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Abstract- This paper describes a LCL filter design method for a grid connected NPC three-level inverter. By analyzing the ripple
current according to the switching of NPC three-level inverter, the inverter side inductor is designed without any information
about the modulation index. After considering the relation between the inductance ratio of inverter inductor to grid inductor and
the filtering effect at the switching frequency, the relation between the inductance ratio and the attenuation of output ripple, and
the current ripple of inverter side inductor, the optimized value of LCL filter is designed to meet the design criteria. Finally, the
proposed design method is validated through the simulation and experimental results.
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1. Introduction

Researches in the area of distributed power generation
system (DPGS) such as wind turbines, solar power systems,
fuel cells, etc. have been increased recently [1]. DPGS is
normally connected to the grid system through inverter. The
output current of grid connected inverter includes higher order
harmonics due to the switching of PWM inverter. Typically,
L filter has been used between the inverter and the grid to
suppress the current harmonics. But the cost of L filter for
large power applications is very high and the system dynamic
response may be slow. Comparing with L filter, LCL filter has
been known to be more effective to suppress the switching
harmonics, but it brings the disadvantage of generating a
resonance problem. Also, the design procedure to determine
the parameter values of LCL filter is complicate to consider
several constraints, such as filter size, current ripple, absorbed
reactive power at filter capacitor, etc. Therefore, it is important
to choose appropriate parameters for LCL filter [2,3].

Recently, there have been done some researches how to
design LCL filter [2-9]. In [2], the LCL filter parameters are
designed by using the reactive power rate and the current
ripple rate. If both of rates are not appropriately selected, it
does not meet the design criteria. As a result, the system is
unstable and LCL filter parameters should be designed again.
In [6], the inverter side inductor and the grid side inductor are
assumed to be one inductor (L; + L, = L) for the design. The

advantage of this design method is that the total inductance is
defined firstly to meet the total inductance criteria which is
different from other design. However, the formula is complex
when each inductance has to be calculated. In [7], the design
of the inductor to the waveform of PWM is divided into eight
modes to calculate the parameter value, so the inverter side
inductor can be obtained more accurately. But for the design
of the inverter side inductor, three variables such as THD of
inverter output current, modulation index, and grid side
inductor are considered. If they are not assigned properly to
formula process, there are some problems to be recalculated
again [8]. In [9], to solve this problems, it determines the
region satisfying the design criteria. And the LCL filter is
designed considering the voltage ripple factor under the
critical load and the rated power. But for the design of the
inverter side inductor, it uses the switching modulation index
depending on the fundamental modulation index. Then it may
be difficult to design accurately without the exact information
about the switching modulation index.

To improve the output power quality and to reduce the
filter size, it has been used the multi-level inverter for the
application of DPGS [10]. And as the increase of interests in
the multi-level inverter, there have been some researches to
design the LCL filter for three-level inverter [11-13]. But most
of them are based on the given modulation index [11,12] or
about choosing the resonant frequency of LCL filter for the
application of active power filter [13].



INTERNATIONAL JOURNAL OF RENEWABLE ENERGY RESEARCH

Sangmin Lim and Jaeho Choi et al.,Vol. 5, No.1, 2015

Vn('

Li laﬂ
Y YY) Y'Y YL _3
LYY Y Y YL j
1 | % Cr 4 Ve SW Grid
Ra
J J J
Load

Fig. 1. Configuration of grid connected NPC type three level inverter with LCL filter.
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Fig. 2. System block diagram of LCL filter.

In this paper, the inverter side inductor is designed by
analyzing the ripple current according to the switching of NPC
type three level inverter without any information about the
switching modulation index. And the design area to meet the
design criteria of LCL filter is determined. In addition, by
considering the relation between the filtering effect and the
attenuation of output current and the inductance ratio of grid
side inductor to inverter side inductor, the optimized value of
LCL filter will be designed.

2. LCL Filter Design
2.1 Modeling of the LCL Filter

Figure 1 shows the configuration of grid connected NPC
type three-level inverter with LCL filter. The system block
diagram of LCL filter is shown in Fig. 2. From Fig. 2, the

transfer function of LCL filter and its resonant frequency are
given as (1) and (2):

_1g(s) _ 1 2
G(s) = Vits) (LiLng> /s (S

_ i Li+Lg
fros = 2= [ @

2.2 Criteria of LCL Filter Design

) &)

LiLng

The base impedance of system must be given for choosing
the LCL filter parameters in order not to create the problems
such as resonance problem, voltage drop problem and reactive
power problem [8]. The base values of each component of
LCL filter are defined as (3)~(5).

Z, = 3VZ?/P (3)
Ly, =Zy/w, (4)
C, =1/w,Z, ®)

The criteria of LCL filter design is described as followings:

A. The total inductance value of both inverter side inductor
and grid side inductor should be lower than 10% of base
inductance value to limit the voltage drop at inductors during

the operation.

32
10w, P

(6)

B. The filter capacitance value should be less than 5% of base
capacitance in order to limit the reactive power at the rated
power.

C; <0.05C, @)

LT < OlLb =

C. The resonance frequency should be in the range between
ten times of line frequency and one half of switching
frequency not to generate the resonance problem.

10fi < fres = (1/2)fsw (8)
2.3 LCL Filter Design

One leg of NPC type three-level inverter consists of four
switching devices with anti-parallel diodes and two clamping
diodes. Each clamping diode is connected to the neutral point
of two DC link capacitors. The output voltage is determined
according to the switching state of each phase. The pole
voltage is +V,./2 when the upper two switches are turned on,
zero when the two middle switches are turned on, and —V,./2
when the lower two switches are turned on. These conditions
are indicated as P (positive), O (neutral-point), N (negative)
and can be defined as (9).

0.5  upper two switches are turned on
Sabe = 0 middle two switches are turned on 9)
—0.5 lower two switches are turned on

And the switching states, the pole voltages, and the
symbols are listed in Table 1 [12,13]. The offset voltage is 1/3
value of sum of pole voltage according each switching state as
(10).

14 C
VN = Td (Sa + Sb + SC) (10)

The analysis for current ripple of inverter output side is
done under the assumption of inverter side inductor only for
LCL filter. It is complicate to consider all PWM switching
condition, so the voltage waveform is simply modified as that
in the most serious situation which generates the highest ripple
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Table 1. Switching state and pole voltage

SW Pole | SW

Ftn. 51 52 53 Sa Vtg. |State
V

0.5 ON ON OFF OFF | + % P

0 OFF ON ON OFF 0 O

OFF | OFF ON ON | —— | N

as shown in Fig. 3(b). Figure 3 shows the waveforms of phase
voltage and current.

As shown in Fig. 3, when the switching stage changes
from (P,N,N) to (O,0,0), each switch changes step by step. If
it is assumed that T;, T,, and T; in Fig. 3(a) are extremely
close to be equal, it can be shown as like Fig. 3(b) simply. And
then, it generates the highest current ripple at this condition,
and the inverter side inductor is to be designed to suppress the
current ripple at this most serious situation. Figure 4 shows the
equivalent circuit for analysis in this situation

According to Fig. 4, when S; and S, are turned on, the
voltage equation can be expressed as:

Al

Vae = Liz—
on

+ V. +Vy

=Ly + VTd (0.5 + (—0.5) + (—0.5))  (11)

i
Tbn

And when S; is turned off while S, is turned on, the
voltage equation can be expressed as:

Vae _ ) AL Ly vy
) - iTon c N
= —Liz—+ V. +%£ (0+0+0) (12)

The switching frequency is much higher than the grid
frequency, so the grid voltage and the duty cycle can be
assumed to be constant during one switching period. Hence
the switching on and off time, T,,, and T, ¢, can be expressed
by using the modulation index m, as:

TOTl = maTS and TOff = (1 - ma)TS (13)

Combining (11), (12), and (13), the current ripple can be
described as:

2V 4T,
Al==%3(1-my)m,
3L;

(14)

The current ripple is maximum at the modulation index of
0.5, so it will be given as:

2V 4T 2V
Al = HacTs _ 2Vac (15)
6L; 6Lifsw

and the RMS value of fundamental component of current
ripple is given as:

e (16)
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Fig. 3. Relationship between voltage and current ripple: (a)
Phase voltage, (b) simplified phase votlage, (c) phase current

Li Ve Vw

Fig. 4. Equivalent circuit of phase a under positive voltage
condition.

The fundamental component of inverter output current
can be expressed as:

P
i = 5

17 3y, 17

According to (16) and (17), the inverter side inductor can
be described with the inverter side current ripple ratio of r; =
Ii,sw/[i,l as (18):

VacVe

S it (18)

The filter capacitor and the grid side inductor can be
designed by using the same method in [9]. The transfer
function of the capacitor voltage ripple to the inverter voltage
can be described differently for the cases of LC filter and LCL
filter, but the former of which the harmonics attenuation effect
is worse is considered to design the capacitor value in this
work [9,13]. The system block diagram of LC filter is shown
as Fig. 5.
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Fig. 5. System block diagram of LC filter.

Vesw Y (19)

2
Vi,sw wsw Li Cf+1

The harmonic component of the inverter voltage can be
expressed as (20), and combining (18), (19) and (20), the filter
capacitor is given with the voltage ripple ratio of r, =
Vc,sw/Vc,l as (21)-

Vi,sw = Wey Ly Ii,sw (20)

Cf — riP(mw Vdc—6\/§ 1 Ve) (21)

3nry wsw Vdce ch
From Fig. 2, the ripple components ratio of grid current to
inverter current can be expressed as (22), and then the gird side

inductor is derived from (21) and (22) with the grid side
current ripple ratio of v, = I, 5, /1, 1 as (23):

I rglg1 1
= L = (g1 = 1i1) (22)
Lisw Tilin  @§wLgCr+1
3nVy VE 1y (ri—1g)
Lg —Z-dcgvit 97 (23)
WswTiTgP A

2.4 LCL filter design area to meet design criteria

Substituting (18) and (23) into the criterion of total
inductance in (6), the first range of the inverter side current
ripple ratio, r;, is given as (24):

5Tw1TgVac (TVgc—12v3 13, V)
3V3Ve {wswg (TV gc—6v3 1pV)—10mw 1V g c}

T = (24)
Substituting (22) into the criterion of filter capacitance in
(7), the second range of r; is given as (25):

] 0.05Twsyw Ve (25)
V™ oy (mVge—633 1, V)

And substituting (18), (21), and (23) into the criterion of
resonance frequency in (8), the third range of r;, is given as
(26):

7g(1.257 Vqc—15V3 13, V)
0.25T Vgc—7.5V3 1y, V;
Tg{wdy (T Vac—12v3 1, Vo) +100w3 (T Vg c—6v3 13 V)
100w2 (7 Vge—6v3 1y Ve )—6V31, 1,

s s

(26)

The voltage ripple ratio should be less than 0.03 according
regulations of IEEE 519 [14]. And grid current ripple ratio at
the switching frequency of 10kHz should be less than 0.003
according to the regulation of IEEE 1547 [15].

The LCL filter parameters are designed according the
voltage ripple ratio, ;, and the current ripple ratio, r;. Table 2
shows system parameters. The appropriate region for #, and r;
can be derived to meet the design guide line as the shade
region shown in Fig. 6. In Fig. 6, the right side of the dotted
line represents (24), the left side of dot-and dash line
represents (25), and the region between two solid lines

represents (26), respectively. And also, the region under the x
and dash line represents the regulation of IEEE 5109.

Table 2. System parameters

System parameters
Power (P) 5 kW
DC Voltage (V4.) 400 \Y
Capacitor Voltage () 127 \Y
Switching Freq. (fiw) 10 kHz
Grid Freq. (f1) 60 Hz

Table 3. LCL parameters for three different cases in Fig. 6

Parameters Case 1 Case 2 Case 3
T 0.07 0.15 0.2383
7, 0.011 0.0294 0.0294
L; [mH] 2.1 1 0.59
Ly [mH] 0.55 1.4 1.6
Cr [uF] 11 8 13
fres {HZ} 2,299.7 2,330.9 2,127.1
A 0.26 1.4 2.7
THD; [%] 1.9 1.7 1.6

As examples of filter design, three cases in Fig. 6 are
considered to analyze the filtering performances as shown in
Table 3 with different LCL parameters, resonance frequencies,
and THD; values.

Although the LCL filter parameters satisfy all design
criteria, but the parameter values are all different in each case,
and also the THD; values of LCL filter output current are also
different. In each case, it can be considered the filter transfer
function and the suppression ratio of the filter output current
as the inductance ratio of grid to inverter inductor which is
given as shown in (31).

1 a
g = Abo Li =70k Bg T 0T

(27)

Substituting (27) into (1), the gain value of LCL filter
transfer function at switching frequency can be represented as
in Fig. 7.

As shown in Table 3 and Fig. 7, the value of total
inductance is largest but the output current THD; is the highest
in case 1.

And also, the filter effect will be changed radically even
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Fig. 6. Region of r; and r, meeting filter design criterion.

with the slight change of the inductance ratio. In case 2, the
output current THD; is lower than that in case 1 even with the
smaller inductance and the change of the filter effect is steady
with the change of the inductance ratio. In case 3, it shows a
good filter effect with the small total inductance value. But the
size of the inverter side inductor is small, so the filter effect
for the low voltage harmonics at the stand-alone mode may be
a little bad. It is represented in Fig. 3 that the filter effect is
best near the inductor ratio of 0.7 to 1.2. And it shows that the
filter effect is significantly unchanged when the inductance
ratio is between 0.6 and 1.5, even though the inductance is
changed by external factors.

How much value of the current ripple can be reduced by
the grid side inductor is described by the factor of output
current attenuation ratio, o, defined as the ratio of grid current
harmonics to inverter current harmonics as (28).

lg,sw 1

0= :jj - wdyLgCp+1 (28)

The change of the output current ripple attenuation ratio
according the inductance ratio can be represented by
substituting (27) into (28) as in Fig. 8. Figure 8 shows that the
output current attenuation ratio is reduced significantly when
the inductance ratio changes from 0.1 to 0.6 as shown in case
1 and it may be almost steady when the inductance ratio is
bigger than 1.5 as shown in case 2 and case 3.

The magnitude of current ripple included in the current of
inverter side inductor is different depending on the size of
inverter side inductor. Table 4 shows the maximum current
ripple flowing through the inverter side inductor. Considering
the current ripple flowing through the inverter side inductor,
the voltage drop at the inductor and the burden of current to
the elements of inverter can be reduced. And so, the efficiency
of the system can be increased [14]. Thus, though the
parameter values of LCL filter are selected to meet the design
criteria, they may not be optimal in application system.
Empirically the inductance ratio is to be 0.7 to make the
inductor current small and to keep the change of the filter
effect and the output current ripple attenuation to be small in

Fig. 7. Relation between filtering effect and inductor ratio.

Fig. 8. Relation between output current attenuation, o and
inductor ratio, a.

spite of the change of inductance value.

Table 4. Ripple current of inverter side inductor

Maximum ripple Casel | Case2 | Case3
current
z'm: ma 1.2A 2.3A 4A

Substituting the designed values of L; and L, as shown
(18) and (24) into (27), the ripple current ratio r; is given as
(32).

_Tg (Aa+6v31,Vp)
t 637,V

(29)

From (29), the relations between r; and 7, are described as
in Fig. 9 at the given values of a. The filter parameter values
at the maximum and minimum values of r; at a=0.7 in Fig. 9
are shown in Table 5.
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Fig. 9. Relation between r; and r,, at different values of a.

Table 5. Maximum ripple current i,y mqx and LCL filter
parameters according to r;

Parameters Case 1 Case 2
T 0.1312 0.09736
7, 0.01526 0.02067
L; [mH] 1.1 1.5
Cr [UF] 14 7.5
Ly [uH] 780 1,100
fres [HZ] 1,992.4 2,323.7
irpmax [A] 1.9 1.3

When r; is minimum, the total inductance is bigger and
the filter capacitance is smaller than those of r; maximum
condition. Simulation results show that the THD of the output
current in both cases is less than 3%. The critical load voltage
THD of case 1 is lower than that of case 2. The maximum
ripple current of each case is 1.9A and 1.3A, respectively. In
small rated system, the difference of this ripple current may
not a big deal, but high rated system, the inverter ripple current
is more serious. Therefore as the increase of the rated power,
the inverter current ripple should be considered with more
weight. Between two cases, the case 1 of which 7, is smaller,
the resonance frequency of the LC filter is further far from the
switching frequency. Therefore, if it works under both grid-
connected mode and stand-alone mode, the LCL filter in case
1 is suitable for an optimal value of the system.

3. Simulation

Figure 10 shows the current waveform of inverter side
inductor, and Fig. 11 shows the harmonic spectrum of this
current with 5.1% THD;. It shows the dominant harmonic
component at the switching frequency of 10kHz. Figure 12
shows the current waveform of grid side inductor and its THD;
is 1.6%, which satisfies the regulation of grid connection.

20
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VYUV

0.

Fig. 10. Simulation results of inverter output current.
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5000 10000

Fig. 11. Simulation results of harmonic spectrum for inverter
output current.
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Fig. 12. Simulation results of grid current.
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Fig. 93. Simulation results of capacitor voltage under grid-
connected mode.
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Fig. 104. Simulation results of capacitor voltage under stand-
alone mode.
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Fig. 15. Simulations results of inverter output current (left) and grid current (right) at different value of a.
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Fig. 116. Configuration of power circuit for experiments.

Figure 13 shows the waveform of the capacitor voltage
under the grid-connected mode with 1.2% THD..

Figure 14 shows the waveform of capacitor voltage under
the stand-alone mode with 1.1% THD.,. Both values are below
0.3 and well meet the regulation of grid connection.

Figure 15 shows the waveforms of inverter output current

(left) and grid current (right) at different values of inductor
ratio, a of 0.5, 0.6, and 0.9, respectively. Their THD; are 2.5%,
1.6%, and 1.7%, respectively.
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4. Experiment

Figure 16 shows the configuration of experimental system.

DC renewable energy source is connected to the grid through
NPC 3-level inverter. And the local critical load is connected
to the output of capacitor to be supplied from the DC source
even though the disconnected condition with grid due to any
line faults. By measuring the line voltage of the grid, PLL
(Phase-locked loop) is performed to synchronize the phase of
inverter output voltage to that of grid voltage.

Figure 17 shows the result of PLL. The green line shows
the phase value of grid voltage by using PLL and the red line
shows the output voltage waveform. Figure 18 shows the
voltage and current waveforms of phase a. Two waveforms are
in phase and the current THD; is 2.4%. Compared with the
simulation result, the experiment result shows a little bit
higher THD; but it meets the criterion well. Figure 19 shows
the waveform of capacitor voltage for local loads under the
stand-alone mode with the voltage THD, of 2.1%.

5. Conclusion

In this paper, the design method of LCL type filter for grid-
connected NPC 3-level inverter is proposed. By analyzing the
ripple current according to the switching of NPC three-level
inverter, the inverter side inductor is designed without any
information about the modulation index. Three design criteria
are applied to meet the given specifications of inductor voltage
drop, current ripple rate, and reactive power absorbed by filter
capacitor. And the design area to meet the design criteria of
LCL filter has been shown. In addition, by considering the
relation between the filtering effect and the attenuation of
output current and the inductance ratio of grid side inductor to
inverter side inductor, the optimized value of LCL filter has
been designed. Through the simulation and experimental
results, it has been verified that the designed values are well
meet the design criteria.
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