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Abstract

This paper proposes a design scheme for an LCL-filter used for the three-parallel operation of the power converters in
high-capacity wind turbines. The designs of the power devices and grid connected filter are difficult due to the high level voltages
and currents in huge-capacity wind turbines. To solve these problem, this paper presents three-parallel operation and LCL-filter
design techniques optimized by parallel operation. Furthermore, the design of an inverter side inductance of the LCL-filter is
discussed in detail considering the switching modulation method. Simulation and experimental results demonstrate the validity of the

designed filter and wind turbines.
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I. INTRODUCTION

Permanent magnet synchronous generators (PMSGs) are
widely used in variable-speed wind turbines due to their high
performance. This is due to the fact that they have more
optimal characteristics, such as higher efficiency and generated
power-weight ratios, than doubly-fed induction generators
(DFIGs) [1]. However, the power devices must support high
currents to get their high-power rating because PMSGs are
connected directly to the grid through a converter [2]-[4].
These topologies are called the full converter type. In these
systems, the main issues are the design of the power
conversion circuit and grid connected filter.

Many studies have been conducted on the design of high
voltage and high current converters. The one solution is the
parallel operation of the power devices. When the power
devices are connected n- parallel, the rated current of each of
the power devices can be reduced to 1/n of the rated value.
However, this solution has a problem due to the circulating
current caused in each of the legs [5]. On the other hand, the

power rating for wind power generation systems is usually high.

Therefore, the switching frequency of the converter is restricted
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to 1~3kHz [6]. This relatively low switching frequency may
result in an increase in the harmonics found in the output
current. These harmonics can have a negative influence on
other sensitive loads and equipment on the grid. According to
the IEEE Std 519-1992, the harmonic current distortion on
power systems 69kV and below is limited to 5% of the total
harmonic distortion (THD). Specifically, the 23th and higher
order harmonic current distortions are limited to 0.6% or below
the individual harmonic distortions [7], [8]. Therefore, it is
necessary to design a filter to reduce the harmonic current
distortions of the switching frequency. The inductance of the
power conversion devices has conventionally been used to
reduce these harmonics. However, since the capacity of
systems has been increasing, high values of the inductances are
needed. As a result, realizing practical filters has been
becoming even more difficult due to rising prices and poor
dynamic responses. Therefore, it is necessary to minimize the
inductance and to effectively decrease the harmonic current
distortions of the switching frequency in designing filters [9],
[10]. The problems caused by realizing practical L-filters in
high power systems, such as several MW-wind turbines, can be
solved by using LCL-filters. An additional LC-part can
effectively reduce the harmonics in high frequencies. The
increase in the capacitance makes the performance of the filters
more effective. To increase the capacitance, it is recommended
to use a delta connected LCL-filter because the single
equivalent capacitance is increased 3 times the value of delta
connected capacitors. Previous studies on the design of
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Fig. 1. The three-parallel power converter for wind turbines.

LCL-filters usually focus on the additional LC-part design
considering the effects of all the elements [11]-[13]. In these
papers, the investigation of the design of an inner inductor was
not handled in depth. In [11], the inner inductor design is not
mentioned in the body of the text, and in [12] the inner
inductance is designed empirically. [13] presented a design
method for the inner inductance but this technique does not
consider the modulation method.

In this paper, a design method for delta connected
LCL-filters is proposed, which includes a shared inductance for
the prevention of the circulating current that can be caused by
using three-parallel operation. A novel design method for the
inner inductance of the LCL-filter is proposed in order to
reduce the existing trial and error methods used in exactly
designing filters to meet the rated conditions of systems and the
required current ripple limits at the point of common coupling
(PCC). The presented design technique includes the
consideration of the SVM method that is mostly applied to
three phase converters. Simulation and experimental results
show that the proposed methods are effective and feasible for
three-parallel operation in high-power wind systems.

II. THE PMSG WIND SYSTEM

A. The Control for the Parallel Operation

Fig. 1 shows a three-parallel power converter for wind
turbines. Each inverter can be controlled independently (an
inner control) or together (an outer control). In the case of an
inner control, all of the currents in each leg should be measured
and circulating currents occur because each inverter has a
different switching state. This outer method uses a d-q current
controller to make the same reference voltages applied into
each of the branches [2].

The PI gains of the current controller are determined by the
parameters of the LCL-filter and grid impedance in (1).

— Y Y| Y Y,
sharing i outerl outer?2 er
: R,y
3-parallel : —1— Cf.Y
Inverter Side Grid Side

Fig. 2. The equivalent circuit of the LCL-filter for a parallel
operation converters.
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Fig. 3. The analysis of the circulating current (a) an equivalent
circuit of 2-leg switches (b) the voltage deference caused by
interval of the switching turn-on time between the parallel
branches.
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where L; is the equivalent inductance and R; is the equivalent
resistance in the converter.

In the outer control method, all of the corresponding
switches of the parallel converter units are turned on and off at
the same time. Circulating current does not occur because there
is no voltage difference between the parallel branches in the
ideal condition.

B. The Topology of the Filter for the Three-parallel

Power Converter

A delta connected LCL-filter is connected to the
three-parallel power converter with consideration of the large
filter volume, as shown in Fig. 2.

The inner inductance is divided into the outerl inductance
and the three-parallel sharing inductance, which prevents
circulating currents from occurring by using the short circuit
inherent in the parallel branches.

The time interval of the switching turn-on time can make a
short circuit between the parallel branches. When the switching
turn-on signal (S,,,) is transmitted to both of the switches of
branch 1 and branch 2, the difference in the voltage between
the pole voltages of branch 1 (V,,,) and branch 2 (V)
becomes the DC-link voltage (V,.), because the turn-on times
of the switches are different, as shown Fig. 3. The circulating
current is determined by an internal variable of the converter as
the DC-link voltage, the interval of the switching turn-on or-off
time of each leg and the inductance of the sharing reactor
because the circulating current flows only through the parallel
circuit of the power conversion part.

V.t

dc” g
Lsharing = 21

@
sh_max

where t, is the period of the worst-case switching interval
between the parallel branches, as seen in Fig. 3. This can be
determined by a datasheet of the power devices.

As shown in (2), the sharing inductance can be designed to
meet a permitted circulating current (ig, ,uq). The values of the
sharing inductors of the machine side converter and the grid
side converter are the same.

In order to design this filter, a single-phase equivalent circuit
of this filter is used, as shown in Fig. 2. The parameters for the
design are defined as:

1
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Fig. 5. The current ripples at each region (a) at the I and IV

regions and (b) at the II and III regions.
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Fig. 6. The magnitude of the current ripples according to the
modulation index.

TABLE1
THE VALID TIMES AT EACH REGION ACCORDING TO THE LEVEL
OF THE OUTPUT PHASE VOLTAGE

Region Output phase Valid time
voltage
0 Ty Ty
1 1/3V4 T, T,-T,
-1/3V,, T, T.-T,
0 7, T,
i 23V, T, T,-T,
13 ¥, T, T.-T,
0 7, T,
I 213 Ve T, T,-T,
1/3 V. 7, T,-T.
0 T, T,
v 13 V. T, T,-T,
13V, T, T,-T,

where Lguings Louerts Louterz> L Cra, and R, are the sharing
inductor of each branch, the inductor between the sharing
inductor and the capacitor, the inductor between the capacitor
and the transformer, the inner inductor of the transformer, the
delta connected capacitor, and the damping resistor,
respectively. The parameters based on this equivalent circuit
can be determined by using the design method of the Y
connected LCL-filter.

III. DESIGN OF THE DELTA CONNECTED
LCL-FILTER

The influence the ripple current has on the power quality can
be evaluated by the ripple factor (RF). The ripple factor is
defined as the rate of the fundamental current and the switching
ripple current.

I (h
RF = prle( sw) (4)

rate
where I,;,,. is the RMS value of the switching ripple current

and 7., is the RMS value of the rated current.

A. The Design of the Inner Inductance (L;)

Because the inner inductance (L;), determined by the
converter side ripple rate of the LCL-filter, is based on the
outer inductance (L,), the inner inductance must be designed
exactly in order to reduce the trial and error in the filter design.
The three-phase converter usually uses Third Harmonics
Injected Modulation. Its output phase voltages produce current
ripples which are very different from those of the single-phase
converter. Therefore, the novel design method of the L-filter
can be derived through analyzing the current ripple of the
inductance.

When the modulation index is unity, the max value of the
phase voltage is V,/N3 by Space Vector Pulse Width
Modulation (SVPWM). In this paper, instead of triangular
waves, third order harmonic sine waves are injected into the
neutral point for convenience. Therefore, the pole voltages of
the three-phase converter are expressed as:

V.. .
v, (ot) =M, —%| sin(wt) + ésm(3a)t)}

V3L

v, (ot) =M, Q sin(wt—%nj+%sin(3a)t)} (5)

1\/5—

v (ot)=M, Vac sin(a)t +27IJ+lsin(3a)t)}
“ Al 37) 6

The valid time, the ON half time of the switch elements is
determined by the pole voltages in (5).

The output phase voltages have five-level voltages, such as
2/3Vye, 1/3V,4, 0, -1/3V,., and -2/3V,,, that are different from
those of the single-phase converter found in Fig. 4, because the
level of the output phase voltage applied to the load is
continuously changing according to variations of each phase
valid time. Fig. 4 shows the average voltage (v4y) and the
output phase voltage (v,) applied to the load when the
modulation index is 0.89.

r =Ll M sin(a)t)+lsm(3a)t)}
202 B3l 6
_E l+%_sin(wt—gﬁj+lsin(3aﬂ) 6
22 3] 3 6 ©)

T 1 M]J . 2 1.
T =={-+— s1n(a)t+—7zj+—sm(3a)t)
212 3L 3 6
If the average voltage and the grid phase voltage (e,) are the
same wave as determined by (7) then:

v, (ot)=M, Vi sin(wt) = e, (ot) @)

NG

where 0 < wt <.

Thus, the magnitude of the current ripples in each region can
be estimated through the times applied into the inductor and the
potential of the average voltage and the output phase voltage.

In the I and IV regions, the levels of the output phase voltage
are determined to be 0 V for T, 1/3V,. for T; and -1/3V,, for T,



Journal of Power Electronics, Vol. 13, No. 3, May 2013 441

as shown in Fig. 5-(a). The magnitude of the current ripples
(limaxi 4) 1s determined by the current variations for 7, and 7.
In the II and III regions, the levels of the output phase voltage
are determined to be 0 V for T, 2/3V,, for T}, and 1/3V,, for T},
as shown in Fig. 5-(b). The magnitude of the current ripples
(i a2 3) 1s determined by the current variations for 7, 7, and
T,. However, the current variation is applied to the calculation
of the current ripple magnitude only when the average voltage
is higher than 1/3V,. Therefore, the magnitude of the current
ripples can be calculated through the current variation for 7,/2
by:

. 11 1
Al (@) = Z(ngc _VAV(COt)j'(Ta - Tb)_sz(a’[)n

. 1
Almz\x 2 (C()t) = Z(

1 1 1
e (g

1
max3 (a)[) - Z(

o0 L -T) L o

Vae = VAV(wt)j]- (T.-1,)
®)

—v(@t) |- 7VAV(a)[)T

)

1 1 1
+2L‘[ [3 ~Var (a’t)) [g de VAV(wt)]] (7,-T.)

. 1(1 1
Al (0t) = Z[ngc _VAV(wt)J : (7; - Tc) _ZVAV(a)t)]:?

The magnitude of the current ripples is symmetrical and has
different types according to the modulation index (Mi) as
shown in Fig. 6.

Therefore, the modulation index is one of the most important
factors in determining the magnitude of the current ripples. The
high frequency triangular wave is chosen for the model of the
current ripples in order to simply calculate the RMS value of
the current ripple, because there are many types of current

ripples. The RMS values of the triangular wave are calculated
from the absolute value of the triangular wave [14]. It is 13
times the magnitude of the triangular wave. Consequently, the
RMS value of the current ripple is calculated by integrating
these RMS values in the I and II regions as:

2
Iri]?ple (hsw) = \/372. |:J‘ ‘ Almaxl (e)dg + j ; AlmaxZ (H)d@ (9)

When (9) is calculated, the RMS Value of the current ripple
is determined by (10), and it is expressed by the DC-link
voltage (V,.), the switching period (7}), the inductance (L) and
the modulation index (M)).

In (10), the modulation index and the base inductance (L)
conditions are found in (11).

V2E,  E

M, = L =—" 11
i Vdc b 2ﬂ_}(ﬂpﬂ ( )

where E, is the grid line voltage, P, is the three-phase power, f,
is the grid frequency and f;,, is the switching frequency.

The rated current of the system is determined by the RMS
value of the phase voltage and the base inductance (Z,) by:

[ — Mi Vdc — Mi Vdo (12)
rate \/gx/EZb 2\/67Z_f,an
RF = Iripple (hsw) (13)

rate

Because the switching ripple factor (RF) is the rate of the
current ripple (Z;,.(h,)) over the rated current of the system
(1.4e), as seen in (13), the inductance of the L-filter can be
obtained from (11), (12) and (13), as shown in (14).

The inner inductance (L;) has the same performance as the
inductance (L) of the L-filter at the converter side. Therefore,
the L, can be obtained from (14) under the same ripple factor.

]ripplz (hsw ) =

where:

& (M) = \3M? —4BM, +4-(3375M} —4014\BM} +1692M +11283M? +96M, +64/3)

g, (M) =\3M? —2\3M, +1-(—41040M° +312483M " —7632M7 —2544/3M> —384M, —128+/3)

g(M,) = (~114480M")-(\3M? -

TRE S

sw

where:

VoM [ &(M)+g,(M)+g(M,)] (10)
2 3L 6998407 M
163 o 12 49, 9 5 33
53 VM M+ B
L, f, \/27[[gl(Mi)+g2(M[)+g3(Mi)] (14)

699840M *

g(M,) = \3M? —43M, +4-(3375M —40143M +1692M +11283M? +96M, +64/3)

g2 (M,) =\3M? = 23M, +1-(~41040M7 +31248\3M? —7632M - 25443M? —384M, —128/3)

g.(M,) = (~114480M*)-(\3M? - 57

163 Ve 12 459
S+ —A3M. +—
M, i’%f "530

B

106
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B. The Design of the Wye Connected Capacitor (Cry)

The value of the wye connected capacitor is calculated
through a percentage (x) of the reactive power absorbed under
the rated conditions as determined by (15). From the
determined Cyy, the delta connected C;, is calculated by (3).

C L/
s

27 f, By (15)
Cf.Y = XCb.

C. The Design of the Outer Inductance (L,)

The inductance rate () is determined through the
relationship between the outer current ripple and the inner
current ripple. The relationship between the outer inductance
and the inner inductance can also be determined by using the
inductance rate (16) [11]. From the determined L, and L,, the
value of L, is calculated by (3).

Lg =rly. (16)

D. The Damping Resistance Calculation (R, y)

The damping resistance needed to remove the resonance is
equal to one third of the impedance of the capacitor in the
resonant frequency, and it is calculated with (17). From the
determined R, y, the delta connected R, 4 is calculated by (3).

ol bt
27\ LL,C,,
' (17)
1

R = -—m—
d.Y
67rf‘rex C 1Y
where f,,, is the resonance frequency.

IV. DESIGN EXAMPLE

The example is designed for the LCL-filter of 2MW wind
turbines. The specifications of the system are shown in Table 2.
Specifically, the required ripple factor is determined to be 1%
in accordance with IEEE Std 519-1992 because the switching
frequency is selected as 2kHz in this example.

TABLE II
THE DESIGN SPECIFICATIONS OF THE LCL-FILTER
FOR THE 2MW WIND SYSTEM

Rated output power 2 MW
Grid line-to-line voltage 690 Vrms
DC-link voltage 1200 V
Grid frequency 60 Hz
Switching frequency 2000 Hz
Worst-case switching gap 1 us
Permitted circulating current 25 A
Inner inductance of transformer 25 uH
Required ripple factor <1%

TABLE III

THE PARAMETERS OF DESIGNED LCL-FILTER

Lyjaring 20pH
Louers 75.30uH
Crg 371uF
Loser 67.6uH
Ry 0.19Q
Jres 723Hz

To achieve the required ripple factor, the primary ripple
factor is chosen as 10% in the rated condition. The inner
inductance can be determined to be 82uH wusing these
parameters and the formulas in section 3.B. When the inner
inductance is designed, the Lg,.,, to reduce the circuiting
current should be considered. In this example, ¢, is decided to
be 1us, and i, .. is selected to be 1% of rated current. Under
these conditions, the sharing reactor is designed to 20puH and
Louers 18 determined to 75.3pH. For the design of the filter
capacitor, x is selected as 10%. The value of x is limited to 5%
of the system total impedance in [11], but a large capacitance is
applied for the minimization of the filter inductance. Under this
condition, the value of the filter capacitor is 1100pF. The value
of the filter capacitor is modified to be 371pF due to the
application of the delta-connection. Finally, the outer
inductance is designed using the previously designed inner
inductance and filter capacitance. r in (16) is determined to be
1.13, and the value of the outer inductance is 75.3uH. The
parameters of the designed LCL-filter are presented in Table 3.

V. SIMULATION RESULTS

To confirm the validity of the designed LCL-filter and wind
turbines, the simulation of a 2MW wind system has been
performed using PSIM.

Fig. 7 shows the performance of the designed inner
inductance. In section 4, the inner inductance is designed to
achieve a 10% ripple factor. In Fig. 7, the RMS value of the
fundamental frequency component of the current is 1670A, and
the switching harmonics component is almost 170A. Under this
condition, the ripple factor is determined to be 0.1, as shown in
Fig. 7(b). These results show that the inner inductance was
accurately designed.

The performance of the designed LCL-filter is shown in Fig.
8. The ripple factor of the grid side current is 0.01, as shown in
Fig. 8(b). The value of the additional LC part is selected based
on the correctly designed inner inductance. Although the total
inductance of the designed LCL-filter was 15.02% of the
L-filter, this LCL-filter is efficient in eliminating the harmonics
of the output current. Its total harmonics distortion (THD) was
approximately 1%.
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The damping of the LCL-filter is an issue which cannot be
obtained in the performance verification of the LCL-filter. Fig.
9(a) shows the characteristic of the damping resistor. The
damping resistor generates a loss of 0.9% and it becomes heat.
It results in an unintended loss and causes an additional cost for
the cooling system. However, the system can be unstable, if the
a damping method is not applied, as shown in Fig. 9(b). In Fig.
9(b), there is no loss caused by the damping resistor but the
output current is oscillated by a resonance frequency.

Fig. 10 shows the effect of the power factor by the filter
capacitor. The designed LCL-filter has a large capacitance for
the reduction of the inductance. Consequently, there is a large
fundamental frequency component in the current of the filter
capacitor and the power factor decrease to 0.95, as shown in
Fig. 10. However, this output is the leading power factor and
the reactive power can be compensated by the inverter control.

Fig. 11 shows the dynamic characteristic of the grid
connected inverter with the designed LCL-filter. At Is, the
input power of the generator side converter increases from
500kW to 2MW. While the generated power is increased to
2MW, the DC-link voltage was kept at around 1200V and the
output current is generated stable without resonance in the
dynamic condition.

VI. EXPERIMENTAL RESULTS

The 2MW system explained above has been scaled down to
a 10kW system for the experimental purposes. Under this
condition, the LCL-filter is designed according to Table 5
using the same procedure as section 4.

TALBE IV
THE DESIGN SPECIFICATIONS OF THE LCL-FILTER 10KW SYSTEM

Rated output power 10 kW

Grid line-to-line voltage 380Vrms
DC-link voltage 600 V
Grid frequency 60 Hz

Switching frequency 2000 Hz

Worst-case switching gap 1 ps

Permitted circulating current 0.15 A
Inner inductance of transformer Ignore
Required ripple factor <1%

TABLEV
THE PARAMETERS OF DESIGNED LCL-FILTER
FOR THE EXPERIMENTAL SET-UP

Lharing 2mH

Lousert 2mH
Cra 7.35uF

Louter? 1.28mH
Sres 734Hz
Ryy 6.3Q

Fig. 12. The experimental setup (a) DSP controller board, (b)
Three-parallel power converters, (c) LCL-filter and (d) MG-set.
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The blade torque was calculated from (4) and supplied to the
induction motor drive through the communication link.
Experiments were carried out to confirm the validity of the
proposed design method. A picture of the actual experimental
setup is shown in Fig. 12.

Fig. 13(a) shows the waveforms of the converter and grid
currents when the wind speed was 9m/s. Fig. 13(b) shows the
ripple rate of the converter and the grid currents. Although the
total inductance of the designed LCL-filter was 15% of the
L-filter, this LCL-filter was efficient in eliminating the
harmonics of the grid current seen in Fig. 13(b). The total
ripple factor of the 29th, 31th, 35th, and 37th order harmonics
of the grid current was about 1.84% around switching
frequency, as shown in Fig. 13(b). The value of the ripple
factor in the design was 0.7%. The error of ripple factor was
about 1.14% even though the total ripple factor was about
1.84% under 5kW of power. This result shows that the total
ripple factor can be similar to the required ripple factor in
Table 4 because the fundamental current increases by the
magnitude of the rated current under 10kW of power, as shown
in (9).

Fig. 14 shows that the generator operates at the maximum
power point. When the wind speed increases from 7 to 9m/s,
the torque of the generator follows the reference torque
calculated by (5). The generated power and the grid current
increased according to the change in the wind speed. The
DC-link voltage is maintained at 600V. The experimental
results demonstrate stable operation while using the proposed
system and the validity of the proposed methods.

VIL

This paper proposed a design method for the LCL-filter of a
three-parallel power converter system for 2MW-wind turbines.
The design method for the delta configured LCL-filters for this
system and the compensation method to improve the power
factor have been presented. A novel design method for the
inner inductance of the LCL-filter was proposed in order to
improve the accuracy of the design of the filter. Experimental
results have shown that the switching harmonics, power factor,
and stable MPPT-control performance have been improved.

CONCLUSION
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