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Abstract— Passive damping is the most adopted method to
guarantee the stability of LCL-filter based grid-converters. The Il. PASSIVE DAMPING DESIGN
method is simple and, if the switching and samplindrequencies
are sufficiently high, the damping losses are negible. This letter A. Simple resistor case

proposes the tuning of different passive damping ntieods and an . . .
analytical estimation of the damping losses allowinthe choice of Fig. 1 shows a three phak€L-filter based converter with

the minimum resistor value resulting in a stable ctrent control ~ Passive damping for the simple resistor case. Taester

and not compromising the LCL-filter effectiveness. Stability, ~function Gy«(s), related to the converter voltageand the

including variations in the grid inductance, is stuied through  converter current, is [8]:

root locus analysis in thez-plane. The analysis is validated both

with simulation and with experiments. i(s) 1 2+ 207,.5+ ch

Gpd (s)= T o2 2

Index Terms— Passive dampingLCL-filter, stability, voltage- US) LsS™+2(w S+t W

source converter.

(1)

with ZLCZZ(Lng)_lu CUreszz(27Tfres)2:(]-'|'I-t3/|—)ZLC2 is the
resonance frequency, the grid inductancel, the converter
[. INTRODUCTION inductance and; the filter capacitance. The damping factors

SSIVE damping is the most adopted method to guaean '€ calculated as
the stability of the LCLfilter based grid-converters. Ca
Neither new sensors nor changes in the controvaodtfor the ;="""=pR ()
L-filter case are necessary but there are addition 2
encumbrances and losses that could claim for foomeding ; _{[:% _{ﬂ&
1

[1]. Active damping modifies the control to obtastability

without using dissipative elements. The dampingdssare 1 A

avoided at the price of increased complexity in domtrol 2| T Coc — %

design and/or implementation [2]-[3], moreover stimes L "

new sensors are added [4]-[5]. This letter revitvespassive B {@S a g& ‘v ITTT
Rg% |

damping methods [6]-[7] and proposes an analy@stimation
of the losses to select the best configuration ltiaguin

Stablllllty WIthOUt. co-mpror.nlsmg thd';.CL.-fllter eﬁec“ye_ness' Fig. 1.LCL-filter based three phase converter using passivepihg (simple
Stability analysis, including for grid inductanceriations, resistor case).

uses root locus in theplane.

i Passive Damping

and {'=RyCiz /2 with Ry the damping resistor value. From
(2) Ry has the order of magnitude of th€L-filter capacitor
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Thus,Ry should be lower, or at least not much higher, than
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where Ry is the impedance of the filter capacitorfgtso parallel with the resistor must provide a low imaede,
wsw<<U/R4C;. The current control uses a rotatidgrframe Lyo<<Ry [7], so the fundamental loss&g are nullified. At
synchronous to the grid frequency. The currentrobnises a w=wyes the resistor must have the dominant current flahp

rotating dg-frame synchronous to the grid frequendhen Ry<<L qws fOr proper damping. The frequency response for
considering the converter currenas feedback with a simple Fig. 3a, and so the grid current THD, is very simib that of
digital PI controller, the open loop transfer fuontresults in:  the simple resistor case, see Fig. 2. In ordettinaa proper
trade-off the impedance ratio of the resisRy and the

Gy (9)] =[Gp1 (9G goays(9G s (s)‘szj%s = 1(0dB) (4) inductorL, atw=a; ande= v are made equal as:

S= | Wres
Rd — Lda‘res (6)

where GgeaydS) models the computational delay (oneT- R,

sampling periodT=1/) and the PWM delay (half sampling ¢ '

period) andsp((9) is the PI controller. . _ . .
Fig. 3b adds a parallel capacitdg to Fig. 3a for reducing

o - . the harmonic damping loss&sy [9] by short-circuiting the
ol e current harmonics aroun@=wsg, S0 1/Cqws)<<Ry [7]. At
0r _4»";\ Equafion (11) 1 w=wys the resistor must be the dominant current flowhpat
40l - 1 Ri<<l/(Cywrs), for a proper damping. As previously

80 Simpleresistor | discussedCqy can be:

80F Fig. 3.a)

Magnitude (dB)

:Zg_ ]/(Cda‘res) — Rd (7)
40l i) . L L L Rd ]/(Cda)sw)
3 f 4 5
1o e Frequency (Hz) 10 0
Fig. 2. Frequency response of the grid curigmersus the converter voltage L Lﬁ r L, L /PLg L fg
(case with no damping, simple resistor case anfigiations shown in Fig. 3) —""—""— WjY Mo o rhn e e
and the ratio betwednandi. expressed in (11). c, i ’
. } D] D j e ) ‘
At low frequency the capacitor branch can be neégteand 2 gld p— =L R, LCRZ
the LCL-filter behaves as anfilter with the inductance value ‘
as Ly=L+L4 the sum of the grid and converter inductances )

This control dynamics remains unchanged with theig. 3. D|fferent conf|gurat|ons for passive dangpin

introduction of passive damping, see [1] for detdilence, the

Pl controller is tuned using the technical optimariterion

with integration time T=L¢/Rr and proportional gain lll. ESTIMATION OF PASSIVE DAMPING LOSSES
ko=L+/(3Ts) [8] for 4% overshoot (damping factdr=0.707)

whereR=R+R; is thesum of the grid and converter inductor A. Simple resistor case

resistanceRk and Ry respectively. As the phase-shift of -180° As Ri<<Z, with Z; the impedance of the filter capacitor at
in G(s) is nearw=wres [8], [10], the minimum damping =@, R; can be neglected to calculate the capacitor

resistorRymir for a stable system must comply (4) in order tqndamental currenit;. Thus,Py for unity power factor can be
achieve a positive gain margin in the control. T@tain a gtimated as:

simple estimation foRyi, the effect of the delays is neglected

as Byelaydjwred 1 for wie<2zfs and the numerator of (1) is

approximated t051+2§‘z|_cs+z._c RISS+7.cY as wresZic. After , V, z |:(Vnom/ \/5) (“) Ll nom) ] 8

neglecting the smallest terms, it results in: R =3I4R, :3{ ] R, =3 ]/(a) i R, ®
f~f

cf

2
Rdminzlfs L 1L fS( 1 J (5) with Vpom and lom as the rated voltage and current
3 L+ Lg) 671 L foo| C e respectively and/ is the fundamental capacitor voltage. As

usually C;<0.05 pu in order not to decrease the power factor

From the assumed simplifications (5) will be acteiia the [1] too much, ¢ will be small, and therebyy in the low
case off>>fres andLy/L>>1. ForfE2fes andLy/L<2, Rymin Will ~ power range. Fow>>wes the converter harmonic currents
be approximately 20% of the capacitor impedancaievalt find a negligible impedance path in the capacitoanbh.
w=wmyes Which is coherent with the recommended value lier t Hence, the converter connected to the converterciaticel
damping resistor [1] of about one-third of thatueal can be used as an equivalent circuit for estimating
. . harmonic capacitor curremt. The rms value of the inductor
B. Complex passive damping methods harmonic current for the usual space vector moulatvas

The damping losseB; can be reduced by using additionalderived in [11], so the rms value of the estimabedmonic
passive elements in the capacitor branch, see8Fig.Fig. 3a capacitor currert is:

at the fundamental frequenay=w; the inductancely in
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(¢ = m-———m" += will be close toV,omin (8) andm will vary a little with the load
" 23 a8 fL| 2 T 8\2 8 in (10). Thus,Py varies slightly with the load unlike the
switching losses which are proportional to the loadent.
wherem is the modulation index calculated by neglecting
the LCL-filter capacitor branch at=cwy as:

e 11 Ve \/{3 . 43 . 9[3_9\@}“{](9) thereby increasing the losses. As usudliyi()<0.1 pu [1],V

B. Complex passive damping methods

2 In Fig. 3b the current through the whole capaciicanch
m= 2.2 \/[Vnom) + [a) (|_ +L )| ]2 (10) can be estimated with (9) and (13) w@Ks) calculated for the
Voe 3 f srnem present configuration. As most important harmon&®
aroundw=ws,, the current through the damping resistor can be
The ratio betweeri; and i, for the different harmonic estimated by the ratio of impedancesatws, Therefore:
frequenciesio;, with then™ harmonic order, is:

2

Zy

Ry

S Py = P (15)

i 2 2 ’
Lis™+ 2Za}resS+ Dres

1

s=jnawy ‘ —

(11)

| 1(nw)) |
o= (na, )|

G,(9)
G.(9)

()
i.(9)

s=jnay

Ls

where z, =Z¢, 1125, 12, = Zc, |12, 8T8 impedances for

s=jna;
w=ws, Equation (15) is an upper approximation sincénéig
whereG(9) is the transfer function relatedftcandv as well harmonics will have lower ratiosZyRy. The frequency
asG(s) is that related t andv. It can be seen in Fig. 2 thatresponse for Fig. 3b does not degrade«f®P w s as much as
the frequency response of (11) is more than umibydB) for in the simple resistor case and so the grid cur@diD
®>> wres and approaches to unity (0 dB). Then (9) is a fowdmproves, see Fig. 2.
bound of theCL-filter capacitor rms harmonic currehfirus
for ws>wes Thus, a lower approximatigep™ for the In Fig. 3c most of the current harmonics bypasdes t
damping resistor branch by circulating through trarallel
capacitorC [12]. Py is reduced although the resistor value for
ower oner 2 the proper damping is higher than that of the simglsistor
P = 3(' cH RMS) R, (12)  case. Reference [12] proposes equal capacitancdsotim
branchesC4=C=Ci/2. Again Ry can be neglected in order to
Converter voltage harmonics, and so the curremhbaics, calculate I since Ry <<1/(Cyw) and, with two parallel
appear as sidebands centered on the switchingemeguand branches forCy and C, the resulting current througRy is
its multiples for linear modulation [11]. The cuntéharmonic halved soPy for Fig. 3c is a quarter of (8). To calculd®gy
of orderm—6 is negligible for a large frequency modulatiorfor Fig. 3c it must be proceeded as in (15) by m®ring the
ratio m=wiws, Assuming (—6)w>wres an upper bound of main harmonics around=ws, HencePy results in:
| curmsresults:

harmonic damping loss&% is:

2

Zer

(16)
(upper _ [ lower
I

cHRMS — ' cHRMS

P
P=-"+P
d 4 d

G.(s)

G.(s)

- flower O lc((mf _6)wf) L (13)
CcHRM

lower
s= j(my -6) o, dc ((mf _6)60f)[

d

where Zy =Ry+Zcq and Zct=2Z¢||Zy are also the impedances
for w=ws, As previously discussed, (16) is also an upper

. . upper .
Thereby, an upper approximati 'fp for the harmonic approximation. In Fig. 3d [6] the inductdyy is located in
damping losseBg results in: parallel to the damping resistor shown in Fig. &ceomore to
annul the fundamental lossBg. The frequency responses for
R},‘fper=3(l fﬁprf&s)sz (14) the circuits in Fig. 3c and Fig. 3d are very simtia that for

the circuit in Fig. 3b, see Fig. 2.

For elevateds,, (12) and (14) are very close to each other.

The average of these values can be used to esRgate Finally, the insertion of an additional computatibdelay in

the control loop plays a positive role since itutesin a more
stable system [8]. Therefore, for the same dampmghe
closed loop poles, the necessary valueRgfin the simple
resistor case can be halved, and so also the plmsses.
However, this is at the expense of reducing thedalth to
60%, all the details can be found in [8].

Although Rynin for stability is proportional td in (5), Py is
inversely proportional tds, in (12). Howeverf, should not
just be increased, since the switching losses raqgoptional to
fs» Hence, the passive damping is an attractive ampro
versus active damping when elevated switching feequy is
possible since the resulting damping losses arehnmertuced.
For the samé,,, using double PWM update mode=¢f,), it
doubles the bandwidth [10] but doubles aRg., in (5)
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IV. SIMULATION AND EXPERIMENTAL RESULTS

The data of thd CL-filter based grid converter aréz=5
mH, L=3 mH, C=2.2 uF, P,n=4.1 KW andV,,,=380 V. All

The analysis can be generalized for all the conditions
except the double update mode that is stable fdrsal, see
Table 11l last row. The benefits of the circuitskigs. 3b and

details about the experimental setup along witrevasit F19- 3C are at the price of reduced robustnessallifinan
waveforms can be found in [1]. Table | shows thae t additional control delay reduces the stability aswas
estimation Ry, (5) of the minimum damping resistor for €XPected.

stability is conservative and accurate only forvatedf, as
expected from the simplifications used. Table Idl arable 1lI
show that the estimated losses are very closeosethbtained
by simulation (Matlab/Simulink). This is becausee th
simulation models of the power devices and the ipass
elements are ideal. As expected from the assungptised, the
accuracy increases for increasigg Table Il also shows the
grid current THD obtained by simulation.

TABLE |. MINIMUM DAMPING RESISTOR FOR STABILITY.

fsu 6 kHz 7 kHz 8 kHz 9 kHz
Calculated 2.62 5.1Q 7.2Q 8.9Q sl
Ramir (5) 6.3Q 7.3Q 8.3Q 9.4Q

061
TABLE Il. DAMPING LOSSES OBTAINED BY SIMULATION AND ESTIMATIONFOR

THE SIMPLE RESISTOR CASKR,=10Q). osr

o 5 kHz 6 kHz 7 kHz 8 kHz LT -
Simulation(W) 415 258 180 134 -1 0.8 0.6 04 -0.2 0 0.2 04 06 08 1
Estimation(W) 41.1 25.4 17.7 13.2 Fig. 4. Closed loop poles in theplane of the converter current control

(f=fsw=8 kHz) by varying the damping resistor value b&mwBimi—=8.3 Q

TABLE lll. DAMPING LOSSES SIMULATION AND ESTIMATION, GRID CURRENT andRy=16.

THD, SIMULATION, AND GRID INDUCTANCE VARIATION RESULTING IN
INSTABILITY FOR THE DIFFERENT CONFIGURATION%fs,=8 kHz).

Simple Double Fig. Fig. Fig. Fig. Add.
Resistor Update 3a 3b 3c  3d Delay
Simulation(W) 21.1 33.2 198 41 49 3.7 9.4
Estimation(W) 20.9 33.0 198 53 6.2 438 9.3
ig THD(%) 1.5 1.0 1.5 0.8 0.8 0.8 0.8
LgrealLg 7.5 6.6 36 37 6.7 5.8

Fig. 4 shows thez-plane root locus for increasingq.
Stability is attained foRy,,;=8.3Q (5), the threshold iRys,~9
Q (3) and a proper dampingy£0.1 [8]) needsRy =16 Q.
Double update mode doubles the bandwidth up toHa8®ut
it needsR=26 Q and thereby increasing the damping losses.
Although R>>Ry, this elevated bandwidth lowers the grid
current THD. The reduction iRy for Fig. 3a withLs=7.2 mH
(6) is small sincePy was only 1.1 WPy and the grid current
THD are substantially reduced for Fig. 3b witf= 2.2uF (7).
Fig. 3c needdk;=80 Q, notwithstandingPy and the current
grid THD are much reduced. As expected (15) and (&éd
for Figs. 3b, 3c and 3d result in upper approxioratiforPyg.
Fig. 3d withLy=36 mH (6) produces a modest improvement pginaly Table IV shows the values 85 by experiments in
since Py was only 1.3 W. Inserting an additional delayne simple resistor case to assess the validifg2yfand (14),
requiresRy=7 Q with a reduced bandwidth, 255 Hz, but anyg only equations not based on simple impedariatiaes for
improved grid current THD as noR¢<Rusw different frequencies. The values f@4 indicated in Table IV
are lower than those in Table Ry estimated by experiments
is close to the lower estimation given in equati(@)sand (12)
and even inferior for the lowdt, where the damping losses

Fig. 5. Closed loop poles in tlzeplane of the converter current control
(fs=fsw=8 kHz) forRs=16 Q by varying the grid inductance betweajea=0
andLgrea=7.5.g.

Fig. 5 shows the root locus in tliplane by varying the real
grid inductance g for the simple resistor case. Stability is

assured for decreasingyea With Lgea=0, theLAfilter case, 1o higher. This is because the non-linearitieshef passive

inherently stable. Increasirgr.. increases the damping of theg|ements (saturation, core losses, etc.), whichdarlimit the
dominant poles which resuls in lower overshootsdetteases | ,rmonics. were not considered. Therefore. the qEenh

the damping of the high frequency poles (2) uiitd system
becomes unstable. However, this requilgg./Ls>>1 to
reducews since thelL.CL-filter is designed with_/L>1 [1].

analysis can be safely used.
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TABLE IV. DAMPING LOSSES OBTAINED BY EXPERIMENTS FOR THE SIMEL
RESISTOR CASER,=109)).

fsu 5kHz 6 kHz 7 kHz 8 kHz
Lower estimation (8)+(12) 29.5 20.7 15.4 12.0
Experimental(W) 32 20 13 10

V. CONCLUSIONS

This letter has focused on passive dampind-Gt-filter
based grid converters. The damping resistor valust mesult
in stability without compromising the filter effée¢ness. The
provided analysis allows selecting this value astmeting
the losses. The analysis is expanded to more campd¢hods
that reduce the fundamental and/or harmonic comuenef
the damping losses by using additional passive &isn The
analysis in thez-plane shows the different robustness of each
method when increasing the real grid inductancel uné
system becomes unstable.
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