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EE-465 - W12

Grid connected converters employ some kind of filter at their output, with the role:

» to provide inductive behavior and allow for control of active and reactive power exchange with the grid
» to provide attenuation of PWM caused harmonics

We have considered simple L filter, which is not always sufficient. High order filters, such as LCL are often used, as they offer:
» better attenuation of switching harmonics
» smaller filter size (physically)

There also some issues related to resonances, that must be considered during implementation
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Figure 1 PV double-stage grid connected converter.
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POWER EXCHANGE WITH THE GRID

Power exchange between point A and B (grid connected converter):

~ « S [Va-Vge-670 Vi VaVg 4y a0 B
S=Val' =Va[FAp B0 = 0 - S4B L0+ 9) =
|
Active and Reactive powers are (9 is the power angle and 6 is the power factor angle): ‘ !
V<0 | i Vy<=0
Vi VAV, Vi VaVe . ' ‘
Py = ZA cosf — AZ B cos(6 + 8), Qa = ZA sin 6 — AZ B sin(d + 8)

With R = Z cos(f) and X = Z sin(0) we have:

Figure2 Converter - Impedance - Grid.
Pa= ﬁ[mv,& Vg cosd) + XV sin 4]
Qu - ﬁ[ ~ RV sind + X(Va - Vi cos 6]

Neglecting R dueto X >> R, and considering small power angle 4,sin d = §,cosd = 1:

V-V,
5, Qa= AX A_TBy,

VaV,
Py= AP

» The Active power is controlled by power angle §

» The Reactive power is controlled by voltage difference Figure 3 Phasor diagram.
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LC TRAP FILTERS

In case of low switching frequencies (e.g. few hundreds of Hz), LC trap filters are used:
» series connected LC elements are tuned to a specific resonance frequency
» at series resonance frequency impedance of the filter is at minimum (zero)
» this represents low impedance path for current harmonic at that frequency

Resonant frequency is calculated as:
PR
" on/LC
Several series LC elements, tuned at different frequencies can be connected in parallel

Impedance of an LC circuit, ignoring resistances and damping, is:

~
G
-
I
e
-
o
¥
~
c
=
“H’Trrm

Figure 4 LCtrapfilters
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Figure 5 Example: BDEW grid codes.
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Figure 6 LC trap filter impedance (250Hz and
350Hz).
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LCL FILTER - IDEAL

LCL filter is a low pass filter, offering good high frequency attenuation.

Basic set of expressions related to ideal LCL filter (resistances are neglected): oS

ve(8) = sLgic(s) +v(s)

v(s) = sLgig(s)

)
vg(s) = vy
vp(s) =if(s)/sCy Figure 7 Single-phase ideal LCL filter and model.
ic S) = ’Lf(s) + ig(s) " Bode Diagram
Transfer function of interest is i (s)/v.(s), and after setting vy (s) = 0 we have: . \J
1 2w
Hrcr(s) = B
LcCyLgs® +(Le+ Lg)s : »
Resonant frequency is defined with: % :
T L, kely o [Levd,
"7\ LegCy €47 Lo+ Ly T\ L.CrLy i
» Frequency response show high peak at resonant frequency “Frequency o v

» —60dB attenuation slope at higher frequencies (above resonant frequency) Figure 8 Frequency response - ideal LCL fiter.
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LCL FILTER - DESIGN CONSIDERATIONS

Certain limits are also usually applied during the design:
» capagcitor value is limited by decrease of power factor at rated power (typically less then 5%)
» total value of inductance should be less than 0.1 p.u. to limit AC voltage drop
» the resonant frequency should be in the range between tens time the grid frequency and one half the switching frequency
» resonance problems should be avoided by some means
» Passive Damping is simple approach but introduces additional losses

» Active Damping solves the problem through a control modifications (lossless)

Bode Diagram

Design of an LCL filter must consider: 40

» desired or allowed current ripple on the converter side of the filter

Magnitude (dB)

» L. is designed to limit converter output current ripple

» harmonic limits imposed on the grid side (standards, grid codes)

) . . . . . Control BW High Frequency Attenuation
> L, is designed considering high frequency harmonics ' '
» the amount of installed reactive power of the LCL filter should be minimized s ,

» the resonant frequency should be carefully selected, considering control bandwidth

» C is designed considering these conditions \\/

10*

Phase (deg)

pre
Frequency (Hz)

Figure9 Frequency response - ideal and damped LCL
filter.
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LCLFILTER-DESIGN I: Cy

To design C'y we have to consider reactive power variations due to LCL filter

We can define base values as:

2

ViL 1

Zy=-EL, Gy =
b Pn b

where:
» V1,1, isgrid line-to-line RMS voltage
» P, isthe rated active power

> wy = 27 f, isthe grid angular frequency
Filter capacitance is related to the base value as percentage of it:
Cp =xCy
Setting maximum power variation seen by the grid, eg. = 5%, we have:
Cr =0.05C,

Different percentage values can be used as well (z € (1 + 5)%).
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LCLFILTER - DESIGNI: L..

To design L. we have to consider worst case current ripple
We will assume short circuit condition for filter capacitor C'y at ripple frequency

Maximum current ripple a the output of a 3-phase 2-level VS| can be determined as:

. Vbo
AZLC?MAX - 6Lcfsw

Setting, for example, desired current ripple as 10%:

Aip prax =0 UL, pear

where peak and rms current values are determined from rated voltage and power:

I, = = \EILC—MAX

IchpEak:

— PTL
c-MAX \B‘/”
Converter side LCL filter inductance minimum L. value can be calculated as:

Vbo

L — = oA 7
c-MIN GAch—MAX fsw

Selected L . value can be related to grid side L, through scaling factor r as:

Lg=rL.
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Figure 10 VSl output current ripple.
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LCLFILTER-DESIGN I: L,

To design L 4 we have to consider:
» harmonic attenuation
» choice of the resonant frequency

Attenuation of high frequency components of interest can be checked against the standards

Neglecting losses, grid current harmonic attenuation can be defined as:

ig(hsw) 1 -k

ic(hs ) - |]- + T(l - LngbWEw)‘
With L. already selected, k,, represents desired attenuation at switching frequency w g,,:

Considering desired attenuation k,, grid side inductance L, can be calculated as

%+1
;oo ke

wagw

g

where C' F= xC}, and it may have to be varied to adjust resonant frequency
In practice, grid inductance constitutes the part of L,

Also choice of L = L, provides good compromise (as discussed on the next slide)
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LCL FILTER - DESIGN I

Alternative way to consider problem of design of inductances L. and L, (C'y is designed as in Design I).
Considering that at low frequencies, the LCL filter behaves as an inductance, defined by:
Lgc=L.+ Ly
There is a relation between L. and L ¢ that minimizes the voltage drop at fundamental frequency and maximizes filtering ability.
If we express L. and L, as percentage of L. witha € (0 + 1)
L. =alLyg. Ly =(1-a)Lge
The L., that sets the resonant frequency can be redefined as:

L.L,

Lea = 7, + L,

Leg =l —a)Lg.
Minimum of L. is achieved for o = 1/2 or both inductances being equal L. = Lg:

dLeg
do -0 = a=1/2 = L.=1L,

By choosing L 4. to be 0.1 p.u. of the base impedance Ly, at fundamental frequency wy, L. and L4 are easily determined

E P F L EE-465 Power Electronics Laboratory



LCL FILTER - PASSIVE DAMPING

Zero impedance at the LCL filter resonant frequency may lead to control instability

To reduce high peak gain at resonant frequency, damping resistance R ¢ is included.

Basic set of equations is now modified as:

Ve(s) = sLeic(s) + v(s)

vg(s) = vg(s) — sLgig(s)

Uf(s) (Rf+1/SCf>Zf( )
(s) =

ip(s)+ig(s)

Transfer function linking filter output ig(s) and filer input v (s) is:

ie(s

CfRfs +1
L.CyLys3+Cp(Le+Lg)Rys? +(Le+Ly)s

Hpcp-dals) =

Damping resistance R 7 attenuates the high peak gain, but also reduces filter effectiveness .

(—40d B instead of —60d B of ideal LCL) and increases losses.

The value of resistor Rf isoften selected as one third of the impedance of the filter capacitor

C'y at the resonant frequency:

1

Ry = 3Wres Cf
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Figure 11 Single-phase damped LCL filter and model.
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Figure 12 Frequency response - damped LCL filter.
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LCL FILTER - DESIGN COMPARISON

Input data are:
» Vi1, = 400 -line to line RMS voltage [V]
» P,, = 3500 - rated active power [W]
» Vpe = 650 - rated dc-link voltage [V]
> wy = 2pi50 - grid angular frequency [Hz]
> fsw = 10000 - switching frequency [Hz]

» x = 0.05 - maximum power factor variation seen by the grid [%)] (design 1)

» k., = 0.2-desired harmonic current attenuation [%] (design 1)

» Ai = 0.1-allowed current ripple [A] (design 1)

» k; = 0.1 -total DC inductance as percentage of base value [%] (design 2)

Resulting designs can be summarized as:

LCL | Designi Design 2
L. 15.16 mH | 7.28 mH
Ly 0.44mH 7.28mH
Cy 348 uF 3.48 uF
fr 4.14kHz 141kH=z
Ry 3.68Q2 10.76 2
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Frequency response - Design 1.

Bode Diagram
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Frequency response - Design 2.
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LCL FILTER - ACTIVE DAMPING (1)

Rather than using passive damping with real resistor, it is possible to achieve similar effect my means of control and use of virtual resistor

Control structure can be modified, taking into account:
> vy (s) - capacitor voltage as feedback variable
> i(s)- capacitor current as feedback variable

From the basic set of expressions related to ideal LCL filter (resistances are neglected) and after setting Vg (s)=0:

ve(s) = sLeic(s) +vp(s) = wels) = sLelif(s)+ig(s)) +vs(s)
vg(s) = vp(s) = sLgig(s) = igls)=vs(s)/sLgy
vi(s)=if(s)/sCy = ig(s)=sCruvy(s)

vf(s)=is(s)\Ry +1/sCy) = is(s)=v}(s)/(Ry +1/sCy)
ic(s) = ip(s) +1ig(s)

We can derive two transfer functions of interest: v ¢ (s)/v.(s),and i ¢ (s)/v.(s) for ideal LCL case as:

v(s) 1 1 ip(s) ig(s)vels) 1 s
S A SN S H, = = . B
va(s) Vo(s) Lch $2 +w$1 zf(s) vals) vf(s) vels)  Le 52 + w2
For LCL case with damping resistor we have:
d d
d B v(s) 1 1+sR;Cy d, ig(s) B if(s) v§(s) 1 s
Hy (s)= = = ) Hi,(s)= = Sl S B T
vt ve(s)  LeCp s? +w2(1+sRC ! vels)  v(s) vels)  Le s2 +w2(1+sR¢Cy)
f~f f f~f
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LCL FILTER - ACTIVE DAMPING (I1)

Virtual resistor can be placed inside the control structure with ideal LCL filter, to emulate presence of a real resistor
We will considering capacitor voltage v (s) as feedback variable, and act on the converter output voltage:

Inanideal LCL case, without damping resistor we have:

vy(s) 1 1 Ly is(s)
H === = =H =sCy = H.
Uf(s) ve(s)  LeCy 2+ w? $2LeCsLg+ Lo+ Ly is), vs(s) S 2(s)
For case with damping resistor we have:
d v?(s) 1 1+sRsCy Ly(1+sRsCy)
Hyy(s) = L0 2.2 =2 = Hj(s)
vels)  LeCr s? +w2(1+sRpCy)  s2L.CyLg+ (L. +Ly)1+sRsCy)

Ideally, we would like to achieve H3(s) without real R + butwith R, (virtual)

c +

7): H(s)
i
K |- HE

Figure 15  Active Damping control Loop with capacitor voltage/current as feedback.
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LCL FILTER - ACTIVE DAMPING (i)

If we measure capacitor voltage v f (), calculate capacitor current i () and add suitable gain as feedback K 4 p we have:

Lg
Hi(s) $?2L,CgLg+ L.+ Ly Ly

I+ Hi(9)Ha(s)Kap |, L, T SL.CyLy+ Lo+ Ly + sLyCrKap
$2Lo,CyLg+ L.+ Ly

Her(s)

SCfKAD

With K 4 p selected as:

We have

Hiy(s) Ly Ly

- - L.+Ly . &2
1+H1(S)H2(S)KAD SQLCCng+LC+Lg+SLng cL ng S LCCng+(LC+Lg)<1+SRUCf)
g9

Hep(s)

Control modification achieves closed-loop transfer function similar to targeted H3(s)
Term Ry C'y found in numerator of H3(s) neglected, asitis much smaller than 1

Implementation must consider both axis of regulator (vg, v4)
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THE P-Q THEORY

Recalling definitions for instantaneous active and reactive powers (Clarke with K = 2/3):

> Daq = i(vaia +ugig) = i(vdid + vgigq) - (instantaneous active power)
> Qaqq = 5

w

p
(vaig —vgi) = %(vdiq — vqtq) - (instantaneous reactive power)

Current references can be calculated from power references as:

il — i d\‘”
Lk * -~
i* B |:Z%:| b 1 {Ua _vﬁ:| {p%5:|
af iﬂ ’U2

- ‘ \ II
&+ v% vB Vo || Qap . !
1 d
Sk * N ‘
s (g | _ # Vg —Vq || Pdg o
ldg = | * |= 3 2 v v * | -
1q vg +vg LY d || 9dq i
With d-axis perfectly aligned with grid voltage space vector (v, = 0), we have:
. . . . . Figure 16«3 and dq reference frames.
> Ddq = 5Vdtd - instantaneous active power is proportional to ¢4
> Qdq

=- §Udiq - instantaneous reactive power is proportional to 7

Orientation is achieved with help of PLL
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SENSOR LOCATION

Asfilter has reactive elements, it may influence desired power factor

Equivalent impedance at the PCC (point of common coupling) will depend on posi- —&— L.~ S

tion of voltage and current sensors

With LCL filter installed there are several options regarding sensor location

> a) Vy and i, sensed
> Zy=R+j(Xa+ Xy X,)
» Z,=R+jX,
> b) Vs andi, sensed
> Zg=R+j(X2+Xy)
> Z,=R+j(X1-X,)
> ¢)V, andi, sensed
> Z,=R+jX,
> Zo=R+j(X;— X2 - X, - X,)
» d) V, and i, sensed
> Zg:R+j(Xg7XC)
> Z.=R-j(X1+X2)

Impedance seen at PCC is different for each case

EPFL ==
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Figure 17 Vector diagram depending on sensor location.
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PQ OPEN-LOOP / CLOSED-LOOP CONTROL IN dq FRAME
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Figure 18 PQ open-loop voltage oriented control in dq frame.
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PQ OPEN-LOOP / CLOSED-LOOP CONTROL IN o5 FRAME

4 . Current ™

'd . Current ™
controller controller

s Current iy Current
controller >0 controller
A pL [ /@
> V..
[ Ve
vdc

V,, controller

P = Vouly FVy5is

0= “Vepla +Veals

PQ calculation
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Figure 20 PQ open-loop voltage oriented controlin /3 frame. Figure 21 PQ closed-loop voltage oriented control in a3 frame.
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SUMMARY

LCL filter is commonly found in grid connected converters:
» it offers good attenuation of high frequencies
» often results in smaller physical size than simple L filter
» resonance can be damped either passively or actively

v

modifications of the control structure are required

v

power exchange with the grid can be performed in various ways (more to be covered next week - not PV related)

Input stage (DC/DC) Inverter stage

[

PCC Grid

PV string

s
S

fast fast PWM
slow!| [DVC][PLL
slow

Figure 22 PV double-stage grid connected converter.
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