1872

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 3, MARCH 2017

Parallel Operation of Bidirectional Interfacing

Converters 1n a Hybrid AC/DC Microgrid Under
Unbalanced Grid Voltage Conditions

Kai Sun, Senior Member, IEEE, Xiaosheng Wang, Student Member;, IEEE, Yun Wei Li, Senior Member, IEEE,
Farzam Nejabatkhah, Student Member, IEEE, Yang Mei, Member, IEEE, and Xiaonan Lu, Member, IEEE

Abstract—Today, interests on hybrid ac/dc microgrids, which
contain the advantages of both ac and dc microgrids, are grow-
ing rapidly. In the hybrid ac/dc microgrid, the parallel-operated
ac/dc bidirectional interfacing converters (IFCs) are increasingly
used for large capacity renewable energy sources or as the in-
terlinking converters between the ac and dc subsystems. When
unbalanced grid faults occur, the active power transferred by the
parallel-operated IFCs must be kept constant and oscillation-free
to stabilize the dc bus voltage. However, under conventional control
strategies in unbalanced grid conditions, the active power trans-
fer capability of IFCs is affected due to the converters’ current
rating limitations. Moreover, unbalanced voltage adverse effects
on IFCs (such as output power oscillations, dc-link ripples, and
output current enhancement) could be amplified by the number
of parallel converters. Therefore, this paper investigates parallel
operation of IFCs in hybrid ac/dc microgrids under unbalanced ac
grid conditions and proposes a novel control strategy to enhance
the active power transfer capability with zero active power oscilla-
tion. The proposed control strategy employs a new current sharing
method which introduces adjustable current reference coefficients
for parallel IFCs. In the proposed control strategy, only one IFC,
named as redundant IFC, needs to be designed and installed with
higher current rating to ensure the constant and oscillation-free
output active power of parallel IFCs. Simulation and experimen-
tal results verify the feasibility and effectiveness of the proposed
control strategy.

Index Terms—Bidirectional interfacing converter, hybrid ac/dc
microgrid, parallel converters, unbalanced grid voltages.

I. INTRODUCTION

N recent years, due to the integration of dc power sources
such as fuel cells, photovoltaic (PV) panels, and storage
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elements (SEs) along with modern dc loads in microgrids, and
considering the existence of century-long ac power systems,
interests in hybrid ac/dc microgrids are growing rapidly. The
ac/dc microgrids contain distributed generation (DG) units and
loads connected to both ac and dc subsystems [1]-[3]. In hybrid
ac/dc microgrids, interfacing converter (IFC) is the critical link
between ac and dc buses/subsystems. These IFCs are used in
parallel when larger power and current capacity is needed. These
parallel converters can be the interlinking converters between ac
and dc subsystems (parallel solid-state transformers). Moreover,
DGs/SEs with large capacity can also be connected to the ac
subsystem through parallel IFCs.

In early studies, the load power sharing among parallel con-
verters was investigated in ac and dc microgrids. Various con-
trol methods have been proposed such as centralized control
[4], master—slave control [5], and droop control [6]-[8] to share
the output power in proportion to the power rating of each con-
verter. However, the control of IFCs in hybrid ac/dc microgrids
is more challenging. In recent years, studies on parallel IFCs’
control in hybrid ac/dc microgrids have been done in the lit-
erature [9]-[12]. A coordinate control method for the hybrid
microgrid is proposed in [9], and a generalized droop control
method is proposed to achieve the proper power sharing in a
hybrid microgrid in [11]. Hierarchical control of IFCs in hybrid
microgrids is proposed in [12] as a means of restoring voltage
deviations produced by the droop control and facilitating proper
power exchange between the microgrid and the utility grid. In
this method, different operation modes of a hybrid microgrid
are investigated, and the IFCs act as either inverters or rectifiers.

However, the presence of unbalanced faults in the ac utility
grid affects the operation of grid-connected converters, espe-
cially IFCs [13], [14]. For IFCs under grid faults, active power
and reactive power oscillations are important problems, which
may result in dc-link oscillation and instability. Also, overcur-
rent might occur when grid voltage becomes unbalanced, which
restrict power transfer capability of IFCs. Beside, voltage and
current distortion would occur if the control strategy is not prop-
erly designed. To solve these problems, efforts have been done to
develop control schemes of IFCs in the presence of unbalanced
grid faults [13]-[24]. These control strategies are mainly based
on the symmetrical component analysis and can be divided into
three categories according to their control targets. The first group
of control strategies focuses on instantaneous active power con-
trol, and some researchers have solved the problem of dc-link
ripple by eliminating active power oscillation [15]-[17]. The
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second group of control strategies focuses on the power quality
at the point of common coupling (PCC), and the DG converter
works as a compensator and supports the grid voltage [18]-[20].
For instance, by controlling the negative-sequence conductance
of DG inverters, negative-sequence voltages at PCC can be elim-
inated in [18]. Reactive power is injected into the grid to pre-
vent undervoltage in the faulted phases and overvoltage in the
nonfaulted phases in [19], which renders the DG units more
capable of ride-through. The third type of control strategies in-
volves both controllable active and reactive power oscillations
at the same time and the peak current limitation and the current
THD [21]-[25]. For example, in [24], a continuous-adjustable
coefficient is proposed in which amplitude of active and
reactive powers oscillations can be adjusted continuously on
the premise of sinusoidal output currents. Different control ob-
jectives can be achieved in various application scenarios.

However, studies on the control of parallel IFCs under un-
balanced grid voltage conditions are quite limited. During the
parallel operation of IFCs, the active power oscillation under
unbalanced grid voltage could be amplified by the number of
parallel converters and is one of the main concerns due to its
impact on dc-link voltage. For this reason, the active power os-
cillation of parallel IFCs should be controlled during grid fault
events. For single IFC, if the oscillation-free and constant output
power under unbalanced grid faults is desired, the three-phase
currents of the IFC would be unbalanced and the peak current
would increase to ensure the constant active power. In this case,
the peak current may exceed the converter current rating limit.
To avoid this problem, the reference power of converter should
be reduced. As a result, in a single IFC, the oscillation-free
output power may cause the reduction of active power trans-
fer capability. For parallel IFCs, this would significantly reduce
the power transfer capability between ac and dc buses under
grid faults. One solution is to use converters with higher current
ratings, which is not cost effective. Thus, it is desirable to pro-
pose a new control scheme to keep the power transfer capability
constant without increasing the current rating of all IFCs.

The authors have proposed a novel control strategy for
parallel-operated bidirectional IFCs in hybrid ac/dc microgrids
under unbalanced ac grid voltage conditions in [26], in which
the key idea and implementation of this control strategy have
been presented. However, the complete design considerations,
experimental verification, and analysis have not been involved.
Hence, this paper is an extension of [26]. The proposed control
strategy introduces adjustable current reference coefficients for
parallel IFCs in order to enhance the active power transfer capa-
bility with zero active power oscillation. In the proposed control
strategy, only one IFC, called as redundant IFC, needs to have
higher current rating in comparison to other IFCs. This paper is
organized as follows. Section II shows how the current rating
of converters limits active power transfer capability. Section III
describes the proposed two-level regulation scheme for parallel
IFCs in detail. Control system design is also introduced and dis-
cussed. Section IV provides the simulation results and analysis
of the two-level regulation scheme. Experimental verifications
are provided in Section V. Section VI summarizes the paper and
lists conclusion.
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Fig. 1. (a) Hybrid ac/dc microgrid with parallel IFCs. (b) Parallel IFCs con-
nection to the utility grid.

II. PARALLEL IFCS ACTIVE POWER TRANSFER CAPABILITY

Fig. 1(a) shows a typical hybrid ac/dc microgrid with par-
allel IFCs between ac and dc subsystem. The ac subsystem is
connected to the utility grid through transformers at PCC. In
this microgrid, energy storage system, PV system, wind power
system, and different ac/dc loads are connected to ac or dc buses
directly or through corresponding IFCs. In most cases, energy
management system (EMS) is necessary to realize control of
the whole system. Active power reference value is sent from
EMS to each IFC through data bus. In this system, digital signal
processors (DSPs) are needed for each IFC. For parallel IFCs,
a master—slave communication structure is utilized. One IFC is
configured as master converter and others are slave converters.
Some critical control parameters could be sent from master to
slave through data bus. A typical connection between parallel
IFCs and the utility grid is presented in Fig. 1(b), where a grid
fault is considered as a source of unbalance.

In this paper, IFCs under unity power factor operation are
considered. That is to say, average reactive power of IFCs is
zero and only active power transfer is considered. Actually, in
some situations, it is also desired to transfer average reactive
power between ac and dc buses. Reactive power transfer is not
involved in this paper. Considering symmetric-sequence-based
instantaneous power theory, the output active and reactive power
of each IFC is calculated as follows [24]:

p=@" il +o i)+ (0T i, om0
AP
g=v] i +vl i, . M
—_—————
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Fig. 2. Simulation waveforms of an IFC under different k;, values.

Here, P and AP are the average and oscillatory terms of
instantaneous active power, and v and v~ are the positive-
and negative-sequence vectors of grid voltages, respectively.
Here, z; and i, are positive- and negative-sequence currents,
respectively. In this paper, current reference algorithm proposed
in [24] is taken as an example to illustrate the control strategy of
parallel IFCs under grid fault. By assuming that the two terms
of the active power oscillations counteract each other, a current

reference coefficient kp can be defined as follows:

vt iy = —kyuT il 0<k, <1 )

After some manipulation, the current reference of IFC can be
determined as in (3), where kp is an adjustable coefficient

i = r v
= 2 2
ot 1+ Ryl
k, P
T2 : —2?
vt 11” + Ky vl
Here, P is the reference active power and i; is the current

reference of IFC. From (1) and (3), the instantaneous active and
reactive powers can be calculated as follows:
P(l+ky) (v -v") P —ky)(v] -v")

p:P+ 5 5 s q = 5 5 -
[[o* {7 + p [l [[o* {7 + p [l "

+

, —1<k, <L 3)

Considering (4), it can be understood that active and reac-
tive powers can be controlled using £,. In order to study the
influence of k, on the oscillation of active and reactive pow-
ers, a single grid-connected IFC under unbalanced grid faults
has been simulated as a case study in Fig. 2. The grid fault
is a two-phase to ground fault, as shown in Fig. 1(b), and it
is assumed that 73 -7 . If the transformer in Fig. 1(b) is a
A —Y transformer, the voltage fault will change to type F fault
at PCC after propagation [27]. Positive- and negative-sequence
components of fault voltage are 2/3 and 1/6 of the nominal
value. Phase angle difference of positive- and negative-sequence
components is 180°. The utility grid is three-phase 110 Vrms/
50 Hz. Active power reference is 3000 W and reactive power
reference is zero. In Fig. 2 at the top, three-phase voltage wave-
forms are shown. As clear from the figure, active and reactive
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powers are free from oscillations when kp = —1 and k, = 1,
respectively, which can be verified by (4). Moreover, the three-
phase currents are balanced when kp = 0 [see (3)]. As shown
in this figure, the output currents of each IFC are highly unbal-
anced under zero active power oscillation. Since this unbalanced
current may exceed IFC current rating limit, the output active
power reference must be reduced. As a result, in order to keep
the output active power at constant and oscillation-free value,
the corresponding control strategy of parallel IFCs is proposed.

Here, current reference of [24] is taken as an example to
verify the proposed control strategy in our paper. Indeed, other
current reference algorithm could also be used for IFCs under
unbalanced grid faults. For example, Castilla et al. [21], [22]
have proposed another control scheme with adjustable power
quality characteristics using coefficients « and 3. Using this
algorithm, we could also get the proposed control strategy to
enhance active power transfer capability of IFCs under grid
faults.

If not specified, the grid fault is considered as a type F fault
as in Fig. 2. However, according to the following theoretical
analysis, the proposed control strategy is applicable in all kinds
of unbalanced grid faults. Besides, the control strategy could
also work under balanced grid fault, which might also occur in
utility grid.

A. Power Complementary Strategy: Oscillation-Free Active
Power Transfer of Parallel IFCs

Considering aforementioned discussions, the oscillation-free
active power transfer can be facilitated under k, = —1 in all
IFCs. However, because the IFCs peak current may exceed the
current rating limits, the converters may not be able to transfer
as much active power as under normal grid voltage conditions.
Therefore, following control scheme is proposed to transfer con-
stant and oscillation-free active power of parallel IFCs. In this
scheme, the active power transferred by each IFC can oscillate,
but they complement each other in parallel form to cancel out
power oscillations.

Considering two parallel IFCs, the collective active power
oscillation can be calculated as follows:

1
Am+AHde)mﬂ('”@
(vl
12 1+ kp
+ kaljv ||+ ) (5
Il lv* 17 + ks llo- |1

k4 and kp are coefficient k, of converters A and B, respec-
tively. Considering (5), in order to ensure oscillation-free active
power transferring and constant dc bus voltage, it is required that
APy + AP = 0. Assuming ||[v*||> = a and |[v~||> = b, the
following constraint for active power oscillations cancellation
in two parallel IFCs can be determined (see Appendix A)

1 1 2
= 6
a+b-ky ©

Yatb ks a—b’

Considering (5) and (6), the total transferred active power
of two parallel IFCs can be constant without oscillation even
though the active power of each converter is oscillating. In (6),
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k4 = kp = —1 is the only particular solution. This constraint
can be extended to n parallel IFCs as follows:

n

1 n
2T E T @

i=1

Considering (7), the collective active power of n parallel con-
verters will be oscillation-free if (7) is satisfied. Similarly, total
reactive power oscillation of two converters can be calculated if
(6) is satisfied (see Appendix B). For n converters in parallel, if
(7) is satisfied, the reactive power oscillation of n parallel IFCs
can be obtained as follows:

S~ ag, = 2T ) ©
=1

2 2
o 17 = [l |

As shown in (8), the reactive power oscillation of parallel IFCs
is not affected by k,, and it only depends on the reference active
power and the positive- and negative-sequence grid voltages. As
long as (7) is satisfied, the reactive power oscillation remains
constant.

However, the variation of %, of a converter would result in the
variation of its peak current value. Considering aforementioned
discussions, the adjustable coefficients enable the regulation of
peak currents in parallel IFCs and ensure the oscillation-free
active power transformation of parallel IFCs at the same time.

B. Influence of Adjustable Coefficients k, on the Peak
Currents of IFCs

Since the peak currents of IFCs may exceed their current rat-
ing limits under unbalanced grid faults, the active power trans-
fer capability of IFCs is restricted. Therefore, it is necessary
to calculate the peak currents under unbalanced grid faults and
investigate the influence of k, on them. As shown in (3), the
current reference of each IFC can be rewrite as follows [27]:

Y P N k,P
p = 2 2V 2 v
[o* 117 + Fp llo~] [+ [ + p [0~
-1<k, <1 (9

= Clv+ + Cyv~ :i; -‘r’L;,

Here, vt =V7T @He™) and o =V~ ellwi¢7),
Fig. 3 shows the locus of the grid voltage and the current ref-
erence in which 6 is defined as 0 = (¢t —¢7)/2 (k, > 0)
or 0 = w/2+ (¢" —¢7)/2 (k, <0). The large and small
dashed circles are the loci of positive- and negative-sequence
current references, respectively. The locus of the total current
reference is an ellipse, which has a semimajor axis and semimi-
nor axis. The lengths of the semimajor axis and the semimi-
nor axis are I, = |C1]||v™ || + |Ca||v™ || and Is = |Cy|||vT || —
|Cs]|v~||. As shown in Fig. 3, the current reference can be

expressed as
la
ip = . =
g

As shown in Fig. 3, the peak current at each phase is the
maximum projection of the current ellipse on the abc-axis. As
shown in (10) and Fig. 3, the current reference components on

lIL cos(wt)] a0)

I sin(wt)
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Fig. 3. Locus of the peak currents of IFCs under unbalanced grid faults.

the abc-axis can be obtained as follows:

r=a,b,c
(1D
Here, -, the rotation angle, isequal to 6,0 + 7/3,and 0 — 7/3
for the abc-axis. Using (11), the maximum current at each phase
and the maximum current of IFC under unbalanced grid faults
can be expressed as follows:

il = Iy, cos~y - cos(wt) — Ig siny - sin(wt),

I;nax — \/(IL COS’)/)2+(IS Sin’}/)Q, .I':CL,ILC

max Fmax jmax
= Imax = max([a 5Ib 7I(; )

(12)

Considering (12), the peak current of each IFC under un-
balanced grid fault conditions depends on the amplitude and
phase angle of the grid voltage, the reference power, and the
adjustable coefficient k,. Fig. 4 gives the relationship between
the grid fault voltage and the peak current of IFC. The grid
condition is the same as that in Fig. 2. The left part shows the
peak current when the phase angle difference varies from 0° to
360°. Here, the phase angle difference is defined as ¢ + ¢~
in Fig. 3. The peak current related to the phase angle is periodic
waveform with a period of 120°. In Fig. 4, k, = 1 and k, = —1
are taken as examples to show the relationship. Actually, when
k, > 0, the relationship is similar to that when k, = 1, while
it is similar to k, = —1 when %, < 0. When k, < 0, peak cur-
rent reaches its maximum value at 60°, 180°, and 300°, while it
reaches its minimum value at 120° and 240°. When k,, > 0, peak
current reaches its maximum value at 120° and 240°, while it
reaches its minimum value at 60°, 180°, and 300°. The right
part of Fig. 4 shows how peak current varies with the ra-
tio of negative-sequence voltage to positive-sequence voltage.
The peak current rises with higher ratios of negative-sequence
voltage. Here, k, = 1 and k, = —1 are taken as examples to
show the relationship. Actually, when k, > 0, the relationship
is similar to that when k, = 1, while it is similar to k, = —
when k, < 0. When k, < 0, peak current rises dramatically as
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ratio of negative-sequence voltage increases. When k, > 0,
however, peak current rises slowly and becomes saturated as
ratio of negative-sequence voltage increases.

Fig. 5 shows how different values of k, affect the peak cur-
rent values of IFC under different phase angles. Because of the
periodicity shown in Fig. 4, the difference in phase angle is
ranged from 0° to 60°. As shown in Fig. 5, the peak current
of IFC reaches its minimum value at k, = 0, as expected from
Fig. 2. Moreover, the peak current would decrease if k, ap-
proaches zero, while it would increase if £, moves away from
Zero.

III. DESIGN CONSIDERATIONS AND PROPOSED TWO-LEVEL
REGULATION SCHEME FOR PARALLEL IFCs

A. Design Considerations of Parallel IFCs

In a hybrid ac/dc microgrid with n parallel IFCs between ac
and dc buses, one of the converters with the highest power rating
is designed as a redundant converter to cancel out parallel IFCs
collective active power oscillation. When an unbalanced grid
fault occurs, in order to deliver oscillation-free active power to
the utility grid, the adjustable current reference coefficients of
all IFC are setto k, = —1 (see Fig. 2). However, the unbalanced
current of each IFC may exceed its current rating limit, which
results in the IFC active power reference reduction. Hence, the
total active power transfer capability of the parallel IFCs would
be restricted. In order to keep the transferred power of parallel
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IFCs at constant value during the unbalanced grid fault, k, of
IFCs that their peak currents exceed their currents rating limit
move toward zero to decrease the peak currents (see Fig. 5)
(although it causes active power oscillation). Then, the k, of
the redundant converter is controlled using (7) to eliminate the
active power oscillations of parallel IFCs. Considering (7), k,
of the redundant converter will be less than —1. For this reason,
the peak current of the redundant converter will increase (see
Fig. 5). Therefore, IFC with higher rating current limitation is
considered as redundant IFC. Typical representation of parallel
IFCs containing redundant IFC is shown in Fig. 6.

Fig. 7 gives the relationship between the number of convert-
ers and the current rating required by the redundant converter
under different active power references. In conventional control
method (k, = —1 for each converter), maximum output power
would be 2910 W if the current rating of the converters is 25
A, shown as blue line in Fig. 7. However, using one redundant
converter in the system, more active power can be transferred
if redundant converter has higher current rating. For example,
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Fig. 8. Block diagram of the proposed two-level control scheme.
maximum active power reference can be as high as 3890 W
for each converter if redundant converter has a current rating of
50 A. Here, we assume that only one converter works as redun-
dant converter among IFCs. As the number of converters rises,
the current rating of redundant converter also increases linearly.
If there are too many converters, more than one converter serves
as the redundant converters to decrease their current rating. As
an alternative way, to keep the active power transfer capability
of parallel IFCs constant, all parallel IFCs can be designed and
implemented with high current rating and k£, = —1. However,
this is not a cost-effective solution as mentioned.

B. Two-level Regulation Scheme for Parallel IFCs

In order to reduce the peak currents of IFCs not to exceed
their current rating limits, %, of common converters should be
moved towards zero (peak current reaches its minimum value
when k, = 0). However, since the value of peak current varies
with the grid fault condition, it is possible that peak currents
are still higher than current rating limits when £, = 0. If so,
active power references should be reduced for further reduction
of common converters’ peak currents. In this way, a two-level
regulation scheme is desired to restrict peak currents of common
converters under all grid fault conditions.

Based on the aforementioned discussion, a two-level regu-
lation scheme for IFCs is proposed. The control scheme block
diagram is shown in Fig. 8. As shown in Fig. 8, the first-level
regulation determines &, for each converter and the second-level
regulation controls the active power reference P,.. It should be
noted that k,, of redundant IFC is determined using (7). In the
control scheme, [j;,, and I, represent the current limit and
peak current of each IFC, respectively. The detection and se-
quence separation of utility grid voltage is the key step in the
control scheme. Different methods have been investigated up
to now, which are mainly using filters and decoupling network
[28]-[31]. Recently, a dual second-order generalized integra-
tor (DSOGI-PLL) has been introduced to not only decouple
positive- and negative-sequence components but also harmonics
in grid voltages [32], [33]. DSOGI-PLL is based on «/3 coor-
dinates, and park transformation is not necessary. As shown in
the upper part of Fig. 8, DSOGI-PLL is adopted due to its high
accuracy and fast speed response. With the values of k,, Pict,
and outputs of DSOGI-PLL, the current reference and the value
of peak current can be calculated using (3) and (12) as shown
in red block. In the inner current controllers, two PR regulators
are used under a3 coordinates to avoid complex coordination
transformation. In Fig. 9, flowchart of the proposed control
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Fig. 9. Flowchart of the proposed control scheme.

scheme is shown. In normal grid conditions, coefficient k;, is
given as —1 for each converter (namely k; = —1, ¢ = 1~n), in-
cluding common converters and redundant converter. If I, >
Iiin, when grid fault occurs, first-level regulation is activated and
k, of n — 1 common converters move toward zero. Then, the
k, of the redundant IFC is determined using (7) to cancel out
active power oscillations. From analysis on Fig. 5, peak current
Imax reaches its minimum value when k, = 0 if active power
reference does not change. Thus, peak current of common con-
verters reach its minimum value when k, = 0 in first-level reg-
ulation. If I, . is still larger than Iy;,,, after first-level regulation,
second-level regulation is activated, and the active power refer-
ence Peri, © = 1~n of IFCs decrease to limit peak currents
of all converters further. In summary, first-level regulation limit
peak currents of common converters by regulating k,, while
second-level regulation limit peak currents of all converters by
decreasing Pes.

In this control scheme, the response time is defined as the time
interval between the moment when the grid fault occurs and the
current reference becomes stable. There are three factors that
affect the system’s response time. First, the damping factor and
PI parameters in DSOGI-PLL are crucial to the performance
of voltage components separation [32]. Second, the PI param-
eters of two-level regulation also influence the response time.
Finally, higher band rates for serial communication shorten re-
sponse time. Here, with suitable parameters, the response time
of the control scheme is about two grid-frequency cycles in
simulations and experiments.

IV. SIMULATION RESULTS

In order to verify the proposed control strategy, the parallel
operation of two and three IFCs is simulated. The simulation
parameters are given in Table I. The voltage fault is a type
F fault as described in Section II. As explained in Section II,
rated power of redundant converter should be larger than that of
common converters. In the simulation, rated power of redundant
converter is 4 kW, while those of common converters are 3 kW.
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TABLE I
SIMULATION PARAMETERS

DC bus voltage 400 V LCL filter 1.8 mH/4.7 F/
1.8 mH

AC bus voltage 110 Vrms/50 Hz fs 10 kHz

i (first level) 22 A 1} (second level) I8 A

Rated power of 3 kW Rated power of 4 kW

common converter redundant converter

A. Tests on Power Complementary Strategy

Three sets of k4 and kp are tested in three cases: ky =
kp = —1 (Case #1), k4 = —0.5, (Case #2), and k, =
0, kp = —1.88(Case #3). These values of k4 and kp satisfy
the constraint in (7). The active power reference of each IFC
is set at 3 kW. The grid fault is type F fault described in [27]
which is applied at ¢ = 1.2s. The active and reactive power
of each IFC and parallel IFCs together with output currents of
converter A are shown in Fig. 10.

Except Case #1, the active power of two IFCs is oscillating
in Case #2 and Case #3 with the frequency of 100 Hz. It can
be seen that active power of two IFCs oscillates in the same
amplitude but 180° out of phase. As a result, the output active
power of parallel IFCs is constant and free of oscillations. In
all three cases, the average reactive power of two IFCs is set
on zero. As shown in Fig. 10, the larger kp results in smaller
reactive power oscillation [see (4)]. However, the total reactive
power oscillation of parallel IFCs is constant in all three cases,
which coincides with the theoretical analysis as shown in (8).
From the current waveforms, it is clear that the peak current
decreases as k4 moves toward zero. In Case #3, k4 = 0 results
in balanced three-phase currents and lowest peak current with
rated active power reference. From these results, for n parallel
IFCs, the total active power would be constant if (5) is satisfied
and the amplitude of reactive power oscillation will be constant.

Simulations on the parallel operation of three IFCs are given
in Fig. 11. Three sets of k4, kp, and k¢ are tested in three

cases: ka =kp = —0.5, k¢ = —1.915 (Case #1), kx =
kp = 0, ke = —2.667 (Case #2), and ky =0, kg =
—0.5, k¢ = —2.29 (Case #3). In Case #1 and Case #2, am-

plitude of oscillating active power in converters A and B is the
same and is half of that in converter C. Amplitude of oscillating
active power in Case #3 is all different in three converters. How-
ever, total active power is oscillation-free in all three cases. In all
cases, the amplitude of parallel IFCs reactive power oscillation
is constant although it is different for each converter. It is also
observed that amplitude of total reactive power oscillation is 1.5
times larger than that is in Fig. 10 because it is proportional to
active power reference and number of IFCs according to (8).

B. Test on the Two-Level Regulation-Based Current
Control Scheme

In order to verify the proposed two-level regulation for
the active power transfer capability enhancement of parallel
IFCs, simulation tests have been conducted. The first-level
regulation is tested by setting the current limit of converter A as
Iim = 22 A, and converter B operates as a redundant converter.
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Initially, k4 and kp are set at —1. The control system is activated
att = 2s. The top part of Fig. 12 shows simulated waveforms.
Before regulation, the peak current of converter A is 26 A and
it decreases to 22 A after a short interval, which is also verified
by Fig. 5. After regulation, active power of two IFCs begins to
oscillate in the same amplitude. Reactive power oscillation of
converter A becomes larger than converter B. However, total
active power of IFCs is oscillation-free and amplitude of total
reactive power oscillation is constant. It can be found that k4
is changed from —1 to —0.44 and kp is changed from —1 to
—1.52 after the regulation. Besides, the system reaches steady
state in one cycle after the regulation.

The second-level current control scheme is tested by setting
the current limit of converter A at I1;;,, = 18 A and the control
system is activated at¢ = 2s. The bottom part of Fig. 12 shows
simulated waveforms. The peak current of converter A is limited
to 18 A afterward. It is noticeable that output active power
remains 6 kW in the interval from 2 to 2.02 s. Actually, first-
level regulation is initially activated at ¢ = 2s to decrease the
peak current of converter A. However, the peak current could
only drops to 19 A with active power reference of 3 kW, which
is verified by Fig. 2. Second-level regulation is activated at
about ¢ = 2.02s to decrease the peak current further. After
regulation, the total active power of parallel IFCs drops from 6
to 5.6 kW, and the reference active power is reduced to 2.8 kW
for each IFC. Besides, amplitude of the total reactive power
oscillation becomes a little smaller after regulation. It is because
oscillation of reactive power is proportional to active power
reference [see (8)]. It can be found that k4 is changed from —1
to 0 and kp is changed from —1 to —1.88 after the regulation.
Fig. 12 also gives current waveforms of converter A. Output
currents of converter A becomes symmetrical in three phases
because k4 is O in steady state. The response time of the system
is about two grid-frequency cycles due to that both first- and
second-level regulations are activated successively.

Simulation results of the two-level regulation scheme tests on
three IFCs are shown in Fig. 13. Converters A and B work as
common converters, while converter C works as the redundant
one. Ij;,, is 22 and 18 A for first- and second-level regulation,
respectively. In first regulation test, control scheme is activated
at ¢ = 2s and active power of all IFCs begins to oscillate.
Active power of converters A and B oscillate in the same ampli-
tude, which is half of converter C. Amplitude of total reactive
power oscillation is constant after regulation. The second-level
regulation is tested on three IFCs. Similar to test on two IFCs,
first-level regulation is initially activated and second-level reg-
ulation is activated afterward at ¢ = 2s. After regulation, the
peak currents is limited to [y, -

Although only type F fault caused by two-phase to ground
fault is taken as an example to verify the proposed control strat-
egy; this strategy is also feasible under any types of grid fault,
including unbalanced and even balanced situations.

V. EXPERIMENTAL RESULTS

The proposed control strategy has been tested on an experi-
mental setup with two parallel IFCs. The schematic and photo
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(b) k‘A = kB = 0, kc = —2.667. (C) kA = 0, kB = 70.5, k‘c = —2.20.
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TABLE I
EXPERIMENTAL SPECIFICATIONS
Resistor load 5 Q/phase Converter Myway 5R022
DC source Chroma 62150H-1000S  AC source Elgar SW5250
iy (first level) 4A Tim (second level) 3A

Rated active power 650 W/IFC Voltage fault Type F

of the experimental setup are shown in Figs. 14 and 15 respec-
tively. The specifications of the experimental setup are listed in
Table II and othe parameters are the same as those in simula-
tions. Because the power flow of the ac source is unidirectional,
three-phase resistor load is connected between the source and
parallel converters to absorb power from both ac source and
converters. Besides, the rated active power of the converters
is restricted to 650 W because of the limitation of ac source.
Since communication is only necessary when the grid fault
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occurs and during recovery in experiment, a serial communi-
cation (RS232/485) is used in this system due to its simplicity
to realize and low cost.

A. Test of Power Complementary Strategy Characteristics

Three sets of k4 and kp are tested in three cases: k4 =
kp = —1(Case #1), kq = —0.5, kg = —1.468 (Case #2), and
ks =0, kg = —1.88 (Case #3). These values of k4 and kg
satisfy the constraint in (7). The steady-state waveforms are
shown in Fig. 16. In Case #1, active power of two IFCs is stable
and amplitude of reactive power oscillation is the same. In Case
#2, active power of two IFCs oscillates with the same amplitude
and the two IFCs complement each other. The amplitude of re-
active power oscillation of converter A is smaller than converter
B in Case #1. However, total reactive power oscillation is the
same as in Case #1. In Case #3, active power of two IFCs oscil-
lates with even larger amplitude than Cases #1 and #2, but they
still complement each other. The amplitude of reactive power
oscillation of converter A is smaller than Case #2. Total reactive
power oscillation is the same as Cases #1 and #2. As shown, the
peak current of converter A decreases as k4 approaches zero.
In Case #3, output currents of converter A become symmetrical
in three phases.

B. Test of the Two-level Regulation Scheme

The rated power of the converter SR022 is 5 kVA and current
rating can reach 20 A (peak current). However, rated active
power in experiment is set to 650 W because of restrictions of
experimental setup mentioned above. To test current restriction
of the proposed regulation scheme, here it is assumed that /);,
is the current rating of the converters and it is set in software. In
the experiment, converters A and B are defined as the common
converter and redundant converter, respectively.

The first-level current control scheme is tested by setting the
current rating of converter A to l;;,, = 4 A, and it is activated at
t = 0.15s. The results are shown in the top portion of Fig. 17.
As shown, the peak current is limited to 4 A after about 1.5 grid-
frequency cycles. After the regulation, the active power of two
IFCs starts to oscillate. However, the total active power of par-
allel IFCs remains oscillation-free. Before ¢ = 0.15 s, reactive
power oscillations of two IFCs are exactly the same. After regu-
lation, the amplitude of reactive power oscillation of converter A
becomes larger and that of converter B becomes smaller, but to-
tal reactive power oscillation does not change. The experimental
results verify the proposed system performance and simulation
results.

Then, second level of the current control scheme is activated
at £ = 0.56s and the results are shown in the bottom part of
Fig. 17. In this test, ljj,, is set to 3 A. It should be noticed
that the test method used in this experiment is a little different
from that used in the simulation. In the simulation, the first and
second levels of regulation are activated successively. In the
experiment, however, the first level of regulation is already ac-
tivated at £ = 0.15s, so output active power drops immediately
at t = 0.56s. Before regulation, the active powers of the two
IFCs complement each other and total output active power is
1.3 kW and free of oscillation. After about two grid-frequency
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cycles, total output active power drops to about 1 kW and is
still oscillation-free. The total reactive power oscillation of par-
allel IFCs decreases a little because of the drop in active power
reference Besides, after the second level of regulation, output
currents of converter A becomes symmetrical for three phases
because k4 changes to zero.

VI. CONCLUSION

A novel control strategy for parallel operation of IFCs in hy-
brid ac/dc microgrid under unbalance grid condition is proposed
in this paper. By introducing adjustable current references for
parallel IFCs, the proposed control strategy enhances the ac-
tive power transfer capability with zero active power oscilla-
tion. In the proposed control strategy, only one IFC serves as
a redundant converter with higher current rating to ensure the
oscillation-free output active power of parallel IFCs. Simulation

“nlnrw;'

i

S50ms/div
20ms/div.

Experimental results of the two-level regulation scheme tests. (a) Active power. (b) Reactive power. (c) Currents.

and experimental results confirmed the effectiveness of the pro-
posed mechanism and corresponding control scheme. The work
in this paper focuses on unity power factor operation of IFCs.
Future work will consider reactive power injection from IFCs,
and the scenario of all IFCs participated in the active power
oscillation cancellation in an optimized manner.

APPENDIX

A. Total Active Power Derivation

Assuming |[v*?|| = aand |[v=?|| = b, we get
APA +APB = P(’U_ ‘1}+)
( 1+ ka 1+ kg )
ot 17 + kallo= [ ot |* + ks llo-|®
— 1+kA 1+kB
= P cot . Al
(v )(a—l—kAb a+k3b) Aah
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Then
1+ kA 1+kp
a—+ kAb a+ kpb
B b+ kAb b+ kpb
a a+ kAb a+kpb
— —b +(1- _a-b
- a—+ kAb a+kgb
1 1
e 2 .
{ <a+kAb+a+ka>]
(A2)
From APy + AP = 0, we get
1 1 2
= . A3
a—l—b-k’A+a+b~k’B a—b (A3)
B. Total Reactive Power Derivation
Assuming ||[v™*|| = aand ||v=|| = b, reactive power of one
single converter is
POk vt _PO=k)0Tvt)

2 _i2
[+ 1" + Ky [0~
Total reactive power of two converters is

P(1—ka)(v] -v*) | P(1—kp)(w] -v")

a+ kb

A A =
Qs+ 4805 a+kab a+kgb
P(v] -vt) (1 —ka)b Pv]-vt)(1—kp)b
B b a+kab b a+kgb
_ Pli-vt) [ a+b 1
B b a+kab

P -v*) [ a+b
T ot knb

- B (L

1
— ) - 2].
a+kgb) :|

Substitute (A3) into (AS), yield

(A5)

AQi+AQp = 2 [(a+b) 225 - 2
_ P(vl-v*)ﬂ _ Tuh)
b a—b a—b

(A6)
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