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Abstract-- This paper proposes a solution for the

minimization of the impact of resonances due to parallel
capacitances in the grid. This solution is a combination of two
additional (ancillary) services of power electronics converters,
namely Virtual Parallel Capacitance Reduction (VPCR) and
Virtual Resistive Harmonic Damping (VRHD). VPCR is an
ancillary service that lets a power electronics converter
generate a current to compensate currents through
capacitances placed in parallel with the grid, for a frequency
range that includes the fundamental and a number of
harmonics. VRHD is an ancillary service that gives a power
electronics converter a resistive behavior for a number of
harmonics. This action will bring extra damping to resonances
inthegrid.
Results of laboratory validated computer simulations with a
model of a small single-phaseinverter for DG, will give insight
in the effect of the two ancillary services, VPCR and VRHD
that areimplemented.

Index Terms— Grid Resonances, Harmonic Interaction,
Active Damping, Ancillary services, Power Quality.

. INTRODUCTION

M osT small inverters for DG of today show a
sinusoidal output current and with that a low
harmonic current emission, therefore they easily
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comply with the applicable harmonic current emissio
standards of today and from that point of view tldey't
contribute to voltage pollution in the LV distrithen grids.
However in another way they can cause harmoniagelt
pollution in these grids, because of possible rasoes due

to the interaction of the output filter capacitanok the
inverter and the grid inductance. Grid resonancas c
amplify harmonic voltages and become problematic in
future grids with large numbers of power electreniased
appliances, because of the increase of parallelai@mces
connected to the grid. It should be mentioned ithatrters

for DG have relatively large output capacitors. iAverter

of a few kW can bring a large contribution to tleat in
parallel connected capacitances at the point ohection,
therefore a good starting point is to let the iteer
compensate the current through its output capastdor
the fundamental frequency and a number of harmonics
Because the inverter has the potential to generaigrent
for compensating currents through one or more nalfeh
connected capacitances, this feature is marked ras a
ancillary service. In this work, this service idled “Virtual
Parallel Capacitance Reduction (VPCR)”. For correct
compensation, parallel capacitors of other loadstnie
located close to the output feeders of the invehat offers
this ancillary service.

A second measure to minimize the effect of resoesnc
is an ancillary service that is called “Virtual Rative
Harmonic Damping (VRHD)". VRHD gives the inverter a
resistive behavior for the harmonic frequency ranfjas
will bring extra damping to resonances in the gtid

The combination of the two ancillary services, VPCR
and VRHD, is an approach that is very effective for
minimizing the impact of resonances in the LV disition
grid [2]. This combination contains two measurasstlf
VPCR is virtually shifting the resonance towardigher
frequency range where the propagation is limited,
preferably above the #5harmonic, and secondly VRHD
damps the resonance peak to a lower level. VRHDalgb
bring damping to the harmonic currents coming fnoom-
linear loads in the distribution grid.

In this paper computer simulations with a labonator
validated model will give insight in the two anaity



services VPCR and VRHD. The ancillary services ddé
implemented in almost all appliances with a power
electronics based front end (i.e. a power eleatobiased
converter that is directly connected to the griml)t, because

a small inverter for DG has a relatively large atfilter
capacitance, such an inverter is used in this wWafikh this
ancillary service inverter, especially VPCR effect be
easily noticed.

Figure 1 shows a part of a LV distribution grid lwi
number of ancillary service inverters at severaint2oof
Connections (PoC).
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Figure 1:  Part of a LV distribution grid with a nber of ancillary

service inverters.

Il.  ANCILLARY SERVICES INVERTER

In this section the VPCR and VRHD ancillary sersice
are firstly computer simulated with a Matlab/Simili
inverter model and afterwards implemented in the Digital
Signal Processor (DSP) control system of a hardware
inverter by means of automatic code generation T8js
hardware inverter is then used in laboratory expents for
the validation of the computer simulations.

To see the effects of VPCR and VRHD, simulatiores ar
done on a network model that has a practical behder
the frequency range of interest, i.e. up to th& Harmonic
according to the standard for the quality of vodtgd]. For
all the modeling work only single- phase systems ar
studied, this means connections between a line thad
neutral. Unbalance issues are not taken into a¢dotthis
work. Because the used converter switching fregaerare
much higher than the frequencies involved with ¢batrol
system, an average model could be y5¢d

Because the purpose of the computer simulatiorss is
investigation on the lowest frequency resonancehl thie
validated inverter model, all grid impedances amgpsfied
and represented as first order systems with ordistance
and inductance. Capacitances of cables are noh take
account, because they are neglectable comparedheto t
inverter capacitances and parallel capacitancefands,

therefore cables are modeled as a resistive-industistem
[6].

Most of the ancillary services inverter performance
results in this work are output impedances, preseit a
Bode plot. Output impedance as a function of haimon
frequencies expresses the interaction between mécmo
current and voltage, and numerous aspects can be
concluded from these plots, e.g. the grid feedingracter
for harmonic frequencies and the contribution toapel
resonances in the grid.

The studied inverter model in this work is basedao
grid-feeding system like small PV-inverters in gethere.
These systems dump their power to the grid irrespeof
grid conditions [7]. Because the focus of this wigrlon the
interaction between the inverter and the grid, dhly grid
interfacing part of the inverter is described. Fig@ shows
the inverter's basic block diagram with focus oe tjrid
interfacing part.
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Figure 2:  The inverter's basic block diagram wititds on the grid

interfacing part.

In the following sections successively the topolotpe
control system and the ancillary services are dsed.

A. Theinverter topology

The used topology for the ancillary services ineert
simulation model is a Voltage Source Converter (J/SEC
VSC characterizes itself with a low output impedaifice.
the impedance of the converter seen from the gfitjs
low impedance is mainly due to the low impedancé¢hef
buffer capacitor and the H-bridge switching compusg
and the output impedance is dominated by the odipert.
Therefore in the harmonic frequency range of irgkeirethis
work, the output impedance of the circuit of Fig@rearies
from inductive to capacitive and in between thetesys
resonates with a high impedance, all due to theimbting
effect of the output filter. In Figure 3 the buffeapacitor
together with the inverter’'s H-bridge of Figures2réplaced
by a controllable voltage source.
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Figure 3:  The inverter modeled as a controlled ag#t source with

output filter.

To achieve a grid-feeding system, a high output

impedance is needed for the 50Hz fundamental and to

improve harmonic and transient performance, algoafo
wider frequency range that includes a number afbaics.
A current feed-back control as depicted in Figureah
provide for this high output impedance while usingSC.
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Figure 4:  An inverter with a current feedback cohsystem

Building a control system that performs well ativas
grid impedances, can easily be done if the onlyceon
would be the 50Hz fundamental, however controliigp a
range of harmonics is not an easy task. In todpséstice,
DSP based controllers are used in switching coekgert
Although these controllers can easily contain veagnplex
systems, PWM transport - and sample delays redineges
attainable performance in bandwidth [8], [9].

Also grid impedance variations have a large infagen
on the attainable control performance of grid catee
power electronics converters [7]. To achieve a sbbu
system in terms of stability at various grid impedes,
damping of the interaction between the outputrfitied grid
impedance, with a special control loop is a goodioop
[10], [11]. For the ancillary services performance
simulations, a practical Dutch grid impedance vatfea
single-phase low voltage connection is chosen ffb#j,

see the used Thevenin scheme of the grid in Figuaed
the corresponding values below:

. Rgrid = 0.25 Ohm,
. Lgrid =0.25 mH.
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Thevenin scheme of a single-phase lowtagel grid
connection used in the simulations.

Figure 5:

B. Theinverter control system

The block diagram of Figure 6 gives the total cohtr
system of the inverter with VPCR and VRHD contitbis
control system measures voltage and current ointherter
system (see Figure 3) and drives the PWM modul&sr.
can be seen also in Figure 6 a so calledcampensation”
feed-forward loop is added to the system for outpdiictor
voltage drop compensation.
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Figure 6:  The total control system of the ancill@grvices inverter

with VPCR and VRHD control and tcompensation.

For the total control system, only two signals restedbe
measured, namely the current through the outpuiciad of
the inverterij,, and the grid voltage,qy, the only output of
the control system goes to the PWM modulator. Ayver
important part of the control system is the PhaseklLoop
(PLL) system, the base of this system is a voltagerolled
oscillator and a phase-sensitive detector in a.lotye PLL
system generates from a grid voltage signal withsjie
pollution vgi4, the following signals: a sine and cosine
function with the same frequency as the grid vatag
fundamental, and the fundamental frequency valhe.sine
and cosine functions are used to estimate the foedtal
magnitude value from the grid voltagg.q The sine



function is also used to generate a current refereignal
irer that is in-phase with the grid voltage, by multipg this
sine function withk.¢. Giving k¢ is @ positive value will let
the inverter deliver real power to the grid. Thedamental
voltage v,ng is used to calculate the grid voltage pollution
Vgis by subtracting/ng from vgig, See equation (1).

1)

The fundamental frequency value output from the PLL
is used to tune the fundamental and harmonic résma
The used PLL system and the fundamental magnitude
estimator are made of building blocks from the
Matlab/SimPowerSystems toolbox library [3].

Viis = Vgria ™ Viund

Just as in many control systems the inverter's wutp
currenti,, is fed back with a negative sign and summated
with the reference,¢ to create an error signal to drive a
controller. Extra in this system are two additiomabuts
ivecr @ndiyryp to this summation coming from the VPCR
and VRHD control.

In the following sections the ancillary service dtions
VPCR and VRHD are explained in more detail.

1) VPCR controller

The goal of VPCR is to virtually reduce the invege
output capacitor, this is done by compensatingcilmeent
through this capacitor. In Figure 7 the VPCR cdldrois
copied out of the total control system of Figure This
VPCR control uses theyq signal to calculate the current
through the output capacitor,§ this can be done because
Vgia €quals the capacitor voltage, see Figure 3. The
calculated current through the output capacitger is
added to the requested inverter output curiigpt(see
Figure 6), with this action the capacitor currerst i
compensated and the output capacitance virtuadiyaed.

High-pass

Vgrid STy, W Ivpcr
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Figure 7:  The VPCR control system of the inverter.

The relation betweewyq and the current through,&is
shown in Equation (2). Equation (3) shows how tiowdate
the current through &

V. 1
— grid _
xCout - i - C @)
Cout out
lcouw = Vgrid SCou ©))

Building a pure differentiator is not possible iragtice
and not needed, therefore a high-pass filter id.ufe give
this high-pass filter a unity gain at= 1, the filter output is
multiplied with a gain that equals the value of tigh-pass

filter cutoff frequencywn, see Equation (4)mp, is the
reciprocal ofr,,. The high-pass filter cutoff frequenay, is
chosen beyond the inverter's bandwidth.

STy,

_w 4
ST, +1 @

%p Cout

vpcr = Vyrid

Finally the constankpcr equals the capacitor value
from which the current is compensated, see Equésipn

k'\/PCR = Cout (5)

2) VRHD controller

The goal of the VRHD control is to let the inverter
behave as a (virtual) resistor, but only for harimon
frequencies, therefore the output impedance needset
controlled. Seen from the grid the output impedasgsee
Figure 3):

7 = Void

out .
|

(6)

grid

Because the output capacitor current is compendsted
the VPCR control loop, iiny equalsigig, therefore the
following counts by approximation:

\

Zoy = —Ig—" )
iinv = grid __ (8)
out
iVRHD = Vgrid kVRHD 9)
-1
Koo =— (10)
HD Zout

The calculated currentgyp is added to the requested
inverter output currenity (see Figure 6), with this action
the inverter’'s output impedance can be controlled.

In Figure 8 the VRHD controller is copied out ofth
total control system. This VRHD control needs tanga
only the grid voltage distortion and of course ribe
fundamental, therefore the fundamental voltaggy is
subtracted from the grid voltage,q to estimate the
distortion voltagevgis.
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To avoid poorly defined damping at frequencies othe
than the harmonics a resonant bandwidth limitexdided to
the VRHD controller, see Figure 8. This resonant
bandwidth limiter works with multiple resonatorst e
resonant peaks the limiter has a gain of O dB ardra
phase shift, see Figure 9.
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Figure 9:

I1l.  VALIDATED SIMULATIONS IN THE FREQUENCY
DOMAIN

In this section practical simulations in the freqcoye
domain of the inverter's output impedance are githase
results are presented in Bode plots. The inverteutput
impedance is calculated from time series of measure
voltage and current, with the laboratory setupigtiFe 10.
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Figure 10: Laboratory setup.

The output impedance plots give an impression ef th
performance of the inverter's control system. Both

computer simulation results as well as related exgntal
results are presented in this section, for valahati

In the used simulations the grid voltaggy is polluted
with a flat spectrum, containing all harmonics agite 44.
Time series of the grid voltagg:iq and the grid currengiq
are used to calculate the inverter's output impedannly
for harmonics from the "2 to the 48. Results from
computer simulations are presented as a solid line
connecting all the harmonic impedances, results fthe
laboratory measurements are presented as dots. For
comparison both the computer simulation results toed
related experimental results are presented inignest

In this work attention is paid to the inverter'sntwlled
performance as well as the uncontrolled performaAter
some Bode plots of the basic control system, ssocey
the ancillary services VPCR and VRHD are activated,
notice the difference.

A. Basicinverter control

In this section the effect of the basic invertentcol is
discussed. In the first plot the inverter’'s outmpedance is
given without any control active, hereafter the- u
compensation loop is activated for 50%. The reafswn
implementing only 50% ucompensatiomnd not 100% has
to do with keeping the total control system stafide
various grid impedances. Finally the current cdrivop is
activated as well.

In Figure 11 the inverter's output impedance Bobtg p
is given for the situation without any control loagtive.
This figure clearly shows a parallel resonance betvqy
andC, , this is because the inverter impedadggis very
low due to the VSC concept of the inverter.
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Figure 11: Bode plot of the inverter's output impede without any

control.

In Figure 11 also can be noticed that the simutatio
results (solid line) differ from the experimentatsults
(dots), because the latter one has more resistande
therefore also more damping. For frequencies lotlian
the 19" harmonic, the inverter's output impedance shows an
inductive-resistive behavior, because the phaséedegds



to +90°. For frequencies higher than th&' t@rmonic, the
inverter's output impedance shows a capacitive ieha
this is indicated by the phase angle that goe9a®. -

In Figure 12 the Bode output impedance plot is mive
with the 50% u-compensation loop active. With this loop
activated, the parallel resonance betwégp and C, is
damped to a much lower peak level, compared torEig.
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Figure 12: Bode plot of the inverter's output impede with only u-

compensation.

The resonance frequency in Figure 12 is virtudiifted
from about the 19to about the 12 harmonic, this is due to
the virtual increase in inductance lof; with a factor two,
as a result of the activated 50%aompensation loop.

In Figure 13 the Bode output impedance plot is give
with the current control loop activated in additimnthe y-
compensation loop.
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Figure 13: Bode plot of the inverter's output impede with current

control and u-compensation.

The current control loop has mainly effect on the
fundamental and the"35", 7, 9" and 11" harmonic, due
to the resonator control system. Because of tleisrtherter
has a high impedance for these harmonic frequencies
Therefore the output impedance on these harmonjcale
the impedance of the output capacit@,. There is

however also some effect beside these resonandes,pea
therefore other harmonic impedances are affectegels

With the activation of both the tcompensation and the
current control loop the ancillary services inver@s its
basic configuration, the Bode plot of Figure 13w&dhus
the impedance on harmonic frequencies for this cbasi
configuration, measured at the output feeders.

B. Ancillary services VPCR and VRHD

In this section the output impedance Bode plots are
discussed of the basic inverter with the ancillagyvices
VPCR and VRHD activated successively.

In Figure 14 the Bode plot of the inverter's output
impedance is given with the ancillary service VPCR
activated. Compared to the output impedance plothef
basic configuration (see Figure 13) the magnituti¢he
capacitive impedance has strongly increased, dPRC
(see Figure 14). This indicates a virtual reductainthe
parallel capacitances. The ancillary service VPR& h
mainly effect on the fundamental (not shown hergj the
3" 5" 7" d" and 1" harmonic, because the VPCR
performance depends on the current control perfocama

Magnitude Z-inv, Bode diagram
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Figure 14: Bode plot of the inverter's output impaede with activated

VPCR.

In Figure 15 the inverter's output impedance Bobtg p
is given with the ancillary service VRHD activatéd
addition to VPCR. The ancillary service VRHD hasimha
effect on the 8, 5", 7", 9" and 11" harmonic, because also
the VRHD performance depends on the current control
performance, beside this the VRHD controller hagsmna
resonant bandwidth limiter to avoid poorly defirgamping
at frequencies other than the harmonics supporeth®
resonant controller of the current control systBetause of
this strongly limited effect of VRHD to the"35", 7", 9"
and 11" harmonic, only on these harmonics, the inverter's
output impedance equals the pure resistive valudOof
ohms, as adjusted.
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Figure 15: Bode plot of the inverter's output impede with activated

VPCR and VRHD.

With the activation of both the ancillary servicéBCR
and VRHD, the ancillary services inverter has itdl f
performance operation mode. The Bode plot of Fidibe
shows the impedance on harmonic frequencies fa thi
operation mode, measured at the output feeders.

IV. DISCUSSION

An inverter for DG that offers the ancillary semsc
VPCR and VRHD can contribute to a power quality
improvement, but are there any design consequesiogs
what about the effect on efficiency and dynamigegh

For both services, a compensation current hasotw fl
between the inverter and the grid, through the wufiter
inductor. To let this current flow, the inverter shdo
superimpose compensation voltages on the fundamenta
voltage. Because these compensation voltages have t
overcome the voltage drop across the output fiftéuctor,
the magnitudes can be significant, especially & higher
harmonic order range. Beside this, also a smatagel drop
due to resistive losses will be present.

Concerning the dynamic range, the ancillary sesvice
VPCR and VRHD with its compensation current, agk&o
higher DC-bus voltage of the inverter, in orderathieve a
higher dynamic range of the PWM modulator.

Concerning efficiency, the ancillary services VPaRi
VRHD with its compensation current, will cause agk
drops due to resistive losses. Although thesethesibsses
are expected to be small, they have to be incotpdia the
efficiency calculation of the inverter Thereforeetltosses
due to the ancillary services VPCR and VRHD, witjlstly
reduce the total inverters efficiency.

In this work the effect off the ancillary service®CR
and VRHD on efficiency and dynamic range are nahdpe
quantified, therefore to learn more about this sahjmore
research need to be done.

V. CONCLUSIONS

In this paper two ancillary services for minimizitige
impact of resonances in the grid are studied. Betivices
can be implemented in power electronics based ctarge
they are named “Virtual Parallel Capacitance Redoct
(VPCR)” and *“Virtual Resistive Harmonic Damping
(VRHD)".

VPCR is an ancillary service that generates antiaddi
current to compensate currents through capacitahaesre
placed in parallel with grid connected appliancéBCR
works in a frequency range that includes the furefdad
and a number of harmonics. VRHD is an ancillaryiser
that gives the converter a resistive behavior faumber of
harmonics.

A single- phase inverter for DG with the ancillary
services VPCR and VRHD is computer simulated and
validated with a hardware model in a laboratorysu®s of
the validated simulations show that the two angilla
services perform as expected, especially the caatibim of
the two ancillary services is very useful to mirdmithe
effect of resonances in the LV distribution gridgchuse
VPCR is virtually shifting the resonance towardigher
harmonic frequency range and VRHD damps the resenan
peak to a lower level. VRHD will also bring dampitg
harmonic currents coming from non-linear loads e t
distribution grid.

These two ancillary services can be implemented in
power electronics based inverters for DG, as pteseim
this paper. The actual working range however depenmd
the performance of control system.
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