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ABSTRACT The accurate control of negative sequence (NS) current distribution among multiple grid-
forming (GFM) sources can lower the requirement on NS current capability of the sources. Existing control
approaches mainly focus on microgrids (MGs) with fixed points of common couplings and on only the NS
current distribution among inverter-based resources (IBRs). As MG configuration has been rapidly evolving
to be more complicated, it is critical to take into consideration the impact of MG topologies on the NS
current sharing. Moreover, synchronous generators (SGs) are still commonly applied as sources in MGs.
The NS current distribution among IBRs and SGs also needs to be considered. In this paper, a novel NS
impedance design and regulation approach is proposed to achieve accurate and flexible NS current sharing
among different GFM sources (IBRs and SGs). The approach accounts for MG topology impacts by including
MG’s NS admittance matrix in the impedance design. The effectiveness of the proposed approach is evaluated
through simulations and compared to existing solutions in a MG with four different source locations. Results
show improved flexibility and accuracy in NS current sharing when MG topology impacts are considered.
The proposed approach is also validated through experimental testing on a converter-based hardware testbed.

INDEX TERMS Negative sequence current distribution, grid-forming inverters, synchronous generators,

virtual impedance control.

L. INTRODUCTION

Load unbalance is a common occurrence in an ac microgrid
(MGQG), leading to negative sequence (NS) and zero sequence
(ZS) currents [1]. An islanded MG is usually formed by
distributed energy resources (DERSs), including synchronous
generators (SGs) and/or inverter-based resources (IBRs) with
grid-forming (GFM) inverters [2]. Unbalanced loads require
sufficient NS current capability of DERs. In a MG with
multiple sources, to meet the unbalanced load current needs,
overdesigning the NS capabilities of all sources is usually a
direct solution, but it is not cost-efficient [3]. Accurate control

of NS current sharing among sources enables the distribu-
tion of NS currents among sources with a specific objective,
allowing for lower but safe NS current requirements on indi-
vidual sources.

For IBRs with GFM inverters, it is difficult to achieve
precise and controllable NS current sharing as their output
power is dependent on the load and other conditions within
the MG. While synchronous generators (SGs) also function
as GFM sources in a MG, they provide less control flexibility
compared to IBRs. Achieving controllable NS current sharing
among IBRs and SGs becomes even more challenging.
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From the system perspective, different from conventional
MGs that usually have fixed points of common couplings
(PCCs), MGs are evolving to include more complicated
topologies and configurations, such as MGs with dynamic
PCCs [4], MGs with multiple source buses [5], [6], and net-
worked MGs [7]. In these MGs, the NS currents have multiple
paths to result in a more complicated NS current distribution.
Meanwhile, in the MG with dynamic PCC, the MG topology
can be changed during the operation, as a result, the NS
current sharing can be significantly changed. To deal with
these issues, controlling the NS current sharing considering
the topology impacts becomes critical.

In the existing literature, numerous research efforts have
been spent on the NS current sharing among GFM inverters.
NS impedance-based approaches have been proposed to real-
ize accurate sharing of NS currents. A negative NS reactive
power (Q7) and NS impedance (Z") based droop control is
proposed in [8] to realize the NS power sharing based on a
predefined Q -Z" droop curve. However, due to the impedance
mismatch caused by MG lines, these methods cannot guaran-
tee accurate sharing. To mitigate the impact of line impedance,
a secondary control strategy is applied to compensate for the
DER power mismatch [9] but such secondary NS control is
not applicable to SGs.

To deal with the line impedance impacts of the Q™-Z" droop,
adaptive virtual impedance control is applied to directly con-
trol the NS impedance for unbalanced power sharing [10],
[11], [12], [13], [14]. A small signal injection-based virtual
NS impedance control is proposed in [10], [11] to share
the NS current based on a proposed droop relationship be-
tween NS power and the injected small signal. However, this
approach still targeted MGs with fixed PCCs and cannot be
implemented on SGs. Ref. [12] reshaped the NS impedance
based on transient real power variation. Ref. [13] compensated
for the impedance mismatch by regulating the inverter’s vir-
tual impedance through reactive power correction. Ref. [14]
regulated the NS impedance based on the output NS current
of the DER considering different X/R ratios of the DERs’
tied lines. Ref. [15] proposed a four-stage strategy to regulate
the NS impedance iteratively. Ref [16] proposed an event-
triggered, centralized NS impedance strategy to regulate the
NS impedance based on neighbor DER’s information. Ref
[17] proposed a consensus-based strategy to adjust DERs’
NS virtual impedance and the unbalanced power sharing is
realized through communication between two neighboring
DERs. Ref [18] utilized NS voltage injections to compensate
NS voltage and realize power sharing. All the approaches in
[10], [11], [12], [13], [14], [15], [16], [17], [18] aim at com-
pensating for line impedances between the DER output and a
fixed PCC, which are not sufficient for accurate unbalanced
power sharing in a MG that has a dynamic PCC. Meanwhile,
the NS current sharing with SGs has not been considered in
[10], [11], [12], [13], [14], [15], [16], [17], [18].

Furthermore, in recent years, the impact of MG topology
on DER power distribution has received attention. Ref. [19]
proposed a secondary control-based Q- Z~ droop strategy to
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share unbalanced power and limit the voltage unbalance of
critical load buses. However, this approach does not consider
the unbalanced power sharing with SGs, and fast communica-
tion links among DERs are needed. Ref. [20] proposed a pre-
dictive secondary control to realize unbalanced power sharing
by directly regulating and coordinating the single-phase re-
active power through a communication link. However, direct
single-phase control requires four-wire sources, and the three-
phase currents of a three-wire source are not independent
(ia +ip +i. = 0). Ref. [21] proposed a virtual impedance
optimization design method to realize the reactive power shar-
ing in networked MGs. An extended impedance-power droop
control approach is adopted in [22] to deal with reactive power
sharing in a multi-bus MG. However, in [21] and [22], the un-
balanced load impacts are not considered. Moreover, existing
solutions are mainly designed to support a certain NS current
sharing objective. With different source and load conditions,
the NS current sharing strategy can be different.

In response to the aforementioned research gaps, a NS
impedance design and regulation strategy is proposed to
take into consideration the impact of MG topology and the
NS power sharing among IBRs and SGs. The proposed ap-
proach solves the NS current distribution issue from the NS
impedance design perspective that accounts for both IBRs and
SGs. Meanwhile, the impact of topology is also considered
by introducing the admittance matrix of the NS network of
the MG into the impedance design. The proposed approach is
verified in simulation and demonstrated on a converter-based
hardware testbed (HTB) [23]. The main contributions of this
paper can be summarized as follows:

1) A NS impedance design and regulation approach for
GFM sources is proposed, which can be used to achieve
different NS current distribution objectives.

2) The impact of MG topology is considered in the
impedance design to realize accurate unbalanced power
sharing in MGs with dynamic PCCs or even networked
MGs.

3) The proposed approach can control the NS current shar-
ing among inverters and SGs.

The rest of the paper is organized as follows: The MG un-
balanced load sharing analysis is discussed in Section II. The
proposed strategy is presented in Section III. The simulation
verification and experimental demonstration are provided in
Sections IV and V, respectively. The conclusion is drawn in
Section VL.

Il. UNBALANCED LOAD IN A MG

An example MG is shown in Fig. 1, which includes mul-
tiple DERs at different locations and has no fixed PCC. In
islanded mode, since the grid is disconnected, the voltage and
frequency will be maintained by DERs. Existing DERs are
usually three-wire sources, which do not provide the MG with
a neutral line. A grounding transformer is applied to form
the neutral of the MG [24], [25]. Due to the simultaneously
served single-phase, and three-phase loads, the phase current
will be unbalanced in an islanded MG. In this scenario, the
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NS currents will flow into sources and ZS currents will flow
into grounding transformers.

In order to effectively analyze the unbalanced load current
distribution in a MG, the impact of MG topology must be con-
sidered. The MG can be decomposed to be positive sequence
(PS), NS, and ZS networks, which are shown in Fig. 2. In
all the networks, the loads are modeled as current sources
[26]. In the PS network, since the control target for a GFM
source is usually to balance the output voltage, the sources in
the PS network can be modeled as controlled voltage sources
plus impedances (transformer impedances and/or added vir-
tual impedances if needed). In the ZS network, since the ZS
currents are all provided by the grounding transformer, there
is no voltage source in the ZS network and all the ZS current
will flow into the grounding transformer.

In the NS network, the NS current distribution will be im-
pacted by the line impedances, topology connections, source
NS impedances, and source control strategies. For example,
If the sources control their output NS voltages, there will
be voltage sources in the NS network. In order to realize
controllable NS current distribution, all these impact factors
need to be considered in a coordinated manner.

IIl. PROPOSED NS CURRENT DISTRIBUTION CONTROL
STRATEGY

A. DER NS PERFORMANCE

1) SYNCHRONOUS GENERATOR

The NS performance of a SG can be modeled as an
impedance, which is shown in Fig. 3. The generator
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impedance is written as [27]

Zsc) =R+ jXo (1

where X» = LX“ , Ry~ R, + 3 B X", and X", are the

sub-transient reactance of the generator and R, and R, are
the stator and rotor resistance. The typical range of X" 4, X",
and R, are defined as:

Rmin <R, < Rmax
{ > pu @)

Xmm < X2 Xmax

where R‘Zr‘i“, R, szin and X;"* are the minimum and maxi-
mum requirements of SG’s impedance. For large SGs in [27],
these values are RY" = 0.0015, RY'™ = 0.005, X3t = 0.12,
and X" = 0.25.

2) GFM INVERTER

The NS performance of a GFM inverter is highly related to its
control strategy. To be consistent with the SG, the inverter’s
NS control target is assigned to be impedance. Since the gen-
erator’s NS model can be viewed as an inductor plus a resistor,
the NS control of the inverter also needs to achieve virtual
inductance and resistance. The NS current iz, in Fig. 4 can
be written as:

ixp = I cos (wt + 6>)

iy = L cos (wt + 6, + ) (3)
icp = Ip cos (a)t + 6, — 2—”)

As shown in Fig. 4, if a NS virtual inductance and resistance
are applied, when the current in (3) flows through a virtual
inductance and resistance, the NS voltage drop is:

Vav2 = Ryl cos (wt + 6r) — wLysin (wt + 65)
Upp2 = Rylh cos (a)t + 6, + 2—”) — wL,sin (a)t + 6, + 2—”)

Vo2 = Rylh cos (a)t + 6, — T) — wlL,sin (a)t + 6, — T)
“4)
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FIGURE 6. NS network when all the sources can be modeled as an
impedance.

where R, and L, are the virtual resistance and inductance,
respectively. Considering the NS dg transformation, the trans-
formation matrix can be written as:

2 [coswt cos (wf + F) cos (wr — F)
T = e | ©
sinwt  sin (or + ) sin (wr — )

After the NS dg transformation, the current and voltage
drop in (3) and (4) will become:

1 = 1 cos O,

{qu = —Isin6, ©)
Vive = Rylaz + wLylp )
qu2 = vaqZ —wLyly

Assuming the inverter current direction is flowing out of the
inverter and considering the virtual impedance, the inverter
NS output voltage is:

T
Vabe2 = —[Vav2, Vpv2, Vev2] (8)

where v, is the inverter output voltage after the virtual
impedance. Therefore, the inverter NS impedance control di-
agram is shown in Fig. 5.

Based on the SG NS model and inverter’s NS control de-
sign, the NS network can be viewed as load current injections
and impedances, as shown in Fig. 6. Mathematically, both the
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real and imaginary parts of inverters’ NS impedances can be
positive or negative. In the NS network, the DER is connected
to the rest of the system through the transformer. The equiva-
lent NS impedance of the DER is the inverter’s NS impedance
plus the transformer’s NS impedance. If the DER’s equivalent
NS impedance (inverter plus transformer) is capacitive or has
negative resistance, the system damping capability will be
decreased to affect the system stability [28]. To reduce the
impact on the rest of the system, the DER’s equivalent NS
impedance should be inductive and have positive resistance.
The range of the inverter’s NS impedance is given as:

{Rv > _RT

Ly = —Lr ®

where Ry and Ly are the normalized equivalent resistance and
inductance of the inverter’s step-up transformer, respectively.

B. MG TOPOLOGY IMPACT ANALYSIS

According to Fig. 6, the NS network is composed of current
injections and impedances. To analyze the NS current distri-
bution, the admittance matrix is introduced. The admittance
matrix includes information on the network connection and
line impedances, which can describe MG’s topology impacts.
For a MG with n buses, since all the DERs are modeled as
impedances, the NS network can be described as:

Yiin - Y 2Load(1)
= e : (10)
V2(n) Yoi -+ Y

V(1)

i2Load(n)

n

yiot D Yimi=]

m=1,m#i

—Vij i F ]
mittance between node i and j; v;2) is the NS voltage of
node i; yjp = Z—lo is the admittance between node i and the
reference point (ground point in the circuit). Note that the
DER NS impedances are covered in the admittance matrix.
By solving the node NS voltage, the NS current distribution

can be determined.

Vi = ZL is the ad-

where V;; = —
} T

C. NS IMPEDANCE DESIGN METHODOLOGY

The proposed methodology is to design and implement the NS
impedance of DERs considering the SGs and MG topology
impacts. The overall NS impedance design methodology is
summarized in Fig. 7, including MG information gathering,
NS current distribution objective determination, NS network
formulation, NS impedance calculation, and NS impedance
realization.

1) MG INFORMATION GATHERING
The MG information is gathered first for the NS impedance
design, which is summarized as follows:

® MG topology (connection and line impedances)

* DER inverter rating (overall rating and NS rating)

¢ [ oad (historical data or forecasting results)
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Gather system information and NS current distribution
objective (calculate targeted NS currents)

Obtain the NS current distribution when all sources have
zero NS impedances and rank sources with NS current
amplitudes from 1 ton

Select reference source: select SG in a single-SG system or
select reference source with number i=n in other systems

Define the NS impedance of the reference source by
its minimum feasible value from (2) and (9)

Model all the non-reference sources as current
injections and formulate the NS network

I

Solve the NS voltages and NS impedances of all non-
reference sources from (15) and (16)

Realize all NS
impedances

I Change reference source I

number to be i-1

+ Yes

No
Distribution objective not
feasible

FIGURE 7. NS impedance design process.

_{

Note that the NS current ratings of DER inverters are gath-
ered because the NS rating of inverters can be significantly
different from the overall rating. Meanwhile, in a MG, the
load condition is time-variant. The controllable NS current
distribution needs to consider different load conditions. Load
forecasting technology is developing rapidly, and high fore-
casting accuracy can be achieved [29]. The NS impedance
design is conducted for all the forecasted load conditions to
generate a look-up table of DER NS impedances.

2) TARGETED NS CURRENTS CALCULATION

The targeted NS currents of different sources are calculated
by total loads and NS current distribution strategies. The dis-
tribution objectives are usually determined through system
planning to achieve certain operation targets (economic op-
eration, reliable operation, etc.). The proposed approach is
applicable to different NS current distribution objectives. For
a given distribution objective, the inverter NS impedance is
designed correspondingly to realize the target.

In this paper, two examples of NS current distribution tar-
gets are utilized. The first one is sharing in proportion to
source’ NS current rating because the NS current rating is the
actual NS capability of a source. The distribution objective is:

n n

Z DLoad(j) = Z DDER(j)

j=1 j=1

Y
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I2DER(j) "%IER( N

Do j

- l-Rat (12)
2DER(m)

I2DER(m)

where i270q4(j) s the NS current is load j; i2pgr(j) is the NS
current output of DER j; i‘;g",; R() is the NS current rating of
DER j. The second example strategy is to realize a balanced
SG current, meaning that the NS currents are provided by the
inverters and the inverters share the NS current equally.

Moreover, if the total load NS current is higher than
the total inverter NS current rating, then load change, or
compensation is needed to reduce the load unbalance. The
NS impedance design will be conducted after load restora-
tion/compensation is finished. For the targeted NS current
calculation, the NS currents of sources are known from (11).
Meanwhile, the relationships of different sources’ NS currents
are determined by the distribution objectives such as (12).
Therefore, according to these known factors, the targeted NS
currents of inverters can be solved.

3) NS NETWORK FORMULATION
Considering a node of the inverter, as shown in Fig. 4, the
node NS voltage can be calculated as:

Ugode

= —ighe2 (RU + joL, + Ztransformer2) (13)

where Z;ans former2 18 the NS impedance of the DER’s step-
up transformer. The NS currents are calculated from (11) and
the NS sharing objective. According to (13), the inverters’ NS
impedances can be obtained if the node NS voltages can be
solved.

To solve the NS voltages, inverters are considered as current
sources, and the NS network equations will be reformulated
using current injections and line impedances. Since all the
NS sources are modeled as current injections, the sources’
transformers are not included in the admittance matrix. For
each entry in the admittance matrix, y;o in (10) will be zero.
In this condition, in (10), for the ith row,

n
2 =0
j=1

The admittance matrix in (10) will not be invertible and the
node voltages cannot be solved. To deal with this issue, at least
the node voltage of one of the sources needs to be known. In
this paper, one of the sources (reference source) in the system
will be modeled as an impedance with a predefined value in
the NS network to ensure that the admittance matrix of the NS
network is invertible.

To select the source that will be modeled as an impedance,
the NS network condition and source types are considered.
When all the sources are IBRs, their NS impedances can
be regulated through control. In this case, assuming all the
sources have zero NS impedance, the NS network is com-
posed of line NS impedances, transformer NS impedances,
and load current injections. The NS current distribution is
determined by the line and transformer impedances. The am-
plitudes of the NS currents of different sources are ranked, and

(14)
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the sources will be labeled by the NS current ranking. For a
MG with n sources, the one with the least NS current will be
labeled as source n and the one with the most NS current will
be labeled as 1.

The source with the least NS currents can be viewed as hav-
ing the maximum equivalent NS impedance from the network.
This source is considered as having the least NS impedance
design flexibility compared to other sources. Therefore, this
source (source n) is selected as the first reference source with
its NS impedance predefined by its minimum value from (9).

The NS impedances of SGs cannot be flexibly regulated
through the control. They are realized through hardware de-
sign. Therefore, when the MG contains SGs, two scenarios
are considered: single-SG case and multiple-SG case. In the
single-SG case, the SG will be selected as the reference
source and its impedance is selected to be its minimum value
from (2). In this case, the SG’s impedance is determined,
and the impedance design will be conducted to IBRs under
different load conditions to generate the look-up table of NS
impedances. In the multiple-SG case, the impedance design
of SGs will be based on the worst unbalanced load condition.
The reference source selection follows the approach in the
case where all the sources are IBRs. The impedance of the
reference source is predefined by its minimum value from (2)
or (9).

After the reference source is selected, the rest of the sources
can all be modeled as current injections in the NS network.
In Fig. 8, after ranking and labeling, the nth source is the
reference source, and the NS voltages of different nodes are
solved as:

1. .
V(1) Y, - Y, D2Load(1) t 12DER(1)
V2(2) Yy, Y, 21.0ad(2) T I2DER(2)

V2(n) Y, - Y, 21 oad (n)

where the NS impedance of the reference source is included
in the updated admittance matrix ¥’. When node NS voltages
are calculated, the NS impedances are calculated as:

-1

1
Lainv(1) boer) 0 v2(1)
: = : - : : (16)
ZZim)(n) 0 e : V2(n)

2DER(™n)
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In the multiple-SG case, under the non-worst unbalanced
load conditions, at least one of the SGs will become non-
reference sources. Since the SGs’ NS impedances cannot be
modified, the NS network (15) will become overdetermined.
Eq. (16) may not have a solution. The most extreme scenario is
that when all the sources are SGs, the NS current distribution
cannot be changed once the SGs’ NS impedances are selected.
Therefore, in the multiple-SG case, the NS impedance design
is only conducted to the worst unbalanced load conditions.

4) NS IMPEDANCE REALIZATION

The designed NS impedances will be realized by sources. For
IBRs, the NS impedance will be realized by the control in
Fig. 5. For SGs, the NS impedances should be realized by
hardware design. However, according to (2) and (9), the NS
impedances of sources have limitations. If the calculated NS
impedances cannot meet the requirements in (2) and (9), the
NS current distribution objective cannot be realized in this NS
network.

In this case, different system configuration needs to be
considered. In a single-SG system, the SG is selected to be
the reference source, and the NS network is determined. If
no feasible solution can be found, the distribution objective is
viewed as not feasible.

In a purely IBR-based system or a multiple-SG system (the
worst unbalanced load condition), the reference source will be
changed to the source with label n1. Then the NS impedance
calculation will be reconducted. If feasible NS impedances
can be obtained for all the sources, the designed impedance
will be realized. However, if no feasible solution can be found
after all the sources have served as reference sources, the
distribution objective is viewed as not feasible.

IV. SIMULATION VERIFICATION

The MG used for simulation verification is a MG with dy-
namic boundaries and multiple source locations [5], which
contains three IBRs and one SG. As shown in Fig. 9, the
example MG can have three different sub-MGs in the islanded
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TABLE 1. Simulation Parameters

Parameter values
Tnverter 1 Vact—) = 480V, Spase = 1120 kVA
Qus = 180 kVA, Z; = 0.01 + j0.04 (pu, Yg -Yg)
Inverter 2 Vaca— = 480V, Spase = 1120 kVA
Qus = 180 kVar, Z; = 0.01 + j0.04 (pu, Yg -Yg)
Inverter 3 Vact—) = 480V, Spase = 1120 kVA
Qus = 360 kVar, Z, = 0.01 + j0.04 (pu, Yg -Yg)
X, =18 (pw), X, = 1.7 (pu), R, = 0.0015 (pu)
Generator X; =03 (pu) X; = 0.25 (pu)
clectrical Ty =85,Th = 045, Tso = 0.035,Tjo =0.05s
model Vaet—p = 480V, Syase = 560 kVA
Qns =90 kVar,Z; = 0.01 + j0.04 (pu, Yg-Yg)
CL 1: P, = 100 kW, P, = 200 kW, P, = 200 kW
NS current (rms): Iy(c;q) = 4.632180.0°
CL 2: P, = 100 kW, P, = 300 kW, P, = 200 kW
System NS current (rms): I, ) = 8.02£150.0°
information CL3: P, = 120 kW, P, = 250 kW, P. = 200 kW
(12.47kV) NS current (rms): Ly(c,3) = 15.8£157.6°
NCL 1: P, = 100 kW, P, = 50 kW, P. = 60 kW
NS current (rms): Iyyery) = 2.122—10.9°
NCL 1: P, = 100 kW, P, = 250 kW, P. = 200 kW
NS current (rms): Iyoycrz) = 6.122160.9°
Z1, = 0.3375 + j1.5699 Q, Z,, = 0.1687 + j0.7849 Q
Z34 = 03375 + j1.5699 O, Zo¢ = 0.0844 + j2.8421 Q

Note: DER transformers’ ratios 1:25.98 and ratings are the same as
sources; CL is for critical load; NCL is for non-critical load.

mode. When the three sub-MGs are merged into one MG,
the unbalanced load in the MG will be supported by four
sources simultaneously. The detailed system parameters are
summarized in Table 1. The source NS capability is defined by
the NS reactive power [10]. In the simulation, the synchronous
machine model in Simulink is used to model Generator 1.
Two different unbalanced current distribution objectives are
realized: 1) sharing in proportion to source NS capabilities;
2) balancing generator output and equal sharing among three
inverters. The NS current sharing performance will be com-
pared with three other state-of-the-art strategies.

A. SHARING IN PROPORTION TO SOURCE NS
CAPABILITIES
According to the load power, the NS load currents are
calculated by assuming balanced load bus voltages. The
NS currents are also summarized in Table 1. Based on the
distribution objective, the targeted NS currents of four sources
are s = 2.694 —20.72°A,  bLiny1) = 5.834 — 20.72°A
Dinvy = 8.074 —20.72°A, hiny3) = 5.834 — 20.72°A
Meanwhile, this MG is a single-SG system, where the SG
is selected as the reference source in the NS network with
its minimum NS impedance Z;56 = 0.0015 + j0.12(pu). The
formulation of the NS network is described in Fig. 10. Ac-
cording to (15)-(16), the normalized impedances of three
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FIGURE 10. NS circuit of the microgrid in the simulation after inverters are
modeled as current injections.
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FIGURE 11. NS current distribution of target 1 (sharing in proportion to
Source NS capabilities).

inverters are:

Zoinv(1) = jO.12pu
Zainv(2) = 0.0036 + j0.0747 pu
Zainv3) = 0.0084 + j0.1325pu

7)

where all the impedance values meet the requirement in (9).

The calculated impedances are implemented in the simu-
lation model. The NS current distribution is summarized in
Fig. 11. The current waveforms of four sources are shown in
Fig. 12(a). With the same load and SG conditions, the control
algorithms in [10], [11], and [14] are implemented in three
inverters for comparison. The current waveforms are shown
in Fig. 12(b)—(d), respectively. Since the NS rating ratio of
sources is 1:2:2:3, the NS currents of sources should meet this
ratio. From Fig. 12(a), using the proposed design approach,
the NS current distribution matches the source NS rating ra-
tio, while the other three existing approaches are not able to
realize the desired distribution.

For the Q -G~ droop approach in [10], the droop curve
design follows the NS capability ratio of sources. The slope of
inverter 2’s Q™-G™ droop is set to be 1.5 times those of inverter
1 and inverter 3 so that inverter 2 can provide more NS current
than the other two inverters. However, due to the topology
and line impedance impacts, the Q™-G™ droop approach cannot
realize this targeted distribution. For the small signal injection
approach in [11], the fourth-order harmonics are injected. The
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FIGURE 12. Current waveforms of target 1 (sharing in proportion to Source
NS capabilities): (a) proposed approach; (b) Q-G droop approach; (c)
small signal injection approach; (d) adaptive virtual impedance approach.

reference magnitude of the small signal injection is set to be
0.015 pu and the droop slope also considers the NS capability
of sources. From the simulation results, the small signal injec-
tion approach also cannot achieve the distribution target. For
the adaptive virtual impedance approach in [14], the adaptive
virtual impedance design considers the NS capability ratio of
sources. The regulation rate of inverter 2’s virtual impedance
is 1.5 times faster than the other two inverters. Inverters 1 and
3 have the same curves of adaptive virtual impedance. Mean-
while, this approach requires PCC currents for impedance
control. Since the MG in the simulation does not have a fixed
PCC, in this paper, the current after the DER transformer is
used for impedance control. From the simulation results, the
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FIGURE 13. NS current distribution of target 2 (balanced SG output).

adaptive approach cannot fully compensate for the line and
topology impacts.

B. EQUAL IBR SHARING AND BALANCED GENERATOR
ouTPUT

In this case, the targeted NS currents of different sources are
Dbinv(1y = binv@) = binva) = 7.184 = 20.72°A, bLsc = 0A.
According to (15) and (16), the normalized NS impedances
of sources are:

Zoinv(1y = —0.01 — j0.04pu
Zoimv2) = —0.0023 — j0.0317 pu
Zoiny3) = —0.0043 — j0.0379pu

(18)

where all the impedances can meet the requirements in (9).
By implementing the NS impedances in the inverters, the
NS current distribution and sources’ currents are shown in
Figs. 13 and 14(a). From the simulation results, the targeted
NS current distribution can be realized. Three inverters share
the NS current equally (0.5% sharing error) and the generator
does not provide NS current. The proposed approach is also
compared with three existing approaches, where the results
are also summarized in Fig. 14. For the existing approaches,
the control parameters (droop curves, etc.) are designed to be
the same for the three inverters.

From the simulation results, the existing approaches cannot
balance the generator current. The NS currents of the three
inverters are not equally shared. The results demonstrate that
existing approaches designed for the MG with a fixed PCC
and IBRs cannot achieve accurate NS current sharing control
while the proposed approach can realize accurate NS current
sharing control for different NS current distribution objec-
tives.

V. EXPERIMENTAL DEMONSTRATION

In the experimental setup, the MG is emulated on a converter-
based HTB, where two-level voltage source inverters are used
to emulate different grid components [23]. The MG topology
and hardware setup are shown in Fig. 15. The example MG
for testing has three sources. In the HTB, all the inverter
emulators are three-wire, which can only emulate the PS and
NS circuits of the MG. Since the test target is the NS current
distribution, the HTB can be used. In this case, the unbalanced
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uses the sixth-order (6™-order) electrical model in [31]. The
normalized values of SG’s electrical model are the same as
the ones in Table 1. All the source transformer impedances
are assumed to be zero. The detailed parameters are shown in
Table 2. This testing system is also a single-SG system. The
SG will serve as the reference source in the NS network and  targeted NS current distribution will be 2:1:1. The normalized

FIGURE 16. Testing results for target 1: (a) SG current; (b) inverter
currents; (c) NS current distribution.

the minimum value is applied. NS impedances of two inverters are:

In the testing, two NS current distribution targets in the
simulation are also realized. For target 1, when the NS current {sz( 1 = 0.017 + j0.0719pu (19)
distribution follows the negative sequence capability ratio, the ZDoinv2) = 0.0236 + j0.1242pu
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TABLE 2. Testing Setup Parameters

Parameter values
Inverter 1 Vac =200V, Vyeqory = 100V, Speq = 3.46 kVA,
Qs = 2kVA, Ly = 0.5mH,R, =50mQ, f; = 10 kHz
Inverter 2 Vac =200V, Vyeqory = 100V, Sy, = 1.73 kVA,
Qs = 1kVA, Ly = 0.5mH,R, = 50mQ, f; = 10 kHz
Generator Vae =200V, Vyeqopy = 100V, Spage = 5.19 kVA,
emulator Qs = 1kVA, Ly = 0.5mH,R, = 50mQ, f; = 10 kHz
System critical load 1 (rms): I; = I, = 6.922180°
information critical load 2 (rms): I; = I, = 3462180’
Zy, = 0.05+;0.4524 Q,Z,, = 0.1 +;0.1885 Q

Note: Ly and R, are the inductance and resistance of inverter filters

For NS distribution target 2, two inverters share all the NS
currents, and the SG emulator outputs a balanced current. The
normalized NS impedances of the two inverters are calculated
as:

{ Z2inu(1) = Opu (20)

Z2inv(2) = 0.0058 + 100523pu

The NS impedances are realized in two inverters. The test-
ing results of target 1 are shown in Fig. 16. In the testing,
an eight-channel (4 voltage channels and 4 current channels)
scope LeCroy MDAS10 is used. Due to limited channel num-
bers, the current waveforms of the three sources are measured
separately. In Fig. 16(a), the SG emulator is enabled first
to support two loads. Inverter 2 is enabled at time #; and
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inverter 1 is enabled at time #,. During this process, the current
of SG becomes less unbalanced. When the three sources all
reach steady states, the current waveforms of two inverters are
shown in Fig. 16(b). The NS currents are calculated based on
current waveforms. The results are shown in Fig. 16(c). The
NS current of inverter 1 is 2.02 times that of inverter 2 and the
SG emulator. The targeted distribution is realized.

The results of target 2 are shown in Fig. 17. In the testing
shown in Fig. 17(a), when inverter 2 is enabled at ¢;, the
SG current becomes balanced. After inverter 1 is enabled at
17, two inverters share the unbalanced currents. The current
waveforms of two inverters in the steady state are shown in
Fig. 17(b). The NS current distribution is shown in Fig. 17(c).
When the three sources are all enabled, inverters 1 and 2
share the NS current equally with a 0.6% sharing error. The
distribution target can be reached.

VI. CONCLUSION

In a MG with dynamic PCCs and a mix of GFM IBRs and
SGs, the accurate control of NS current distribution among
different GFM sources is challenging. In this paper, a NS
impedance design and regulation approach is proposed to
achieve flexible and accurate NS current sharing among dif-
ferent GFM sources. The NS impedance control is applied
to GFM inverters to be consistent with SG’s NS perfor-
mance. Then the NS current distribution is realized by the NS
impedance design.

For the impedance design, the proposed approach takes
into consideration the MG topology information through the
admittance matrix of the MG’s NS network. The proposed
approach is applicable to different NS current distribution
objectives. If all the designed NS impedances are feasible,
the calculated NS impedances of the IBRs will be imple-
mented through inverter control, and the NS impedances of
SGs will be realized by the hardware design. If no feasible
NS impedance design can be found after the whole design
process, the NS current distribution objective is viewed as not
realistic in the current system configuration and it is advised
to resort to other alternatives through system redesign or re-
source addition.

The proposed approach is compared with three state-of-the-
art solutions through simulations of a MG with four source
locations. Two different NS current distribution objectives
are realized. The results show that in the MG that con-
tains both SGs and IBRs and at the same time has flexible
PCCs, the proposed approach can still achieve the NS current
distribution targets, which existing approaches cannot handle.
The proposed approach is also validated through experimental
testing on a HTB, where two different NS current distribution
targets are also achieved accurately. Compared with existing
approaches, the proposed approach can be applied to a MG
with more complicated configurations. Meanwhile, it achieves
NS current sharing with SGs and is capable of various NS
current sharing objectives. Therefore, the proposed approach
is more general for the NS current sharing issue and can
eventually reduce the source sizing cost the MG.
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