PI controllers instead PR-integral or four control paths in
DSRE. To obtain such a result of transformation for any im-
balance of the referenced converter current, the transformation
parameters are calculated on the basis of positive and negative
reference current components.

Such a manner is already applied in post-fault control of
multiphase machines [16] or even in three-phase machines fed
from a four-wire power converter [17]. The difference is that
in the electric machine, the transformations parameters can be
calculated offline depending on the type of fault and mapped in
a table. For a grid converter, new transformation parameters are
calculated in real-time, because reference current asymmetry is
generally not arbitrarily set.

A similar concept to the one presented in this article is
described in [18] and [19]. The presented concept introduces
transformation from the natural abc system to the new «'f3’
frame in which the transformed signals are balanced. The trans-
formation parameters are calculated based on the phase voltage
measurement in the three-phase system. Thus, there are more
transformation parameters to find and the method of calculation
using trigonometric functions is more complicated. Addition-
ally, using the presented approach, the selected transformation
is adequate for the current asymmetry corresponding to the grid

voltage asymmetry. The second control target (current asym-
metry opposite to the grid voltage asymmetry) requires new
derivation and recalculation of the transformation parameters,
but in such case, additionally, the disturbance rejection structure
(grid voltage feed-forward) must be moved to the other part of
the control structure.

The solution for current corresponding asymmetry, full sym-
metry, and opposite asymmetry, with the adequate placing of
grid voltage feed-forward is presented in [20], in which instead
of the abc to o/ 8" frame transformation, the a8 to o/ 3’ trans-
formation is used. There are only four transformation param-
eters that additionally are calculated in a simpler way without
trigonometric functions, but are obtained using the definition of
cross and dot products of respective direct and quadrature a3
signals. However, the transformation parameters are calculated
on the basis of the grid voltage vector components with a
specific asymmetry factor, and the asymmetry of current other
than asymmetry of voltage is difficult to obtain. Thus, the new
approach of transformation is extended in this article to obtain
current asymmetry different than grid voltage asymmetry also.

II. DERIVATION OF THE PROPOSED TRANSFORMATION
A. Direct Transformation

Representation of the three-phase three-wire system as a
two-phase system can be made with Clarke’s transformation
[22], which in the case of no zero-sequence occurrence as it is
measured in Fig. 1 can be simplified to the form

T 100 Ta
Y
3 3

T
B Te

in which three-phase signals (such as three-phase voltage,
three-phase current, or three-phase flux in an electric machine)
Zq, Tp, and x, are represented by two orthogonal components
2, and x g of the vector x in a stationary frame. This transforma-
tion is valid for a vector = containing both positive and negative
sequence components, and the vector a5 components can be
described as

ZTo = |2a| cos(0s —6,) (2a)

xg = |zg| cos(0s —bg) (2b)

in which |z, | and |z | are amplitudes of a3 components, and
6. and 0 are phase shifts between o3 components and positive
sequence «v component, respectively.

Park’s transformation [23] allows the representation of vector
x containing only a positive sequence component by constant
values in a rotating frame. However, for the vector containing
positive and negative sequences, x4 and x, components of the
vector, besides dc components, contain double grid frequency
oscillatory components, which require more sophisticated con-
trollers than PI terms. This is why the proposed approach is
elaborated, in which dg components are represented in a new
frame, in which these components are constant (i.e., without
oscillatory components). To achieve this target, a new o'’
stationary frame is found as first, in which stationary frame
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components have the same amplitudes and are shifted by /2.
Thus, after transformation to the new dq frame rotating with the
synchronous angle, the new d’q’ components would be constant.

Let us assume that there exists a nonlinear transformation to
the new stationary o/’ frame providing that new components
x;, and )y are shifted by 7 /2 and both component amplitudes
equal the base amplitude |2 |pase, Which is selected as maximum
among phase signals amplitudes. The new components 2/, and
a5 are described by

(3a)
(3b)

"Eix = |x|base cos 95
Ty =[]} ase SIN 0.

The transformation from o3 to the new o’ 3 takes the general

form
x| To|  [ab] [za
)= 3] =[] [

The transformation factors abcd can be found based on the
values of positive x 44, and negative z 4,4, SEqUEnce components.
When the asymmetry of the transformed signals is freely ad-
justed like current asymmetry in the grid power converter, the
transformation parameters can be determined on the basis of the
positive and negative sequence components Zq,, Tgp, Tdn,and
Z4n referenced in each of the four parallel control paths.

The positive and negative sequence o3 components in a
classic stationary frame can be calculated as

“

ZTap | | cosls —sind, Tdp

[xgp} - [sin&s cos 0 } [xqp} (52)
Tan | cos By sin 6 Tdn
|:I[3n } - [ —sinf, cos b, } [an ] (5b)

and total &, and &g can be further calculated as

To = Tap T Tan = (Tdp + Tan) c08ls — (Xgp — Tgn) Sin by
(6a)

Tg=Tgp + Tpn =
(6b)

Inserting (3) and (6) into (4), each of the new o/’ equations
can be rewritten:

|x‘base cos 95

=a ((zap + Tan) cosbs — (xgp — Tgn) sinby)

+b(xap — Tan) sinbs + (Tgp + Tgn) cos ) (7a)
|%]pase sin0s
=c((zap + Tan) cosbs — (xgp — Tqn) sinby)

+d((zgp — xan) sinbs + (zqp + Tgn) cosbs).  (7b)

There exists an infinite number of @ — b and ¢ — d pairs that
meet (7). However, taking into account that (2) and (3) are time
dependent (because 6, is time dependent), finding the transfor-
mation factors abcd time independent for a given asymmetry of
the original vector x, can be done using two selected conditions.

(Tap — Tan) SiNbs + (Tgp + Tgn) cOS bs.
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Formulating (7) for specific angles of the synchronous vector
(e.g.,for0s,= 0, 05 = 7/2)

“r|base = a(xdp+xdn)+b(xqp+an) (Sa)
0 = c(xap + Tan) +d(zgp + Tgn) 8,= 0
0 = —a(zgp — Tgn) +b(zap — Tan) (8b)
|x|base = —cC (xqp - an) +d (xdp - xdn) 0= 7/2
the transformation parameters can be derived as
T
a = (Tap — Tan) % (9a)
|2p|" — 2]
T
h = (l'qp _ mqn) |2 ‘basc 5 (9b)
|zp|” — |2n|
X
¢ = — (g + rgn) —omse %)
|xp‘ — |74
d |x‘base d
= (Tap + Tan) —3 7- (9d)
|Tp|” = [an]

Finally, (4) can be written as

|:.13:1:| _ “r|base
/
Tp

_ LTdp — Ldn Lqp — an:| |:.%‘a]
|y |* = |

—Lgp — Lgn Tdp + Tan Zp
(10)

which is the form of the natural stationary a3 frame to new
stationary o/ " frame transformation providing that new frame
o' ' components have the same amplitudes equal to the highest
amplitude from among three-phase signals and the components
are shifted by 7 /2. The transformation parameters are calculated
on the basis of given values of positive and negative sequence
components of the unbalanced vector represented in the frames
rotating with 65 and —6, angle (synchronously and counter-
synchronously with a positive-sequence vector).

To bring the vector to the d'q¢’ frame in which the x vector
components are constant, the Park’s rotation transformation is
used. Both transformations from a3 to o/’ and from o3’ to
d'q’ frame result in following:

‘T/d — |£U | base
zy

jap* — [

cos B sin 6
—sin g cos

Tdp — Tdn Tgp — Tgn T 11
[_mqp_an xdp"'xdn] [xﬁ} (v
where
cos 0y = Lap (12a)
||
sin 9, = 200 (12b)
||

Using (12), the trigonometric functions calculation based on
the 0, angle determination can be avoided.
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B. Inverse Transformation

Let us write transformation (10) as

k xfw = Ta/g/ Tap (13)
where
jzpl* — |z
k=% (14)
|x|base
and T g is a transformation matrix.
Wishing to find 2, when x’a 3 is known, we can write
Tap = KT l5ls (15)
and
1
T}!')=—F"——CT 16
o'f det (Ta/g/) (16)
where C7T as a transposed matrix of complements equals
CT — xdp + Zan _xqp + an (17)
Zagp + Tgn Tdp — Tdn
and
2 2
det (Ta/g/) = |$p| — ‘In| . (18)

The final form of the inverse transformation from non-
Cartesian o/ 8 to the natural o8 frame can be written as

To | _ 1 Tap + Tin —Tgp + Tqn x’% . (19)
g 7| pase LTap T Tqn Tdp — Tan Tg

Transformation of the 2" vector represented in the d'q’ frame
to the natural o3 needs two transformations — inverse Park’s
transformation from the d’'q’ frame to new '3’ and next from
non-Cartesian o/ 3’ to natural o3

{%‘} — 1 {wdp"‘xdn ~Zgp "'mqn}
Tg Z|pase LTap T Tan Tap — Tan

cosfs —sinby | |z
sinf; cosf x|

(20)

The presented theoretical tool converts the two-phase signal
from the Cartesian frame to the other non-Cartesian frame,
in which axes are mutually obliquely oriented. The detailed
properties of the transformation and detailed relations between
axes of the old and new frames as well as detailed relations
between vectors components and their lengths are shown in [23].
The transformation factors were calculated using alpha/beta
voltage components and a limited number of current targets can
be obtained, whereas in this article, the transformation factors are
calculated based on the reference current positive and negative
sequence components to obtain almost any state of current
(excluding a very narrow range of dead zone). Independent of
the form of the matrix and the way of parameters calculation, it
is, in fact, a change of the frame from Cartesian to non-Cartesian,
so the matrix, in fact, plays the role of transformation.

C. Limitation of the Proposed Transformation

The proposed transformation has a limitation if

21

|xp|2 - |$n|2 ~0

because the denominator of the factor preceding the transforma-
tion is close to zero. This disturbs the actual (measured) signal
transformation (10) to x/,, x/ﬁ This is why the limitation on the
transformation parameters calculation (dead zones) is imposed
as follows:

t
CL'dp = Zdp
t
x =X
ap — ap (22a)
Lgn = Tdn
t
an - an

_ ||
Tagn = 0.933(17,, [Zn

it (0.9 x| < |zn| < |xp|) then

_ |zp|
(22b)
by = 0.9z, (2!
elseif (0.9 |z,| < |zp| < |2,]) then (:p " \‘?l\
Tgp = 0.9, ﬁ
(22¢)

. o, | |za

if ((|zp| + |zn]) < 0.1[Zmax|) then { |:1',ﬁ] - |:x5]

(22d)

Components z};,, =!,, x4, anda}, are the new reference
components and are used not only as reference values but also
for the transformation terms calculation as well. Taking into
account that some components change depending on the dead
zone selection, new |z,|" and |z,,|" are calculated to find the
k factor preceding the transformation (10). The final direct
(11) and inverse (20) transformation sets take the following

form:
Tyl || ase coslls sinf | | 111 t12 | | Za
I; (|xp\t)2—(|xn|t)2 —sinfs costs | | ta1 to2 | | 23
(23)
To 1 tog —t12 | | cosfs —sind, | | x
= . ¢l (24)
g |x|base —t91 t11 sinfy cosl, T,
where t11 — too are the a3 to o/ 8’ transformation terms calcu-
lated as

tiy = xh, —al, (25a)
tio = a:f]p — xzn (25b)
bty = —ab, —xl, (25¢)
too = a?gp + xfm (25d)

on the basis of the new positive and negative sequence com-
ponents xj, !, %, andzj, considering dead zones
(22b,c,d). The calculation of transformation parameters in this
way is avoided in a narrow range of signal’s asymmetry, for

which practical implementation may cause signals obtained
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through transformation undefined due to the low denominator of
factor k.

|| base 18 selected as a maximum amplitude from among phase
signals amplitudes

max

[#lpase = max{[zal, |zo] s [zc[} = [Tapel (26)

As it will be shown in simulation and experimental results,
such a selection is helpful in the achievement of true phase
current limitation in the converter control method. The desired
phase signal amplitudes |z, |3, |xc| can be calculated using
the same reference values of asfip, ., in the following
way:

2 2
|zq| = \/(|mpt) —|—(|xn|t) +2 (;vflpmﬁln—xfmxfm> (27a)

qp> zdn?

)2 t\ 2
| = (Jzp")" + (lznl")” — ahyah, 27)
—v3 xqpxdn—i-xdp an —|—J;qpan
t\2 t\2
|ze| = (| s ) (| v ) —%prm (27c¢)
ol =
+‘/§ (xqpxdn + xdp qn) + quxfm

D. Exemplary Case Study of Unbalanced Vector
Representation in a New Frame

Case 1: Exemplary simulation results showing unbalanced
three-phase signals transformation properties in the case in
which the asymmetry factor is out of the dead zone are shown
in Fig. 2. Reference signals «,,, a,, 2}, andz}, are set
arbitrarily with step changes. It can be seen that independent
of the referenced asymmetry of three-phase signals, visible as
different amplitudes and/or phase shift other than 7 /2 in x,, and
xg waveforms in the natural stationary c3 frame, the signals
and x5 in the new stationary o’ 3 frame have the same amplitude
and are shifted by 7/2 , so after Park’s transformation signals,
x!, and x; in a new rotating d'q’ frame are constant. Thus,
the assumptions and derivations provided in Section II-A are
confirmed.

Case 2: An exemplary case study for the case in which the
asymmetry factor crosses the dead zone is shown in Fig. 3. Two
components xflp and :Ufm are linearly changed to achieve the
variable asymmetry factor, whereas for simplicity two compo-
nents :1: pand x!,,, are set to zero. Independent of the referenced
asymmetry, visible in the behavior of x, and xz waveforms
in a natural stationary a3 frame, after transformation to the
new stationary o'’ frame signals, 7, and z; have the same
amplitude and are shifted by 7/2. After Park’s transforma-
tion to the new rotating d'q’ frame, the signals zj; and a7,
are constant. When crossing the dead zone in a very narrow
range of asymmetry, the transformation parameters are held.
Thus, the asymmetry factor close to 1 meant as a ratio of
the negative sequence vector component to the positive se-
quence vector component is not available. However, as it is
visualized in Fig. 4, presenting the reference vector hodograph
for this case, the dead zone is very narrow, and as it will be
shown next in the converter control simulation and experimental
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Fig. 2. Simulation results showing the new trigonometric transformation
properties in the case in which the asymmetry factor is out of the dead zone.

tests, results do not considerably disturb the converter current
waveforms.

III. CONTROL METHOD USING THE NEW TRANSFORMATIONS

A. Scheme of Voltage Vector Oriented Control Using the New
Transformations

A control system allowing free management of the positive
and negative sequence converter current vector depending on
the dc load/source power and grid voltage conditions is shown
inFig. 5. Fig. 5(a) presents the main structure of voltage-oriented
control with the new transformation.

The set of reference signals xfy,, x},, xf,, andzy, for
transformation parameters #11—f22 calculation are identical to the
reference current positive and negative sequence components
ittt it il after consideration of dead zones. The
reference currents il , % , it , ifer recalculated subsequently
to the natural a8 frame, next to the new o3’ frame, and by
Park’s transformation yield 7 Tef — |2|pase and ing = 0 (the
proof is provided in the Appendlx). Thus, the reference current
vector components may not be transformed by the set as above.
The transformations are applied to the actual current vector
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¢ H H H
Xedps Xgp» Xdns Xgn» X|tase

0
time [s]
Fig. 3. Simulation results showing the new trigonometric transformation

properties in the case in which the asymmetry factor crosses the dead zone.

Fig. 4. Simulation results showing the reference vector hodograph in the case
in which the asymmetry factor crosses the dead zone.

components i,3. The feedback is made for the new rotating
frame d'¢’ components of the current vector. Output signals of
PI current vector components regulators are transformed back
first using the inverse Park’s transformation and next the inverse
transformation from the new o/’ frame to the natural station-
ary a3 frame. Afterwards, the grid voltage vector components
feed-forward is applied, to reduce significantly an influence of
the grid voltage vector disturbances on the converter current
vector regulation. This manner is especially important during
transients such as rapid symmetrical or asymmetrical voltage
sags.

Fig. 5(b) presents the structure of determination of the grid
voltage vector direct u,, and u; and quadrature u, and ],
components. The structure uses the set of second-order low-pass
and high-pass filters with a cut-off frequency equal to 50 Hz.
This method provides slightly better performance than another
known method, which is second-order generalized integrator —
used for direct and quadrature component derivation. The proof
is provided in [9].

Direct (ug,,, ufs) and quadrature (uf,,, uj ;) components of
the grid voltage vector are used for further derivation of positive
sequence voltage vector component amplitude |ugy| , trigono-
metric functions of Park’s transformation (sin 6, cos 6) related
to the positive sequence vector, and the dg components of neg-
ative sequence grid voltage vector components for their further
compensation.

The exemplary outer control structures of dc voltage regu-
lation and grid voltage imbalance correction are included in
Fig. 5(a). The reader has to note that this part is exemplary
and is not related to the main aim of this article, which is a
new transformation for the current control structure. This part is
only shown as an example of how to assign the reference value
of positive and negative sequence current vector dg components.
The actual dc voltage is filtered by second-order band-stop filter
designed for 100-Hz central frequency and 40-Hz stopping band,
and second-order low-pass filter designed for 150 Hz cut-off
frequency. This is to avoid the influence of second and higher
harmonics on the referencing of the i,, component of current
caused by the negative sequence current component and by
possible harmonics in the grid voltage.

IV. SIMULATION RESULTS OF CONTROL METHODS WITH
NON-CARTESIAN FRAME TRANSFORMATION

The first simulation tests are made to compare the two most
popular current control methods for control of converter un-
balanced current with the proposed solution utilizing the new
transformation. Fig. 6(a) presents three-phase grid voltage of the
following parameters: positive sequence phase voltage ampli-
tude — 260 V, negative sequence phase voltage amplitude — 65 V,
fifth harmonics amplitude — 32.5 V. Subsequent figures present
the step response on the converter current asymmetry change:
Fig. 6(b) for DSRF control with notch filters, Fig. 6(c) for
DSREF control with decoupling structures between positive and
negative sequence, Fig. 6(d) for resonant terms based control,
and Fig. 6(e) for the proposed control.
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Proposed methods of control and calculation of the non-Cartesian frame transformation parameters. a) New transformation parameters calculation and

converter current control in the non-Cartesian frame. b) Example method of Park’s transformation angle calculation and grid voltage imbalance compensation.

It can be observed that for properly implemented control
structures, in all methods, converter current is kept sinusoidal,
and in the steady state, no visible differences occur. The DSFR
control [see Fig. 6(b)] provides the slowest response due to
the use of notch filters in current measurement paths, needed
for symmetrical sequences extraction. These filters introduce
additional dynamic terms to the control plant seen by the current
regulators. Thus, the observed inertia in the response is justified.
Elimination of notch filters in DSRF-based control is possi-
ble by the implementation of decoupling structures between
positive and negative sequences, but the structure becomes more
complicated. Slight overregulation in the first period occurs. In
both cases of DSFR control, four regulators are responsible for
current control and multiple Park’s transformations are used.
To avoid multiple transformations of positive and negative se-
quences of current, oscillatory terms are introduced. It gives
negligibly better results without overregulation [seeFig. 6(d)].

However, it has to be noted that the oscillatory terms used in
the controller structures are problematic in the field of antiwind-
up structures used for limitations of the controller’s states and
their output signals. It requires additional dynamic terms that
are difficult to tune. It can be seen in Fig. 6(e) that the proposed
method using the new transformation produces comparably
good results to the DSFR with positive and negative sequence
decoupling as well as to the oscillatory terms based controllers.
However, only two controllers are applied here, which facilitates
the selection of controller parameters.

The conditions for the second simulation (see Fig. 7) are
as follows: positive sequence voltage |u,| = 305V, negative

sequence voltage |u,| = 20V, and maximum amplitude from
among all phase voltages amplitudes |uqp.|™** = 325V, which
is also the reference value of the power electronics converter
terminal voltage ug‘;f for the positive sequence grid voltage
amplitude |u,)| regulator. The reference value of dc bus voltage
equals 650 V, filter inductance 2 mH, filter inductor resistance
0.1 €, grid impedance values are similar, i.e., 2 mH of inductance
and 0.5 Q of resistance.

To speed up the method prototyping in this test, continu-
ous voltage sources were used instead of a switching power
converter. The complete results of the switched converter are
shown in the section related to the laboratory tests.

Operation of the power converter starts at 0.05 s. The dc bus of
the power converter is neither loaded nor the energy is transferred
from the external dc source. Thus, in the initially charged dc
bus, the dc voltage remains unchanged. At 0.05 s, the power
converter terminal voltage imbalance and the positive sequence
sag are started to be compensated for. Simultaneously, the dc
bus voltage controller starts working. Visible dc bus voltage
oscillations are caused by the negative sequence current flow
influencing the instantaneous power p component.

At0.3 s, the dc bus starts to fed by the external constant current
source equal to 40 A, which for the average dc bus voltage equal
to 650 V is equivalent to 26 kW of power. It can be observed
that in the steady state both new i} and 4;, current components
as well as output signals of the current regulators out Ril, and
outRi'q are constant. It proves that the presented concept can be
of interest in grid-connected power converter control as it allows
to eliminate positive and negative sequence extraction as well
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Fig. 6. (a) Simulation results presenting three-phase grid voltage. (b) Three-
phase unbalanced current for DSFR control with notch filters. (¢) DSFR control
with positive and negative sequence decoupling. (d) Oscillatory terms based
current controllers. (e) Proposed current control method during reference step
change of the converter current imbalance.

TABLE I
PARAMETERS OF THE POWER CONVERTER USED IN THE LABORATORY

Symbol PARAMETER Value
Ugn Nominal phase voltage (L-N rms) 133V
1, Rated current rms 14A
L Grid filter inductance 1.2mH
R; Inductor resistance 40mQ
Cye de link capacitance ImF
/s Switching frequency 10kHz

as resonant terms in the current controller structures for which
the antiwind-up structure is not as trivial and intuitive as for the
PI term.

V. EXPERIMENTAL TESTS OF CONTROL METHODS WITH
NON-CARTESIAN FRAME TRANSFORMATION

Experimental tests were done with a 5.5-kW converter. The
converter parameters are provided in Table I.

Fig. 8 presents experimental tests for arbitrarily referenced
positive and negative sequence current vector components at
some asymmetry of the grid voltage in the inverter operation
mode. The grid impedance in this test is considerably low and the
grid converter current has no influence on the grid voltage. This is
to show that it is possible to obtain sinusoidal unbalanced current
of given asymmetry different than grid voltage asymmetry. At
the beginning, the positive sequence current is fed only, while at
the end of the test, the negative sequence current is fed only. In
the middle part of the test, the converter current vector crosses
the dead zone.

Fig. 9 presents a similar test over a longer time. Here, at the
beginning of the test only a negative sequence current is deliv-
ered to the grid, whereas positive sequence current is delivered
at the end. This can easily be identified through observation of
the dc bus voltage oscillations which are negligible for positive
sequence current and considerable for negative sequence cur-
rent. Fig. 9 also presents hodographs of the current vector in
the natural stationary frame and in the new oblique stationary
frame. Small disturbances of the circular hodograph in a new
frame are visible due to the transients caused by crossing the
dead zone.

The second set of experimental tests was done for rectifier
operation with implemented outer control loops related to the
dc bus voltage regulation through positive sequence d compo-
nent of the current vector, the ac voltage amplitude regulation
positive sequence g component of the current vector, and voltage
imbalance compensation through dg negative sequence current
vector components according to the control scheme in Fig. 5.

Contrary to the previous experiments from Figs. 8 and 9, in
these tests, considerably high grid impedance is used (10 mH)
to make any influence of the small power converter on the grid
voltage possible. Simultaneously, the single-phase significant
overload is created on the star-connected windings of the trans-
former which is used as the grid emulator in the laboratory tests.
In the first test from Fig. 10, the transient of unbalanced voltage
sag is shown at power rectifier operating with disabled negative
sequence grid voltage regulators and with arbitrarily zeroed
negative sequence reference current vector components. For the
grid voltage sag, the positive sequence current is increased to
satisfy the dc load energy demand, which is unchanged due to
the same dc voltage value.

In the second test from Fig. 11, the grid voltage imbalance
regulators (correctors) are enabled and after a short time the
grid voltage is recovered in each phase due to delivery of an
adequate amount of negative sequence in the converter current.
The response of the system in Fig. 11 is not immediate due to
the existing filters in the dc and ac voltage outer control loops
and high capacitance of the dc bus.

However, the new transformation in the inner control loop
does not introduce extra dynamics, as can be observed in Fig. 12
which presents the current control loop step response to arbitrar-
ily referenced current imbalance change. The test was done for
the same high grid impedance. High impact of negative sequence
current on grid voltage imbalance can be observed. The last test
was provided for an enormous amount of harmonics in the grid
voltage (Fig. 13).
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Simulation results presenting operation of the grid power converter with the application of new transformations for the case of grid voltage imbalance

compensation and fundamental positive sequence component sag compensation (0-0.05 s — initial state, 0.05-0.3 s — no load operation with imbalance and sag
compensation, 0.3-0.5 s — imbalance and sag compensation with simultaneous dc bus feeding from external source by 26 kW of power (inverter operation mode).

Fig. 8.  Experimental results of short time transient of progressive change from
positive sequence current referencing to negative sequence current referencing
(uge — dc bus voltage, usqpe — three-phase grid voltage, iyp. — three-phase
converter current, i, g — converter current components in the natural stationary
frame, iq g’ — converter current components in a new stationary frame).

The last test was provided for an enormous amount of har-
monics in the grid voltage. The grid voltage is distorted by a
six-pulse three-phase diode rectifier connected in parallel to
the tested converter terminals. Thus, besides already existing
harmonics and intentionally provided unbalanced grid voltage
sag, additional harmonics are generated. Independent of that,

e
la

Fig.9. Experimental results of long time transient of progressive change from
negative sequence current referencing to positive sequence current referencing
(ugc — dc bus voltage, usqp. — three-phase grid voltage, iqp. — three-phase
converter current, ig = f (i ) — converter current hodograph in the natural
stationary frame, ig* = f (i’ ) — converter current hodograph in a new frame).

the converter current keeps sinusoidal shape and performs its
function as a grid voltage imbalance compensator.

As the proposed solution of the power converter is not in-
tended to be used as an active power filter, the intentional
converter current harmonics are not taken into consideration.
Although special transformation giving constant signals in
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Fig. 10. Experimental results during transient of unbalanced grid voltage sag
with disabled negative sequence grid voltage regulators (uq. — dc bus voltage,
usqbe —three-phase grid voltage, iqp. —three-phase converter current, ing —
converter current components in the natural stationary frame, i, /3' — converter
current components in a new stationary frame).
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Fig. 11.  Experimental results during transient of unbalanced grid voltage sag
with enabled negative sequence grid voltage regulators (uq. — dc bus voltage,
usqbe —three-phase grid voltage, iqp. — three-phase converter current, i, g —
converter current components in the natural stationary frame, io g’ — converter
current components in a new stationary frame).

Fig. 12. Experimental results of step response of current control loop to
arbitrarily changed reference current imbalance (uq. — dc bus voltage, usqpe
—three-phase grid voltage, i44.-three-phase converter current, i, g3 — converter
current components in the natural stationary frame, i 3’ — converter current
components in a new stationary frame).
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Fig. 13.  Experimental results of grid voltage imbalance compensation at
enormously high content of grid voltage harmonics (#qc. — dc bus voltage,
usqpe-three-phase grid voltage, iqp. — three-phase converter current, ing —
converter current components in the natural stationary frame, io g’ — converter
current components in the new stationary frame).

synchronously oriented frame was elaborated [24], until now
it was utilized for improvement of the phase locked loop re-
sponse. Further studies are needed on implementation of this or
similar concept for intentional introduction of converter current
harmonics without implementation of a multiple reference frame
or multiresonant current controllers.

VI. CONCLUSION

The article presents a new transformation of unbalanced three-
phase signals to the oblique non-Cartesian frame in which the
obtained signals in the new frame have equal amplitudes and are
shifted by 7 /2 despite three-phase signals imbalance. Thus, in
a new frame, the vector is seen as balanced. Transformed next
to the rotating frame using Park’s transformation, the vector
components are constant. The proposed transformation from
stationary a8 to new o'/’ frame and next from o'’ to the
d'q' frame was used in the voltage-oriented vector control of
a three-phase grid converter.

The new transformation parameters can be relatively simply
found based on reference positive and negative sequence current
vector components, making it possible to obtain any imbalance
of converter current depending on the outer control loops refer-
encing current vector components.

The method has a limitation in a narrow range of current
asymmetries, where the magnitude of positive sequence vector is
close to the magnitude of the negative sequence vector, therefore,
a dead zone is implemented to avoid converter operation in this
narrow range. Simulation and experimental results show that the
method works in a stable manner even when crossing the dead
zone. Simulation and experimental tests were done with disabled
outer control loops of dc and ac voltage (so with arbitrarily
referenced positive and negative sequence components) and
with enabled outer control loops. In both cases, the results are
satisfactory.

APPENDIX

REPRESENTATION OF REFERENCE VECTOR IN A NEW FRAME
Taking into account (6) and (12), the basic form of transfor-
mations set (11) can be derived as (28).
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