Design of Filters for Grid-
Connected Power Converters

Suresh Kumar K S
Department of Electrical
Engineering

NIT Calicut



D Source

e.q. Solar

System Configuration

The System Under Study & Control Objectives

Fiter needed to ensure
compliance with IEEE 519
standards on hf current

injection J
L

MPPT
DCiDC
Canverter

DiC-zide input fitter
needed to make the
Panel current smooth

)

3-Phasze 2-Level Inverter with S P

4-40ire Connection if required

Dty Ratio of this converter is controlled

o ensure that maximum possible power

iz extracted fromthe Panel. Hence, Vo

cannot be controlled by this converter. The ac current injected into the grid here is made purely
sinusoidal and at UPF with respect to grid voltage.

R b B M
Grid
Grid iz assumed to be zero-impedance, pure

. o sinusoidal, balanced three-phase source in
An outer control loop which maintains the DT bus vaoltage the discussion that follaw.

constant will ensure that the amplitude of this current is such
that the power injected into the grid is always equal to the
power delivered by the MPPT unit to the DC side capacitor
[neglecting losses).

The outer DT Voltage control loop prepares the reference
signal for an inner current control loop which uses the
grid-injected current as a feedback signal.
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Typical range of m_ is
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m;, 1s the dominant
harmonic order
L-filter can be
designed ignoring all
other harmonics
provided the design
value is taken to be
about 20% above
calculated value



Allowed Harmonic Current
Injection Limits

» Relevant standards - |IEEE Std.519-1992, IEEE Std.1547-2003

» Aim at keeping the individual frequency voltage harmonics within 3%
and voltage THD within 5% at PCC

Individual harmonic order h (odd harmonics) | h < 11 | 11 <

In % of |
Mote 1: | is the local electric power system's maximum demand fundamental load current (15 or 30 minute demand]
Note 2: Even harmonics are limited to 25% of the odd harmonic limits above

Table: |[EEE recommended limits on harmonic currents injected into the grid at
the PCC by a distributed source feeding a balanced linear load?




Who Does What to Satisty IEEE 519
Requirements ?

Typical switching frequency employed is in the
range S5kHz — 15kHz

Hence, the dominant switching harmonic
content in the inverter output will be in the
100t to 300*™* harmonic order.

Ripple current injection due to this harmonic
content in the inverter output has to be limited
to <0.3% of rated current of the inverter. The L-
Filter has to do this since this frequency range
will be well beyond the realisable bandwidth of
the current control loop of the inverter.



Who Does What to Satisty IEEE 519
Requirements ? (Cont'd)

Lower order harmonics -like 3¢, 5% 7t etc will be
present in the inverter output due to blanking time,
unequal switching delays in power devices,
unbalanced delays in PWM generation circuitry and
gate driver circuitry, unequal voltage drops in power
devices etc. These harmonics may extend up to 20% in
practice.

With a switching frequency in the 5-15 kHz range, it is
possible to design a current-control loop for the
inverter that has a bandwidth around 1kHz. With this
bandwidth, the current-control loop will reject these
lower order harmonics provided the reference current
given to the current-control loop is kept pure
sinusoidal.



Calculating the Required L Value

Consider a 10kVA , 400V Inverter working
from 800V DC Bus. The peak value of phase
voltage 1s 230V and the inverter will be
running with m_ of 0.8. Let the switching
frequency be 10kHz.

The amplitude 10kHz component in the
phase voltage will be 0.818x400 = 327.2V
Rated current of the Inverter is 14.4A. The
ripple current due to 10kHz voltage has to
be limited to < 0.003x14.4x1.414 in
amplitude.

The required inductance will be > 85 mH.



And, what 1s wrong with L-Filter?

The 85mH in the example puts 26.7 Ohms of reactance at
S50Hz in series with the output, taking 384Vrms quadrature
drop from inverter output and hence Inverter must be
generating a phase voltage of 448Vrms fundamental
component. That requires about 1600V DC Bus !

In other words, the required inductance value is simply too
high and impractical.

Conclusion : (1) IEEE 519 requirements can not be met by
using L-Filter if the Inverter uses SPWM. (2) Even if the
Inverter uses more advanced modulation strategies that
result in lower switching harmonic levels, the L-Filter is
going to be bulky, costly and lossy. Further, it will slow down
the Vdc control loop response. (3) Hence, L-Filter is suitable
only for inverters with low rating.



Control of Inverter with L-
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Fhase angle contributions to Loop Gain come from the two transportation lags, Pl Controller and 1/sL term in d-line and g-line

Inductor contributes 90 deg. Design of Pl in d-line and g-line is doene such that gain cross-over takes
place at around 1 kHz with a phase margin of 45 deg. With this design.the bandwidth of closed
current control loop will be above 1kHz.thereby ensuring that the current loop can reduce the
content of lower harmonics (up to about 25th) in the grid-injected current to negligible levels.




Three-Phase Grid-Connected
Inverter With LCL Filter

Fiter nesded to ensure
comgliance with I|EEE 519
standards on hf current

injection

p 0

DG Source MPRT
DCDC

Converter

/ / AN ﬁ:C

DiC-sice input fitker
reeded to make the
Panel current smoath

e.q. =olar

3-Phase 2-Level Inverter with SPAM

4 0ire Connection if recuired

Duty Ratio of thiz converter is controlled

o ensure that maximum possible power

iz extracted fromthe Panel. Hence, Wdc

cannot ke cortrolled by this converter. The ac current injected into the grid here is made purely
sinusoidal and at UPF with respect to grid voltage.

R ki B M
Gricl
Grid iz assumed to be zero-impedance, pure

. o zinuznidal, balanced three-phaze source in
An outer control loop which maintains the DC bus voltage the dizcussion that follaw.

constant will ensure that the amplitude of this current is such
that the power injected into the grid is akways equal to the
power delivered by the MPPT unit to the DC side capacitor
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The outer DC “oltage contral loop prepares the reference
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Design of Ideal LCL Filter :Case 1 :

Filter Resonant Frequency >> Bandwidth of Current Control
Loop

Current Control Loop bandwidth
has to be such that harmonics up to
25 are handled by it properly. Thus
this bandwidth has to be around 1-
1.5 kHz and hence Loop Gain
Cross-over has to be at around
1kHz with 45 deg Phase Margin.
But for designing the loop we need
phase angle contributed by filter at
the design cross-over frequency.
ig(s) 1 Hence we decide to make the LCL
vi(s) — sL(1 +s2L,C) ckt behave as if it is Lk by keeping
the LCL resonant frequency above
the cross-over frequency.
This is done by selecting the LCL
resonant frequency equal to
geometric mean of cross-over
frequency and switching frequency.

single-phase equivalent circuit for
transter function analysis

_L] ><Lg

Where LP = m
1 2

2
mres -

1
L,C




Design of Ideal LCL Filter :Case 1 (Cont’q)

Filter Resonant Frequency >> Bandwidth of Current Control

single-phase equivalent circuit for
transter function analysis

Loop

L =L, + L, can be found by
using the known values of
switching frequency voltage
content in the inverter phase
voltage and the allowed
switching frequency current in
1
I.?et L, = a; L, .Then, the value
of a; that yields minimum
value of C for a fixed resonant
frequency = 1. Further, the
value of a;, that yields
minimum value of ripple
current for any frequency is
also = 1.

Hence,

L, =L, =L/2,C = 4/L(w,_)>?



Design of Ideal LCL Filter :Case 1
(Cont’d)
Problem : The Designed System Will be Unstable !

goes to infinity

Gain hag

=480
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Frequency Response Plots of components of Loop Gain for Grid-connected Inverter
with LCL Filter showing why the closed loop system will be unstable




Design of LCL Filter :Case 1 (cont'q)
Solution : Damp the LCL Filter

Gain including Pland sL Gain of the extra term

5ain Mag
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Frequency Response Plots of components of Loop Gain for Grid-connected Inverter
with LCL Filter showing how damping the filter stabilises the system




Design of LCL Filter :Case 1 (contq)

Different Damping Arrangements

R Damping SC-R Damping SC-RL Damping




Design of LCL Filter :Case 1 (cont’q)
With SC-R damping

Li=ails Cyg=acrC ﬁdzﬂﬂ,f%

The transfer function which affects closed loop response 1s

igl5) B 1 4+ sCaRy
vil#) vg=0 L L C CyRy + 5711 La (C) +Cy) +52CaR4(Ly + La) + (L1 +La)

a1C
Substituting Ly + L =L LiL; =L, Ci+Cy=C ™ _¢

Li+L, Ci+Cs
|

B 1 +sCRy
=0 gL |14 520, C | ——
' [ TS (]+.€E‘dﬂﬂr

The other transfer function of significance is

ve(5) N sLy+ 2 LaCaRy
vi(s) =0 L LA CyR g + 5 L La(Cy + Ca) +s2CaRy(Ly + La) +s(Ly + L)

vel fm) 0.5+ j0.5mCRy

o) T @) i
(1-5) +socms(1- )




Design of LCL Filter :Case 1 (contq)

With SC-R damping: Behavior of Vc/Vi for different a; and fixed a.

Fr&qu&n[:'_u,-' (rad/sec)



Design of LCL Filter :Case 1 (Cont'q)

With SC-R damping: Behavior of Q Factor for different a,and a; =1

=
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Design of LCL Filter :Case 1 (contq)

With SC-R damping:

POWER LOSS IN DAMPING DESIGN EQUATIONS FOR LCL
RESISTOR FILTER WITH SC-R DAMPING

. Damping branch power loss (pu) Find L & C as in the case of
0014 o Ideal LCL Filter

ooz ThenL, =L, = 0.5L

z e G- @ 5E

0 B N M e N Ry = V(L/C)
Attenuation at switching
frequency has to be re-

evaluated and checked




Design of LCL Filter :Case 1 (cont'q)
With SC-R damping: Limits on L Value

IEEE 519 Limit for >35" harmonics sets a minimum value for L -
say, Lmin

Power frequency voltage drop across L sets a maximum value for L
— this is usually about 0.1 pu,say L,

The design procedure can - make use of any value in the (L
L .. ) range.

IfL>L_, is used, the hf current ripple injected will be < IEEE 519
limit.

Copper loss in Li; contains two components — loss due to power
frequency current and loss due to switching frequency ripple
current. Copper loss in L, is mostly due to power frequency
current.

Both components of copper loss are affected by skin effect and
proximity effect in the winding; however, copper loss due to
switching frequency current is very much affected by these two
effects.

min



Design of LCL Filter :Case 1 (cont'q)
With SC-R damping: Limits on L Value

Detailed expressions for ac resistance of round conductor and foil
windings accounting for skin effect and proximity effect are
available in literature. Further, extensive data tables and curves
from which the ac resistance value can be read off directly are also
available. The information needed will be the geometrical details
of winding and the frequency of current.

When L>L_ ;. is used, copper losses due to 50Hz current increase
in both L,; and L, and copper losses due to switching frequency
current decrease in L; . Core losses due to 50Hz flux increase in
both. Core loss due to switching frequency voltage across L; will
decrease since the switching frequency flux decreases.

Hence, as L is increased above L_._, it is possible that the total
losses in L,; + L, will decrease first due to decrease in copper loss
and core loss in Li; and increase after a critical value of L due to
increase in 50Hz related losses — that is, total loss in L; + L, may
exhibit a minimum at a certain value of L. That value of L is the
optimum choice for L.



Design of LCL Filter :Case 1 (Cont’q)
With SC-R damping: Total Losses in L,; & L, versus LL Curves

CopperLossinLq CorelLossinL

50Hz Loss
SW Freq Loss = = -

iy
[FY
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Design of LCL Filter :Case 1 (Cont’q)
With SC-R damping: Total Losses in LCL Filter versus L Curve

Total Losses (including damper resistance losses) in LCL Filter versus L for
different switching freqencies.

- : : : : . . 8kHz
' : ; : : v MOkHZ: = -

I
o
Q
=
L
L
z
o
=

0.06 0.08 0.1
L1+L2 inductance [pu]

These curves are from "Optimization of Higher Order Filters for Grid-connected High Frequency Power Converters" by Dr.
Vinod John and group, IS¢ Bangalore

Inverter Data : 10kVA, 415V, 50Hz, Switching Frequency 10kHz, LCL Resonant Frequency 1kHz
p.uBase : Inverter Rating




Design of LCL Filter :Case 1 (contq)
With SC-R damping: An Example Design

Inverter Data : 40kVA, 415V, 50Hz , 9.75kHz Switching, 800V DC Bus

Base values used for the filter analysis

Quantity Motation Base value

power Phase 40 kVA
voltage Viase 240V
current lhase 55.6 A
impedance Zhase 4320
inductance Lpase = Zhase/l2-7:50) 14 mH
capacitance Chase = 1 Zbase-2-7-60) 737 uF
frequency hase 2760 rad/s

Filter parameter values for SC-R passive damping

Parameter L-] = .I'.z C| = Cd Hd i ey
Per unit value 0.02 0.125 0.4 20 195
Physical value 275 uH 92 uF 1.728Q 6283 rad/s 61261 rad/s

Ref : "Analysis and Design of Split Capacitor Resistive Inductive Passive Damping in LCL
Filters in Grid-connected Inverters”, A K Balasubramaniam, Vinod John, lISc Bangalore
in IET Power Electronics, Vol 6, Issue 9, pp 18221832




Design of LCL Filter :Case 1 (contq)
With SC-RL damping:

X (1) = AX(1) + BU(1)
¥(1) = CX(t)+ DU(¢)

where

at fundamental

:

Inverter

8]
(DC bus mid point)

(Neutral)

Vels) R Lys+ L, L,s+R,C,L, L5
[":(5] o Rd("{‘l +_|"_.2).‘i‘ —|— (Ll -+ Lz)Ldﬁ'z -+ RJ[LILZ(CI + Ca-) ‘|‘ de‘d(j"l —|— Lz)]ﬁ']' + LILZ(CI + CJ)LJ'EA + RJLI.LZClCdeSS




Design of LCL Filter :Case 1 (contq)
With SC-RL damping:

SC-R design is done first. Then
L, has to be decided. A factor,
K, 1s defined as =R, / w; L4
where w; is the fundamental
frequency.

The transfer function 'V, (s)/V;
(s) is a low pass function. The
ratio of maximum frequency
response gain to the DC gain
is the Quality Factor of the
Filter.

Frequency response is plotted
for various values of K; ; in the
0 to 30 range and Q Factor is
noted in each case.




Design of LCL Filter :Case 1 (contq)
With SC-RL damping:

For each value of K, , the 50Hz
power loss in R, is calculated by
solving the Filter Circuit for
50Hz and the switching
harmonic current related power
loss is obtained by state-space
simulation of the entire system.
Thus, the total loss in R, is
calculated.

Plots of Q Vs K; ; show that Q is a
minimum when K; 4 is around 10
and that the total loss in R, is
near minimum with K; ; around
10.

Hence K;, = 10 is accepted as
the design value for the
example.

. Power Loss (p.) = due to ripple component of current
Power Loss (p.u) = due to fundamental component of curpen
0 —

7 9§ 11 33 117 19 21 23 25 27 29
"




Design of LCL Filter :Case 1 (conta)

Detailed numerical simulation
shows that the optimum value
of K;y = 0.5w,, /w; (Whichis
around 10 in the example) and
that the optimum value is
independent of switching
frequency.

WithL, =L,,C,=C,,R, =
VL/C , the LCL Filter with SC-R
damping will have two real
poles and two complex poles.
The complex poles are at
(-0.225 +j 1.113) w,
indicating that the design
results in a fixed damping
factor independent of the
choice of resonance

frequency

With SC-RL damping:

WithL, =L,,C, =C,,R, =
I/C ,L; =2R, /0., the LCL
Filter with SC-RL damping will
have one real pole and two
repeated complex conjugate
pole pairs. The complex poles
are at (-0.5+30.866) w.
indicating that the design
results in a fixed damping
factor independent of the
choice of resonance
frequency



Design of LCL Filter :Case 1 (contq)
Comparison of R, SC-R and SC-RL Damping:

Inverter Data ; 40kVA, 415V, 50Hz , 9.75kHz Switching, 800V DC Bus

Comparison of purely resistive, SC-R and SC-RL
damping schemes

Parameter R damping SC-R damping  SC-RL damping

Fom 9.75 kHz 9.75 kHz 9.75 kHz
i 1 kHz 1 kHz 1 kHz
Ly, pu 0.02 0.02 0.02
Ly, pu 0.02 0.02 0.02
C, pu 0.25 — —

Cy, pu — 0.125 0.125
C. pu — 0.125 0.125
R4, pu 0.0718 0.484 0.4

Ly pu — — 0.0201
lig/vi @f= £, —59 dB —65dB —65dB
QF 3.0 3.0 3.0
Pru, % 0.45 0.75 0.0016
P, % 1.09 0.05 0.065
Pr, % 1.54 0.80 0.0666

Ref : "Analysis and Design of Split Capacitor Resistive Inductive Passive Damping in LCL
Filters in Grid-connected Inverters”, A K Balasubramaniam, Vinod John, lISc Bangalore
in IET Power Electronics, Vol 6, Issue 9, pp 18221832




Design of LCL Filter :Case 1 (cont'q)

Design of Inductors:

(Ref: “Integrated approach to filter design for grid-connected power converters”, IMIS Thesis
by Parikshith B.C, 2009, IISC Bangaloxre)

EQ
N polae +2(f + d)lg + m'.g]

Fringing flux
MAXIMUM FLUX DENSITY LIMIT /

Material By (T)
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Design of LCL Filter :Case 1 (Cont'q)
Design of Inductors (Cont’d):

(Ref: “Integrated approach to filter design for grid-connected power converters”, IVIS
Thesis by Parikshith B.C, 2009, IISC Bangalore)

100 1000 10000 100000 le+06
Frequency [Hz]

Rae /Ry, for foil winding

o
E
=
=
]
=}
b
2
£
=5
4

0.01
Adr gap [m]

100 1000 10000 100000 le+HM
Frequency [Hz]

Rae /Ry, for round wire winding




Design of Ideal LCL Filter :Case 2 :

Filter Resonant Frequency < Bandwidth of Current Control Loop

In this case the LCL filter can be damped passively or
actively.

The final bandwidth that is required for current-control
loop 1s around 1 to 1.5 kHz and hence the cross-over
frequency has to be around 1kHz.

Hence choose filter resonance frequency in the range
800Hz to 1kHz
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