J Electr Eng Technol Vol. 8, No. 5: 1086-1095, 2013
http://dx.doi.org/10.5370/JEET.2013.8.5.1086

ISSN(Print)  1975-0102
ISSN(Online) 2093-7423

Analysis and Modeling of Parallel Three-Phase Boost Converters
Using Three-Phase Coupled Inductor

Chang-Soon Lim*, Kui-Jun Lee**, Rae-Young Kim* and Dong-Seok Hyunt

Abstract — The main issue of parallel three-phase boost converters is reduction of the low- and high
frequency circulating currents. Most present technologies concentrate on low frequency circulating
current because the circulating current controller cannot mitigate the high frequency circulating
current. In this paper, analytical approach of three-phase coupled inductor applied to parallel system
becomes an important objective to effectively reduce the low- and high frequency circulating currents.
The characteristics of three-phase coupled inductor based on a structure and voltage equations are
mathematically derived. The modified voltage equations are then applied to parallel three-phase boost
converters to develop averaged models in stationary coordinates and rotating coordinates. Based on the
averaged modeling approach, design of the circulating current controller is presented. Simulation and
experimental results demonstrate the effectiveness of the analysis and modeling for the parallel three-
phase boost converters using three-phase coupled inductor.
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1. Introduction

Parallel three-phase boost converters have many advan-
tages, such as high power under a lower voltage or current
ripple, easy modularity, fast-dynamic response, and high
efficiency. Therefore, their utilization has dramatically
increased in various applications including uninterruptible
power supplies (UPS), motor drives, and power factor
correction (PFC) equipment [1-3].

However, one of the major concerns with parallel three-
phase boost converters is the reduction of the low- and
high frequency circulating currents. A low frequency
circulating current may be present in the case of small
unbalances between two converters, such as different line
inductances or different duty cycles. A high frequency
circulating current occurs when the interleaved PWM is
applied to the parallel three-phase boost converters.

A straightforward solution for the low- and high
frequency circulating currents is to disrupt the circulating
current path. This is easily achieved using a transformer or
separate power supplies on the AC side [4-5]. This solution
results in an overall system which is heavy, bulky, and
high-priced. To avoid these issues, several circulating
current controllers which do not require installation of
additional hardware have been proposed for the low
frequency circulating current [6-8]. However, these
controllers are unable to mitigate the high frequency
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circulating current due to its identical bandwidth to the
switching frequency. In order to reduce the high frequency
circulating current, installation of additional system
hardware is unavoidable.

Recently, various methods using the winding-coupled
inductor have been presented to achieve performance
improving results [9-12]. In order to effectively reduce
low- and high frequency circulating current, this paper
analyzes three-phase coupled inductor applied to parallel
three-phase boost converters, as shown in Fig. 1.

In Section 2, the characteristics of three-phase coupled
inductor connected to three-phase AC source are mathe-
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Fig. 1. Parallel three-phase boost converters including
three-phase coupled inductor
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matically derived by a structure and voltage equations.
Then, the modified voltage equation of three-phase coupled
inductor is presented. Section 3 introduces averaged
models, which can simultaneously reduce low- and high
frequency circulating currents, in stationary coordinates
and rotating coordinates. Based on the averaged modeling
approach, section 4 presents design of circulating current
controller for parallel three-phase boost converters using
three-phase coupled inductor. Section 5 shows simulation
and experimental results to demonstrate the effectiveness
of the analysis and modeling approach. Section 6 summarizes
the major contributions of this paper.

2. Analysis of the Three-Phase Coupled Inductor

This section analyzes the three-phase coupled inductor
in parallel three-phase boost converters. The three-phase
coupled inductor structure is used to examine how the
three-phase coupled inductor mitigates the circulating
current. Subsequently, voltage equations of the three-phase
coupled inductor are examined to model parallel three-
phase boost converters including the three-phase coupled
inductor.

2.1 Three-phase coupled inductor structure

Fig. 2 shows a three-phase coupled inductor (i.e., the
three-winding integrated magnetic device) structure with
reference directions for the currents when three-phase
currents i,, i, and i, flow through winding N. In the three-
phase coupled inductor, the three total flux equations are

¢a =¢aa +¢ba +¢L‘u :IoaaNiu +IobaNia +IocuNia (1)
by = b + O, + by = PNy + Py Niyy + p,, Ni, (2)
¢c = ¢ac + ¢bc + ¢cc‘ = pacNic + Iochic + pc(rNic (3)

where ¢, is the total flux linking coil x in the three-phase
coupled inductor, ¢, is the flux linking coil x produced by
a current in coil x in the three-phase coupled inductor, ¢,, is

Fig. 2. Simplified structure of the three-phase coupled
inductor
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the flux linking coil y produced by a current in coil x in the
three-phase coupled inductor, p,, is the permeance of the
space occupied by the flux ¢,, in the three-phase coupled
inductor, and p,, is the permeance of the space occupied by
the flux ¢, in the three-phase coupled inductor.

If the coupled inductor is in an ideal state, it is possible
to assume the following:

“
(%

P= P =Py =P =0
pm :pab:pac:pba :pbc:pca :pcb

Summing up (1-3), and using (4-5), the following
equation can be derived:

¢a+¢b+¢c:2pmN(ia+ib+ic) (6)

Eq. (6) indicates that the net magnetic flux in the core is
nearly zero under balanced condition. However, under
unbalanced conditions, the net magnetic flux in the core is
non-zero. Specifically, if there is no circulating current, the
system is not influenced by the three-phase coupled
inductor.

2.2 Voltage equations for three-phase coupled inductor

The voltage equations for a three-phase coupled inductor
are typically defined as

ii +L, iib +L, iz

V =L 2 7

a ‘aa dr a dt dt c ()
d d d

V=L, —i,+L,—i, +L, —i, 8

b ba d a 'bb dtb ‘be dr c ()
d d d

V.=L,—i +L,—i,+L —i, 9

c ca dt a ‘ch dt b cc dt ¢ ()

where L, is the self-inductance produced by a current in
coil x in the three-phase coupled inductor, and L,, is the
mutual inductance produced by a current in coil x in the
three-phase coupled inductor.

Similar to (4-5), the self-inductance and mutual induc-
tance can be respectively assumed to be

Ls :Lau :Lbb :Lcc
Lm:Lab:Lac:Lba:Lbc:L =L

ca

(10)
(1)

ch

Therefore, the relationship between self-inductance and
mutual inductance can be expressed as

Llﬂ :kC VLT .LS :kC.LS

where k. is the coupling coefficient in the three-phase
coupled inductor.
In Fig. 1, the circulating current 7, is defined as

(12)

=1y =iy +iy iy =i, ==, +iy +i,)

(13)
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Using (10-13), three-phase coupled inductor voltage Eqs.
(7-9) can be rewritten as

d d
V. =L(A-k)—i +k -L —i 14
a .S( (,)dtld c Adtlz ( )

d d
V,=L(-k)—i, +k, -L —i 15
b s( c)dt b c s dt z ( )

d d
V.=L(0-k)—i +k, -L —i. 16
c .v( c)dt c c s dr - ( )

where Lg (1 - k.) and k- Lg are the leakage inductance to
the line current and the mutual inductance to the circulating
current, respectively.

The modified voltage Eqs. (14-16) indicate that the
leakage inductance and mutual inductance are dependent
on the coupling coefficient of the three-phase coupled inductor.
In other words, the mutual inductance to the circulating
current is increased and leakage inductance to the line current
is decreased if the coupling coefficient £, is increased.

3. Averaged Modeling

Generally, a traditional modeling approach for a three-
phase boost converter is to transform three-phase stationary

coordinates into synchronous rotating coordinates. In this
case, the zero-sequence component does not influence the
input line currents or the output direct current (DC) voltages
because there is no zero-sequence component.

However, the traditional modeling approach cannot be
used for parallel three-phase boost converters because
zero-sequence components do exist. Therefore, in order to
model the zero-sequence components in parallel three-
phase boost converters, an averaged model based on a
phase-leg averaging technique was used in [6] and [13].

In order to predict the system dynamics and design
controller, three models (averaged model in stationary
coordinates, average model in rotating coordinates, and
small-signal model) for parallel three-phase boost conver-
ters including the three-phase coupled inductor will be
described in this section. As shown in Fig. 3, the three
stages are needed in order to obtain linear time invariant
(LTI) model: phase-leg averaging technique, abc/dqz
transformation, and perturbation and linearization.

3.1 Averaged model in stationary coordinates

In order to accurately reflect a three-phase coupled
inductor to parallel three-phase boost converters model,
modified voltage Eqs. (14-16) are added to conventional
averaged model in stationary coordinate. As a result, the

Phase-leg averaging abc /dqz Perturbation and
technique i i transformation linearization |
Parallel thr‘ee—p hi'iSQ boost \ Averaged model in ) Averaged model in A Small-signal
converters including three- . . . . -
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[ | [ | L |
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nonlinear, time-invariant

linear, time-invariant

Fig. 3. The relationship of three modeling methods.
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averaged model of parallel three-phase boost converters
including three-phase coupled inductor in stationary
coordinate is proposed, as shown in Fig. 4.

This model can simultaneously reduce the low and high
frequency circulating currents. Using the Fig. 4, the state-
space equations in stationary coordinates can be easily
obtained:

l

al Van TVN ~Ver

d| 1
— 7 = vy +Vy —V
de| ML+ Ly (I =k )| YN
Iey ) Ven VN ~Ver1 17
dal
Ve d,,
Li+L,(-k,) d,
c
J ) ; VaN TVN —VeL2
—lipy |[=—————— |y + VN —V
dt .b2 L2+Ls2(1_kc2) bN N CL2
le2 VeN YVN —VCL2 (18)
daZ
Ve dy)
Ly+Lgy(1-kep) d.,
[
d 1 ial
—v,.=—(d, d, d,| i 19
dt de C([ 1 bl 1] ‘bl ( )
lcl
ia2 v
+[da2 dbz dcz]' ib2 _%

leZ

where Vg, and V., are

d .
vers =keaLgy —iz

d .
verr =kerLsg e 7

and

d, d, d. duty cycle for three-phase
P averaged three-phase currents during one
switching period

ly, 1y ic

3.2 Averaged model in rotating coordinates

In order to reduce steady-state error, the model in the
stationary coordinates is usually transformed into rotating
coordinates. The transformation matrix 7 is defined as
follows:

cos ot cos(wt — %) cos(wt + %)
T= \/Z —sinwt  —sin(of - E) —sin(of + E) (20)
3 3 3
1 1 1
L V2 V2 V2o
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where ® is angular frequency.

The variables in the stationary coordinates Y, can be
transformed into the rotating coordinates Y,. by using
transformation matrix (20).

Y,

dqz

=T-Y

abe

ey

Applying Eqgs. (21) to (17-19), the state-space equations
in rotating coordinates can be defined as

Ig; Vq
d 1
KA K
izI ! & < vz +3(VN _VCLI) (22)
0 - Iy ) dl
o 0 i e Mde | g
,ql L+ Lg(1—kep)| 9
0 0 1] zl
Iqs Va
i i) :; v
de| | Ly+ Loy(1-key) 1
iz v, +3(Vy =Ver2) 23)
0 —-w idZ v dd2
® 0 iy |-——dc g
,q2 Ly+L(1-key)| 7
0 0 0 12 z2
idl id2
d 1 d. . d, .
e | I EEAER o P
izl izZ
_ Ve
RC

where d,; and d., are

dy=d, +dy +d.y, do=d,+dyt+d,

Using the Eq. (13), the state-space Egs. (22-24) can be

rewritten as
v ol |
v, i
Vs

i
Iy 0 ql
_ e {d dl
L+ L (1-k,) dql

d

1
- Ll +Lx1(1 _kcl)

dl

dli 1 v 0 —ol|l|i
a .dz _ d _|: :| .d2 (26)
dt qu Lz + sz (1 - ka) Vq o 0 lq2
_ vdc d d2
L+L,(1-k.,) alq2
i - (dzl - dzZ) ! vdc (27)

dt'? L +L+L,(1+2k,)+L,(1+2k,)
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d 1 ] j
E"de :E([ d, d, ]{Zj*’[ddz d, ]'t.dz}

Assuming that the input voltage sources are ideal, then

q2 * *
v, =v =0 (30)

¥ (dzl _dZZ)l- )_i (28) !
3 7 RC The linearization step can be completed by neglecting

the nonlinear second-order ac terms because each of the
second-order terms is much smaller than the first-order ac
terms in magnitude. After the linearization step, the
averaged small-signal equation of parallel three-phase
boost converters including three-phase coupled inductor
can be derived as follows:

Unlike the single three-phase converter system, the
parallel three-phase converters system has zero-sequence
component as (27) and (28). Using the state-space Egs.
(25-28), the averaged model of parallel three-phase boost
converters including the three-phase coupled inductor in
rotating coordinates can be developed, as shown in Fig. 5.

d
3.3 Small-signal model EX =AX +BU (1)
The averaged Eqgs. (25-28) in rotating coordinate are b
nonlinear functions of the signals in the system. In order to Where
design controller, nonlinear averaged equations must be _ _
linearized. Using the averaged small-signal model at a 1 D, D, D, D, 0
quiescent operating point, the linear model can be easily RC C C C C
obtained. In perturbation and linearization step, it is D,
assumed that an averaged values are perturbed by adding o 0 ® 0 0 0
the small-signal ac variation (* ) at a quiescent operating point. D
The perturbed value is represented as: T e 0 0 0 0
. . . A=| o (32)
I =Ly +ig, Iy =1, +iy D,,
" S —= 0 0 0 o 0
=1+, lyp =1y T B
i =1 +i Ve =V, V],
z de de * d g2 0 0 —® 0 0
v, =V, +v, v, =V, +v, (29)
dgy =Dy +d;, d, =D, +d, L 0 0 0 0 0 0
dyy = Dyy +dp, dy =Dy +dg,
d,—d,=Ad_=AD, +Ad;
@ [LytLo(1-k)]iy2 1,,2 :,,, @*[L+Ly(1-k.))vig
L2+L;z( 1 kcz) I+le( 1-kc)
dy*Vae darvae Ve
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LrdyiN/ |
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Fig. 5. Averaged model of parallel three-phase boost converters including the three-phase coupled inductor in rotating
coordinates.
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Fig. 6. Averaged small-signal model of parallel three-phase boost converters including three-phase coupled inductor.

%

X=[v, iy L iy Iy iy (33)
RV PO
C C C C
—V”"' 0 0 0 0
o
0 —V”"' 0 0 0
B-= * (34)
0 0 —Q 0 0
B
y
0 0 0 —de 0
B
0 0 0 0 —Vd"
L Y ]
T
U=[d; d; d;, d;, Ad:] (35)

where @ B, and Y are shown as follows :

oa=L+L,(1-k,)
B:Lz +Ls2(l_kc2)
y=L+L,+L,(+2k,)+L,(1+2k.,)

From the Eq. (31), the averaged small-signal model of
parallel three-phase boost converters including three-phase
coupled inductor can be developed, as shown in Fig. 6.
Since the system model is linearized at a quiescent opera-
ting point, the controller for parallel three-phase boost
converters including three-phase coupled inductor can be
designed.
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Fig. 7. Relationship between space-vector PWM pattern
and duty cycle

4. Design of the Circulating Current Controller

Fig. 7 represents the one space-vector PWM pattern for
the three-phase boost converter. d;, d, are duty cycles for
active vectors (pnn and ppn ) and d, is duty cycle for zero
vectors (ppp and nnn ). Therefore, the duty cycles d,, d,

and d. of S, S;, and S, can be expressed as
d,=d,, +d +d,
d,=d,, +d, d.=d,, (36)
where d,,,, is duty cycle for zero vector ( ppp ).

Since this system consists of two parallel converters, the
d.; (converter 1) and d., (converter 2) are

d,=d,+d, +d,
dzZ :daZ +db2 +dc2 =

pppl + dll + 2d21

dpppZ + d12 + 2d22 (37)
If two parallel converters have the identical active

vectors, Ad can be expressed as
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3 (d;ppl - d;p )'Vdc

Fig. 8. Simplified zero-sequence dynamic in small-signal
model

=3d;

pppl

-3d’

ppp2

Ady =d; —d3, (33)

As a result, one loop equation for zero-sequence
dynamic in Fig. 6 can be rewritten as

dl: 5 * *

Leq ! dt + Req 'lz = _(3dpppl _3dppp2)Vdc (39)

where L, and R, are
Leq =L +L,+L,(1+2k,)+L,(1+2k,)
Req = RLI + RL2 + RCI + Rcz (40)

and
R;; R;, Equivalent series resistors of the inductors
Rc Rc, Equivalent series resistors of the three-phase

coupled inductors

From the Eq. (39), the zero-sequence dynamic of small-
signal model is simplified, and is depicted in Fig. 8.
The ac circulating current variation i,” can be expressed
as the superposition of terms arising from two inputs
= 3-d)n Ve _ 3-dp Ve
L, -S+R, L, S+R,

(41)

A single circulating current controller is sufficient for
controlling the low frequency circulating current since
there is only one circulating current. Therefore, the block
diagram of the circulating current controller can be
developed, as shown in Fig. 9. The transfer function G; and
G,are

_ 3 Vdc
L, S+R,

3V,
L, S+R,

2 = (42)

1

The PI compensator of (43) is used for the circulating
current compensator G.. Using the circuit parameter:L,=
L~=2mH, Lg=Ls=1mH, k.,~k.,=0.99, R, =R;,=0.35Q,
Rc=R=0.2Q, the circulating current compensator
parameters are determined. Gain and time constant in Eq.
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Fig. 9. Block diagram of the circulating current controller
in a closed loop
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Fig. 10. Magnitude/phase plots of the circulating current
controller loop gain for an open and closed loop

(43) are £=0.024 and 7=0.0048

1+S8-T

G =k—2%
ST

c

(43)

Fig. 10 shows magnitude/phase plots of the circulating
current loop gain for an open and closed loop. The
compensator design results show a phase margin higher
than 85 degree. The crossover frequency is about S00Hz.

5. Simulation and Experimental Results

In order to verify the effectiveness of the analysis and
modeling, the prototype specifications in Table 1 were
designed, simulated, constructed and experimented. Differ-
ent line inductance parameters are applied to generate a

Table 1. Parameters for experiment

Parameter Value
Input line-to-line voltage 220 [ Vyms]
Output voltage 400 V]
Output power 3[AW]

Switching frequency 10 [ kHz ]

Line inductor, L;, L, 2.5 2.0[mH]
3¢ coupled inductor, Lg;, Ls, 1.0 1.0[ mH]
Coefficient of coupling, k., k.> 0.99

IGBT modules BSM200GB120DLC
DSP TMS320VC33
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Fig. 12. Simulated waveforms of the line currents and the circulating currents: (a) Not use the circulating current controller;
(b) Use the circulating current controller; (c) Not use the circulating current controller and the three-phase coupled
inductor; (d) Use the only circulating current controller; (¢) Use the only three-phase coupled inductor; (f) Use the
circulating current controller and the three-phase coupled inductor simultaneously.

low frequency circulating current and a 180-degree
interleaved PWM is applied to generate a high frequency
circulating current. Figs. 11 (a) and (b) show the test setup
of the parallel three-phase boost converters and three-phase
coupled inductor, respectively. The power stage consisted
of two parallel three-phase boost converters using Infineon
IGBT modules, current sensors (ES100C), and isolation
amplifiers (AD-202JN), which were used to generate the
input line currents and the output DC-link voltage. The
control algorithms were programmed and translated into
the TMS320VC33 DSP platform.

Fig. 12 shows the simulated waveforms of the line
currents and the circulating current in the parallel three-
phase boost converters. There is no high frequency
circulating current in Fig. 12(a) and (b) since interleaving
PWM is not applied for the simulations. Therefore, Fig.
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12(b) shows that the low frequency circulating current is
effectively reduced by the circulating current controller.

On the other hand, Figs. 12(c) to (f) illustrates simul-
taneous high frequency and low frequency circulating
currents since interleaving PWM is applied in the
simulations. As a result, a certain amount of line current
(i,r%i,,) ripple is cancelled due to the interleaving PWM, as
can be seen by comparing Figs. 12(a) to (b) with Figs.
12(c) to (f). As shown in Fig. 12(d), the circulating current
controller only reduces the low frequency circulating current.
Both Figs. 12(e) and (f) show that the low frequency and
the high frequency circulating currents are reduced by the
three-phase coupled inductor. However, the low frequency
circulating current shown in Fig. 12(f) is further reduced
by applying the circulating current controller.

Fig. 13 shows the experimental waveforms of the line
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Fig. 13. Experimental waveforms of the line currents and the circulating currents. (a) Not use the circulating current
controller. (b) Use the circulating current controller. (c) Not use the circulating current controller and the three-
phase coupled inductor. (d) Use the only circulating current controller. (¢) Use the only three-phase coupled
inductor. (f) Use the circulating current controller and the three-phase coupled inductor simultaneously.
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=
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THD of Grid Current (%)

o
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Grid Current (A)

Fig. 14. THD results of the grid currents

25 30

currents and the circulating current in the parallel three-
phase boost converters. Due to identical conditions and
control algorithms, the experimental results were almost
similar to the simulated results. Fig. 14 shows the grid
current THDs of two different systems. The THD of
proposed system is less than the THD of conventional
system. Therefore, proposed system can be a good solution
to reduce the current harmonic distortion in parallel three-
phase boost converters.

6. Conclusion

In this paper, the analysis and modeling of the parallel
three-phase boost converters including three-phase coupled
inductor was presented to predict system dynamics. To
examine the characteristic of three-phase coupled inductor,
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the structure and voltage equations were mathematically
derived. It was shown that the averaged model, which can
simultaneously reduce low- and high frequency, was
developed in stationary coordinates and rotating coordi-
nates. Based on the averaged modeling approach, the design
of the circulating current controller was presented.
Simulation and experimental results demonstrated the
effectiveness of three-phase coupled inductor and circulat-
ing current controller in parallel three-phase boost converters.
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