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Abstract

As grid-connected Photovoltaic (PV) based inverters are being used more, these systems play a more
important role in the electricity generation by distributed power generators. Power injection to the grid
needs to meet predefined standards. In order to meet the harmonics requirement of standards, they
need an output filter. The connection through an LCL filter offers certain advantages, but it also brings
the disadvantage of having a resonance frequency. LCL filter can easily help the system to satisfy
these requirements but also introduce a resonance peak which makes the system control a challenging
task. In this paper, a three-level Neutral Point Clamped (NPC) inverter is connected to the grid through
an LCL filter. The injected current of the inverter is controlled using Proportional-Resonant (PR)
controllers. The resonant peak of the filter is also damped using capacitor current feedback. A
systematic mathematical design procedure for controller and filter capacitor current feedback
coefficients is investigated in details. Simulations are carried out in MATLAB/Simulink environment
and results depict suitable performance of the system with designed parameters

Keywords: LCL Filter, Active Damping, PR Controller, NPC Inverter.

1. INTRODUCTION

Due to negative environmental impacts of
fossil fuels,beside their limited resources,
more attentions have been paid to renewable
energy resources during recent years. As an
example, Germany has planned to supply
100% of its electricity from renewable
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energy sources by 2050 [1,2]. However,
renewable energy sources normally are in the
form of Distributed Generation Units
(DGUs) [3,4]. These DGUs not only benefit
from the advantages of renewable energy
sources, but also eliminate drawbacks of
centralized  energy  production  like
transmission losses and development related
issues.
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Photovoltaic (PV) systems are the most
popular technologies used in DGUs. These
systems benefit from flexibility of power
electronic converters to extract maximum
power from the solar radiation and deliver it
to the grid/consumer.

Among different converter topologies [5-
9], Neutral Point Clamped (NPC) inverter
[10] is the most suitable choice for high and
medium powers in medium voltage range.
Although this converter generates a five level
line to line voltage, to meet harmonic
requirements of typically used standards e.g.
IEEE std 1547 [11], an output filter is needed.

Many filter configurations have been
introduced in literature [12-15]. Among
them, LCL filter has superior performance in
comparison with L and LC filters in high
frequencies and also is not as complicated as
high order filters [16,17]. However, the
resonance peak of this filter can cause
instability and thus should be damped.

Damping solutions can be generally
classified as passive and active methods.
Although passive methods can be simply
implemented, e.g. by insertion of a parallel or
series resistance with filter capacitor, they
degrade filter performance and introduce
extra power losses.

Active damping methods use control
approaches to achieve the same goal. One of
the most popular active damping methods is
using the capacitor current feedback which
results in suitable stability characteristic [18].

The main aim of DGUSs is to provide
suitable power quality to the grid, so
choosing appropriate controller to control
injected current to the grid is of high
importance to deal with resonance frequency
caused by LCL filter. Conventionally,

Proportional-Integral (P1) controllers are the
first choices to use in grid-connected
systems. But as the order of the system using
LCL filter increases, these controllers are
unable to compensate for the system poles.
Proportional Integral (PR) controller can
tackle this issue by their higher order and help
the system to track sinusoidal waveform
reference with zero steady state error. Design
and tuning of PR controller are issues that
designers may face while applying LCL filter
with such controller [19-20]. In [21] design
of PR controller using direct pole placement
has been discussed. In [22] PR controller
design is based on desired transient
performance. None of these works consist
active damping. Recently, active damping
design using current estimator has been
proposed in [23] while it lacks a systematic
method for tuning the PR controller. A grid-
tied inverter with LCL filter using PI
controller as the injected current regulator
and considering active damping of filter
capacitor current has been proposed in [24].
The latter work procedure is a step-by-step
parameter design. A systematic method
considering active damping and PR
controller has been proposed in [25] to design
control parameters while some presumptions
of mentioned paper are not clear.

In this paper, a step by step design
procedure is presented to design PR
controllers’ parameters as well as filter
capacitor current feedback coefficient. The
rest of this paper is organized as follows.
Section 1l gives the system description and
modelling. A mathematical step by step
design procedure for the controllers and
capacitor current feedback parameters is
presented in section Ill. Simulation results



Signal Processing and Renewable Energy, September 2020

3

which depict suitable performance of the
system are given in section IV. Finally,
section V concludes this paper.

2. SYSTEM DESCRIPTION AND
MODELLING

Per phase diagram of the system is illustrated
in Fig. 1. As can be seen a NPC inverter is
connected to the Point of Common Coupling
(PCC) through an LCL filter. In this inverter
every switch should block only half of the dc
voltage which results in power rating of NPC
inverter increasing two times greater than
traditional two-level inverter, in case of using
same switches. Furthermore, it’s three-level
output can help to reduce the filter size. A
challenging task related to this inverter is
balancing of input capacitors’ voltages. In
this paper a space vector modulation method
proposed in [26] is used to deal with this
issue.

Writing Kirchhoff’s laws for the system
results in (1):

di, . .
—+Rji, =u,—u, —R.
let Rll 1 C cC
L di, Rji =u —u —Ri
—_— — — —
2 dt 2°g c g cC (l)
CduC=c
dt
il:ig+ic

where, R,and R, are equivalent series

resistances of filter inductances and
capacitor. However, as they are neglected
through design procedure, they are not shown
in Fig. 1. The equivalent block diagram of the
system is shown in Fig. 2. As can be seen, the
actual injected current to the grid is
differentiated from the reference current,

which is calculated by the upstream power
control. The error goes through a PR
controller to create reference voltages for the
inverter.

To compensate filter resonance peak, a
feedback of filter capacitor current is added
to these references. Design of controller
parameters and capacitor current feedback
coefficient is discussed in the following
section.

3. DESIGN PROCEDURE

3.1. Control Scheme Modelling

The diagram shown in Fig. 2 can be
simplified to the one in Fig. 3 in which
G,(s), G,(s) and G.;(s) a:

Gl(S) — zKinvGPR (S) (2)
CLs" + K, K pCs+1
Gz (S) =
CLs’ +K, K, ,Cs+1 @)
L L,Cs®+LCK, K, s°+(L +L,)s
2K S
GPR (S) = KP + rDore (4)

$° + 20 pa S + 0,
K\, is the active damping factor and G (s)

is PR controller transfer function. According
to Fig. 3, the open loop transfer function is
calculated as following:

T(s)=
Kgi I‘<ADC5PR (S) (5)
LL,Cs®+ LCK . K, 52 + (L, +L,)s

If the grid current be considered as the
effects of reference current and grid voltage,
it can be inferred that:



Hosseinpour, Rahimian, Rasekh. An Improved Power Conditioning ...

15 (8) =15,(8) +iy2(5)

where
. _ 1 T(s) .
Igl(s) - Kgi 1+T(S) Iref (S)
. _ G,(s)
Igz(s) - 1+T(S)Vg (S)

v

Vg
Kgi I:
Fig. 2. System control diagram.
(6) i
tan(g) = =
Igl(s)
_|KgG(5)V, (5)
T (S)iref (S) s=jo,
(7 KyG, (jm) V, (io)]

According to Fig. 4 and considering ¢ as

the angle between i (s) and i, (s):

T(je) iy (jo)|

By substituting s = jo,inG.;(S) :

(8)
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2K, 0pg, j,
(jo‘)l)z +20pp, JOo, +(012 (9)
=K, +K,

Gpg (Joo,) = K, +

The capacitor of LCL filter can be
ignored since the LCL filter resonance
frequency is much greater than the
fundamental frequency [25]:

C=0

Gy(jo) =— (10)

(L +L)(jw)
Thus, it can be deduced that:

| Ky 1V, (i) |
(o)L +L,)(jm)

Yy
I ref

tan(p)(L, +L,)(,)

tan(e)

iref (Ja)l)‘ (11)

T(jo) =

ig,ref

$O— 6(5) —>Q— 6s) >
Vg
<

Fig. 3. Equivalent control diagram of injected
current.

Ve

Fig. 4. Phasor diagram of the grid voltage and
injected grid current.

V, is the root mean square (RMS) value

of the grid voltage and 1 . is the RMS value

ref

of the reference current. T,, is considered as

the magnitude of the open loop transfer
function at f, (fundamental frequency), in

dB.
T, =20log(T (j,)|

Kgng
tan(p) ! (L + L,) ()

(12)

=20log(

According to Fig. 4 current error E, can
be calculated as following:

- \Kgiingl)\—lm
ref

(13)

_ Kgi ‘igl(ja)l)/cos ¢‘ _1
|

ref

Substituting i,,(s) from (7) to (12), E,
can be expressed as:

1 J—
cos @

T(jo)
1+T(jo,)

(14)

A:

If T,,>40dBthen 1+T(jo)~T(jay),

so (14) can be rewritten:

T(w) | 1,

I Y
1+T(ja)1)‘c03¢>

CoS @

(15)

A=

According to (15) and Fig. 4, to achieve
zero error, the cos g =1, which means ¢ =0

As the phase of the reference current is
defined by a phase locked loop (PLL) of the
grid voltage, i, (s) and V,(s) have the same

phase (6=0").
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3.2. Proportional-Resonant Controller

3.2.1. Proportional Gain (kp)

The resonance frequency of LCL filter
can be obtained by equation (9).

L+L
res 272_ I_iL C (16)

The crossover frequency ( f.) value is

usually chosen lower than switching
frequency ( f,,) to prevent the effect of
attenuating high frequency noise. Resonance
frequency of the LCL filter is typically
constrained in the range of f, /4 to f,,/2
in order to suppress harmonics and function
with good dynamics. To fulfil appropriate
design and suitable performance of the grid-
connected LCL NPC inverter, f, is chosen a

value closeto f,,/10. Since f,isabout nearly
ten times smaller than f , and also is smaller

than resonance frequency of LCL filter, the
impact of the capacitor can be overlooked
[25][27], so the open loop transfer function of
the system can be derived as:

gl |nvGPR (S)

MO = C)s

(A7)

PR controller equation can be simplified
since the cut-off frequency is greater than the
fundamental  frequency, therefore, the
resonance term of PR controller is ignored
and also (18) is concluded.

Ger(jo) =Kp +K, » K, (18)

The open loop transfer function can be
rewritten as follows:

KInVK

T g N P
|(JJ|(H+LMm

(19)

The amplitude of system frequency
response is zero in cut-off frequency and it
can be used to calculate proportional gain.

20log|G(j2r f,)|~
KK Kp

gi' tinv

(L+L) o,

20
20log (20)

(= 2t + L)

Kgi Kinv (2 1)

3.2.2. Resonant Gain (K, )

Considering PR controller transfer
function as (4), in cut off frequency ( f = f, )

(4) can be rewritten as :

Gpr (Jo) =K,
2K, 0pg (Joo,)
(joo,)* + 205, (joo,) + 0,
=K, +K,

(22)

According to (17) and (21), it is inferred
that:

II’]V

|T (S)|s:jwl (23)

QXMD‘

Considering (12) leads to (24) and (25)

T., =20log |T(ja)1)|
(24)

|nv

T, =20log
<g+gan\
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Tk, R (29)  Guls) =K, +m0ee (27)

By substituting jo_ for sin (4):

Gpp (Joo,) =
2KrmPRc(j(’Oc)
(jo‘)c)2 + 2(DPRc(j(Dc) + (’012

(26)

o+

As (jo,)” + 2o, (jo,) is far greater than
w,”, so the term , can be ignored and
Gpr () Will be:

( L+l ]—anlfj — KoK, . tan(PM)
K —

LC

Assuming desired phase margin for the
system to be PM, it can be inferred that:
7+ 2T (jo,)=PM (28)

Using (5) together with (27) and (28), K,
can be expressed as:

fKp

a W,
KoK, T +([ L1L+CL2 ] —2zl, fchtan(PM y e

2

3.3. Capacitor Current Feedback

Coefficient (K5 )

By substituting (21) and (24) in (29), K, is
calculated as:

(L +L,)/LC-27L,f?
K, f

o o (30)
y 7§ =102 f — f,)Wpe tan(PM)
Tfl

(0% f, — f )Wen, + 7 f.2 tan(PM)

KAD =

The gain margin (GM) of the system at
resonance frequency is calculated as
following:

GM =-20log|T (jo,)| (31)

T(jo,)=AB=

27t (L +L,)

(29)

Substituting s = jo, into (4) it’s inferred
that:

|GPR ( j(Dr)| =
2Kr(DPRc(j(Dr) | (32)

(jwr)z +20pp (Jo,) + ('012 ‘

P

As the denominator of the term, which
contains K, , is far greater than the numerator

part, this part can be ignored and (30) can be
rewritten:
|GPR(j(Dr)| =K, (33)

Substituting (21) and (32) into (5)
considering s = jo,, T(jo,)will be:

(34)

~(0,)* (LCK o Kip ) — jo (LLCo,” +(L +L,))
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|Al=27f (L +L,)

|B| :%‘\/(KADKinV)Z +4(Dr2|‘12 (35)

As (K, oK. ) is far greater than 4w *L

the latter term can be ignored, so T(jw,) can
be simplified to (36).
. Al 2zfL,
T 1 _ =" e
TGool=g=3 (36)

inv

Considering (31) and (36), the minimum
value of K, is expressed by (37):

o 2zt

Ky =102 (37)

3.4. Design Considerations

The magnitude of the open loop transfer
function at fundamental frequency, T,,, is

the starting point for controller parameter
design. As mentioned in (15), T,,should be
greater than 40 dB. In this paper T,,is

supposed to be 45 dB.
After calculating K, and defining T,,,

the next step is to calculate minimum
resonant gain K, by equation (24). Then, the
upper boundary of K,,is obtained using
(30). The lower boundary of K, depends on
GM and cut-off frequency rather than
intrinsic parameters of the system. By
applying (36) and supposing the GM =5 dB
at resonance frequency, the minimum value
of K, is obtained. After all, when the range
of K, is defined, and the suitable value of
K o IS chosen, the upper boundary of K. is

calculated using (29). It should be noted that
by decreasing the value of K,,, the phase

margin of the openloop system increases. To
choose a suitable value for K_, it should be

taken into account that greater K, leads to
smaller GM.

4. SIMULATION

In this section, the system with the
parameters designed using described method
in section Il has been simulated in
MATLAB/Simulink environment. A 200
kVA NPC inverter is chosen and it’s
parameters are adopted from [28] and given
in Table 1. According to LCL filter
parameters, resonance frequency of LCL
filter is 5890 Hz and cut-off frequency is
chosen 1475 Hz. Using (21), K, becomes

0.1237. By employing (24) the lower
boundary of 0.6921 is calculated for K, . The

upper boundary for the active damping
coefficient using (30) is obtained as 0.01609.
Equation (37) gives the lower boundary of
0.00237 forK,,. K,yis chosen 0.0003 to

achieve sufficient phase margin for the
system. After definition of K,,, the upper

limit of K, is calculated using the defined
value of K,;and (29), so K, is in the range

of 0.6921 to 42.38. Considering suitable
phase margin and gain margin, K, is set to be

5.

To analyze the credibility of the proposed
tuning of the control parameters, the control
system is supposed to be in a weak grid,
where the grid impedance is considerably
inductive. So (Lg) is increased from
Lg=100uH to Lg=3100uH to model a very
weak grid, with steps of 200 pH. As shown
in Fig. 5, by increasing the grid side
inductance, the closed loop poles of the
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control system don’t exceed the unit circle in
the z-plane and the system performs well
maintaining the system’s stability.

To achieve a better understanding of the
control system performance during a highly
inductive grid (Lg=3100uH), root locus
analysis of such system is done by
MATLAB. As depicted in Fig. 6, the system
root loci are fully placed in Left Half Plane
(LHP) and it’s stable even in a very inductive
grid. The zeros of the closed loop system in
Fig. 5 which are located on the boundary of
the unit circle, represent those pair of zeros
on the imaginary axis in Fig. 6. By
scrutinizing the root locus analysis in
different forms of the weak grid ( Lg=100uH
to Lg=3100uH), in the vicinity of S=-75, a
zero and a pole are always present for any Lg
values and this zero will eliminate the impact
of the corresponding pole. The system would

be stable even if this corresponding pole is a
dominant one since there is a sufficient
distance from imaginary axis and the system
expresses a good dynamic behavior.

Fig. 7 shows bode diagram of the open-
loop system. As can be seen with designed
parameters, a phase margin of 76.1 degrees
and gain margin of 6.91 dB are achieved.

A comparison between the system with
and without active damping scheme is
illustrated in Fig. 8. Sharp rise of frequency
response magnitude due to LCL filter
resonance can be seen around resonance
frequency. As it is shown, this sharp rise is
completely softened using active damping.

Injected active and reactive powers to the
grid are shown in Fig. 9. At 0.2 sec, the active
power reference decreases by 50 percent and
back to its previous value at 0.25. Reactive
power reference is always held at zero.

Table 1. Parameters.

Parameter Value
Inverter side inductor (L1) 100 pH
Grid side inductor (L) 270 uH
LCL filter capacitor (C) 10 uF
Fundamental frequency ( f,) 50 Hz
Switching frequency ( f,,,) 10 kHz
DC link voltage (Vdc) 1200 v
Grid phase voltage (RMS) 480 v
Grid current feedback Coefficient (Kgi) 0.04
Controller Cut off frequency (®pg, ) 10 rad
Kiny 692 v
Cut off Frequency f, 1475 Hz
Phase Margin (PM) 45°
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Fig. 5. (a) Pole-Zero map of the system by varying Lg, (b) the magnified part of the pole-zero map.

As can be seen, delivered powers to the
grid follow their references. Grid currents are
also presented in Fig. 10, where their
changes, due to reference power changes, can

be clearly seen. From these figures, it can be

deduced that the PR controllers, with
designed  parameters, have  suitable
performance.
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Bode Diagram
Gm =6.91 dB (at 3.68e+04 rad/s), Pm = 76.1 deg (at 9.88e+03 rad/s)
100 T T T T

50 1
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(e
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_270 1 1 1 1

10! 102 103 10* 10° 10°
Frequency (rad/s)

Fig. 7. Open loop bode diagram of the system (K ,, =0.003 and K, =5)
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Bode Diagram
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Fig. 8. Bode diagram of the open loop system with and without active damping.
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Fig. 9. Active and Reactive power delivered to the grid.

Harmonic spectra of injected current to
the grid is shown in Fig. 11. As can be seen,
Total Harmonic distortion (THD) of the
injected current is far below 5% which shows
the effectiveness of using LCL filter to follow
restrictions of IEEE std 1547 [11].

Fig. 12 shows grid phase voltage and
current in case a voltage sag of 0.1 p.u. occurs
during t=0.1 second to t=0.2 second. Another
case, in which a 0.1 p.u. voltage swell
happens in t=0.1 second to t=0.2 second, is
depicted in Fig. 13. Simulation results of grid
voltage fluctuations, causing inductance



Signal Processing and Renewable Energy, September 2020 13

value variation, verify that the system with parameters maintains its stability in both
proportional resonant control with calculated cases.

400 : :

200 F 1

Grid Currents (A)
[w=)

-200

-400 ' .

0.15 0.2 0.25 0.3

Time (s)
Fig. 10. Injected currents to the grid.
Fundamental (50Hz) = 325.6 , THD= 0.91%

~ 04 F 1
E
=]
(]
€ 03¢f 1
e
=)
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Z 02t |
o
2
0 0.1 | _
<
=

0 bt TR sl 1 1

0 50 100 150 200 250 300
Fig. 11. Harmonic spectra of injected current to the grid.
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Fig. 12. Grid phase voltage and injected current during grid voltage sag in which L is increased by
10%.
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Fig. 13. Grid phase voltage and injected current during grid voltage swell in which L, is decreased

As DGUs may be exposed to weak grid,
it’s important for the system to maintain its
stability during grid voltage fluctuations. In a
situation in which an inverter is connected to
a weak grid, the grid impedance is inductive.
Hence, the grid inductance variation can be
modelled as variation in grid side inductance

(L2).

5. CONCLUSION

Controlling of a grid-connected LCL
inverter, due to resonance peak of the filter,
is a challenging task. In this paper, a
systematic design procedure based on
mathematical analysis of the system model
for PR controller and capacitor current
feedback active damping parameters is
presented. The system stability using
designed  parameters is  investigated.
Moreover, to examine the robustness of the
system, grid voltage and inductance are
varied. Simulation results depict suitable
performance of the system during these
variations. Although NPC inverter is used in
this paper, the presented method can be

by 30%.

applied to any other single or three phase
system.
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