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Abstract— This paper concentrates on a three-phase power

converter control system that uses voltages and currents in
a stationary reference frame. The advantages of such a control
system include lack of transformation between stationary and
rotating reference frames and hence no need for an extra
algorithm such as a phase locked loop for the grid voltage phase
angle determination, as the power components are the same in
every coordinates system. The method proposed in this paper uses
PResl controllers for tracking referenced Akagi’s instantaneous
power components, which contain intentional oscillations of
double grid frequency. Thanks to that, the sinusoidal converter
current is maintained despite the negative sequence component in
grid voltage. Different targets for converter current asymmetry,
from corresponding, through symmetrical, to opposite to voltage
asymmetry may be achieved, depending on the operation mode
and the demanded power. Moreover, the power limitation method
allowing limitation of the phase current amplitude even for
unbalanced phase currents was applied.

Index Terms— AC-DC power converters, direct power
control, power limiters, unbalanced grid

. INTRODUCTION

GRID-CONNECTED three-phase power converters (Fig. 1)
play a significant role in a utility grid. They are used with
the aim of an electrical energy quality improvement, as well as
bi-directional energy transfer between the line and DC circuits,
which can be railway electric traction, electrical energy storage,
or DC-link of active rectifiers or inverters utilized in renewable
energy conversion systems, etc. Thanks to that, sinusoidal
current waveform and control of power flow with a high power
factor is possible.

One of the most popular control strategies uses proportional-
integral (PI) controllers in order to control components of the
current vector, oriented with respect to the grid voltage vector
(Voltage Oriented Control - VOC) in a dqg synchronous
reference frame [2][3]. Another popular method is direct power
control (DPC), which uses hysteresis controllers of
instantaneous power p, g components [4]. Both methods require
determination of the grid voltage phase angle. Due to that,
further improvements, like phase-locked-loop (PLL) [5],
virtual-flux-orientation of the synchronous reference frame
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Fig. 1. Scheme of a grid-connected three-phase power converter.

(VFOC) [6], or virtual flux-based estimation of instantaneous
power (VF-DPC) [7] were proposed. In order to obtain constant
switching frequency for direct power control methods, space-
vector modulation instead of a switching table was proposed
(DPC-SVM) [8]. Application of PLL, as well as virtual-flux in
control systems allowed to reduce the content of converter
current high harmonics caused by grid voltage harmonics.
However, such methods were still sensitive to grid voltage
asymmetry. The negative sequence component of grid voltage
introduces phase angle oscillation, as the voltage hodograph is
no longer circular, but elliptical. Due to that, transformation to
synchronous reference is much more difficult.

In order to avoid coordinate transformation, the stationary
frame control system may be applied, where the zero steady
state current error is provided by proportional-resonant (PR)
controllers [9]-[14]. Thanks to lack of the synchronous
reference frame transformation there is no need for grid voltage
phase angle determination, thus synchronization issues are
eliminated, which is an advantage in the case of grid voltage
imbalance [15]-[21]. Nevertheless, such a control system
demands accurate sinusoidal reference generators, which has
recently become an important research issue. In [15], the
authors proposed a current reference determination method
based on symmetrical sequence components extraction of grid
voltage and the converter control signal, as well as average
values of instantaneous power components. The main
assumption was minimization of DC voltage ripples, which
naturally leads to current asymmetry opposite to voltage
asymmetry, because the p component of instantaneous power is
not oscillating in such a case. For the presented rectifier
operation mode, the proposed method is unfavorable to the grid,
because the phase with the lowest rms voltage values is loaded
the most. Similar results were achieved by the authors of [16],
but without symmetrical sequence extraction. Manipulation of
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the current asymmetry factor was proposed in [17]. The authors
introduced adaptable parameters in the reference generator
which was based on grid voltage symmetrical sequence
components decomposition. Unfortunately, experimental
results show strongly distorted current. Papers [15]-[17] do not
present current limitation. For the asymmetrical current
limitation it is not a trivial issue, because its vector
representation does not translate into three phase representation
as easily as in the case of symmetrical current. Therefore, for
the sake of proper limitation, some additional three-phase
structures were proposed [18]-[20].

Another approach to the control of grid connected converters
operating under asymmetrical voltage sags is modification of
classic structures with PI current controllers. Then, regulation
is done in two synchronous reference frames, where one is
oriented along the grid voltage positive sequence, and the
second is oriented along the negative sequence [21][22] vector
component. Additionally, notch filters of negative sequence dq
current are often utilized in such systems [22], which narrows
the bandwidth of the current control. A symmetrical current
target is easy to realize by setting the reference negative
sequence current to zero, although it is not fully beneficial to
the grid.

Some modifications of DPC-SVM methods were proposed
in the literature, like low-pass filtering of the virtual flux
magnitude and PLL to synchronization of the virtual flux phase
angle [23]. As the instantaneous power components are
independent on the reference frame orientation or rotation, the
direct power control methods can be realized without PLL
structures, whereas synchronization of the converter current to
the grid voltage results in the control algorithm itself. It has
recently become popular research issue [1][24][25]. Although
control systems presented in [1] and [24] are similar, it can be
noticed that in [1] impact of grid voltage harmonics on a current
shape is lower. Both papers do not consider unbalanced voltage
dips. Another method was proposed in [25], which is power
reference compensation based on current and voltage
symmetrical sequence decomposition and current third
harmonic extraction, as well as proportional-resonant-integral
controllers (PResl) to track the reference. The authors did not
consider grid voltage harmonics; moreover, results presented in
the paper do not show step change of the average power
components, thus dynamics is difficult in the evaluation. The
DPC strategy can be realized without symmetrical sequence
decomposition, but with a grid voltage vector quadrature
component (voltage vector delayed by 7/2), as proposed in [26]
and [27] in deadbeat based control systems, which requires
precise determination of grid filter parameters.

An appropriate asymmetry of current obtained by the control
system is beneficial to the grid, because in the rectifier mode,
the phase with the lowest voltage rms values is loaded the least,
and in the inverter mode it is supported the most. However, the
maximal converter power cannot be delivered, because some of
the legs operate below their maximal allowable current.
A solution of this issue is current balancing at the time when
demanded power is above the value resulting from
asymmetrical current limitation. In [28], the authors presented
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a method allowing intermediate current asymmetry between
opposite to grid voltage asymmetry and symmetrical current.
Such an approach is beneficial to the grid only in the inverter
operation mode. Moreover, reactive power support was not
analyzed.

This paper proposes a novel direct power control system,
able to operate under asymmetrical grid voltage. Main features
of the system are:

1) determination of the instantaneous power components
oscillations, causing desired current asymmetry,

2) limitation of the reference instantaneous power
components average values, which results in limitation of the
current, in such a way that the greatest amplitude between three-
phase currents does not exceed assumed maximal values,

3) current balancing method, allowing apparent power
maximization, when limit for asymmetrical current is achieved.

Intermediate current asymmetry is achieved immediately
depending on the demanded apparent power. The control
system does not contain dg transformation, and thus there is no
need for special structures of reference frame synchronization,
so no grid voltage phase angle estimation like PLL is needed.
Converter control signals are calculated on the basis of
stationary frame grid voltage and outputs of PResl
instantaneous power controllers, taking into account
decoupling terms in the control signals. In order to provide the
desired current asymmetry, keeping sinusoidal waveform,
appropriate power components oscillations are determined and
added to the reference. This paper presents theoretical
considerations, as well as their simulation and experimental
verification.

Il. STATIONARY FRAME CONTROL SYSTEM

A lack of transformation between rotating and stationary
reference frames eliminates phase angle determination issues
associated with grid voltage asymmetry. Thus, a control system
with power controllers in a stationary reference frame has been
proposed. Therefore, it is proposed to use instantaneous power
pq, described by (1) and (2), as control variables.

3 . .
p=3 (ugalLa + Ugp lLﬁ) 1)

3 . .
q=73 (ugﬁ lLa — Uga lLﬁ) (2

where i, iLp — cONverter current vector components, Ugq, Ugs —
grid voltage vector components. The current vector may be
presented as follows:

. _2( Uga UgB
ha =3 (u§a+u;5 Pt u§a+u;ﬁ q) ®)
;o _2(_YgB _ _ Y%ga
bp =3 (u§a+u;5 p u§a+u;ﬁ q) )
Voltage equations of a three-phase grid-connected power
converter can be described by instantaneous power
components, instead of a current:

_ 2 Pugatqugp 2 . d [(Pugatqugp
Ueaq = _ER( U2 +u? __LE u2 +u? + Uga (5)

gaT gp gaT"gp
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pugﬁ_quga) 2

Li(pugﬁ_quga
uﬁa*’“éﬁ 3 dt

2 2
uga+ugB

2
ugp = —2R( )+us  ©
where u. - converter voltage vector, ug - grid voltage vector, R
— inductor resistance, L —filter inductance, p, g — instantaneous
power components. Derivatives of the current vector
components can be described as:

d . d U d U

—lia = 3 = 2 ga2 +1 2 ng +7 )
dat 3 \adt Ugatugp dat Ugatugg

da . 2(dp Uu dqg Uga

—lup =\ ng T z 7 T3 (8)
dat 3 \adt Ugatigg dat Ugatigg

where:

2 2 2 2
duga p(“gﬁ‘“ga)‘zquwugﬂ dugp 4 (“ga‘“gﬁ)‘ZP“ga“gB

@ (wendy) W (uderudy)”
©)

_ duge o(huudg)riguttgn _ dugg p(udpihe)2augetgn

Proar (ugenzy) A ()
(10)

It can be noticed that the overall current derivative, and in
consequence, voltage drop on inductor reactance can be
fundamentally divided into two parts. The first one relates to
instantaneous power components (r,, rg), and the second one
relates to their derivatives. Considering non-distorted,
symmetrical grid voltage and current, part of an inductor
voltage drop resulting from power components derivatives will
be equal to zero for the steady state, whereas r,, rs will stand for
the coupling between p and g [1]. However, while a negative
sequence component of grid voltage occurs, in order to
maintain sinusoidal current waveforms, instantaneous power
components need to contain certain oscillations of double grid
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frequency. Therefore, derivatives of power components are no
longer equal to zero for steady states, and part of an inductor
voltage drop related to them is not equal to zero as well.
Moreover, r, and rg do not represent only coupling between
power components, but also contain some part resulting from
themselves. Both mentioned parts of the inductor voltage drop
do not take sinusoidal waveform, but their sum is sinusoidal, as
can be seen in Fig. 2A. Equations (5) and (6) can be written in
the matrix form, as follows:

[ ] _ 1 Uge  Ugp ] Rp + L + LT N [uga]
tepl = ey gp gl da tgp
9 Rq + LE + Lt
(11)

where

duga, —Hgp duga, _Hgp
r,=—p ar “gat—qr YgB q dt Y98 g “ga (12)
4 ufm+u;/3 ufatuig

dugp dug du du
r = ar_“ga” dtaugl? _ dtau9“+ at_“98 (13)
a u§a+u;ﬁ ufgtuig

Inductor voltage drop transformed to the power components
related reference frame is described directly by derivatives of
p and g, as well as r, and rqwhich include coupling between
power components. Both parts consist of dc values combined
with double grid frequency oscillations, which is illustrated in
Fig. 2b. Calculation of rp and r, in general, is not trivial because
it requires differentiation of the measured grid voltage, which
results in amplification of measuring noise and other
disturbances. However, considering only fundamental
harmonic it can be assumed that:

a) b)
1 tgq Ugp ' \ ! ' Uga > Ugp
0 0
-1 -1
1 i 1 i
La [L,B La !L,B
0 0
- -1
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Fig. 2. Example of voltage drop on 2 mH ideal inductor during change of instantaneous power components, for different current targets, ug — line voltage (p. u.), i,
— inductor current (p. u.), u. — inductor voltage drop (p. u.), p, g- instantaneous power components (p. u.). a) representation in of frame, b) values related to p and

q.
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a q

—Ugg = Wy, (14)
d
—Ugp = —oul, (15)

where o —grid voltage pulsation, u ga, Zﬁ —grid voltage vector

quadrature components, which may be obtained by second
order generalized integrator SOGI filtration [29]. Additionally,
harmonic filtration of grid voltage direct components signals
(uga, ugﬁ) is achieved, which is beneficial for the control
system, because voltage harmonics produce unwanted
oscillations in power components signals, which leads to
converter current distortions. Using filtered signals, it can be
written that:

_ ugaugaﬂtgﬁugﬁ ugaugﬁ—ugﬂuga
= ud2,,d2 - d2,,.d2 (16)
gatlgp UgaTUgp
_ ugaugﬁ —ugﬁuga ugaugoﬁugﬁugﬁ
g = ud24,,d2 ud2,,dz (17)
gaT"gp gaTgp
A. Calculation of the reference instantaneous power

components oscillations

In order to maintain sinusoidal converter current waveform,
adequate p and g power components oscillations need to be
referenced. Two general targets of current asymmetry may be
achieved, which are current asymmetry opposite to voltage
asymmetry (target 1), and current asymmetry corresponding to
voltage asymmetry (target I1), whereas intermediate states are
a mix of these two targets. Target | is beneficial to the grid in
the inverter operation mode and target Il in the rectifier
operation mode, while intermediate states allow an increase of
the available converter power. Grid voltage vector components,
considering only fundamental harmonic, can be described as
follows:

Ug = Upp sin(wt + )  (18)
ug = —Ugp, cos(wt + B,) (19)

where U, Ug, — amplitudes of grid voltage vector
components, oy, fu — phase shifts between corresponding
vector components and its positive sequence component, w —
fundamental harmonic pulsation. Accordingly, current vector
fundamental harmonic can be described as:

(20)
(21)

ig = Ipymsin(wt + ¢ + a;)
g = —lgy cos(wt + ¢ + ;)

where ¢ - phase shift between positive sequence components
of voltage and current vectors. Depending on the desired target,
ai, fi correspond to the voltage phase shifts directly or
crosswise. Similarly, lgn, 1z, are proportional to the voltage
amplitudes directly or crosswise. Then, basing on equations (1)
and (2), power components oscillations can be described by
(22) and (23) for target | and (24) and (25) for target Il.

— Bu) cos(e)

p = 3] UamUBm

Mavg Ugm+Ugm

cos(ay, (22)

4
Uam+ m
q=—> mavgu—’*sm(q)) -
Im.
zu— [cos() (UZ, sinQwt + 2a,,) — Uﬁm sin(2wt +
2B,)) + sin(@) (UZ, cosCQwt + 2a,,) — Uﬁm cosRuwt +
2B,))] (23)
3 Ugm+Ufm
P = 3 Iaug gz g COS(9) +
Imgy
SU g [cos(<p) (Ujm cosQut + 2,) —UZ, cosQQwt +
Zau)) —sin(¢g) (Uﬁm sinQwt + 2p,) —UZ,, sin(Rwt +
2a,))] (24)
_ UamUgm .
q = =3, WCOS(% — B,) sin(e) (25)
where I, = lam*I6m  Then oscillating parts of power

components g, ¢, can be calculated with the use of grid voltage
direct and quadrature components and dc parts of power
components p, g, as follows, for target I:

p=0 (26)
B ugauga+ugﬁugﬁ Za'*”gﬁ_”gt%_ugl%
4= pu dul,—yd q2+u 2 ud24q42 (27)

gatgp  “gB ga gB" " 9x T gp
and for target I
2, q2 d
5= —p ga+ugﬁ—ug(§ ugB _ugauga+ugBuZB 29)
g‘f+ugl§+ug‘f+ugﬁ ”gdugﬁ_”gﬁuga
Gg=0 (29)

However, for intermediate current asymmetry both power
components oscillate (see Fig. 2), so an additional factor &,
which decides about the share of the oscillating part in each
power component, is proposed. Then, oscillating parts can be
expressed as:

q2 q2__d2_.,d2 d .4 d .q
ga+ugﬁ ufd-ugp  _ufatgatugpigg 30
p=¢\— 21ud2494244,42 udud —ud (30)
9“ gB I gB gatgp "gB ga

qZ qaz2_,d2

(1 f)( ug“ugawgﬁugﬁ _Ugatigp—uga— uﬂﬁ%) (31)
d . q q2 q2,_dz, d
+ugﬁ+ug(§+ gﬁz

Seeing that (30) and (31) describe reference values, they are
calculated with the reference p and g. Determination of the
factor ¢ value depends on the power limitation as well as
converter operation mode.

B. Power components limitation with accordance to the
maximal amplitude of the phase current

Limitation of the power components should ensure that
current in any phase will not exceed the maximum allowable
RMS value. Otherwise, a converter may break down due to
overheating of the semiconductor devices and inductor
saturation may occur if they are both designed in a low margin
of over-sizing. Considering sinusoidal converter current
waveform, maximal power is achieved for symmetrical current.
On the other hand, such a situation is not beneficial to the grid
during asymmetrical sags and therefore intermediate current
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asymmetry (between target | and target 11) should be maintained
only if demanded power is greater than limits for a given target.
Taking into account dc parts of the equations (22) and (24),
maximal dc parts of the power components may be calculated
in a similar way like reference oscillating parts. Equations (32)
and (33) describe the maximal p component, assuming that
cos(p) = 1, for both asymmetrical current targets (15,1, |9,1).

d . q d . 4q
. Ugplga—Ugalyp
|p1| - 3Imax 2max{U;} (32)
Pl = [Py 005 5 33
bul = o max 2max{U;} ( )

where Imax — maximal rated amplitude of the three-phase
current, Uy = [Uan Usi Uci] amplitudes of the three-phase grid
voltage, Ui = [Uai Ug| Uci] - amplitudes of the theoretical three-
phase voltage of asymmetry opposite to grid voltage.

Assuming that the current is approximately symmetrical for
& = 0.5 the maximal available dc part of the p component may
be expressed as follows:

Y <<uza—uz,;)z+(uzﬁ+uza)z>

max
2 Up

(34)

|ﬁmax| =

where U, — amplitude of a grid voltage positive sequence
component.

Uy = |ugg +uZ; (35)
Uar = J(udy +V3uge)” + (u, +V3u,) (36)
Ug = %\/(ugﬂ - \/§uga)2 + (ugﬁ - ﬁuga)z (37)
Uy = ’ugaz +uZ; (38)
Upy = %\/(uga + ﬁugﬂ)z + (uZa + ﬁugg)z (39)
Uey =2 J () + (sl — ) (40)
U, = i\/(uga - ugﬁ)z + (], + ugﬁ)z (41)

Basing on (23) and (25) limitation of the g component dc part
may be calculated in the same way as for the p component, as
follows:

2 2

_ 3 (uga—uls) +(ulg+ud,) .

|qmax| = Elmax< L v, L Sln(qo)max (42)
where

. * 2
Sln(q’)max =.]1- (|I7max|) (43)
Wmaxl = |ﬁmax|2 - 5*2 (44)

Limitation of the g component of the instantaneous dc part

5

power depends on the reference p*, in order to keep the priority
of active power.

C. Determination of the & factor value

Introduction of the ¢ factor allows smooth change of the
current asymmetry. It is particularly important in case of
exceeding limits arising from asymmetrical current limitation.
Considering target selection dependent on the converter
operation mode, it can be assumed that £ < 0.5 for p* < 0
(inverter mode) and & = 0.5 for p* > 0 (rectifier mode). As
& = 0.5 stands for the maximal power point, it can occur for
both rectifier and inverter mode. The value of ¢ depends also
on the reference average apparent power expressed as:

s = JFTET? (45)

Then, factor & may be presented as a linear function of s”, as
follows:

|ppl-s*

——— forp* <0
* 2(Ip1l-1Pmax!)
f(s ) = 5*_|I;Irnaj 0 5 f % 0 (46)
2pr-lomax T 0> TP >
Additional constraints need to be implemented, like

0<¢é<05 for p<0, and 05=¢é=1 for p* > 0.
Fig. 3 presents the graph of the function.
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Fig. 3. Graph representing function é(s*).

D. Overall control system with DC-link voltage regulation

The final control system with referenced power oscillations
and limitation terms is shown in Fig. 4. In order to control the
DC-link voltage, a PI controller is used, but it should be noticed
that for target Il (oscillating p component), DC-link voltage
also oscillates, with double @ grid pulsation. Moreover, grid
voltage high harmonics produce additional distortions. Thus,
band-stop filtration of 2w oscillations, and possibly low-pass
filtration, in case of a high amount of harmonics in the grid
voltage, should be implemented [19]. Anti-windup of the DC-
link voltage controller realizes referenced average p power
component limitation.

As the g component reference is set arbitrarily, it is limited
directly. Limits are calculated basing on the assumed maximal
current amplitude Inax, as well as filtrated grid voltage direct
and quadrature vectors components, provided by SOGI. Then,
limited signals of referenced instantaneous power components,
are used to calculate adequate referenced oscillations, also
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Fig. 4. Block scheme of the proposed control system.
using voltage vectors, created from SOGI outputs. TABLE I
. Parameters of the simulated circuit
Instantaneous power components p, g are calculated using
filtered grid voltage. This operation is aimed to reduce of Symbol Quantity Value
unwantgd power osc_lllatlons due to occurrence of grid voltage U Nominal grid voltage (L-L rms) 230V
harmonics. Thus, instantaneous power components p, ¢ nax Maximal current amplitude 10A
contains only dc values and 2w oscillations due to voltage and L Grid filter inductance 2.5mH
. L - . R Inductor resistance 40 mQ
current asymmetry, and influence of harmonics is negligible. L Transformer leakage inductance 23 mH
Error signals of p and g goes to PResl controllers, which outputs Cpe DC-link capacitance 1 mF
are summed with r,q feedforward multiplied by 2/3 L, and this Upc Reference DC voltage 390V
1 Switching frequency 10 kHz

sum is represented by Spq in Fig. 4. Further, s, signals are
calculated using filtered grid voltage, as they are expected to
represent voltage drop on a grid filter, which should contain
only fundamental harmonic. This expectation is related to use
of the original grid voltage feedforward. In practice this
feedforward is slightly delayed due to sampling, however all
inaccuracies should be compensated by controllers. Finally,
converter voltage calculated in this way goes to the SVM.

I1l. SIMULATION AND EXPERIMENTAL RESULTS

Simulation and experimental tests were carried out with
a circuit containing two three-phase two-level IGBT power
converters connected by the DC-link, one of which was utilized
as a variable load/source. Parameters of the laboratory rig are
presented in Table I, and they correspond to the simulation
parameters. In the experiment, a DSP controller built with
TMS320F28335 was used as the control unit.

The main converter was connected to the transformer giving
nominally 3x230 V line-to-line rms voltage directly, whereas
the second one (load/source converter) was connected by an
isolation transformer in order to provide separation between AC
circuits. Both experimental and simulation tests were conducted
for a 2-phase voltage dip. Moreover, simulated grid voltage
contained 6% of 5" harmonic and 5% of 7" harmonic.
Parameters of filters applied in the control system are shown in
Table 1.

Fig. 5 presents the influence of the ryq feedforward during step
change of the average p components. Lack of such feedforward
results in visible coupling between instantaneous power
components. Introduction of rp, allows to reduce this
phenomenon and hence improve control dynamics.

0093-9994 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: POLITECHNIKI WARSZAWSKIEJ. Downloaded on July 15,2020 at 23:38:25 UTC from IEEE Xplore. Restrictions apply.



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/TTA.2020.3009311, IEEE

Transactions on Industry Applications

2020-1PCC-0493

a)
2500 s
2000
1500
1000
500 q
N | S—
0.59 0.60 0.61 0.62 0.63 0.64
500 q N N\ |
A \ /
' £ \ /N
\
!
- Y |
500 A / L
~10004 ! . . e .
~1500
-2000 P
-2500
-3000 T T !
0.5 0.60 0.61 0.62 063 0.64

Fig. 5. Results of the simulation presenting influence of the r, feedforward on
step change of the reference average p component. Solid lines represent
asystem with  feedforward, dashed lines represent a system without

feedforward.
TABLE 11
Parameters of filters used in the simulation and the experiment
Filter Transfer function Parameter
s* + wf wy = 2007
BSF G(s) = —— 0
) 2+ w, + w? w, = 20m
LPF  G(s) w5 300
S)= ——— wy = T
s2+ 2wy + w? 0
kwys
Gq(s) = R ——1
52 + kwys + wf wy = 501
SOGI 2
kw, k=0.1
Gq(s) =

52+ kwys + w?

Step change of energy flow in the DC-link is presented in
Fig. 6. First, there is an energy surplus and the converter
operates in the inverter mode, with current asymmetry opposite
to voltage asymmetry. After that, step load of the DC-link
occurs and the converter operates in the rectifier mode, current
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asymmetry corresponds to the voltage asymmetry. Regulation
of the DC-link voltage is done with low-pass and band-stop
filtration, in order to reduce distortion caused by p component
oscillation, as well as grid voltage high harmonics, particularly
5t and 7™ harmonic. It deteriorates dynamics of the DC-link
voltage control, but does not introduce large enough increase
and drop causing disconnection of the converter from the grid.
Lack of filtration may cause improper determination of the
reference p and g power components oscillations, as well as
oscillations of the & factor. It can be noticed that step change of
energy flow in the DC-link results in temporary current
balancing, which enables active power maximization
maintaining sinusoidal current waveform to obtain reference
DC-bus voltage as fast as possible.

The proposed control system gives the possibility of reactive
power support. Step change of the g component for both
rectifier and inverter operation mode is presented in Fig. 7.
In order to provide a certain mode, active power flow was
enforced. Fig. 8 presents a linear change of load/supply power,
from low to high saturation level. Both current balancing and
limitation can be observed, which is directly associated with
power limitation. Current asymmetry changes due to reference
power as well as active power sign. In order to achieve
intermediate current asymmetry, and finally symmetrical
current, oscillation of both power components is introduced.
Maximal power is achieved for both rectifier and inverter
operation modes. Fig. 9 presents of change of the & factor for
the same conditions as in Fig. 8. Moreover, grid voltage and
current hodographs are presented. Oscillograms start from
¢=0.5. Then, along with reference power change, the & factor
changes according to equation (46). As can be seen, current
hodographs are closed inside a hexagonal area, which
represents three-phase current amplitude limitation. The current
vector hodograph changes between the elliptical and circular
form, depending on the & factor value.

Fig. 10-12 present grid voltage and grid current, as well as
their Fast Fourier Transform (FFT) during steady state
operation for different current asymmetry. Some differences
between the simulation and the experiment can be noticed.
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Fig. 6. Oscillograms presenting step change of the load/source power. a) simulation, b) experiment - grid voltage uq (200 V/div), converter current i (10 A/div), DC

link voltage upc (100 V/div), instantaneous power components p, q (1.2 kW/div).
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Simulated grid voltage is strongly distorted by the 5th and 7th
harmonics giving about 9 % of total harmonic distortion (THD).
Laboratory grid voltage THD was about 1.5 %. Phase A is
marked with the green colour in the simulation whereas in
experimental oscillograms it is marked with the red colour.
Then dips were induced in different phases, which leads to
different hodographs location for the simulation and the
experiment. Experimental voltage dip was higher (40 V) than
simulated voltage dip (20 V). Although simulated voltage is
strongly distorted by high harmonics, their contribution in the
current is negligible (THD about 2 %), which confirms low
impact of the harmonics on the control system. Experimental
current is more distorted (THD about 5%), which is caused by
the relatively high dead-time (2.5 ps) applied in the laboratory
converter. Simulated current limitation has been achieved
properly, while the experimental current waveform slightly
exceeds 10 A, due to imperfection of current sensing probes,
which also causes different current amplitudes in phases, with
the same grid voltage fundamental harmonic amplitudes.
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Fig. 7. Oscillograms presenting step change of the reference average g component. a) simulation, b) experiment - grid voltage ug (200 V/div), converter current i
(10 A/div), DC link voltage upc (100 V/div), instantaneous power components p, g (1.2 kW/div).

IV. CONCLUSION

The paper presents an instantaneous power components novel
control method of the grid-connected three-phase power
converter which operates under grid voltage asymmetry and
harmonics. The contribution of proposed method is that the
converter current can be asymmetrical, so can provide negative
sequence current component through determination of desired
power components oscillations depending on their average
values and voltage asymmetry level. Derived oscillating
reference signals of instantaneous power components keeps
limitation of the unbalanced phase current not to exceed
maximum current value in any phase. The method does not
require  symmetrical  sequences  decomposition  and
trigonometric transformations since instantaneous power
components are independent on frame selection. Moreover,
a current balancing method, providing limitation of the three-
phase current amplitudes, has been proposed. It provides that
when the priority is on active power delivery, the current
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Fig. 8. Oscillograms presenting linear change of load/source power. a) simulation, b) experiment - grid voltage ug (200 V/div), converter current i (10 A/div), DC
link voltage upc (100 V/div), instantaneous power components p, q (1.2 kW/div).
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b) experiment - grid voltage ug (100 V/div), converter current i (5 A/div), & (1/div).
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