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Active Power Oscillation Cancelation With Peak
Current Sharing in Parallel Interfacing Converters
Under Unbalanced Voltage

Farzam Nejabatkhah
Kai Sun

Abstract—In a hybrid ac/dc grid, the ac-side unbalance voltage
introduces adverse effects on dc grids and interfacing converters
(IFC) (active power oscillations, dc-link voltage oscillations, and
IFC peak current increase at the same average power production).
For parallel IFCs, these adverse effects can be easily aggregated.
In this paper, two new control strategies are proposed for paral-
lel IFCs to improve both ac and dc subgrids power quality. The
proposed control strategies focus on canceling active power oscil-
lations of parallel IFCs that provide oscillation-free dc link and
sharing collective peak current of parallel IFCs. In the first pro-
posed control strategy, IFCs’ power coefficients are controlled by
solving a set of nonlinear equations, and this method is called as
coefficient-based strategy, whereas, in the second proposed control
strategy, peak currents of IFCs are controlled directly through the
derived relationship of IFCs’ peak currents under zero power os-
cillation in this paper, and this method is named as peak current
based strategy. This peak current based strategy features much
simplified calculation and could be easy to implement. To achieve
control objectives, thorough study on parallel IFCs’ peak currents
is conducted. Based on the study, it is shown that the collective
peak current of all IFCs is a constant under zero total active power
oscillation, and therefore, keeping all IFCs’ peak currents in the
same phase and in-phase with collective peak current optimizes
the utilization range of parallel IFCs. The numerical examples
and experimental results are provided to verify the validity of the
proposed control strategies under different operating conditions.

Index Terms—Hybrid ac/dc microgrid, parallel interfacing con-
verters (IFCs), peak current sharing, power/current transfer-
ring capability, power oscillations, secondary control, unbalanced
voltage.

I. INTRODUCTION

HE next generation of power systems are evolving to hy-
brid ac/dc microgrids, where ac/dc power generations and
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loads are integrated in a unified structure. In such systems, an
ac-side unbalanced voltage is an important power quality con-
cern that causes adverse effects on the power system and
equipment [1]-[4]. Power electronics interfacing converters
(IFCs) connecting ac—dc subgrids in hybrid ac/dc microgrids
are affected by unbalanced voltage. The unbalanced voltage in-
creases the IFCs’ peak currents and reduces its power/current
transferring capability. The unbalanced voltage causes double-
frequency power oscillations at the output of IFCs, which are
reflected in the dc-link voltage as ripples and harmonics (high-
order harmonics can be easily filtered; however, second-order
harmonics produce oscillation in dc side). The IFCs connect-
ing ac—dc subgrids prefer to have a parallel structure to provide
higher capacity, reliability, modularity, and efficiency (where
some parallel units can be offline when power flow is low). In
this case, the adverse effects of unbalance voltage on the power
quality of both ac and dc sides can be aggregated. In parallel
IFCs under unbalanced voltage, dc voltage oscillations affect
the performance of systems connected to a dc subgrid, e.g.,
the maximum power point tracking (MPPT) of the photovoltaic
(PV) converters connected to the dc subgrid [5]-[7]. These dc-
side oscillations can be suppressed by dc—dc power converters
in the dc subgrid; however, it will be desirable if dc—ac IFCs can
be controlled properly to block transferring these oscillations to
the dc side without additional investment on passive or active
filters.

Currently, different control strategies have been proposed
for a single IFC’s operation under unbalanced voltage where
output peak current and power oscillations, and dc-link volt-
age oscillation have been addressed [8]-[16]. However, these
control strategies cannot guarantee reduction/cancelation of the
adverse effects for parallel IFCs and cannot provide their op-
timal operation, and coordination among IFCs is essential. For
a parallel IFCs’ operation under unbalanced voltage, limited
research has been done, and they are mainly focusing on par-
allel IFCs without common dc link [17]-[25]. New control
strategies for parallel IFCs operation with common dc and
ac links under unbalanced voltage are proposed in [26]—[28].
These control strategies cancel out active power oscillations
of parallel IFCs using one dedicated IFC (called redundant)
with largest power rating, which ensures oscillation-free dc-
link voltage. However, collective peak current of parallel IFCs
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Fig. 1. Parallel IFCs with common dc and ac links under unity PF operation.

(which s a constant value under fixed average active and reactive
powers as proved in this paper) is not shared among IFCs based
on their power ratings. Therefore, some IFCs work under their
current rating limits while the others operate far from their lim-
its. Moreover, IFCs’ peak current minimization (power/current
transferring capability maximization) is not addressed. Also,
the redundant converter power rating should be large enough to
compensate other I[FCs’ power oscillation.

To address the above-mentioned current sharing concerns,
two new control strategies for parallel IFCs’ operation under
unbalanced voltage are proposed in this paper. These control
strategies are focusing on active power oscillation cancelation
and parallel IFCs’ collective peak current sharing among IFCs
based on their power ratings, which provides the same available
rooms for IFCs’ operation. In addition, the power/current trans-
ferring capability of parallel IFCs is maximized. In this paper,
thorough study on relationship between individual and parallel
IFCs’ peak currents with active power oscillation reveals that the
collective peak current of parallel IFCs is a constant value under
zero active power oscillations and fixed average active powers.
Moreover, an individual IFCs’ peak currents can be controlled
to be in the same phase and in-phase with collective peak current
of parallel IFCs, which provides minimum IFCs’ peak currents’
summation and maximizes the power/current transferring capa-
bility of parallel IFCs. The analysis in this paper and the two
proposed control strategies are verified by experiments.

This paper is organized as follows. In Section I, instantaneous
active and reactive powers of parallel IFCs under the unity power
factor (PF) operation are studied, and a constraint in which the
parallel IFCs’ collective active power oscillation is zero is pro-
vided. The individual and parallel IFCs’ peak currents analysis
and the parallel IFCs’ power/current transferring capability are
addressed in Section III. In Section I'V, the two proposed control
strategies are provided. The experimental verifications are pre-
sented in Section V. Finally, Section VI summarizes this paper
and lists conclusions.

II. PARALLEL THREE-PHASE IFCS INSTANTANEOUS
POWER ANALYSIS

In Fig. 1, a typical n-parallel IFCs with common dc and
ac links is shown. From instantaneous power theory principles
[8], [29], the individual ith IFC’s symmetric sequence based
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instantaneous active and reactive powers in unity PF operation
can be derived as follows:

pi = vedp = (07 +07) (i +yy) = |t

pi - .pz’
N—_———
P P,
+ (v iy +v i | = P+ AP (D)
AP;
¢ =v - Z'pi = (UI +1}1) . (Z;Z —I—Z;L)
= (vl -y +vl i | = AQ )

AQi

where v = [v,, vy, v.] andiy; = [Gapi, topi, icpi) are three-phase
point of common coupling (PCC) voltage vector and the ith
IFC’s output current vector, v, lags v by 90°, v v, i;'i, i,; are
positive and negative sequence vectors of v and 4,;, P and AP
are average and oscillatory terms of instantaneous active power,
P and P are the positive and negative sequence components
of P;, and AQ); is the oscillatory term of instantaneous reactive
power. In the equations, subscript “p” refers to unity PF oper-
ation mode. In this paper, it is assumed that the zero sequence
of current does not exist. Moreover, system does not contain
high-order harmonics and just fundamental components exist.
According to [26] and [27], ith IFC’s active and reactive
power oscillations under unity PF can be canceled out by using
power coefficient k,;. Thus, the ith IFC’s reference current

vector in unity PF operation is obtained as follows:

P, Pk,
Gpi = Ay iy = T 7V v
[vt " + Kyilo~| [ot 7 + Kyilo~|

where superscript “x” refers to reference values, and |v"| and
|v~| are the modules (also called norms or magnitudes) of
positive and negative sequence vectors of v, respectively. In
this paper, space vectors of the three-phase sinusoidal positive
eE)d negative sequence voltages (v and v ™) are considered as
vt = |vt| @) and v = |v~| e/ (~“**+97) Considering
(3), individual ith IFC’s instantaneous active and reactive pow-
ers can be achieved by using (1) and (2) as follows:

By (14 kyi) (v 07)

057+ kyilo~|?

pi=P + AP, =P, +

P (1+ ki) _
=P + [T TMQ [v*] |v™ | cos (2wt +2p)  (4)
pi
P (1—ky) (v+.v1)
ot 2 + kpilo~ |

R (1 - k’)i) .

TPk '\[v‘\2 oo sin (2t + 20) ®
i

where p = (77— 67)/2. From (3) to (5), it can be concluded
that under unbalanced condition, the following statements hold:

¢ = AQ; =
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1) individual IFC’s output active and reactive powers oscillate
at two times the grid frequency;

2) IFC’s output current will increase in the fixed average active
power output;

3) ki = —1 results in zero active power oscillation of ith IFC;
and 4) k,; = 0 provides balanced output current of IFC.

For n-parallel IFCs with common dc and ac links, as shown
in Fig. 1, the reference current vector and instantaneous active
and reactive powers under unity PF can be achieved by using
individual IFC’s relations in (1)—(5)

P.
L S

i=1 1=1 ‘v+| +]€17Z|v ‘

+ Zn: P k[n

Sk
Lp—TIFCs

—— U (6)
i= 1|U+| + kpilo~ |
n n —
P; (1+kpi) (v*.v )
p= P; +
; Z 7:21 ot 7+ i o=
_ ZP/ +ZL]€M)
ot P+ kpilo~[?
X [v* | |v7] cos (2wt + 2p) (7
" P (1 —ky) (07
s P ) ()
i1 ot v
" Pl
= ZM| JrHv |51n (2wt +2p). (8)
el A R 1 Tl

Considering (7), to cancel out n-parallel IFCs’ active power
oscillations, following constraint should be satisfied [26], [27]:

> - %
_ Z?-l _|2 . (9)

P -

B (14 ki) (07
[0+ |+ Ky o~ \

”+| +kp2|v ‘

By applying (9) into (6)—(8), the n-parallel IFCs reference
current vector and instantaneous active and reactive powers un-
der zero active power oscillations are obtained as follows:

n
% o -
Zp—IFCS AP=0 E Zpi

i=1

AP=0

n n
.+* .k
Zzpi + Zlm’
i=1 i=1 AP=0
n n
TP, ~ZLP

oo P ot 1Y
p=>_P (11)
=1
UL
a= |v+| 22 (12
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Fig. 2. Locus of the PCC voltage and the ith IFC reference current space
vectors under unity PF operation.

Considering (10)—(12), the positive and negative sequence
current as well as the reactive power oscillation of parallel IFCs
are independent from k,; under zero active power oscillations,
and they are just affected by > ;| P, variations.

III. PARALLEL IFCS POWER/CURRENT
TRANSFERRING CAPABILITY

Here, power/current transferring capability of parallel IFCs is
studied in detail. For that, thorough study on individual and par-
allel IFCs’ peak currents under unbalanced voltage is conducted.
Then, the conditions in which the power/current transferring ca-
pability of IFCs can be maximized are provided.

A. Peak Current Analysis of IFCs Under Unity PF Operation

For individual ith IFC under unity PF operation, consid-
—

ering reference current vector in (3) and assuming v' =

ot | el (Wt+0), v = |v| e/ (=<t07) "and p = (67 — 07)/2,
the locus of PCC positive and negative sequences voltage space
vectors and the output reference current space vector are shown
in Fig. 2. In this figure, the big and small dashed circles are the
locus of positive and negative sequences reference current space
vectors, and the ellipse is the locus of the total reference current
space vector.

Considering reference current ellipse in Fig. 2, the maximum
current at each phase of the individual ¢th IFC is the maximum
projection of that ellipse on the abc axis [29]. Considering (3)
and Fig. 2, the projection of reference current ellipse on the abc
axis can be derived as follows:

P |v"]
[t 2+ ko[

Bikyi [v” |
[0F |7+ kyilo|

IpLé

sl
Tpi T

5 | cos~ycos (wt)

Bi ']
ot |7+ kyilo~|?

Pikpi [v7]
o7 + ki~ |

I])Sl

X sinysin (wt) x = a,b, ¢ (13)
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where z;’m is the value of reference current ellipse projection on
the phase z, I,,7; and I,5; are semimajor and semiminor axis
lengths of ellipse, and ~ is rotation angle, which is equal to p,
p~+ /3, and p — 7 /3 for abc axis, respectively. From (13), for
individual ith IFC, maximum current in each phase, the peak
current, and the phase angle of peak current under unity PF can
be derived [27] (14) as shown at the bottom of this page.

I = max (I3, I, I5%) (1s)
2k, |’Ui|
8il jmax = tan™? (cot’y <—1 — p)) . (16)
I v | = Kpi o7 |

From (14) to (16), the individual IFC’s maximum current
at each phase and its peak current amplitude and phase angle
depend on power coefficient (k,;) and the PCC voltage com-
ponents. In a simulated case study in Fig. 3, it is shown that
how different values of k,; affect the maximum current at each
phase and the peak current of individual IFC under different
phase angles p and average active power output. As seen from
this figure, different values of k,; and p lead peak current to
different phases, which will be discussed in more detail.

For n-parallel IFCs with unity PF operation under zero active
power oscillations, the projection of collective reference cur-
rent ellipse on abc axis can be achieved using (10) and (13) as
follows:

CADSY S R DY Y
i e o e e e O

-/ . .
Lep—IFCs|Ap—o = cos~y cos (wt)

Ipyr-1vcslapog

|U+|Z?:1 b

ot | = Jo |

LDy

ot ]? = Jo- |’

Ips-1rcs|ap_y

x sinysin (wt)  z=a,b,c. (17)

From (17), the collective maximum current in each phase, and
the collective peak current and its phase angle can be obtained
as (18) as shown at the bottom of this page.

max

p—IFCS|AP:0

max

ap—IFCs|Ap=0’

max

= max ( cp—IFCs

[ar—o)

19)

Jmax
bp—IFCs|ApP=0"
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Fig. 3. Individual sth IFC’s maximum currents in each phase under different
kyi, phase angle (p), and average active powers ( [v"| =168V, [|v7|=
16 V): (a) p =45, P, = 6kW; (b) p =85, P, = 5kW; and (c) p = 160,

P, = 4kW.
= tan ! (cotv <—1 + )) .

(20)

From (18) to (20), the parallel IFCs’ collective peak current
amplitude and phase angle under A P = 0 are independent from
kp;,and they are constant values with fixed active power output.

2]
[t + o~

2
max PL 2 12 _
v\ errene ) (1 + JomPR2 + 2|t [ o[ Kpscos (7)) @ = a,bye (14)
i
max Z:l: ‘PZ ? 2 _2 _
zp—IFCs|ApP—=( = <|”U+|2 71‘1}7|2 X <|U+| + |’U ‘ -2 |U+| |’U |COS (2’7)> T = a,b,c (18)
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B. Maximizing Power/Current Transferring Capability of
Parallel IFCs

As mentioned, under the unbalance condition, IFCs’ output
peak currents increase and active power oscillation cancelation
may worsen this situation. As a result, power/current transfer-
ring capability of IFCs reduces. Here, it is studied that how the
power/current transferring capability of parallel IFCs is max-
imized (in other words, how to minimize the summation of
individual IFCs’ peak currents).

1) IFCs Operation Under Various PFs: In general, for
n-parallel IFCs under various PFs and zero collective active
power oscillation, three-phase current phasors based on maxi-
mum currents can be represented as follows:

n

Z Ifﬁaxl 5ai

max

a—IFCs |AP:0 46

- Izllnz“x - Im—\l‘i‘c:. AP=0
=
z :Imaxld max = Imax ) ) x
1 bz|[ b— IFCS|AP:O b‘Imdle: AP=0

i=

max max

I l(sm Imax - cleCS|AP:0 45 |Ima1‘l(“(
E slap—o

2D

In (21), subscript “p” is not used since IFCs under dif-
ferent PFs are considered. It is worth mentioning again that
IMcslap—o and §, elmmas o, (amplitude and phase an-
gle of collective maximum current of parallel IFCs in phase
x under AP = 0) are constant values. Assuming that the
phase angles of individual IFCs’ maximum currents in each
phase are equalized with the phase angle of collective max-

imum current of parallel IFCs in that phase (£ 0,1] [max =
Z 5.772|I:’2ax = = 51077 [max = 45 A
(21) can be rewritten as follows:

;I:a7b7c)’

max
I IFCJAP:()

n

max’ max’ max’ __ max’ __ ymax

al g A I{zn - E Imf - afIFCS|AP:(]
i=1

Ilndx IIllaX IIldX IIld‘X, — max ’
g b—IFCs|AP=0

max

qu nnx max’
+ +eee qu cleCs|Ap:Q

Z Im ax’ _

(22)

74

where superscript “” refers to maximum currents values after
phases equalization. From (22), although phase angles equaliza-
tion can reduce the summation of individual IFCs maximum cur-
rents in each phase (31, I < S [, g =a,b,c),
it cannot guarantee to minimize the summation of individual
IFCs’ peak currents without considering the phases that the
peak currents are in. In more detail, if it is assumed that m
numbers of IFCs’ peak currents are in the phase a, u numbers

are in the phase b, and n — m — u numbers are in the phase ¢

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 12, DECEMBER 2018

(n > m 4+ u), following expression will be obtained:

m m-+u

max’ max’ max’ max
EI +§ I + § I aleCs‘AP:o
i=1 i=m+1 i=m+u+1
m m-+u

max’ max’ max’ Jmax
Yoo > oy E B> I%es] A pes
i=1 i=m+1 i=m+u+1l
m m-+u

max’ max max’ max
EI +§ E I (J—IFCS|AP:[]'
i=1 i=m-+1 i=m+u+1

(23)

Therefore, from (23), it is seen that to minimize the summa-
tion of individual IFCs’ peak currents (min (>_! ; I**) =
B ap=o ), or in other words, to maximize the paral-
lel TIFCs power/current transferring capability, all individual
IFCs’ peak currents should be kept in the same phase and
in-phase with parallel IFCs’ collective peak current. This is
a general conclusion independent from the unbalanced volt-
age level and IFCs average output active powers, and can be
used for parallel IFCs operating under different PFs. For ex-
ample, two-parallel IFCs with nonunity PF operations with
the average active and reactive powers of P, =4 kW, P, =
5kW, @ =7kvar, and Q, = 0.5 kvar are considered here.
In this system, in case that k,; = —0.7, k;; = 0.76, k,» =
—1.3, and k4o = 6.2 (k,; are used to control active power os-
cillations associated with the average reactive powers [10]),
the collective active power oscillation is zero (AP = 0), and
all the peak currents are in phase b and in-phase with the
value of I'%hcilap=o =49, [;** =272A, and [[}** =
215 A (15| p py & LA™ + 15™). However, in case that
kyi = —1.81, k;y = —1.39, kyp = —0.24, and ko = —15.85,
although collective active power oscillation is zero again,
the peak current of the first, second, and collective peak
current are in phase ¢, a, and b, respectively, with the
value oflgf‘fj?csmp:o =49.01, I} =42.05 A, and I3 =
3336A( 11;11:11)%CS|AP:U < IIH‘LX + qu).

It should also be hlghhghted that, here, summation of n-
parallel IFCs’ peak currents are minimized to maximize paral-
lel IFCs power/current transferring capability, and the individual
IFCs’ peak current values are not addressed directly. Although
in most cases, individual IFCs’ peak currents are reduced by this
strategy, the distribution of peak current among parallel IFCs is
not controlled. Considering this issue, in both proposed con-
trol strategies, individual IFCs’ peak currents will be adjusted
based on their power ratings. As a result, not only parallel IFCs
power/current transferring capability is maximized, but also in-
dividual IFCs operation is optimized.

2) IFCs Operation Under Unity PFs: Under unity PF op-
eration, from (16) and (20), the phase angles of individual
IFCs maximum currents in each phase depend on k,;, whereas
in parallel IFCs under AP = 0, the phase angles of collec-
tive maximum currents in each phase are independent from
k,;. However, since in parallel IFCs with common dc and
ac links, |v*], |v7|, and ~ are common values in individual
and parallel IFCs, and the variations of J; max (when k,;
deviates from kj,; = —1) are small enough (undér kpi = —1,
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Fig. 4. Phase that all the peak currents (IFCs’ peak currents and parallel IFCs
collective peak current) are in that phase under different values of p when
kpi <0;1=1,...,n

I’I |[max = (S

20| i x =a,b,c),the §,;|ma in each

—IFCsiap=p L Tpi

phase can be assumed constant under ky; variations and equal

to 0, el with a good approximation. For more inves-
=0

tlgatlon the varlatlon of 0, [max with respect to k,; deviation

are derived as in (24) by using (16)

[max
zpi

—2]vt||v7| coty
(o™ = Fpio |U_|)2 + (COt'Y)Z X (vt |+ Kpio |U_|)2

r=a,b,c

(24)

where k,;, is the initial operation point which is —1 in this
case. From (24), it can be understood that Ad,;]| [max over
Akp; is small value in each phase. As a numerical exam-
ple, in three-parallel IFCs with P, = 6 kW, P, =2 kW, P =

3.6kW, ki, = —1,p=55", [vT| =168 V,and [v"| =16V,
the deviation of d,; max in three abc phases from its initial
point (where ky; = —land 0pi|rmex = Oplpmox | 5 &=

a, b, C) under Ak‘m = 2 are A(5m|1;npa,x ~ 8 Aébzh{“}f‘,‘ ~ 60,
and A(S“"]mﬂ ~ 20,
J.L|Im”‘ ~ 6

Therefore, it can be concluded that

x| ;  x=a,b,c in the range of k,,
p—IFCslap_q’
operation with a good approximation.

On the other hand, from (18), among three phases, the collec-
tive peak current of parallel IFCs is in the phase that cos (27)
has its minimum value. For an individual 7th IFC from (14),
if k,; < 0, the peak current is in the phase in which cos (2)
has its minimum value. Since keeping all IFCs’ peak currents
in the same phase with collective peak current of parallel IFCs
is desired, all IFCs’ k,; will be kept less than zero (k,; < 0).
As a result, regardless of p and active power flow direction, all
IFCs’ peak currents will be in the same phase with collective
peak current of parallel IFCs (it is also proved above that they
are approximately in phase). In Fig. 4, the phase that all the
peak currents (IFCs’ peak currents and parallel IFCs collective
peak current) are in that phase under different values of p when
kyi < 0is shown. From Fig. 4 and considering Fig. 3 and (14),
following conclusions are achieved.

1) The grid condition (the value of p) determines the phase

that all the peak currents are in that phase.
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2) Whenp =in/6(: =1, 3, 5, 7, 9, 11), individual IFCs’
peak currents have their maximum possible values un-
der determined k,; since cos(2y) = —1 (see points
Aj(j=1,...,6) inFig. 4).

3) When p moves away from p=ir/6 (i=1,3, 5, 7,
9, 11) toward boundaries where p =im/3 (i =1, 2,

., 6), individual IFCs’ peak currents will reduce from
their maximum possible values.

4) When p =ir/3 (i =1, 2,...,6), individual IFCs’ peak
currents have their minimum possible values under deter-
mined k,;(cos (27) = —0.5). In these points, individual
IFCs’ peak currents will be equal to their one of other

phases’ maximum currents (see points B;(j =1,...,6)

in Fig. 4).
With the aforementioned discussions, under k,; < 0; ¢ =
1,...,n and unity PF operation of IFCs, following relation

among peak currents of individual IFCs and collective peak
current of parallel [FCs with unity PF operations could be de-
rived:

n
hes 2 ) I (25)
i=1
From (25), it is concluded that the collective peak current of
n-parallel IFCs, which is a constant value under zero collective
active power oscillation and fixed output active powers, can be

shared linearly among individual IFCs.

IV. PROPOSED CONTROL STRATEGIES FOR PARALLEL IFCs
OPERATION UNDER UNBALANCED VOLTAGE: ACTIVE POWER
OSCILLATION CANCELATION WITH PEAK CURRENT SHARING

Two control strategies are proposed for parallel IFCs to re-
duce unbalanced voltage adverse effects on their operations, and
improve both ac and dc subgrids power quality. In this paper, the
proposed control strategies ensure zero collective active power
oscillations of parallel IFCs, share the collective peak current
among parallel IFCs based on their power ratings, and maximize
the power/current transferring capability of n-parallel IFCs. In
the following, the proposed control strategies are explained in
detail.

A. Control Strategy-1: Coefficient-Based Control Strategy

In this control strategy, following expressions are considered
to achieve the control objectives:

- P, P,
Z 2 / 7 = Z:22:1 2 (26)
pncdll (Ol o #90 Coil  CVA l
Ul max l]2 max R — U" I]r)r;]ax (27)
S
UZ-:?l_izl,Z...,n (28)
ki <0i=1,2,...,n (29)

where U;, S;, and I7;** are sharing factor, power rating, and
peak current of the ith IFC, respectively. In (26), the 1;** is
obtained using (14) and (15). Solving a set of nonhnear equa-
tions in (26)—(28) considering (29), k,; of all IFCs are deter-
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Fig. 5. Example for explaining the concept of the proposed control strategy;
2-parallel IFCs’ peak currents relationships with k,; under Py = P> and
S1 < Ss.

mined. The determined k,,; of IFCs provide zero collective active
power oscillation of parallel IFCs by (26), share collective peak
current of parallel IFCs among them based on their power rat-
ings by using (27) and (28), and assure maximum power/current
transferring capability of parallel IFCs by (29). If determined
k,; from (26) to (28) are greater than zero, which lead IFCs’
peak currents to different phases, they will be set to zero and
the calculation will be repeated for the rest of IFCs to determine
their k,;. It is worth mentioning that the sharing factors in (28)
are independent from the converters’ operating points, and these
factors provide the same available room for IFCs’ operation. In
this control strategy, since the control objectives are achieved
by power coefficients’ control, this control strategy is named as
coefficient-based control strategy.

In Fig. 5, an example is provided to explain the proposed
control strategy’s performance in more detail. In this figure,
the relationships between two-parallel IFCs’ peak currents and
k,; under the same average active powers ( P, = P, ) and
different rating powers (51 < S2) are shown, where the I,}** —
k,; relationships are assumed linear in their operation range (see
Fig. 3). In the following, the concept of the proposed control
strategy is explained by using this example.

1) The proposed control strategy initially sets k,1 and k, to

—1 (point-1), where the active power oscillation of both
IFCs are zero [(26) is satisfied]. At point-1, the collective
peak current is not shared between IFCs based on their
power ratings [(28) and (29) are not satisfied]. In other
words, since P, = P and S; < Sy, the second IFC’s
peak current’s share should be higher than that of the first
IFC’s. Thus, the operating points of IFCs should change
to decrease the first IFC’s peak current and increase the
second IFC’s peak current (move toward point-2).

2) At point-2, it is assumed that the collective active power
oscillation reaches zero again [(26) is satisfied]. Although
the first IFC’s peak current has been decreased and the
second IFC’s peak current has been increased, the peak
currents sharing ratios should be checked. At this point,
it is assumed that the collective peak current of parallel
IFCs has not been shared between IFCs based on their
power ratings [(28) and (29) are not satisfied]. Therefore,
the search of operating point will be continued toward
point-3.
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3) If the operating point that satisfies (26)—(28) simulta-
neously cannot be achieved up to point-3, the k,; will
be set to zero, and the k,, will be searched to satisfy
(26). Although sharing of collective peak current among
two-parallel IFCs has not been achieved in this case, all
peak currents are in the same phase to maximize the
power/current transferring capability.

4) In this control strategy, maximizing power/current trans-
ferring capability of parallel IFCs has higher priority.
Thus, all k,; should be k,; <0. Then, control strat-
egy tries to share collective peak current among paral-
lel IFCs based on their power ratings under AP = 0.
For example, at point-4, if all (26)—(28) are satisfied,
the operating point will not be chosen since the sum-
mation of parallel IFCs’ peak currents is not minimized
(L% + 197 > Ih™5 + L5™).

As a numerical example, the proposed control strategy is
applied into three-parallel IFCs, and the results are shown in
Figs. 6-9. In this example, at £ = 0.15 s, unbalance condi-
tion is applied. During 0.3 < ¢ < 0.5, collective power os-
cillation is kept zero by setting k,1 = ky2 = k3 = —1 [see
(26)]. However, the first IFC’s current exceeds its rating limit
( I'**¢ =30 A), and the collective peak current is not shared
among parallel IFCs based on their power ratings (51 = 9 kVA,
Sy =4 kVA, S3 = 10kVA). Thus, at t = 0.5 s, the proposed
control strategy is applied. At ¢t = 0.75 s, average active pow-
ers of IFCs are modified from P; = 6 kW, P, = 2 kW, and
P; =3.6kWtoP, =65kW,P, =1.5kW,and P; = 4.5 kW.
The results clarify that the collective active power oscillation
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cancelation (oscillation-free dc-link voltage), collective peak
current sharing, and maximum power transferring capability
can be achieved by using (26)—(29).

In general, due to computational complexity in solving the set
of nonlinear equations, the proposed control strategy’s imple-
mentation can be complicated, and small calculation delay may
be imposed. The proposed control strategy will not have errors in
active power oscillation cancelation and collective peak current
sharing among IFCs. However, under variation of IFCs’ average
active power flow directions and values, the power coefficients
of IFCs should be recalculated and updated.

B. Control Strategy-2: Peak Current Based Control Strategy

To reduce the computational burden of the proposed control
strategy-1, the peak current based control strategy is proposed
here. This control strategy is based on the conclusion that has
been achieved from (25). In the peak current based control
strategy, following expressions are considered to achieve the
control objectives:

[I)Ii&x _"_ II)IEH.X _|_ - _|_ I[I}I;LHX g [I)IEII)](;‘CS AP:O (30)

U1 II)IiaX — U2 ;Iéax e — Un IzI)I;laX (31)
S

Ui:é i=1,2,...,n (32)

kpi <0 i=1,2....n (33)
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Fig. 10. Numerical example for / I’)’; % — k,; quadratic equation variations in
(14) under fixed value ofII’}‘} #% = 35 A and different values of k; (kp; :
8) and v (cos2y: —1:0.1:—0.5). ([vT| =168V, [v7|=16V, P, =
5kW).

4

where Igl_af‘ch |ap—o is obtained by using (18) and (19). In this
control strategy, active power oscillation cancelation constraint
is embedded in (30), and collective peak current sharing target
is achieved by using (31) and (32). From (30) and (31), the
I3 for individual 7th IFC under AP = 0 can be calculated as
follows:

N

max ~v Si
i = (Sl+52+-~-+5n) .
34

After each IFC’s reference peak current’s calculation from
(34), its k,; can be determined by using (14) and (15). Simi-
larly, the calculated k,; of all IFCs should be less than zero to
maximize the power/current transferring capability of parallel
IFCs. It is worth mentioning that if k,; < 0, the minimum pos-
sible value of I}}** will be P;/[v™| (ky; = 0 in (14) and see
Fig. 3), and if any calculated 7,}** is less than P /v |, it will
be set to the limited value, and the calculation will be repeated
for the rest of the IFCs. In this control strategy, since IFCs’ peak
currents are directly controlled, this control strategy is named
as peak current based control strategy.

Considering (14), it can be concluded that if P;/jv"| <
L™ < Pi/|v|, the 13" — kp; quadratic equation will have
two different real roots for k,; under determined value of ;**
and 7. These two roots have different signs. As mentioned, in
this proposed control strategy, all IFCs’ peak currents are con-
trolled to be I};** > P;/|v*|. In addition, I}i** < P;/|v~| is
always satisfied since |v~| is small percentage of |v™ | [30] and
P;/|v™| exceeds the current rating limit of IFC. As a result,
P;/|v*| < I§* < P;/|v™| is always satisfied. As an example,
the 1;** — k,; quadratic equation variations (f(ky;, [;;**)) in
(14) under fixed value of II‘,‘,}'&X and different values of k,; and ~y
are plotted in Fig. 10. As seen from the figure, for determined
value of /3", the f(ky;, I;;**) quadratic equation has two real
roots for k,,; with different signs (/ ;}}ax is in the aforementioned
boundary). In this figure, the roots with positive signs are not
shown. From these discussions, it can be concluded that there
is always a k,; < O that satisfies the calculated I7;** from (34),

pi

max

p—IFCs |AP:O i=1




10208
0 T T ‘ ‘ T ‘ .
w)
O
= 05+ Second IFC i
3 First IFC
2z
5 o]
§ Third IFC
g .15 1
o
<)
(5]
a 2+ 4
M O
_2'5 1 L 1 1 L 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)
Fig. 11.  Power coefficient factors in the control strategy-2.
3 Parallel IFCs ]
z
= i
o
5 First IFC 4
o Third IFC
G
3 30
=3
8 20 Second IFC
=
10 - R

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

.12, Peak currents of IFCs in the control strategy-2.

es!
Ga

wn
T

Parallel IFCs

First IFC

Third IFC

fI} i |11 bbb
““I}J}I}I}I{I‘Ill\l‘lll“H,I’J}J[illll‘lhli]l‘

H;mllli‘\wm“

W
T

Second IFC

IFCs output active powers (kW)
=

0.1 0.2 03 04 0.5 0.6 0.7 08 09 |
Time (s)

Fig. 13. Individual IFCs’ output active powers and collective active power of
parallel IFCs in the control strategy-2.

which keeps the ith IFC’s peak current in the same phase with
collective peak current of parallel IFCs.

As a numerical example, and similar to the proposed con-
trol strategy-1, the proposed control strategy-2 is applied into
three-parallel IFCs under unbalanced voltage, and the results are
shown in Figs. 11 and 14 (test system is the same). Comparing
these results with the results in Figs. 6 and 9 clarifies that the
two proposed control strategies have similar performance.

As another example, the test is repeated; however, the IFCs’
PFs are set to PF; = 0.7071 (P, = Q; ) to evaluate the perfor-
mance of the proposed control strategy under nonunity PFs. The
results are shown in Figs. 15 and 16. From the results, it is con-
cluded that the proposed control can reduce the active power os-
cillation of parallel IFCs by 90% (from APy cak—peak = 7.3 kKW
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t0 APpcak—peak = 0.8 kW), and can provide peak current shar-
ing among IFCs with high accuracy (maximum sharing error is
6%).

In general, the proposed control strategy-2 reduces the com-
putational burden of active power oscillation cancelation and
collective peak current sharing of parallel IFCs, and it can
be implemented easily. Due to approximate calculations, the
proposed control strategy may induce small errors. Similar to
the proposed control strategy-1, individual IFCs’ peak currents
should be recalculated under variations of average active power
flow directions and values.
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C. Proposed Control Strategies Implementation

In general, the two proposed control strategies are secondary
controllers that have been designed to reduce the unbalanced
voltage adverse effects on IFCs’ operation in the steady-state
condition. In detail, the three-phase voltage at the PCC as well
as operating active powers of the IFCs are measured and sent
to a supervisory control center. In the supervisory control, k,;
of all IFCs are calculated by using either the first or the second
proposed control strategy. In the first control strategy, due to
computational complexity in solving the set of nonlinear equa-
tions, implementation will be complicated and calculation delay
may be imposed. Whereas in the second control strategy, com-
putational burden has been reduced, and linear equations are
solved to achieve k,;. The calculated k,; is transferred into lo-
cal controllers of IFCs through low-bandwidth communication
links. In Fig. 17, the general control structure of both the pro-
posed control strategies is shown. It should be highlighted that
the proposed control strategies are also applicable for IFCs not
close to each other, considering the ongoing smart inverters’ re-
searches and projects where communication with central super-
visory controller is their inevitable feature [31]-[33]. Moreover,
due to computational burden reduction in the second proposed
control strategy (only simple linear equations should be solved
to calculate k,;), this control strategy can be implemented in a
master—slave control structure of closely located IFCs as well,
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Fig. 18.  Photograph of experimental setup.

where computations of all k,; are done in a local controller of
one of the IFCs (in one DSP) and sent to other IFCs’ local con-
trollers. Thus, a dedicated supervisory control is not necessary
in this case.

In both the proposed control strategies, all parallel IFCs oper-
ate on power/current control mode in which the output currents
of IFCs are controlled to regulate the output average powers on
their reference values. The closed-loop current control in the sta-
tionary a0 reference frame with practical proportional-resonant
controller is used [34]. In the control strategies, frequency-
locked loop-based sequence extractor in [35] is used to de-
compose the PCC voltage into positive and negative sequence
components.

It should be highlighted that in the proposed strategies, the
average active powers of IFCs are not changed by the control
strategy. The real power reference can be determined from a
separate control loop (such as MPPT in the PV system). In this
paper, these parameters are considered as known values. Also, it
is important to mention that both the proposed control strategies
are applicable under different unbalanced voltage levels, even
though larger available rooms of IFCs are necessary for higher
unbalanced voltage levels.

V. EXPERIMENTAL VERIFICATION

Here, the effectiveness and performances of the proposed con-
trol strategies under different operating conditions are verified
by experimental results. In the experimental tests, two-parallel
three-phase IFCs are used. Here, the results of the second pro-
posed control strategy, which can be implemented more easily
in DSPs, are provided (it should be mentioned that both the
proposed control strategies’ performances are similar, further
verifying the effectiveness of the second method that can be
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TABLE I
SYSTEM PARAMETERS FOR EXPERIMENTS

Symbol Value
DC-link voltage Vde 200 V
IFCs’ power ratings SZ.””C S1 = 1.25kVA; Sy = 1kVA
IFCs’ output filters Ly-Cy 3.6 mH — 4 uF
Switching frequency fs 10 kHz
Resistive load Ry 5 /phase
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Fig. 19. Three-phase voltage of the PCC with 12% of the unbalanced level.
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Fig.20.  k,1 and ko coefficient factors under (a) application of the proposed
strategy, and (b) presence of the proposed strategy and variation of average
active powers. kj,1 (0.5/div) and k2 (0.5/div); (900 ms/div).

implemented easily). In Fig. 18, the experimental setup photo-
graph is shown, and the setup specifications are listed in Table I.
In the setup, two DSPs with serial communication interface to
realize communication system with the speed rate of 9600 b/s
are used. Moreover, since the power flow of the ac source (the
programmable ac source is used as the grid) is unidirectional,
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p2 (300W/div), and p(300W/div); (900ms/div).

three-phase resistive load is connected between the source and
parallel converters at the PCC to absorb power from both ac
source and converters.

In the experimental tests, the performance of the proposed
control strategy under different unbalanced voltage levels and
IFCs average active powers’ variations are verified. For this pur-
pose, two sets of tests are conducted under different unbalanced
voltage levels in which the average active powers of the IFCs
are varied in each set during the test.

A. First Set of Tests: Unbalanced Voltage Level of 12%

In the first set of tests, the three-phase voltages of the ac source
are tuned on v, = 5020, v, = 70/245, and v. = 70/115,
which are shown in Fig. 19. At the beginning, the power co-
efficient factors are set to k,; = ky2 = —1, which leads to zero
active power oscillations of IFCs. Since the collective peak
current of parallel IFCs is not shared between them based on
their power ratings, the proposed control strategy is applied.
Then, during the test, the [FCs’ average active powers are mod-
ified from P, = 600 W and P, = 600 W to P, = 600 W and
P, =400 W.

The coefficient factor results are shown in Fig. 20. From the
results, since coefficient factors are less than zero, the proposed
control strategy provides maximum power/current transferring
capability for parallel IFCs. The collective peak current of paral-
lel IFCs and the first and second IFCs’ peak currents are shown
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in Fig. 21. As clear from the figure, the parallel IFCs’ collec-
tive peak current is constant under fixed average active powers
of IFCs, which is decreased with the reduction of Z?Zl P;.
Moreover, this current is shared between IFCs based on their
power ratings after the proposed control strategy’s application.
In detail, since Sy /Sy ~ 5/4, the first IFC provides higher por-
tion of collective IFCs’ peak current; [;7** ~ 5/4 x [}5**. In
Fig. 22, the first and second IFCs’ instantaneous three-phase
currents are shown, which verify the peak currents values of
IFCs in Fig. 21. In Fig. 23, the collective active power of par-
allel IFCs and active powers of the first and second IFCs are
shown.

As seen from the figure, after applying the proposed con-
trol strategy, the collective active power oscillation is similar
to k,1 = ky2 = —1, and small oscillations are due to errors
in voltage and current measurements. The zoomed-in view of
the IFCs active powers during transition from k,; = £y = —1
operation to peak current-based control operation, and from
P, = P, = 600 W operation to P, = 600 W and P, = 400 W
are shown in Fig. 24. Also, in Fig. 25, the zoomed-in view
of the IFCs active powers during steady-state operation of
the proposed control strategy under P, = P, = 600 W and
P =600W and P, =400 W are depicted. As can be seen
from Figs. 24 and 25, the power oscillations of the two IFCs
are 180° out of phase to cancel out parallel IFCs power
oscillations.
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B. Second Set of Tests: Unbalanced Voltage Level of 25%

Here, the proposed control strategy’s performance under more
severe unbalance condition is verified. As mentioned, the second
set of tests is similar to the first one, and only the level of volt-
age unbalance is different. Here, the ac source three-phase volt-
ages are adjusted to v, = 5540, v, = 83.84250, and v, =
83.8£110. In Fig. 26, the coefficient factor results are shown,
which are less than zero that maximize the power/current trans-
ferring capability for parallel IFCs. The sharing of collective
peak current of parallel IFCs between the first and second IFCs
is shown in Fig. 27. It should be considered that the sharing
factor is 5/4 since S1 /Sy ~5/4, similar to the first test. The first
and second IFCs’ active powers and collective active power of
parallel IFCs are shown in Fig. 28. This figure shows that the
collective active power oscillation after the proposed control
application is similar to k,; = k,2 = —1 operation.

Finally, considering the experimental results in Figs. 20-28
clarifies that in the proposed control strategies, the following
statements hold.

1) ALl TFCs’ peak currents are kept in the same phase with col-
lective peak current of parallel IFCs (power/current transferring
capability is maximized).

2) Collective peak current is shared among parallel IFCs based
on their power ratings.

3) Active power oscillations are collectively canceled out
(provides oscillation-free dc link).
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IFCs output active powers under (a) application of the proposed strategy, and
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VI. CONCLUSION

In this paper, two control strategies for parallel power elec-
tronics IFCs under unbalanced voltage are proposed, where they
improve the power quality in both ac and dc sides of hybrid
ac/dc microgrids. The both proposed strategies are secondary
controllers that have been designed to operate in the steady-
state condition. The proposed control strategies cancel out active
power oscillations of parallel IFCs, control IFCs’ peak currents
based on their power ratings, and minimize the peak current
of parallel IFCs. In the first proposed strategy, power coeffi-
cients of IFCs are controlled. Due to computational complex-
ity in solving the set of nonlinear equations, implementation
will be complicated. In the second proposed control strategy,
computational burden has been reduced, and peak currents of
IFCs are directly controlled through the derived linear rela-
tionship of IFCs’ peak currents under zero power oscillation.
In this paper, thorough study on parallel IFCs power/current
transferring capability is conducted. It is proven that collective
peak current of parallel IFCs is a constant value under zero
active power oscillations and fixed average active powers, and
power/current transferring capability of parallel IFCs is maxi-
mized when peak currents of all individual IFCs and collective
peak current of parallel IFCs are in the same phase and in-phase.
The numerical examples and experimental results are provided
to verify the analysis and two proposed control strategies in this

paper.
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