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Abstract—Three phase Voltage Source Converters (VSCs) are
often connected in parallel to realize high current output con-
verter system. The harmonic quality of the resultant switched
output voltage can be improved by interleaving the carrier signals
of these parallel connected VSCs. As a result, the line current
filtering requirement can be reduced. However, an additional
inductive filter is required to suppress the circulating current. The
integrated inductive component, which combines the functionality
of the line filter inductor and the circulating current inductor
is presented in this paper. An analysis of the flux density
distribution in the integrated inductor is presented and design
procedure is described. The analysis has been also verified by
performing finite element analysis. The advantage offered by the
use of the integrated inductor is demonstrated by comparing its
volume with the volume of the state-of-the-art filtering solution.
The performance of the integrated inductor is also verified by
the experimental measurements.

Index Terms—Voltage source converters (VSC), parallel, in-
terleaving, coupled inductor, integrated magnetics, line inductor,
inductor, integrated, differential inductor

NOMENCLATURE

e

Ratio of the maximum current ripple to the peak
value of the fundamental frequency component of the
current.

Leg current vector.

Reference space voltage vector.

Switched output voltage vector.

Output voltage vector.

Inductance matrix.

AI, Ripple component of the resultant line current.

Al p,... Worst case ripple component of the resultant line
current.

Al , Peak value of the ripple component of the resultant
line current.

Az Flux linkage with kth coil of phase x.

Az Average value of the flux linkages of coils of phase
x.

1o Permeability of the air.

D Common flux.

Dz.cma. Maximum value of the circulating flux component.

Dare Circulating flux component.

@, Circulating flux component that links with the kth coil
of phase z.

®s,.r Fundamental frequency component of the flux.

Ozpimas Worst case value of the common flux component.

@z,,0 Common flux component that links with the kth coil
of the phase z.
®s,.» Ripple component of the common flux.
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Maximum value of the flux in the limbs.

Reference voltage space vector angle (typically the
grid voltage vector).

Reluctance of the air gap.

Reluctance of each of the limb.

Reluctance of the yoke.

Reluctance of the bridge yoke.

Interleaving angle.

Displacement power factor angle.

Cross section area of the air gap.

Area of each of the windows in the cell structure.
Cross section area of the core of the Coupled Inductor
(CD).

Cross section area of the bridge leg.

Cross section area of the limb.

Cross section area of the coil.

Window area of the CI.

Maximum allowable value of the flux density in the
bridge leg.

Maximum allowable value of the flux density in the
cell.

Carrier frequency.

Resultant line current of phase z.

Fundamental frequency component of the resultant
line current.

Peak value of the fundamental frequency component
I, f.

Circulating current component of the leg current I, .
Common component of the leg current I, .

Leg current of phase x of the kth VSC.

Current density.

Stacking factor.

Window utilization factor.

Circulating current filter inductor.

Line filter inductor.

Length of the air gap.

Modulation index.

Number of turns in each coil.

Total number of the parallel connected VSCs.

Rated power of the parallel VSCs.

DC-link voltage.

RMS value of the rated phase voltage.

Switched output voltage of phase x of the kth VSC
with respect to the dc-link mid-point o.

Averaged switched output voltage of phase x with
respect to the common reference point o.

RMS value of the grid voltage of phase x.
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Fig. 1. Parallel interleaved voltage source converters with common dc-link
(n =4 in this illustration). Coupled inductor (CI) is used for suppressing the
circulating current.
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T Subscript, which represents phases a, b, and c.
ZTe Common (output) terminal of the of phase z.
Ty Input terminal of the kth coil of phase x.

I. INTRODUCTION

Three-Phase Voltage Source Converter (VSC) is commonly
used in many power electronics applications and often con-
nected in parallel to realize medium/high power converter
systems [1], [2]. The switching frequency of the semiconduc-
tor devices, used in medium/high power applications, is often
limited [3]. Therefore, such systems may require large filter
components to meet the stringent power quality requirements
imposed by the utility [4]. The use of the large filter compo-
nents occupy significant amount of space [5] and increase the
cost of the overall converter system [6].

The size of the line filter components can be reduced by
improving the output voltage waveform quality. In a system
with parallel connected VSCs, this can be achieved by inter-
leaving the carrier signals [7]-[12]. For a system with parallel
connected VSCs, the resultant voltage of a given phase is the
average of the switched output voltages of that phase of the
individual VSCs. As a result of the interleaving of the carrier
signals, the switched output voltages of the corresponding
phase are shifted with respect to each other by an interleaving
angle. Therefore, some of the harmonic frequency components
present in the individual switched output voltages are either
completely canceled or significantly reduced in the resultant
output voltage. This helps to achieve the desired line current
quality with relatively small line filter components. However,
when connected to the common dc link, the circulating cur-
rent flows between the parallel VSCs due to hardware and
control asymmetries [13] and increases significantly when the
carriers are interleaved [12]. This unwanted circulating current
increases the stress on the semiconductor switches and causes
additional losses. Therefore, it should be suppressed to some
acceptable limits.

The circulating current can be avoided by providing gal-
vanic isolation between the parallel VSCs using the multiple
winding line frequency transformer [14]. However, the use
of the bulky line frequency transformer adds to the cost
and increases the size. Another approach is to suppress the
circulating current to some acceptable limit by introducing

impedance in the circulating current path. This can be achieved
by

1) Using Common-Mode (CM) inductor in series with the
line filter inductor for each of the VSCs [8].

2) Using the Coupled Inductor (CI) to suppress the circu-
lating current by providing magnetic coupling between
the parallel interleaved legs of the corresponding phases
[15]-[20] (refer Fig. 1).

In both of the above mentioned approaches, two distinct
magnetic components are used:

1) Circulating current inductor L. (CI / CM inductor).
2) Line filter inductor Ly (commonly referred to as a boost
inductor) for improving the line current quality.

The volume of the inductive components can be reduced by
integrating both of these functionalities into a single magnetic
component. A single phase integrated inductor for the two
parallel interleaved VSCs is proposed in [21]. The magnetic
structure of this inductor has two side limbs and a central limb.
Air gaps are introduced in all the three legs, out of which
the length of the air gaps in both the side limbs are equal.
The coils are placed around the side limbs and have equal
number of turns. The flux in the magnetic core has two distinct
components:

1) Flux component corresponding to the line filter inductor
Ly (referred to as the common flux ¢).

2) Flux component corresponding to the CI (referred to as
the circulating flux ¢, ., which mainly confines to the
side limbs).

The circulating flux component ¢, . is given as

1
d)x,c = ﬁ /(Vaclo - ngo) dt (1)

The maximum value of the circulating flux component is
given as [22]

" Ve

ZTy,Cmax ~ 8Nf(/

The ¢, ... depends only on the dc-link voltage Vi, the
number of turns IV, and the switching frequency f.. Therefore,
the introduction of the two air gaps in the magnetic path of
the ¢, . does not bring any advantage in terms of the size
reduction (However depending upon the control scheme em-
ployed, small air gap may be needed to avoid the saturation). In
addition, it is difficult to realize the inductor using the standard
cores, when the length of the air gaps in the side limbs and the
central limbs are different. Moreover, the solution presented
in [21] is only applicable to two parallel interleaved VSCs.
The circulating current suppression for three parallel VSCs is
presented in [20]. Three limb magnetic core is used for the Cls
and single phase inductors are employed for the line current
filtering of each of the phases. The magnetic integration of all
these components in a single magnetic structure can further
reduce the volume of the overall system.

A three-phase integrated inductor for arbitrary number of
parallel interleaved VSCs is proposed in this paper. The
proposed integrated inductor combines the functionality of
both the line filter inductor Ly and the circulating current
inductor L.. The magnetic structure and the detailed analysis

2
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Fig. 2. Magnetic structure. (a) Magnetic structure of the proposed integrated three-phase inductor for n number of parallel connected VSCs (n = 4 in this

illustration), (b) Alternative simplified arrangement.

of the proposed three-phase integrated inductor is presented in
Section II. Section III, summarizes the design methodology of
the integrated inductor. A comparison between the proposed
inductor and the state-of-the-art solution, which uses a separate
CIs for each of the phases and a three phase line filter inductor
Ly, is also presented. Simulations and experimental results are
given in Section IV.

II. INTEGRATED INDUCTOR

The magnetic structure, modeling and analysis of the pro-
posed integrated inductor for n number of parallel interleaved
VSCs is presented in this section.

A. Magnetic Structure

The magnetic structure of the proposed three-phase inte-
grated inductor for n number of parallel VSCs is shown in
Fig. 2(a) (n = 4 in the illustration). The simplified arrange-
ment of the integrated inductor is also shown in Fig. 2(b).
The magnetic core is composed of three identical magnetic
structure belonging to each of the phases of the three-phase
system. Such magnetic structure is referred to as a cell. Each
cell contains n limbs, magnetically coupled to each other
using the yokes, as shown in Fig. 2(a). Small inherent air
gap exists when the limbs and the yokes are arranged together
to form the cell structure. Therefore an intentional air gap is
avoided (which otherwise may be needed to avoid saturation)
to achieve high circulating current filter inductance L.. Each
limb carries a coil having N turns and all the coils are wound
in the same direction. For a three phase system, three such
cell are used, as shown in Fig. 2(a). The cells of all the three
phases are magnetically coupled using the top and bottom
bridge yokes. The necessary air gaps are inserted between the
cells and the bridge yokes. The magnetic structure shown in
Fig. 2(a) has six ventilation channels that can be used for
guiding the air flow from bottom to top for better cooling.

The start terminal of the coils of a cell belonging to phase
z is connected to the output terminal of the respective VSC
leg xj of the corresponding phase and the end terminal is
connected to a common connection point of that phase z., as
shown in Fig. 2(b). The magnetic structure, as shown in Fig.

2(a), is asymmetrical for n > 2. However, symmetrical cells
can be realized using alternative cell structures, as shown in
Fig. 3. In the interest of brevity, the analysis is presented for
the symmetrical cell structure.
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Fig. 3. Symmetrical magnetic cell structures for different number of parallel
connected VSCs. (a) Three VSC case, (b) Four VSC case.

B. System Description
Referring to Fig. 2(b) and by neglecting the resistance of

the coils, the switched output voltages (with respect to the
fictitious mid-point of the dc-link o) are given as

V= L%? +V %

where the corresponding current and voltage vectors and the
inductance matrix L are given in (3), (4), (5), and (6) at the
top of the next page.

Let the average of the switched output voltages of phase x
be V, o and it is represented as

1 n
Veyo = — ; <
roo = > Vio; wherel <k <n (8)
k=1
The resultant line current of a particular phase is the sum of
all leg currents of that phase and it is given as

Iw:ZIwk;wherelgkgn )
k=1

For the parallel interleaved VSCs, the leg current I, can be
split into two components:

1) The component contributing to the resultant line current
II]C l
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2) The circulating current I, .
and it can be represented as
Iwk = Lay,l + Iwk,c (10)

The circulating current components I, . do not contribute to
the resultant line current. Therefore, (9) can be re-written as

n
I, = ZIW; where 1 < k <n
k=1
Assuming an equal line current sharing between the parallel
VSCs, the common component of the leg current is obtained
as

Y

I

Loy =— 12)
n

Once the current quantities are defined, the qualitative analysis
of the magnetic couplings is presented by performing the finite
element analysis and the inductances values of the matrix
L are obtained by solving the reluctance network, which is
discussed in following sub sections.

C. Finite Element Analysis

Due to the Pulse Width Modulation (PWM), the switched
output voltage V;, , has undesirable harmonic frequency com-
ponents in addition to the required fundamental frequency
component. When the carrier signals are interleaved, some of
the harmonic frequency components of the switched output
voltages of the parallel interleaved legs are phase shifted
with respect to each other, whereas the rest of the harmonic
frequency components are in-phase [23], [24]. The effects of
these two distinct voltage components on the flux density
distribution in the integrated inductor is evaluated by perform-
ing finite element analysis of an integrated inductor for the
three parallel interleaved VSCs. The magnetic structure of the
integrated inductor is shown in Fig. 4.

§>\ER\N N Cell (phase b)

Cell (phase c)
Front-view

Cell Side-view

(phase a)
Fig. 4. Magnetic core geometry of the integrated inductor for the three
parallel interleaved voltage source converters. The cross section area of the
limb A.; = A X B x Ks. The cross section area of the bridge leg
Acpt = F X G X K. The air gap area A; = B x F.

1) Effect of the In-phase Harmonic Frequency Components:
All three coils of the phase a are excited by equal and
in-phase fundamental frequency currents. The flux density
vector distribution in this case is shown in Fig. 5, where the
flux direction is indicated by the arrows. The flux density
distribution in all three limbs of the cell is almost symmetrical
and the flux linkage between the coils of the same phase is
zero, as shown in Fig. 5(a). The flux due to the flow of the
in-phase current in the kth coil of phase a, couples with the
kth coils of the phase b and the phase c. For example, the
induced flux due to the fundamental frequency component of
1,, only links with coil b; and coil ¢; and completes its path
through two air gaps and the corresponding top and bottom
bridge yokes, as shown in Fig. 5(b). Therefore, the magnetic
coupling coefficient between the kth coil of one of the phase
and the jth coil of the other phase (where & # j) can be
considered to be zero.
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Fig. 5. Flux density vector distribution when the equal and in-phase
fundamental frequency component of the current flows through the all three
coils of phase A. (a) Cross-sectional view (front), (b) Cross-sectional view
(side).

(a) (b)

Fig. 6. Flux density vector distribution when the equal and symmetrically
phase-shifted switching frequency component of the voltage applied across the
all three coils of phase A. (a) Cross-sectional view (front), (b) Cross-sectional
view (side).

2) Effect of the Phase Shifted Harmonic Frequency Compo-
nents: Assuming symmetrical VSC legs, the magnitude of the
harmonic frequency components in the switched output volt-
ages of each of the interleaved legs is considered to be equal. If
the interleaving angle o between the successive carrier signals
is taken to be the same o = 27 /n (symmetrical interleaving),
then the effect of the phase shifted harmonic components is
canceled in the resultant voltage [23], [24]. Therefore, the
phase shifted harmonic frequency components only appears
across the corresponding coils and does not influence the
resultant output. The flux density vector distribution, when
the switching frequency component with equal magnitude and
symmetrical phase shift is applied across the coils of phase a,
is shown in Fig. 6. The induced flux is mainly confined to the
cell. For example, the induced flux due to the phase shifted
component of the voltage across coil a; links with coil a2 and
coil a3 and does not link with the coils of phase b and phase
c. Similar argument applies to the phase b and the phase c.

Neglecting the leakage, the flux that links with each of the
coils can be divided into two distinct components:

1) The flux component, which links with the corresponding
coils of the other two phases (referred to as the common
flux component ¢, ;).

2) The flux component, which links with the remaining coils
of the cell belonging to the same phase ( referred to as a

Phase a

Fig. 7. Equivalent electrical circuit of the parallel interleaved VSCs with the
proposed integrated inductor.

circulating flux component ¢, ).
Considering symmetrical cell structure, the inductances can be
represented as

Lajbo; = Lije; = Lieja,
La]‘bk - Lb_jck - Lc_jak g 0

foralll1 <j<n,1<k<n,andj#k

= —Lp,foralll <j<n1<k<n,andj#k (15)

=—Lyforalll <j<n (13)

(14)

La:jzk

The —wve sign is used to represent the L,, and L,,, and the
same convention has been followed through out the paper.
Neglecting the leakage flux, the self-inductance of each of the
coils is given as

Lajaj = Lbb

V)

= Leye, = (0 = 1)Ly, + 2L,

‘ (16)
foralll <j<n

D. Equivalent Electrical Circuit

By substituting these inductance values in (6) and averaging
the pole voltages of each of the phase gives

Vavo - Vaco 1 2Lm _Lm _Lm Ia
%vo - ‘/E)co = - _Lm 2Lm _Lm df Ib (17)
‘/c,uo - ‘/cco " _Lm _Lm 2Lm ¢ Ic

For the three-phase three-wire system, I, + I, + I. = 0 and
the inductance offered to the resultant line current is given as

Vm o Vx .0 3
L= "2 %0 _ 7.
! I, /dt n
The behavior of the circulating current can be described by
subtracting the averaged pole voltage from the pole voltages
of the corresponding phases and further simplification of those
equations give

(18)

d
Vs, = Lom-Tao + Viyo (19)
dt
where
T
VSw = [Vxlo Vzgo Vzno] (20)
— T
Ia:,c - [Iml,c xo, Ix,,,,c} (21)
(n - 1)Lm1 _Lml _Lml
L, = _Ijml (n - %)Lml _[./ml
—Lp, L, (n—1)Lm,
(22)
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Fig. 8. Simplified reluctance model of the three-phase inductor with symmetrical cells.

Using (18) and (19), the electrical equivalent circuit is
obtained and it is shown in Fig. 7. Here x, is the virtual
common point and the potential of this point with respect to
the mid-point of the dc-link is the averaged pole voltage V,; ,.
The potential difference of V,, ,—V,_, appears across the line
filter inductor Ly, as shown in Fig. 7.

E. Reluctance Network

The relationship between the inductance values and the
physical parameters of the integrated inductor is obtained
by solving the reluctance network and presented in this sub
section.

The simplified reluctance model of the three-phase inte-
grated inductor with the symmetrical cells is shown in Fig.
8. The reluctance of each of the leg is R and it is given as

R=%+R, 23)
The equivalent reluctance of the air gaps (},) and the bridge

yoke (Ryy) is represented by #; and can be written as

2
R = =(Ry + Riy) (24)

The reluctance of the air gaps is generally large compared
to the reluctance of the bridge yoke. Therefore, Jt; can be
approximated to be %%g. By solving the reluctance network,
the flux linking with each of the coils is given as

Aoy () = / (VW - Vwc(,)dt
B N%? I,(t) N?
TR+ nR n x
Averaging the flux linkages of each of the phase group gives

00 = 23 = [ (Ve Vi)
k=1

(25)

Loy e(t)

N2 I(t) N?21 (20
== s Ix c(t
R+nR n +§Rn; we(?)
As per the definition of the circulating current
> Iye=0 27)
k=1

Using (18), (25), and (26), the inductance offered to the
resultant line current is given as
N2

Ly = n(R + nty)

(28)

since, n¥t; >> R, the line inductance can be given as

N2 N2 poN2A,

Ly~ =
T n2R, 2nk, 2nl,

As it is evident from (29), the line inductance value mainly
depends on the geometry of the air gap.

The values of the circulating current inductance can be
obtained by subtracting (26) from (25) as

[ (Vawo = Vo) at =" D50t

(29)

n R
IN? [ (30)
T (Z fzj,c(t))
j=1
ik
Using (19) and (30), the expression for L,,, is obtained as
1N?2 1 N?
Ly, =——=——F— 31
oon R n ¥ + Ry 6D

It is evident that L,,, is independent of the air gap geometry
and depends only on the reluctances of the limb and yokes
(and the reluctance of the inherent air gaps). The value of the
L,,, and therefore the inductance offered to the circulating
current can be increased by using high permeability magnetic
material for the cells.

III. DESIGN AND VOLUMETRIC COMPARISON

The design methodology of the integrated inductor for grid-
connected unity power factor application is presented in this
section and the results are compared with the state-of-the-art
solution of using three separate CIs and one three-phase line
filter inductor. Design equations for three parallel interleaved
VSCs are presented for the core geometry shown in Fig. 4.
However, the design methodology presented in this paper is
applicable to any number of parallel interleaved VSCs.

A. Pulse Width Modulation Scheme

The flux in the core is strongly influenced by the PWM
scheme used [25]. The use of the center aligned Space Vector
Modulation (SVM) is considered in this paper. Each of the
VSCs cycles through four switch states in each switching
cycle. Based on the position of the reference space vector
(V res), two adjacent active voltage vectors and both of the
zero voltage vectors are applied to synthesize Vref. The
carrier signals of the parallel VSCs are phase shifted with
respect to each other by an interleaving angle o = 120°.
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Fig. 9. Flux waveforms. (a) Fundamental component of the common flux
®a,,,f> (b) Ripple component of the common flux ¢z, ,r, (¢) Circulating flux
component ¢z, ¢, (d) Flux in the limbs ¢z, (t) = (d)mk,f(t) + Gy, (t) +
¢Ik’c(t)), (e) Flux in the bridge legs ¢, ;(t) = (d’xk,f(t) + ¢zk,r(t)),
(f) Flux in the yokes ¢z, c.

B. Maximum Flux Values

The flux waveforms in various parts of the integrated
inductor are shown in Fig. 9. The flux components can be
classified into three categories:

1) Fundamental flux component ¢, ;.

2) Ripple component of the flux ¢,, , with predominant
harmonic frequency component of 3 x f..

3) Circulating flux component ¢, . with predominant har-
monic frequency component of f. and 2 x f..

The flux in each limb is the vector addition of the ¢,, ; and
@, .., Whereas the bridge yokes only experiences the flux
of ¢, . For the proper design of an integrated inductor,
maximum value of these flux components are required and
derived hereafter.

1) Common Flux Component: The common flux compo-
nent can be obtained from (25) and it is given as

MONAg
~ 1

(32)

The resultant line current I, is a combination of a fundamental
frequency component I, f and a ripple component AI,.
Therefore, (32) can be re-written as

_ /L()NAg
2n

Grpa(t) (Tepcosw = 0) + AL(D)  (33)

lg

The maximum value of AI, depends on the pulse-width
modulation scheme, the modulation index M, the dc-link
voltage Vg, the switching frequency f. [25], and the line filter
inductor L ¢. Considering the balanced three-phase system, the
design equations for only phase a are derived. For the unity
power factor applications, the fundamental component of the
resultant line current is maximum for full load condition at
1 = 0°. The ripple component of the line current for M > %
at ¢» = 0° is given as

Vae (5M  9M? 1
Aly o, ly= 027(7_7_,) 34
2 lv=0 3Lsf.\ 8 32 34
where the modulation index M is defined as
22V,
M = V2Vag (35)
Ve

T
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I 1 [0T0] 1 [ 2 T7T7T 2]
+Vae/2
Vaso |
—Vae/2 VSC3: switching sequences
2 J7]77 271 1 [0TO0T 1 []
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Fig. 10. Space vector modulation: Switched output voltage of phase a of
each of the individual VSCs and the voltage across coil a1 when the carriers
are interleaved by an interleaving angle of 120°. The modulation index M =
v/3/2 and a space vector angle 1) = 20°.

The worst case value of the common flux component ¢, ;
is

max

_ :U/ONAg

(bak?lm,lm - 2nlg (Iz,pmﬂz + AIa:,p |'¢1:O° ) %
VRLP o Vg (%_9M‘2_1 (36)
~ 3NV,,  3Nf.\ 8 32 3

2) Circulating Flux Component: Using (30), the circulating
flux component in each limb ¢,, . is given as

¢mk,c(t) = %(n ; ! /Vwko dt - ,rlli:/ijo dt) (37)
j=1

%k

For n = 3, the flux linkage of coil a; due to the circulating
flux component is given as

2 1
Néu,olt) = 2 / Virodt — / (Vaso + Vio) dt (38)

The switching sequences and the switched output voltages of
the phase a of all three VSCs are shown in Fig. 10. T3, 75,
Ty, and _T7 are the dwell times of the voltage vectors ?1,
ﬁz, 0, and V r, respectively. The flux linkage due to the
circulating flux component in a given switching cycle is shown
in Fig. 10 for the modulation index M = v/3/2 and the space
vector angle ¢ = 20°. The peak value of the flux linkage is
different in each switching cycle due to the change in the dwell
times of the voltage vectors, as shown in Fig. 11. The flux
linkage due to the circulating flux component is independent
of the load and depends only on the modulation scheme, the
dc-link voltage, and the switching frequency. The maximum
value of the peak flux linkage occurs at the ¢ = 90°,270°
(refer Appendix) and it is given as

Ve
N a,C ==
Parccnar = g7 (39)
Let the common-mode flux be
ai + 1 + C1
bon, = w (40)

3
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Fig. 11. Flux linkage due to the circulating flux component in a half

fundamental frequency cycle for m = v/3/2. The flux linkage is normalized
with respect to V. Ts.

After some mathematical manipulation, this can be represented

as
_ ¢a1,c + d)bl,c + ¢cl,c
dom, = 3

From (41), it is clear that the common-mode flux component
¢c, of VSC1 is composed of the circulating flux component
of all the phases of that VSC. As the low reluctance path for
the circulating flux component of each of the phase exists in
the proposed structure, high value of the inductance for the
common-mode circulating current is also achieved.

3) Maximum Flux in Various Parts of the Integrated In-
ductor: For the unity power factor applications considered
in this paper, the resultant flux component ¢, ; reaches the
maximum value at ¢ = 0°, whereas ¢,, . attains maximum
value at 1) = 90°. The total flux in the limbs of the integrated
inductor is a vector sum of the ¢,, ; and the ¢, .. Therefore,
the maximum value of the flux in the limbs is given as

(41)

Pagn = max(gbak ly=00, Pay, |w=00° ) 42)

The circulating flux component at ¢ = 0° is given as (refer
Appendix)

Vie 4
B 9]\;]fa’ 0<M<g 23
Pay,e lp=00=19  (1250) Vi 40 2 (43)
2ANT, 9 S 73

In most grid connected applications, the modulation index
varies in a small range around 1. Once the range of the mod-
ulation index is defined, the maximum value of ¢, |w:00
can be obtained using (43). The flux in the limb at ¢ = 0°
can be obtained using (36) and (43) and it is given as

Pay ‘TZJ:O": ¢akxl'rrLaw + ¢ak,c ‘wZO" (44)
Similarly, the flux in the limb at ¢ = 90° is given as
Pay, |¢:90°: Pak,cmas T Pa.i |w:90° (45)

The value of the common component of the flux at ¢ = 90°
is

Vac (2 - @) (46)

A T A R
Using (39), (45), and (46), the flux in the limb at ¢ = 90° is
given as

Vie (8 V3M

Pay p=000= (* - )
18N f. \3 4

Values of the ¢g, |yp=0° and @q, |p=goc are calculated using

(44) and (47), respectively. From these values, ¢4, ~ can be
obtained using (42). The common flux component completes

(47)

its path through the bridge yokes and corresponding legs of
the other two phases. Therefore, the maximum value of the
flux component in the bridge yokes is ¢, i,,... and can be
obtained by using (36).

C. Design Methodology

The steps toward the design of the integrated inductor are
described in this sub section.

1) Calculation of the Line Filter Inductance Lj;: The
required value of the line filter inductance L ; can be calculated
based on the permissible value of the ripple component of the
resultant line current and it is given as

_ Vac ( 2 V3M )
C 18AILy .. fe \3 4
Let o be the ratio of the maximum current ripple to the peak

value of the fundamental frequency component of the current
and it can be written as

Ly (48)

a= Alxvpm,az

49
L., (49)
Substituting (35) and (49) in (48), the inductance value at
rated grid voltage can be obtained as

o Vi (2_2\/5Vph)
T Bal, pfo\3 4V

2) Area Product Requirement: The product of the cross
section area of the limb A.; and the window area A, is
referred to as an area product in this paper and it is used
for the design of the integrated inductor.

The ripple component in the common flux component is
very small compared to the ripple of the circulating flux
component and its effect in the total flux can be neglected.
In this case, the magnetic flux density in the limb at ¢ = 0°
and ¥ = 90° can be obtained from (44) and (47), respectively.
The values of the flux densities are

2Vge (249a) =36V (143v/3a)

(50)

Bak |1b:0°: 108 NaA, fe (51a)
16V4.—34/6V,
B, |p=900= &T{fﬁ (51b)

The values of the B, |p=0o and By, |yp=90o should be
less than the maximum allowable value of the flux density
B,,,c. Each window in the integrated inductor receives two
coils with the same number of turns. The circulating current
is suppressed effectively and its contribution in the rms value
of the total current can be neglected. In this case, the number
of turns can be expressed as

N— 3K, ALJ
21,
Using (51) and (52), the area product requirements to ensure
that the maximum value of the flux density remains within
the maximum allowable value B,, .. These values can be
expressed as

(52)

I [2%6(2+9a)73\/6vph(1+3\/§a)

(AeiAw) fp=o0= 1620 B K JT. (53a)
14 [16Vie=3V6Vpn
(At Aw) ly=ooo= Thppi sl (53b)



TABLE I
SYSTEM SPECIFICATIONS

Parameters Values
No. of parallel VSCs n 3
Power P 15 kW
Switching frequency fs 1.65 kHz
AC voltage (line-to-line) 400 V
DC-link voltage Vg 650 V
Line filter inductor Ly 0.85 mH

TABLE I
CONSTANTS USED FOR THE DESIGN OF THE INTEGRATED INDUCTOR

Constants @
Values 0.2

B'm,c Bm,bl J Ky K
09T 1T 2 A/mm? 0.5 0.89

The area product requirement is given as

Ac,lAw - maX((Ac,lAw) |w:0°a (Ac,lAu)) ‘w:90° ) (54)

3) Core Selection for the Cell and Number of turns: Based
on the computed value of the area product A.;A,,, the suitable
core should be selected. Once the cross section area of the limb
A.,; is know, the number of turns can be obtained from (51)
and it can be given as

2Vie (2 4 9a) — 3v6V,i (1 + 3v/30)

N= 108 B,y ctAc fe (53)
for Bay [y=00> Bay |yp=00°
or
N 16Vae — 3vV6V,
108Bm,cAc,lfc (56)

for By, [y=00°> Ba, =00

4) Core Selection for the Bridge Legs: The cross section
area of the bridge leg is obtained from the (36) and it can be
given as

Palma:
A b = Ak bmax
@ BnL,bl

(57
5) Air Gap Geometry: The geometry of the air gap is

obtained form (29) as

A 6L

B e (58)

lg /L()N
The air gap area A, depends on the dimensions of the cell
and the bridge legs, as shown in Fig. 4. Once A, is known,
the value of I; can be obtained using (58). In case of the
requirement of the large air gap, several discrete air gaps can
be realized using the core blocks that can be placed between
the cells and the bridge yokes.

D. Design Example

An integrated inductor is designed for the three parallel
interleaved VSCs. The system specifications are given in Table
I. A laminated steel with 0.35 mm lamination thickness is
used for the bridge yokes, whereas the cells are made up of
amorphous metal alloy. Each of the coils has 81 number of
turns (N = 81). Various constants, that are used in the design,

TABLE III
PARAMETERS OF THE DESIGNED INDUCTOR. ALL DIMENSIONS ARE IN
MM. UNIT OF THE AREA IS MM?. SEE FIG. 4 FOR DEFINITIONS.

Parameters A,C,F B D FE G H lg Acu
Values 30 25 135 120 12 105 1.2 33

are specified in Table II. The geometrical parameters of the
designed integrated inductor, defined in Fig. 4, are listed in
Table III. The cell structure is realized using the rectangular
blocks of the amorphous alloy and six inherent air gap exists
in the cell structure. This would influence the value of the
circulating current inductance L. For the brevity, the analysis
presented in section II assumes symmetrical cell structure,
whereas the cell structure is asymmetrical in the realized
integrated inductor. The circulating current inductance L. of
the realized inductor is calculated using the finite element
analysis and it is found to be

1148 —-5.97 —=5.03
L.= [{-597 1232 =592 mH (59)
—5.03 —5.92 11.48

The inherent air gap is taken to be 0.15 mm for this finite
element analysis.

E. Volumetric Comparison

The advantages offered by the proposed integrated inductor
is demonstrated by comparing it with the system with three
separate Cls and a three phase line filter inductor Ly. Such
system is shown in Fig. 1. Separate CI is used for each of the
phases. For n = 3, three limb magnetic structure is required.
Similarly, three limb magnetic structure is used for the line
filter inductor. The area product approach is used to design
these components as well. The maximum value of the flux
density B,, and the current density J are assumed to be the
same in both the cases.

1) Three Limb Coupled Inductor: Using (39) and (56), the
area product of the CI is obtained as

215 Vac
Ac o Aw = 60
( sCT ;CI) 27B'm,’cKwac ( )
For the integrated inductor, where (A.;Ay) |p=00<

(AcAw) |p=90e, the ratio of the area product of the integrated
inductor to the area product of the CI can be obtained from
(53) and (60) and it can be written as

A(‘ Aw =90° 4 - 3\/6‘/10}1
( c,1 ) |¢'—90 =1+ Ve (61)

(AccrAwer) 12

For the system parameters specified in Table I, the area product
of the integrated inductor is 11.6% higher than that of the
CI. However, the state-of-the-art solution requires line filter
inductor Ly and the area product requirement of the Ly is
discussed in the subsequent text.



(a) (b)

Fig. 12. Dimensions of the magnetic cores in millimeter. (a) Coupled inductor,
(b) Line filter inductor.

TABLE IV
COIL PARAMETERS OF THE CI AND Ly

Parameters CI Ly
No. of turns N 78 27
Required copper area Ay, 3.3 mm?  10.52 mm?

TABLE V
VOLUME COMPARISON OF INTEGRATED INDUCTOR WITH A COMBINATION
OF THREE CIS AND L

Volume ( in Itr. ) Integrated inductor  Three CIs + Ly % Change
Copper 0.322 0.44 73%
Amorphous alloys 1.046 0.947 110%
Laminated steel 0.226 0.470 48%
Total 1.594 1.857 85%

2) Three Phase Line Filter Inductor Ly: The area product
of the three phase line filter inductor Ly is given as

) = L(dVa = 3vEVn)
GLy WLy 54BmﬁblOZKwac

Both the CI and three phase line filter inductor are designed
using the area product approach. The dimensions of the
magnetic cores are shown in Fig. 12. The number of turns
and the cross section area of the coil for both the CI and the
three phase inductor Ly are given in Table IV.

The volume of the different materials in case of both the
solutions are calculated and the results are presented in Table
V. For the system parameters considered in this paper, the
use of integrated inductor results in a volume reduction of
the copper by 27% and a volume reduction of the laminated
steel by 52%. However, the volume of the amorphous alloys
increases by 10%. The total volume the integrated inductor is
15% less than that of the state-of-the-art solution.

(A (62)

IV. SIMULATIONS AND EXPERIMENTAL RESULTS
A. Simulation Study

Time domain simulations have been carried out using the
PLECS for the system parameters specified in Table I and
Table III. The flux density waveforms in various parts of
the integrated inductor are shown in Fig. 13. The flux in
the limb of the integrated inductor is ensemble of the of
the fundamental frequency flux component, the circulating
flux component (with dominant frequency components at f,.
and 2 x f.), and the ripple component of the common flux

Bg,, (T)

|

=

i
|

Ba,,1 (T)
(=)
T
|

Ba,,c (T)
o ~
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|
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Fig. 13. Flux density waveforms in various parts of the integrated inductor.
(a) Flux density in the limb, (b) Flux density in the bridge leg, (c) Flux density
in the yoke.
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Fig. 14. Current waveforms of phase a. (a) Leg current of VSCI, (b)
Circulating current of VSCI, (c) Resultant line current.

(with dominant frequency component at 3 X f.), as shown in
Fig. 13(a). Out of these, the common flux components flow
through the bridge yokes, as shown in Fig. 13(b), whereas
the circulating flux component is mainly confined in the
cell and flows through the yokes, as shown in Fig. 13(c).
The peak values of the flux density in various parts of the
integrated inductor matches with the analysis presented in this
paper. The simulated current waveforms are shown in Fig. 14.
The integrated inductor suppresses the circulating current and
offers the desired inductance to the resultant line current as
shown in Fig. 14(b) and Fig. 14(c), respectively.

B. Hardware Results

The integrated inductor was designed and built for the
system specified in Table I and the photograph of the im-
plemented inductor is shown in Fig. 15. The parameters of
the integrated inductor are given in Table III. The cells were
made from amorphous alloys, whereas laminated steel was
used for the bridge legs. The coils are wound using the AWG
12 copper wire. The dc side of the three parallel VSCs were
connected to the common dc supply of 650 V. The control was
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Fig. 15. Photograph of the implemented integrated inductor.
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Fig. 16. Experimental waveforms. (a) Chl: phase a current of VSCI I,
Ch2: phase a current of VSC2 I,,, Ch3: phase a current of VSC3 I, Ch4:
Resultant line current of phase a I, (b) Chl: phase a current of VSCI I,
Ch2: phase b current of VSC1 Ibl , Ch3: phase c current of VSC3 I.,, Ch4:
Resultant line current of phase b Iy,.

implemented using the TMS320F28346 floating point digital
signal processor. The carrier signals of the three VSCs were
interleaved by 120° and the line currents are sampled and the
control loop is executed on every top and bottom update of
each of the carrier signals.

The VSCs were operated to inject rated line current. The
phase a currents of all the VSCs along with the resultant line
current are shown in Fig. 16(a). The integrated inductor offers
desired line filtering to the resultant current, which is evident
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Fig. 17. Experimental waveforms of the scaled circulating currents of phase
a. The captured circulating current waveforms are 3 X I, .. (a) Chl: Scaled
version of the circulating current of VSC1 (3 X I4,_.), Ch2: Scaled version
of the circulating current of VSC2 (3 X I4,.), Ch3: Scaled version of the
circulating current of VSC3 (3 X Iq, ), Ch4: Resultant line current of phase
alg.
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Fig. 18. Harmonic spectra of the resultant line current I,. Total harmonic
distortion of the I, is 4.85%.

from Fig. 16(a). The current waveforms of all three phases
of the VSCI1 are also shown in Fig. 16(b). The circulating
current component is defined as the I,, = I,, — (I,/3). As
it is difficult to measure these quantities, the scaled version is
measured, which is three times more than the actual circulating
current and it is measured by passing three turns of the
conductor carrying I, and one turn of the conductor carrying
current I, through the current probe. The difference of these
two currents is obtained by arranging these conductors in
such a manner that the current in them flows in opposite
direction to each other. The scaled version of the circulating
current components of each of the VSCs (3 x I, ) are shown
in Fig. 17, which demonstrates that the integrated inductor
effectively suppresses the circulating current. Peak value of
the circulating current is restricted to 20% of the amplitude of
the fundamental component of the rated value of the individual
VSC current.

The harmonic spectra of the resultant line current I, is
shown in Fig. 18. The major harmonic component appears
at the 3 x f. and the magnitude of the harmonic components
in the resultant line current is significantly small due to the
inductance L; offered by the integrated inductor. The total
harmonic distortion of the I, is measured to be 4.85 %, which
proves the effectiveness of the integrated inductor.
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Fig. 19. Switching sequences of all three VSCs and their pole voltages for
the interleaving angle of 120° and space vector angle of psi = 90°. The
voltage that is responsible for the circulating flux component that links with
the coil a1 (V1,4 = %Valo — %V@o — %Vaso) is also shown. The numbers
represent the time during which the corresponding voltage vectors are applied.

V. CONCLUSION

An integrated inductor for parallel interleaved VSCs is
presented in this paper. The proposed inductor integrates
the functionality of three CIs and a three phase line filter
inductor. The detailed analysis of the flux density distribution
in various parts of the integrated inductor is presented and
the analysis has been verified by the finite element analysis
and the time domain simulations. The design methodology
has been illustrated and the integrated inductor for the three
parallel interleaved VSCs has been designed. The advantage
offered by the integrated inductor in terms of the size reduction
is demonstrated by comparing the volume of the integrated
inductor with the state-of-the-art solution of using three CIs
and the three phase line filter inductor. For the system consid-
ered in this paper, the total volume of the material is reduced
by 15% by using the integrated inductor. The performance
of the integrated inductor is also verified by carrying out the
experimental measurements.

APPENDIX

A. Derivation of Circulating Flux Component

For n = 3, the flux linkage of coil a; due to the circulating
flux component is given by (38). The switched output voltages
of phase a of individual VSCs (after multiplying the appro-
priate coefficients given in (38)) at the ¢ = 90° are shown in
Fig. 19. The voltage that is responsible for the circulating flux
component that links with the coil a; (%Valo - %Vazo — %Vaso)
is also shown. The time integral of this voltage gives the flux
linkage and it is shown by the dashed line in Fig. 19. The flux
linkage achieves maximum value at time ¢ = T,/4. In this
interval, the flux linkage can be described by the Piece-Wise
Linear Equations (PWLE) and it is given as

2
N¢al,c(t) |'g!):9()°: N¢a1,c(t()) - g‘/;ict; 0 <t< tq
1 T (63)
= N¢a1,c(ta) - gvdc(t - ta) i te St < Z

T
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(b)

Fig. 20. voltage that is responsible for the circulating flux component that
links with the coil a1 (Va1,4 = %Valo — %Vazo — %Vaso) at voltage space
vector angle 1 = 0°. T3 is the dwell time of the zero voltage vector. (a)
T > Ts/3, (b) Th < Ts/3.

where t, = % + % — % and 75 and T~ are the dwell time of

the voltage vectors 72 and 77, respectively. For the space

vector angle ¢ = 0°, % + % = %. Therefore, t, = %
Substituting this value of ¢, in (63) yields
VaeTs
N¢a1,(1(ta) |1/1=90° = - de
T VacTs
N ay,c\ =90° = —
Par,e( ) =90 9

Since the N g, (t) is maximum at ¢t = Ty /4 for 1) = 0°, the
maximum value of the peak flux linkage is given as

Ve
Nqbakvcma,z = 9f

Similarly, the voltage that is responsible for the circulating
flux component that links with the coil a; (%Val(, — %V,,QO —
%Vaso) for voltage space vector angle ¢ = 0° can be obtained.
However, this voltage waveforms are different for the 77 <
T,/3 (0 < M < g) and for the 71 > T,,/3 (5 < M < 25).
The voltage waveforms for both of these conditions are shown
in Fig. 20.

For the Ty > T,/3 (3 < M < %), the flux linkage is
maximum at ¢t = 7, /4 and its value is given as
T,

1
N¢a1,c(I) |1/1:0°: é%cTz

where T, is the dwell time of the zero voltage vector. For the
space vector angle ¢ = 0°, T, = Ts — T} and T} = %MTS.
Substituting this values in (66), yields

(65)

(66)

(67)

4 2
¢a1,c |1/}=O°: ) § <M< —

24N /. V3

For the T7 < T5/3 (0 < M < %), the flux linkage is
maximum at ¢ = 7T./4, as shown in Fig. 20(b). The flux
linkage can be described by the PWLE and it is given as

2
N¢a1,c(t) ‘w:O": Nd)al,c(to) - g‘/dct; 0 <t<ty
1 T (68)
= Noq, o(ts) — ngc(t —tp) sty <t < Zz

where 3 is given as

(69)
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Fig. 21. Active and zero vectors that are used to synthesize the reference
voltage space vector of one of the VSCs and corresponding error voltage
vectors.

and 7, is given as
3M

T, =(1- T)TS (70)
substituting the values of ¢, and T, in (68) yields
1 3M Vg
N¢a170<tb) |w:oo =—(3 7)
3 4 "6f.
T Va 4 7D
N ay,c = =0° — — : s < M -

B. Derivation of Common Component of Flux

The VSC synthesize the reference voltage space vector
using the discrete voltage vectors. Therefore at any given
instant, an error between the applied voltage vector and the
reference voltage vector exists. The error voltage vectors for a
given sampling instance for one of the VSCs are shown in Fig.
21. The time integral of the error voltage vectors gives the flux
linkage of the line filter inductor. For the parallel interleaved
VSCs, the flux linkage due to the ripple component of the
common flux is the average of the time integral of the error
voltage vectors of all three VSCs, as given in (26).

In the reference frame, rotating synchronously at the funda-
mental frequency, the instantaneous error voltage vectors can
be decomposed into d-axis and the g-axis components and the
decomposed error voltage vectors corresponding the active and
Zero vectors are given as

7er'r‘,l = %Vdc{(COS’(/J - %M) —jsind;}
2 . 3.
err,2 = ngc{COS(GO — ) — ZM + jsin(60° — )}

7e't"r,z = _%Vch

(72)

where the real part represents the d-axis component of the
error voltage vector and the g-axis component is represented
by an imaginary part. The average of the time integration
of the error voltage vectors gives the ripple component of
the common flux linkage AAg and A),. The fundamental
component of the common flux appears as a dc compo-
nent in the frame, rotating synchronously at the fundamental
frequency. The dc components of both d-axis and g-axis
(Ap, A@) flux are assumed to be constant during each sampling
interval. Therefore, the d-axis and g-axis flux components in
the rotating reference frame can be represented as

)\d = )\D + A)\d and )\q = )\Q + A)\q (73)

For the unity power factor applications, the dc components of
both d-axis and g-axis fluxes are given as

Ap=Xpand A\g =0 (74)

where )\, is the peak value of the fundamental frequency flux
component. Considering the three-phase symmetry, the flux
linkage due to the common component of flux of phase a is
only analyzes and it is given as

Aa = Agcosp — Agsinyp (75)

In order to obtain the common component of the flux linkage
with kth coil at ¢ = 90°, it is sufficient to only evaluate the
g-axis flux components. Evaluating the g-axis flux components
of individual VSCs and taking their average [11], [22] gives

Vie <2 V3M

18£,\3 4 ) (76)

similarly, the ripple component of the common flux component
at ¢ = 0° is obtained by evaluating only the d-axis flux
component of individual VSCs and taking the average. For
M > 4/9, it is given as

Nayi lp=00= AXgavg lyp=90°=

E(%_i_,
3.\ 8 32 3

Using (77), the worst case value of the common flux compo-
nent ¢q, 1,... 1S evaluated.

A>\d,avg |1/)=0° = (77)
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