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Abstract—A comparative evaluation of the different modula-
tion schemes for the grid-connected converter with two parallel
interleaved Voltage Source Converters (VSCs) is presented in this
paper. The volume and the losses of the converter-side inductor of
the LC'L harmonic filter are evaluated for the grid-side converter
of the multi-MW Wind Energy Conversion System (WECS). In
order to achieve high current rating in MW-level WECS, two-
level VSCs are often connected in parallel. The parallel connected
VSCs can be operated with interleaved carrier signals and can
be treated as a multi-level converter. As a result, the size of
the harmonic filter components can be significantly reduced.
However, circulating current flows between the parallel VSCs and
it is often suppressed using a Coupled Inductor (CI). The losses
and size of the CI are also evaluated for different modulation
schemes and compared in this paper. A detailed discussion on the
loss modeling of the inductive components and a multi-objective
optimization method is also presented.

Index Terms—Voltage source converters (VSC), filter design,
multi-objective optimization, harmonic filter, pulse width modu-
lation, interleaving, phase disposition modulation

I. INTRODUCTION

The full scale power converter is often used in modern
Wind Energy Conversion System (WECS) due to its ability
to provide the reactive power compensation and a smooth
grid connection for the entire speed range, and it is generally
realized using three-phase two-level pulsewidth modulated
Voltage Source Converter (VSC) [1]. The general trend is to
use wind turbines with high output power (multi-megawatt
scale) [2] and it is realized by connecting two-level VSCs
in parallel. The switching frequency of the semiconductor
devices employed in these high power systems is often limited.
As a result, large filters are required in order to meet the
stringent power quality requirements imposed by the utility
[3]. When large filter components are used, considerable losses
occur in the filter components and the overall conversion
efficiency is compromised. They also result in increased cost
of the overall converter system [4]. For a given switching
frequency, the size of the harmonic filter components can be
reduced by using multi-level converter.

For the parallel connected VSCs, multi-level voltage wave-
forms can be achieved by interleaving the carrier signals.
The grid-side converter of the WECS with two parallel VSCs
is shown in Fig. 1. The switched output voltage (hereafter
referred as pole voltage and represent the potential difference
between the ac output terminal of the VSC and the fictitious
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Fig. 1. Grid-side full-scale frequency converter for high power wind turbines
using two parallel two-level voltage source converters.
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Fig. 2. Switched output voltage. (a) Pole voltage of one of the VSC, (b)
Resultant output voltage of two parallel VSCs with interleaved carrier signals.

mid-point of the dc-link O) of each of the VSCs has two volt-
age levels (+Vy./2 and —Vj./2), as shown in Fig. 2(a). When
the carrier signals are interleaved, the pole voltages of the
corresponding phases of the individual VSCs are also phase
shifted with respect to each other by an interleaving angle.
For the parallel VSCs, the resultant switched output voltage is
the average of the pole voltages of the individual VSCs and
it exhibits three-level voltage waveforms, as shown in Fig.
2(b). This leads to reduction in the values of the harmonic
filter components [5], [6]. However the circulating current
flows between the parallel VSCs due to the control asymmetry,
dead-time and the impedance mismatch [7], [8]. With the
interleaved carrier signals, full dc-link voltage appears across
the close path for a relatively longer duration (this duration
could be as large as half of the switching period) [9], [10].
This will further aggravate the already existing problem of the
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Fig. 3. Coupled inductor. Subscript = represents the phases a, b, and c. (a)
Physical arrangement, (b) Simplified reluctance model.

circulating current and would lead to an increase in the losses
and unnecessary over-sizing of the components present in
the circulating current path. Therefore, the circulating current
should be suppressed to some acceptable limit.

A Coupled Inductor (CI) can be used for this purpose
[11], as shown in Fig. 1. Thanks to the magnetic coupling
between the parallel interleaved legs of the corresponding
phases, the CI offers high inductance to the circulating current
and suppresses it effectively [12]. However, in addition to the
LC'L filter, another inductive component in terms of the CI is
needed in such system. The size of the inductive components
can be reduced by integrating the functionalities of the CI
and the converter-side inductance of the LC'L filter [13]-[17].
However, the discussion in this paper is limited to separate CI
and converter-side inductor case, as shown in Fig. 1.

The harmonic performance of the resultant output voltage
is significantly influenced by the Pulse-Width Modulation
(PWM) scheme. Moreover, the losses and the size of the
harmonic filter components and the CI are also significantly
influenced by the PWM scheme. This paper evaluates the
impact of different PWM schemes on the harmonic filter
components and the CI. It is organized as follows: Section
IT briefly discusses the operation of the parallel VSCs and
the different PWM schemes considered in this paper. The
harmonic performance of the PWM schemes and the volume
of the harmonic filter components are evaluated and compared
in Section III. The losses and the volume of the CI for different
PWM schemes are compared in Section IV.

II. MODULATION OF THE PARALLEL INTERLEAVED VSCs

The operation and the modulation of the parallel interleaved
VSCs are presented in this section.

A. Operation of Parallel Interleaved VSCs

The grid-side converter with two parallel VSCs is shown in
Fig. 1. The carrier signals of the parallel VSCs are interleaved
by 180° and the CI is used for the circulating current suppres-
sion, as shown in Fig. 1. The physical arrangement of the CI is
shown in Fig. 3. The core is made up of two limbs, which are
magnetically coupled to each other by using the top and the
bottom yokes. Both the limbs carry coils with the N number
of turns and the coils are wound in the same direction. The
starting terminals of both the coils are connected to the output

of the respective VSC legs x; and x and other terminals
of both of the coils are connected together to form common
connection point z, as shown in Fig. 1 and Fig. 3(a). The
voltage across the coils of the CI are given as

dl, dl,

VZC]ZL' = RCIIacl + Ls—; L — Lmi'2
dI dI.

Tox — Ix Lsﬁ - Lm L
Vo Reorly, + i 7

where Rcy is the resistance of the CI coil, L, is the self in-
ductance, L,, is the mutual inductance. The mutual inductance
L,, = kL, where 0 < k < 1. For the parallel VSCs, the leg
current can be decomposed into two components:

1) Common current component (I, /2, assuming equal cur-

rent sharing).

2) Circulating current component I .
Therefore, the leg currents can be represented as
p— II

Iy
val = ? + II,C and ICL‘2 = E

Using (1), the difference of the pole voltages of the corre-
sponding phase is given as (refer Fig. 1)

- Ia:,c (2)

d
Vzlofvmgo = RCI(Izl *ng)“i’(Ls +Lm)%(Izl 7]‘(132) (3)
obtaining I, . from (2) and substituting in (3) yields
dly .
Vxlo - szo - 2RCII;L',C + 2(L5 + Lm)i7 (4)

dt
similarly, taking the average of the pole voltages of the
respective phases of both the VSCs give on
Vzlo + V:z,’zo RCI (Ls - Lm) dI:L’
— a5  — Vxo I:v T
2 AT A R
By neglecting the resistance of the coils and assuming a strong
magnetic coupling L,, ~ L, (k = 1), the voltage of the
common connection point with respect to the reference o is

&)

1
Va:o = §(V:1:10 + Vzgo) (6)

which demonstrates three-level voltage waveforms as shown
in Fig. 2(b). As a result, the volume of the harmonic filter
components can be reduced.

From (5), it is evident that the impact of the CI on the
line current is negligible. On the other hand, CI significantly
influences the circulating current and the dynamics of the
circulating current is represented as

dly. 1
dt AL, (
It is clear from (7) that the inductance offered to the circulating
current is four times the self-inductance L. Therefore effec-
tive suppression of the circulating current can be achieved.

By solving the simplified reluctance model, as shown in
Fig. 3(b), the resultant flux in the core is given as

o = 2Ncr
T Ry e

Vm’lo - VrzO) (7)

®)



where N¢r is the number of turns, ¥; is the reluctance of
the limb, and R, is the reluctance of the yoke. Using (8), the
difference of the pole voltages are obtained as

ANZ, dI, .
szo) = - §RCI dt’ (9)

using (7) and (9), the self-inductance L, = —N? /R and the
inductance offered to the circulating current is given as

(leo -

Lo = 4N poprAc.or/lm (10)

where o is the permeability of free space, u, is the relative
permeability, [, is the mean magnetic length, and A, ¢ is the
core cross-section area. Using (8) and (9), the resultant flux
can be given as

1

r — z10 — Vzoo dt 11
b0 = g [ (Vero = Vi) an
and the flux density in the core is
1
Bzzi 10 — Vzso dt 12
s | (Vo = Vo) (12

As it is evident from (12), the flux density is dependent on
the product of the number of turns and the cross-section
area (NcrAc,cr) and the time integral of the pole voltage
difference [(Vy,0—Va,0)dt. The [(Vy,0—Va,0)dt depends on
the PWM scheme used [9], [12] and cycle-by-cycle balancing
of the [(Va,0— Vaso)dt is required (dc flux linkage is required
to be zero over a switching cycle) to ensure saturation free
operation of the CI without oversizing it.

B. Modulation of Parallel VSCs

Two approaches are possible for the modulation of the
parallel interleaved VSCs:

1) Modulation of the individual VSCs with phase-shifted
carrier signals.

2) Considering parallel Two Level (2L) VSCs as a one single
converter and modulating them as a multi-level converter.

1) Two-level Modulation Schemes with Phase-Shifted Car-
riers: The carrier comparison approach with the Phase-Shifted
Carrier (PSC) modulator is adopted for the 2L modulation,
where the carrier signals of two VSCs are phase-shifted by
an interleaving angle of 180°, as shown in Fig. 4(a). This
approach is easy to implement and widely reported in the
literature [18], [19]. Following PWM schemes are evaluated
under PSC modulator:

1) 2L centralized Space Vector Modulation (SVM) [20].
2) 2L 60° Discontinuous PWM (DPWM1) [20].

2) Phase Disposition Modulation: The carrier based Phase
Disposition (PD) modulation is considered. However, the
conventional approach of using two co-phasal carrier signal
can not be readily applied as it introduces dc voltage in the
pole voltage difference (Vy,o — Vi) [21]. Therefore PD
modulator using the carrier rotation is used, as shown in Fig.
4(b). However dc volt-sec appears during the band transi-
tion (transition from positive value of the sampled reference
voltage to the negative value and vice-versa), as shown in
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Fig. 4. Modulators based on the carrier comparison for parallel interleaved
VSCs. (a) PSC modulator: Phase-shifted carrier signals with interleaving angle
of 180° for two-level modulation schemes, (b) PD modulator: The carrier
signals are arranged in two carrier bands (V;* > 0 and V} < 0) with two
phase-shifted carrier signals in each of the bands.

Fig. 4(b). This may lead to the saturation of the CI. One of
the possible solution is to introduce additional switching of
the semiconductor devices during the band transition, which
leads to an increase in the switching losses. Following PWM
schemes are evaluated under the PD modulator:

1) 3L Space Vector Modulation (3L-SVM) [22].

2) 2L 60° Discontinuous PWM with PD modulator.

III. HARMONIC PERFORMANCE ASSESSMENT AND LC'L
FILTER DESIGN

A. Normalized Weighted Total Harmonic Distortion
The harmonic performance of all the considered PWM

schemes is compared by evaluating the Normalized Weighted
Total Harmonic Distortion (NWTHD), which is defined as

oo

NWTHD = g > (Vi/h)?
f h=2

13)

where V; is the fundamental component and V}, is the magni-
tude of the hth harmonic component. The NWTHD of all the
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Fig. 5. Theoretical variation of the NWTHD with a modulation index M. (a)
The switching frequency is taken to be the same. (b) The switching frequency
is varied such that the constant switching losses are achieved.
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Fig. 6. Modulating signal waveform over a fundamental frequency cycle. (a)
Three-level space vector modulation (3L-SVM), (b) Two-level 60° discontin-
uous PWM (DPWMI).

PWM schemes is shown in Fig. 5(a). The carrier frequency
is taken to be the same for all the cases. The 3L-SVM with
PD modulator demonstrates superior harmonic performance,
whereas 2. SVM with PSC modulator has the worst harmonic
performance. Since the carrier frequency is the same for all
schemes, the switching losses are different for continuous and
discontinuous PWM schemes.

In a fundamental cycle, the DPWMI1 scheme clamps the
output terminals of the VSCs to the positive and the negative
terminals of the dc-link for a 60° interval each and the
clamping intervals of 60° are arranged around the positive
and negative peak of the fundamental reference voltage. The
WECS typically operates with a power factor close to unity.
In this case, the switching losses can be reduced up to 50%
by using the DPWMI.

Under the PD modulator, two additional commutations are
required during each band transition. For the 3L SVM, two
such band transitions happen in a fundamental cycle, whereas
in DPWMI1 scheme, the band transition of the modulating
signal happens six times (for 2/3 < M < 2/\/3), as
shown in Fig. 6. Moreover, additional transitions may also
be required during the sector transition. Considering this, the
carrier frequencies of all the PWM schemes are adjusted to
achieve the same switching losses under the unity power factor

TABLE I
ADJUSTED CARRIER FREQUENCIES TO ACHIEVE CONSTANT SWITCHING
LOSSES UNDER UNITY POWER FACTOR LOAD.

PWM Scheme Carrier frequency Fi
2L-SVM with PSC 1250 Hz
DPWMI with PSC 2500 Hz
3L-SVM with PD 1200 Hz
DPWMI with PD 2250 Hz

Fig. 7. Single phase equivalent circuit of the LC'L filter with parallel Ry/Cy
damping branch. V,; and V4 are the phase voltage and grid voltage of phase
x, respectively.

load condition as given in Table I.

The NWTHD with the adjusted carrier frequency is shown
in Fig. 5(b). The DPWMI1 with both the PSC and PD modu-
lator outperforms 2L-SVM with PSC modualtor and 3L-SVM
with PD modulator. For the modulation index close to unity
(which is the case for the grid-connected WECS), the NWTHD
of the DPWMI1 with PSC modulator is lowest, as shown in
Fig. 5(b).

B. Impact on the Harmonic Filter

From the NWTHD, it is difficult to draw a conclusion about
the size of the harmonic filter components and the information
may not be readily useful for grid-connected converters. The
value of the LCL harmonic filter components for a 2 MW,
690 V WECS under different PWM schemes are evaluated.
The single-line diagram of the LC'L filter is shown in Fig.
7. A parallel R;/Cy; damping branch is employed to damp
the resonance introduced by the LCL filter. The WECS is
considered to be connected to the medium-voltage network
using a step-up transformer and the leakage inductance of this
transformer (which is taken to be 0.08 pu) is considered to be
the part of the grid-side inductance of the LCL filter.

1) Design of the LCL Filter: The LCL harmonic fil-
ter is designed as per the procedure outlined in [23] to
meet the harmonic injection limits specified by the German
Association of Energy and Water Industries (BDEW). The
spectrum comprises the maximum values of the individual
voltage harmonic components of the resultant voltage, over
the entire operating range is obtained and it is defined as
a Virtual Voltage Harmonic Spectrum (VVHS) [23]. The
harmonic current injection limit for a generator connected to
the medium-voltage network, specified by BDEW [3], [23],
[24], is considered in this paper. The permissible harmonic
current injection is determined by the apparent power of the
WECS and the Short-Circuit Ratio (SCR) at the Point of the
Common Coupling (PCC). The maximum current injection
limit of the individual harmonic components up to 9 kHz
is specified in the standard. Using the specified values of
the permissible harmonic injection and VVHS, the required



TABLE I
LCL HARMONIC FILTER COMPONENTS FOR DIFFERENT MODULATION SCHEMES WITH ADJUSTED CARRIER FREQUENCY TO ACHIEVE THE SAME
SWITCHING LOSSES.

PWM Scheme Ly

Lg (incl. transformer Cy Cy

leakage 0.08 pu)

2L-SVM with PSC
DPWMI with PSC
3L-SVM with PD
DPWMI with PD

151.5 pH (0.22 pu)
68.8 uH (0.1 pu)
110 pH (0.16 pu)
61.9 ©H (0.09 pu)

82.6 LH (0.12 pu)
55.1 pH (0.08 pu)
55.1 uH (0.08 pu)
55.1 uH (0.08 pu)

2200 pF (0.15 pu)
1200 pF (0.08 pu)
1900 pF (0.13 pu)
880 pF (0.06 pu)

1100 1iF (0.075 pu)
600 pF (0.04 pu)
950 uF (0.065 pu)
440 pF (0.03 pu)

w
(=]

[\~
o

—_
[e=]

0 | | | | |
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000

Wind speed (m/s)

Time (hours)

Fig. 8. Recorded wind data over a year with three hourly sampling rate.
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Fig. 9. Assumed wind speed distribution and power produced. The total
energy production in a year is 10548 MWh.

admittance for the hth harmonic component is obtained as

"
. Iy spEw

Y =
K
Vh,vvis

; (14)
where Ij; 1,y is the specified BDEW current injection limit
of the hth harmonic component (refer to [3]) and V}, vv s
is the maximum values of the hth harmonic components over
the entire operating range. The value of the filter parameters
are then chosen such that the designed filter has a lower
admittance than the required value of the filter admittance for
all the harmonic frequency components of interest (upto 180th
harmonic frequency component in the case of the BDEW
standard) [5], [6]. The required value of the harmonic filter
components under the same switching loss conditions for the
considered PWM schemes are given in Table II. The smallest
values of the harmonic filter components are obtained using
the DPWM1 with the PD modulator.

2) Design of the Converter-Side Inductor: Since the leak-
age inductance of the step-up transformer is sufficient as a
grid-side inductance of the LC'L filter, only the size of the
converter-side inductor is evaluated. An optimized design of
the converter-side inductor is carried out using the design
procedure outlined in [25]. Recorder wind speed data at
Aalborg University over a one year period with three hourly
sampling rate is shown in Fig. 8. Since, the wind speed
varies in a large range, the power processed by the WECS
also varies in wide range, as shown in Fig. 9. As a result,

suboptimal performance will be achieved if the converter-
side inductor is optimized at the specific loading condition.
Therefore, instead of optimizing the inductor losses at specific
loading condition, the energy loss for a given load profile is
minimized. In addition to the energy loss minimization, the
volume minimization is also considered and multi-objective
optimization has been carried out.

The multi-objective optimization has been performed, which
minimizes a vector of objectives F'(X) and returns the optimal
values of the design variables X.

minF(X) (15)

where

FX) = [F(X), F2(X)] (16)

where F (X) returns the energy loss (kWh). The total losses
(Pte + P.y,) are evaluated for each of the loading conditions
shown in Fig. 9 and the total energy losses (kWh) are obtained
as

1 Jd
Fi(X) = 1505 E:j Pye, + Peu,)Ti (17)
where T; is the number of hours during which the WECS
output power is P; and associated losses are (Py., + Pey,;).

F5(X) returns the volume of the active parts of the inductor
(Itr.) and it is given as

Fy(X) =

where Vi, is the volume of the magnetic material and V,,
is the total volume of all the coils. The parameters that are
optimized are

(Ve + Veu) % 1000 (18)

X =[Np, By JmW,]" (19)

where Ny, ; is the number of turns, B,, is the maximum flux
density, J is the current density, m is the number of layers in
the windings, and W, is the width of the coil.

The Improved Generalized Steinmetz Equation (IGSE) [26],
[27] is used to calculate the core losses. The core losses per
unit volume is given as

Pfe,v: /k‘

where «, § and k; are the constants determined by the material
characteristics. AB is the peak-to-peak value of the flux
density and 7T is the switching interval. The flux waveform

|a (AB)P~dt (20)



TABLE III
PARAMETER VALUES OF THE CONVERTER-SIDE INDUCTOR OF THE LOL FILTER. A, 1, AND Acy, 1, ARE THE CROSS-SECTION AREA OF THE CORE AND
COIL, RESPECTIVELY. Pcy, IS THE COPPER LOSS AND Py, IS THE CORE LOSS.

PWM Scheme Ly NLf B, AC,Lf Acuny Volume  Energy loss Losses at full-load (2 MW)
uH T cm? mm? Ltr. kWh Peu(kW) P (kW)  Total (kW)
2L-SVM with PSC  151.5 27 1.55 98 594 56.8 63570 5.51 4.66 10.18
DPWMI1 with PSC 68.8 24 1.55 52 586 31.1 80904 4.17 7.36 11.54
3L-SVM with PD 110 26 1.54 75 596 45 77725 4.69 6.77 11.47
DPWMI with PD 61.9 28 1.52 43 592 32 94764 4.63 8.75 13.39
has major and minor loops and these loops are evaluated m 100 ‘ ‘ -
separately, as outlined in [25]. % ol |
The copper loss is evaluated by considering the ac resis- E 60l |
. . . . = HPoHok ootk RRolok # K kok K
tance of the winding, which takes into account the skin and S 40 = ‘000 = ‘000 = ‘000 000
proximity effects [28]. The total winding losses of all three ’ ' ’ k
coils are [29] Energy loss / year (kWh)
- (@)
2
Pow =3Rae Y _kyp,I2, ey
h=1 5 36
< 34
where 2 3 %.“‘”w
i i g 30 L— i R
kp, :\/EA[Smh(Q‘/EA) +sin(2VhA) = Y 76,000 80,000 84,000 88,000
COSh(2\/EA) - COS(2\/EA) (22) Energy loss / year (kWh)
2, sinh(vhA) — sin(vhA) (b)
+ -(m*—1)
3 cosh(vhA) + cos(vVhA) ~ s -
|
and A = T,./6 and R4, and R,. are the dc and the ac > 90 g
resistance of the coil, respectively. m is the number of layers E 45 R o e
. . . . . ) | | Gl
40
1n.the coil, T, 1§ the thickness of Fhe conductor, and § is the > 9 000 76,000 80,000 84,000
skin .depth. I, is the hth harmonic frequency component of Energy loss / year (kWh)
the line current I,.
The non-inferior (Pareto optimal) solutions are obtained ©
using the multi-objective optimization as shown in Fig. 10. =
Out of these several possible design solutions, one suitable % 35 %w .
solution has been selected for each of the PWM schemes and £ 30 31
. . . = REMH K *okk K
the parameter values of the selected design are given in Table S ‘ ‘
95,000 105,000 115,000

III. The energy loss is lowest when 2L-SVM with PSC is used.
However, the volume is maximum in that case. The volume
of the converter-side inductor is almost the same in the case
of the DPWM1 with PSC and DPWMI1 with PD. However, it
is important to note that the shunt capacitance requirement for
the DPWMI1 with PD modulator is 26.6% smaller than that of
the DPWM1 with PSC. The loss density (which is the ratio
of the losses at full load to the available surface area for the
heat dissipation) determines the cooling capacity requirement,
which is highest in the case of the DPWMI1 with PD.

IV. IMPACT ON THE COUPLED INDUCTOR

The physical arrangement of the CI is shown in Fig. 3. The
flux density for the CI is given by (12) and the maximum
value of the flux density is obtained as

Vac

S —
new SNCIAC,CIFC

(23)

where Vj. is the dc-link voltage and F is the carrier frequency.
Using this, the product of the number of turns N and the cross-

Energy loss / year (kWh)
()

Fig. 10. Calculated volume and energy loss of the converter-side inductor
for different Pareto optimal solutions for a load profile with the annul energy
production of 10548 MWh. (a) 2L-SVM with PSC, (b) DPWM1 with PSC,
(c) 3L-SVM with PD, (d) DPWMI with PD.

sectional area A, is given as

NCIAC7CI = V:ic/(SB Fc) (24)

Tmax

For the given dc-link voltage and the magnetic material
(therefore B, ), the product of the number of turns Ncy
and the cross-sectional area A, ¢ is inversely proportional to
the carrier frequency. As a result, higher switching frequency
operation leads to a smaller size of the CI. Under the same
switching losses condition, the carrier frequency in the case of
the DPWM1 is higher than the continuous PWM schemes. As
a result, smaller size of the CI is expected with the DPWMI.

The multi-objective optimization of the CI has been also
carried out. Considering equal current sharing between the



TABLE IV
PARAMETER VALUES OF THE COUPLED INDUCTOR. AIR GAP OF 1 mm IS CONSIDERED IN ALL CASES.

PWM Scheme L Ncr Bm Accr  Acu,cr  Volume  Energy loss Losses at full-load (2 MW)
mH T cm? mm? Ltr. kWh Peu(W)  Ppc (W) Total (W)
2L-SVM with PSC 7.3 17 1.11 59 304 12.2 3933 443 228 671
DPWMI with PSC 7.8 18 0.82 37 301 8.7 4048 385 273 658
3L-SVM with PD 8.4 20 1.14 49 297 12.1 4234 468 253 721
DPWMI1 with PD 6.7 20 0.94 32 298 8.4 4743 431 328 759
3 8‘21L 15 2L SVM with PSC
< : <) i
S 0 S — — — DPWMI with PSC
O —0.2 = 3L SVM with PD
= 04 L L - - DPWMI with PD
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Time (s) ]
e

Fig. 11. CI flux linkage over a complete fundamental period. The flux linkage
is normalized to Vg T%s.
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Fig. 12. Calculated volume and energy loss of the coupled inductor for
different Pareto optimal solutions for a load profile with the annul energy
production of 10548 MWh. (a) 2L-SVM with PSC, (b) DPWM1 with PSC,
(c) 3L-SVM with PD, (d) DPWMI1 with PD.

parallel VSCs, the fundamental component of the flux in the
CI is absent. As a result, the CI only experiences switching
frequency flux excitation, as shown in Fig. 11. In this case,
the core losses can be accurately evaluated using the IGSE
[26]. The copper losses are also evaluated by considering the
skin and proximity effects. The VSC leg current flows through

0.2 0.4 0.6 0.8 1
Load (pu)

Fig. 13. Variation of the total losses of the inductive components (converter-
side inductor of the LC'L filter and three coupled inductors) with the load.
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Fig. 14. Volume and the energy losses of all the inductive components
(converter-side inductor of the LC'L filter and three coupled inductors).

the coils of the CI and it can be decomposed into circulating
current component and the resultant line current components.
Effects of both of these current components are considered in
the copper loss evaluation of the CIL.

The Pareto optimal solutions for all the considered PWM
schemes are shown in Fig. 12. Out of these several possible
design solutions, one suitable design is chosen for each case
and the parameters of the selected design are given in Table
IV. As expected, the use of the DPWMI1 leads to lower volume
of the CI under the constant switching losses condition. Out
of the selected designs, the DPWM1 with PD modulator lead
to the highest energy losses.

For the chosen designs, the variation of the total losses of
all the inductive components, which include the converter-side
inductor of the LCL filter and three CIs, with the load is
shown in Fig. 13. The losses in the case of the 2L SVM
with PSC modulator is lowest and the volume of the inductive
components is highest, as shown in Fig. 14. The volume of
the inductive components in DPWM1 scheme with both the
PSC and PD modulator is the same. However, the energy
losses in the DPWMI1 with the PSC modulator is lower
than the DPWM1 with the PD modulator. In conclusion, the
use of the DPWM scheme with the PSC modulator gives
best compromise between the energy loss and the volume
of the inductive components for the grid-connected parallel
interleaved VSCs.



V. CONCLUSION

The volume and the losses of the converter-side inductor of
the LCL harmonic filter and the CI for the grid-connected
WECS with two parallel interleaved VSCs under different
PWM schemes are evaluated in this paper. The comparative
evaluation has been carried out with the adjusted carrier
frequencies to achieve the switching losses to be the same
in all the PWM schemes for unity power factor load. A multi-
objective optimization to minimize the energy loss and volume
is carried out for all considered modulation schemes. Pareto
optimal solutions are obtained and out of several possible
solutions, one suitable solution for each PWM schemes is
chosen. The DPWMI1 scheme with both the PSC and PD
modulator leads to the lowest volume of the inductive compo-
nents. However, the energy losses are higher compared to the
continuous PWM schemes. The energy losses in the case of the
DPWMI1 with PSC modulator is 14.6% smaller than that of the
DPWMI1 with PD modulator. For the wind profile considered
in this paper, the energy production of 2 MW WECS is 10548
MWh. When DPWM1 with the PSC modulator is used with
the chosen design, the yearly energy loss in the inductive
components is calculated to be 93 MWh (0.88%).
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