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Enabling Grid-Forming Control with Fault Ride-Through in Unbalanced
Distribution Networks

Yemi Ojo, Soumyadeep Nag, and Temitayo O. Olowu

Abstract— Distribution networks are often unbalanced, caus-
ing oscillatory responses in inverter control designed for bal-
anced conditions. To address this problem, this paper proposes
a novel time-domain transformation appropriate for inverter
control and enables the decomposition of three-phase unbal-
anced signals into constant positive and negative components.
Relations useful for calculating unbalanced active and reactive
power are derived from first principle, providing insight into
vector products of unbalanced three-phase signals. Further-
more, a grid-forming control effective under unbalanced condi-
tions is developed, which delivers superior performance while
meeting UNIFI specifications applicable to category 4 inverter-
based resource, like setting and regulating frequency/voltage,
providing voltage support, sharing active power, injecting neg-
ative sequence current, and riding through faults. A current
limiter is proposed for safe fault ride-through and integrates
with the grid-forming control featuring frequency/voltage droop
controllers and current and voltage control loops. The transfor-
mation of interconnected inverters is formulated and stability
of the proposed control analyzed to support robust parameter
selections. The effectiveness of the proposed transformation and
grid-forming control is demonstrated through analytical results
and real-time simulation of a IEEE 123 distribution network
on the Real-Time Digital Simulator. Comparison with existing
methods shows that the proposed strategy satisfies the UNIFI
specifications with a much better performance.

Index Terms— Distribution networks, grid-forming control,
three-phase inverters, unbalanced three-phase signals, stability

I. INTRODUCTION

Incidents like the April 2025 Spain and Portugal blackout
highlight the need to enhance grid resilience globally [1].
One possible solution is enabling grid-forming capabilities
in distribution networks, considering their rapid penetration
by inverter-based resources. Power generation from inverter-
based resources is projected to be about 900 GW by 2031 [2].
Distribution networks with inverter-based resources can bring
generation close to demand, thereby improving flexibility,
power quality, and delivery of power to critical loads.

A. Literature Review

Distribution networks, including low and medium voltage
microgrids, are often unbalanced due to uneven loading
across the three phases and occurrences of unbalanced faults.
Effective control policies are essential, as inverters and their
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functionalities can play significant roles in maintaining the
stability and reliability of distribution networks. Globally,
most inverter-based resources connected to grids employ
grid-following control, where synchronization is achieved
through phase lock loops and predefined amount of ac-
tive and reactive power [3] are injected. Nonetheless, grid-
following inverters cannot set and regulate grid frequency
and voltage, and studies have shown that grids with high
penetration of these resources often experience instability
and reliability issues, especially during grid disruptions and
failures [4, 5]. As a result, there has been a growing demand
to reinforce grids with grid-forming inverters [6], which can
set and maintain grid frequency and voltage similarly to
synchronous generators, and with appropriate design, can
mitigate the impact of imbalances in distribution networks.
Various grid-forming control strategies have been proposed,
including current and active power-based droop control, an-
gle droop control, virtual synchronous machine control [7]—
[11], and virtual impedance techniques [12]. These strategies
can be incorporated with single loop voltage control or
double nested control loops [7, 8, 10].

These grid-forming control, while providing active power
sharing and frequency and voltage regulation, assume bal-
anced grid conditions which is often not the case in distribu-
tion networks. Under unbalanced conditions, these schemes
give oscillatory responses, a drawback due to the direct-
quadrature (dq) signals oscillating at frequency twice the
synchronous frequency [3]. For context, due to the contin-
uous variation of the amplitude of sinusoidal signals, it is
convenient to first transform these signals into constant dq
quantities before implementing inverter control. Under bal-
anced conditions, this transformation can be achieved using
the standard Park-Clarke dgO—transformation [13]. This is
however not the case under unbalanced conditions where the
dqO—transformation produces yet again another sinusoidal
signal that oscillates at frequency twice the synchronous
frequency [3], thus complicating grid-forming control design.
Although low-pass filters can remove these oscillations, they
slow down controller response during transients [3, 14]—-[17].

Grid-forming control tailored for unbalanced operations
exist in the literature. These are predominantly of two
types. The first approach utilizes proportional resonant (PR)
controllers in the stationary a3 reference frame [3, 14, 18].
Although low-pass filters may not be required, its design
for a particular frequency can render it less adaptive under
large frequency deviations. The second approach utilizes for-
mulations in the Double-Decoupled Synchronous Reference
Frame (DDSRF), which employs separate dgq frames for the



positive and negative sequence components [3, 15]-[17].
This approach requires low-pass filters, which can lead to
slow controller responses. Also the transformation employed
are often not represented in a form that eases control design
and analysis [3, 15]-[17]. Another aspect is the response of
existing grid-forming control under unbalanced faults, which
have been understudied. Limiting current under unbalanced
faults is generally challenging because grid-forming con-
trollers set and regulate grid frequency and voltage. Existing
solutions includes injecting positive sequence current for
fault ride-through, but negative sequence voltage is not
mitigated [19, 20]. Strategies relying on online impedance
estimation exist [21]. Saturation units have been used on both
positive and negative sequence voltages [22, 23], though may
suffer from integrator wind-up and cause instability [24].

Recent works on unbalanced grid-forming control adopt
PR with systematic parameter design [14, 25], while others
combine grid-feeding strategies for voltage support [21].
The latter relies on online impedance estimations and due
to PR both schemes can suffer under frequency variations.
Another employs signal resolvers to address imbalances,
though built with fault limiters the resolver structure uses
DDSREF [17]. In another approach, a decoupling grid-forming
control leverages distribution network properties to enhance
frequency/voltage regulation, but traditional dq transforma-
tion have been used [26]. Control architecture focused on
balanced faults has been explored [27]-[29], but has limited
application under unbalanced faults. A grid-forming control
using balancing feedback has been proposed, but may have
trade-off imbalances between voltage and power [30]. Virtual
oscillator-based designs incorporate current limiting but are
often highly nonlinear [31, 32]. The new UNIF]E] speci-
fications for grid-forming control under unbalanced con-
ditions outlined frequency/voltage regulation, active power
sharing, voltage support provision, negative sequence current
injection, and fault ride-through requirements [33]. Although
existing strategies implicitly address most of these criteria,
control design providing insight on satisfying all the require-
ments would be of practical relevance. Moreover, strategies
satisfying the requirements with better performance are de-
sired.

B. Paper Contributions

To address the drawbacks highlighted above, this pa-
per proposes a novel time-domain transformation and grid-
forming control that is effective under unbalanced conditions
and is formulated in the positive and negative dq reference
frame. The transformation is unique by its ability to convert
unbalanced three-phase signals into constant positive and
negative dg components without requiring the use of low-
pass filters. It also facilitates the derivation of relations useful
for calculating active and reactive power for unbalanced
conditions. The grid-forming control is distinctive by its abil-
ity to deliver superior performance while satisfying UNIFI

TUNIFI: UNiversal Interoperability for grid-Forming Inverters [33] —
states specifications for grid-forming control under unbalanced conditions.

specifications [33] like setting and regulating frequency and
voltage, sharing active power, providing voltage support, in-
jecting negative sequence current, and riding through faults.
The proposed strategy differs from existing solutions. Unlike
DDSRF methods [3, 15]-[17], the time-domain transforma-
tion generates ripple-free signals without the use of low-
pass filters, thus enabling quick response in the proposed
control. Contrary to PR controllers [3, 14, 18, 25], the
proposed transformation is robust to frequency variations.
The orientation of its positive and negative dqg components
supports grid-forming control design, as opposed to [34].
Contrary to complex approaches in [3, 15]-[18, 31, 32],
the proposed control has a simple implementation and is
effective under unbalanced conditions, and the proposed
transformation has a concise form that eases control design
and analysis. The proposed control provides voltage support
by injecting both positive and negative sequence currents
and can handle unbalanced faults, in contrast to [19, 20,
27]-[29]. The proposed current limiter uniformly restricts
positive and negative sequence current during fault, avoids
saturation units which can cause integrator wind-up [24], and
incorporates a feature that in contrast to [14] it prevents
excessive restriction during fault. Moreover, through the
proposed approach insight is provided on satisfying the
UNIFI specifications.

The main contributions of this paper are summarized as
follows.

1) A time-domain transformation is proposed, suitable
for inverter control and enables the conversion of
unbalanced three-phase signals into constant positive
and negative components without requiring low-pass
filters.

2) Relations crucial for calculating unbalanced active
and reactive power are derived from first principles,
providing insight on the vector product of unbalanced
three-phase signals.

3) A grid-forming control utilizing the transformation
and effective under unbalanced conditions is proposed,
with a much better performance while meeting UNIFI
specifications like setting and regulating frequency
and voltage, sharing active power, providing voltage
support, injecting negative sequence current, and riding
through faults.

4) A current limiter is proposed that ensures safe fault
ride-through and integrates with the grid-forming con-
trol featuring frequency and voltage droops and current
and voltage control loops.

5) Transformation of interconnected inverters is formu-
lated and stability of the proposed control investigated
to facilitate robust parameters selections.

Furthermore, the effectiveness of the proposed transforma-
tion and grid-forming control is validated by analytical
results and full-order EMT real-time simulation conducted
on a modified IEEE 123 distribution network using the Real-
Time Digital Simulator (RTDS). A comparative study with
DDSREF and PR methods is also presented.



C. Paper Outline

The remainder of the paper is organized as follows.
Section [[I| presents the coordinate transformation and deriva-
tion of power relations. Section [[T]] discusses the proposed
grid-forming control. The transformation of interconnected
inverters and stability analysis are presented in Section
Real-time simulations and comparative studies are conducted
in Section [V] and conclusions are given in Section

D. Notation

Let Ryg (R>g) be a set of real numbers greater than
(greater than or equal to) 0 and S = [0,27). Let 1,, (0,)
denote an n-dimensional column vector of ones (zeros).
0, xm 1s an n X m zero matrix and I, as the identity matrix
of size n. Let col(x;) € R™ denote a column vector with
entries z; € R, diag(a;) € R™*™ an n x n diagonal matrix
with diagonal entries a; € R™, and ® denotes a Kronecker
product. The time argument ¢ will often be omitted in the
text for convenience in the presentation.

II. COORDINATE TRANSFORMATION OF UNBALANCED
THREE-PHASE SIGNALS

This section presents a time-domain transformation that
enables decomposition of unbalanced electrical signals and
into positive and negative synchronous reference frames. To
this end, consider a generic three-phase electrical system
represented by the model

ftabc(t) = f(-rabC(t)) (1

where t € R>, and the state vector, z.pc(t) € R?, denotes
unbalanced asymmetric three-phase signals described by

Xasin(0(t) + ¢a)
wabc(t) = \/5 Xb Sil’l( ( ) + ¢b ) (2)
Xesin(0(t) + ¢ + )

where ¢, ¢y, 9. € R>o are constant phase shifts, and
Xa, Xy, X. € Ry are the three-phase RMS values, respec-
tively. Note that the three-phase waveform (2) represents the
general case where X, # X, # X, and ¢, # ¢p # Pe.
6(t) € S is the phase angle and oscillates with frequency,
w(t) € Rxp, as follows

0(t) = wl(t). (3)

Let 7 = 1/4f where f = w/2m € R is the frequency of
the unbalanced three-phase signal zp.(¢). Then, Zqp.(t —7)
is used to denote the signal x.(t) delayed| by .

A. Employed Coordinate Transformation

This section presents the coordinate transformation em-
ployed in this paper to decompose unbalanced three-phase
signals, z4p.(t), into non-oscillatory positive and negative dg

2Note that a time delay of 7 = 1/4f produces a phase delay of 7/2
since for every period 1/f there is a complete phase revolution 27. Thus,
delaying xqp.(t) by 7 means delaying the phase angle of zgp.(t) by 7/2.

components. To this end, consider the standard Clarke (a37)
and Park (dq0) transformation matrices

1 -1 _1

\f B
Ta = - 0 5 -9 ) 4
By 301 i j @)

V2 2 2

cos(-) sin(-) 0
Tag(-) = |—sin(-) cos(-) 0, (%)

0 0 1
where Tt3, Taqo(-) are orthogonal matrices (i.e., Ta[}w =

Tls, and Tpg =T,
To support grid-forming control design purposes, we seek
to align phase a with the d axis, unlike the orientation in [34].
In this paper, this is achieved by performing a clockwise /2
rotation of the dqO transformation matrix @), as follows

} . sin(:) —cos(-) 0
Taqo(-) = Tago(~5) Tago(-) = fcos(-)  sin(-) 0
0 0 1

(6)
The transformation matrix employed in this paper for the
coordinate transformation is given by

T(t) = Tugo(t) T~ T (7
where T 0
a _ afy 3x3
Taﬁ’}’ - |:03><3 Toz,@*y:| ) (8)
o Tuqo(0(1)) 033
T t) = q -
dqo( ) |: O3><3 qu()(_e(t)) b (9)
1 00 0 -1 0
01 0 1 0 O
110 0 1 0 0 O
Tro=3511 00 0 1 ol (10)
01 0 -1 0 O
0 0 0 O 0 1

and T(t), Ty, Tugo(t), T —o € RE*6. The matrix, Ty o,
performs signal cancellation, as generated from the delayed
signal cancellation method [34, 35]. Noting that 7% _¢ is
full rank and TQBW, quo( ) are orthogonal matrices (i.e.,
7T agy = Is, quo( )quo( ) = Ig), then the inverse of

aBy
matrix, T _g, exists and is given by

T ( ) Ta,@fyT Tqu( ) (11)

Then, the time-domain coordinate transformation employed
in this paper is given by

i = [0 o)

xdqo(t)

xabc(t)
l’abc(t — T)

] (12)
where the signals
w0t = [z () 2 (t) =g (0)]

() = ez (t) a7 (1) ()]

denote the dg0 positive and negative components which

13)



rotate with 6(t) and —0(t), respectively. Rewriting T~ (#)

in (L) as o [’Tfi(é))} |

where T;(t), 7, (t) € R3*C, then the inverse of the employed
coordinate transformation is given by

Zabe(t) = Ti(t)z 55 (1),
xabc(t - 7—) = 7;-(15)1';(;0 (t)

According to (7), the employed coordinate transformation
in @]) involves three steps. First, the unbalanced three-
phase signals, Zapc(t), Tabe(t — 7), are transformed into the
afy components using the standard Clarke transformation
(8). Second, the a3y components are processed through
the delay signal cancellation transformation (I0), leading to
the resulting signals being converted into the positive and
negative dg0 components using the dq0 transformation (9).

To illustrate the benefit of the transformation (7), the
explicit expression of is obtained, as follows:

(14)

15)

+— _ xabC(t>
Tdq0 (t) =T(t) |:xabc(t _ 7_)] (16)
_ _ 4T
= [azj{ xf zy x z, x5 ]
where
1
x:}' E(X cos ¢q + X cos ¢p + X cos dc) (17a)
1
ry = ﬁ( 2 Sin g + X sin ¢y + X sin ¢..) (17b)
Ty = 2\1/6 [2Xosin(0(t) + ¢o) — Xy sin(6(t) + ép)
1
—X.sin(0(t) + ¢.)] + ——= [—Xp cos(0(t) +
(0(t) + ¢c)] 2\/5[ bcos(6(t) + ¢s)
+ X, cos(0(t) + ¢.)] (17¢)
T, = 2\1[( 2X, cos ¢ + Xp cos ¢p + X cos dc)
+ %(Xb sin ¢, — X, sin ¢,) (174d)
T = 2X,sin ¢, — Xpsin ¢p — X, sin ¢,
q 2\[( ¢ b Sin ¢y, c)
+ i(Xb cos ¢p — X cos dc) (17e)
1
x, = [—2X, cos(0(t) + pa) + Xpcos(0(t) + o)
26
1
+X.cos(0(t) + ¢c)] + 2\7@ [— Xy sin(6(t) + ¢»)
+X.sin(0(t) + ¢.)] (17f)
Evidently, the positive and negative components,
xj,x;r, x;,wq’, are constant signals at steady state

due to constant phase shifts ¢, ¢p, . and RMS values,
Xa, Xp, X, while the zero components, xsr,xa, oscillate
with frequency, w. This indicates the advantage of the
coordinate transformation (12) over the standard Park-
Clarke transformation, which produces oscillatory dgq
components under imbalances. Unlike DDSRF methods [3,

15]-[17], the transformation enables the generation of
positive and negative signals, zg, xqﬂ x4, %, , that eliminate
the need for low-pass filters. Considering (I7), the same
benefit applies if:

(1) Tape(t) is unbalanced and symmetric, i.e., X, # X #
X and ¢ = ¢p = ¢ = ¢.

(ii) @qpe(t) is unbalanced and symmetric with zero phase
shifts, i.e., X, # Xy # X, and ¢4 = ¢p = ¢ = 0.

(iil) @ape(t) is balanced and asymmetric, ie., X, = X} =
X, and ¢a 7é (bb 7é ¢c-

(iv) Z4pe(t) is balanced and symmetric, i.e., X, = X = X,
and ¢q = b = Pc = ¢.

(V) Zape(t) is balanced and symmetric with zero phase
shifts, i.e., X, = Xp = X, and ¢y = ¢pp = ¢ = 0.
Cases (iv) and (v) show that the zg,z;,z,, x5 in (T6)-
are zero, thus allowing to recover the standard dqO
transformation under balanced and symmetric conditions (see
g., [3]). Furthermore, note that the phase shifts ¢, ¢y, ¢c
are generally small. Thus, by xf{ is considerably larger
than 1;+, and implies that the d axis aligns with phase
a, a property incorporated into by the modified dgq
transform (6). This is appropriate for grid-forming control
where the inverter output voltage (positive) d-component is
often controlled so that its value matches the desired voltage

magnitude (see e.g., [7, 8]).

B. Associated Properties of Employed Transformation

This section presents results on the vector product of
unbalanced three-phase signals and facilitates deriving from
first principles relations for unbalanced active and reactive
power. These are stated in Theorems |1| and [2| below. To this
end, first we state Lemma [T}

Lemma 1: Consider @), (I8)), and defining skew matrices

0 1 -1
J:[O 1}, H=|-1 0 1

(18)
-1 0 1 -1 0

Rewriting quo

) in (6) as

to=[ 4] -2

cos(+)

o } . (19)

The following relations hold:

TapyH' Ty = [“3{ (ﬂ (20a)
R(—0) = —R'(0), (20b)
RO =J"R®H), RTH)J" =T RT(#) (20c)
RT(ORO) =RORT(A) =1, (20d)
roR = [TA0 B2 o

Proof: The proof can be found in Appendix [ ]

Theorem 1: Consider @), (@), (7), (10), (14), (I8)—20),
and defining

=l % me=lot %)

0, 2 0, 0 D



Then, it holds that

7; - aﬁ’y,]—lleqO( ) aBVﬂQquO( 0) (22)
i I, 0, —R(ORWB) 0,
T 0, 4 0, 0
TTi=|_rT@R70) 0, L 0 *
i 0, 0 0, 0
7;THT7;:
V3JT 02 —V3JTR(ORH) 0
g 0 0, 0
—V3JTRT(ORT(H) 0, V3JT 0,
05 0 05 0
(24)
where 7, = Ti(t) € R**% 0 = 0@t); T, T,

T,T(O)T:(t) € RS and T,TH'T; := T,"()H T (t) €
RGXG'

Proof: The proof can be found in Appendix [ ]
Matrices 23)—(24) allow to perform the vector products
of two unbalanced signals of waveform (2), leading to
the derivation of unbalanced active and reactive from first
principles. This result is stated in Theorem [2] below.

Theorem 2: Consider unbalanced three-phase signals

Vo,abe(t) and i qpc(t) of waveform (2)), and (I3), 20D, 23)-

(24). Then, the vector products

vz—)r,abc Z.O abc = v;r;q—gﬁ—rl]; ij,c;q() (25)
1 .
=g apeHioape = f v T H Tiile  (26)
hold, and are equally
. T
Uo,abc Lo,abc = ;rdq o,dq + Uo dq Lo dq
avgp
T .
+ (U:dq 0,dq + Uo dq (J)rdq) COS(29) + 41}:,0 Z;L,O
( o clq']Z Yo dq‘]T jdq) Sln(20)
27
T, + T
\f O(Lb('H ZO abe = oqu odq oqu
+T T TaviQ -+ (28)
+ (Vg dq? Todq T Vodq) igaq) cOS(20)

T - T
+ (v:,dq Zo,dq ~ Yo,dq Zj,dq) sin(20).

Proof: The proof can be found in Appendix [ ]

If vo,abe(t), io,abe(t) represent voltage and current, re-
spectively, then the vector products in 27)—@28) give the
active and reactive power under unbalanced conditions. Since
in the positive and negative dg-components are non-
oscillatory, the terms avgp and avgg in 7)-28) are non-
oscillatory, which are referred to as the average active and
reactive power, respectively. The remaining terms in (27)-
oscillate at twice the frequency, w(t), causing active
and reactive power to oscillate at twice the system frequency
under unbalanced conditions. Under balanced conditions, the

osc1llat0ry terms and negative sequence products v i

o dq o dq’
_T T
R qJ o.dg DEcOme zero, allowing to recover the standard

dq active power and reactive relations (see e.g., [3, 7]).

Voltage control loop

|

|

|

Py ot I
Power Yodg |
calculation it |

Qo Yo,dq |
|

Fig. 1: Inverter circuit and proposed grid-forming control

Frequency and
voltage droop
control

III. PROPOSED CONTROL

The aim in this paper is to propose a control design
that provides insight on satisfying the UNIFI specifications
applicable to inverter-based resource in category 4 [33]. To
this end, a grid-forming control is designed that meets UNIFI
specifications for grid-forming control under unbalanced
conditions [33], such as:

S1- Setting and regulating frequency and voltage
S2- Sharing active power

S3- Providing voltage support

S4- Injecting negative sequence current

S5- Providing fault ride-through

Therefore, in this section the grid-forming control is devel-
oped to meet S1-S5. This is achieved through the control
architecture which features enhanced frequency and voltage
droop control and cascaded voltage and current control loops
that are formulated in the positive and negative dq reference
frame and seamlessly integrate with a current limiter.

To present the controllers featured in the grid-forming
control, consider the inverter system (Fig. [I) which consists
of the inverter circuit, signal transformation, and proposed
control architecture. The AC-side of the inverter has an
LC filter with inductance and capacitance, Ly, Cy € Ry,
respectively. The inverter may be connected to the grid via
a A-Y, transformer with inductance, L, € R, where the
transformer A-winding traps the zero components [32]. The
signals, iape,fo.abe; Voabe € R>, are of the form @) and



are the inverter three-phase input and output currents and
output voltage, respectively. mgp. € R? is the three-phase
modulating signal also of the form (2. For completeness in
the presentation, the abc system of inverter j is described by

ij iabc,j = _Rfj iabc,j +

Vdc,jMabe,j — Vo,abe,j

2

— Yo,abe,j

(29)
ij i}o,abc,j = Z.abc,j
where Ry, € Rxq is the parasitic part of the inductor Ly;.

The grid-forming control is formulated in the positive
and negative dq frame. To facilitate this, the three-phase
signals Tabe J , Vo abg g 1o,abe,j> are respectively, decomposed
into i dq0, J7 v, 0 i qu . using the coordinate transforma-
tion, T'(t @ﬁ The blocks SD, denote the signal delay
block Where a delay 7 is applied as in (I2)). Note that the
delay block, SD, can be implemented in RTDS using the in-
built "Variable Delay Block", which by taking 7 = 1/(4f) as
input allows the transformation (I2)) to continuously adapt to
frequency changes. Since the transformer delta-side traps the
zero component and improving power quality is of utmost
importance, only the positive and negative components,
z;rqj, jdqj, ;l'dqj, are used in the control design. These
are obtained by passing quo > 3’ dq0.5 bo, d . through signal
selectors, denoted by blocks SLT in Fig. ﬁ} The controllers
featured in the grid-forming control are presented in Sections
III-AHIII-C| and their satisfaction of S1-S5 is highlighted in
Section [[II-D}

A. Frequency and Voltage Droop Control

Grid-forming inverters, unlike grid-following control, are
required to set and regulate the frequency and voltage
of the grid they form in a synchronized manner. Beyond
enabling this functionality in balanced scenarios, the UNIFI
specifications [33] demand grid-forming inverters to set and
regulate frequency and voltage under unbalanced conditions
and facilitate active power sharing among multiple intercon-
nected inverters. The aim is to design a frequency and voltage
control that satisfies these specifications.

To this end, a frequency and voltage droop control en-
hanced with current limiting capability, u; € R (designed
in Section [[II-C), is proposed, as follows

1 kp.j Fo,;j
1 kg, Qo,;

(30a)
(30b)

Wj = Wref —
‘/j = ‘/ref*

where wrer, Vier € Rs are the reference (nominal) frequency
and voltage amplitude, respectively, and w;,V; € R are
the frequency and voltage, respectively. The droop gains,
kp.i,kq,; € Rs0, can be chosen in proportion to the inverter
ratings. Recall in (27)-(28) that active and reactive power
oscillate at twice the system frequency under unbalanced
conditions. To improve power quality delivery, active and
reactive power, P ;, Qo ; € R, corresponding to the constant

terms, avgp and avgg in @7)—28), are used in (G0), as
follows

Ce— _ T

PO’J '_avgp_vodqj odq]+vodq] 0,dq,j (31)
L _ T. T

QOJ = avg = Odqu odq7+vodq7‘] odq,

The use of the non-oscillating power, Py ;,Qo,; € R,
improves power quality and eliminates the need for low-pass
filters, which would otherwise be necessary if the oscillating
power (Z7)-(28) were used.

In contrast to existing droop control [7]-[11], the proposed
control integrates a current limiting feature, 1;. To show
its benefit, it is well known that small droop gains, k; ;, kg 5,
improve stability [7]. Since p; is designed to take values in
the range 0 < p1; < 1 (refer to (36)) under faulty conditions,
this effectively reduces the values of y; ky, ;, 115 kg ; in (30),
thereby improving stability during abnormal conditions. Fur-
ther discussions on how (30) satisfies S1-S2 are given in

Section [II-Di

B. Voltage and Current Control Loops

According to UNIFI specifications [33], grid-forming in-
verters should be able to regulate the voltage of the grid they
form under unbalanced conditions. Achieving this requires
the generation of the modulating signal, mgs. ;(¢), such that
the inverter output voltage tracks the voltage amplitude, V;,
in (30B).

Therefore, a nested voltage and current control loop en-
hanced with current limiting capability, u; € R (designed
in Section [[II-C)), is proposed, as follows

= +7 _ .
ndq Jj 0 ,dq,j elvj (32)
Zref+— KPV ( 61V') — KIV 77+_
dq,j J\Yo dq 7 J Jdq,j
-ref+—
qu J qu j ~ Hildg,; (33)
+- jref+— Y
Maqi = KPCJ( dq j T it ) - KICJ qu,j’

where (32)—(33) describe the voltage and current con-
trol loops, respectively, with integrator states, ndq ],(dq i
and proportional Kpy ;,Kpc; € Ry and integrals
K j, Kic,j € R>q gains; and e; € R%. In (32), the inverter
output voltage tracks the voltage setpoint, Vj, by generating
the reference current, zref+ , which is produced by means
of proportional- 1ntegral control on the voltage deviation,

3', dq.j —e;Vj. Then the inverter modulating signal, m"jl'% i is
generated by means of proportional-integral control on the
current deviation, ij.— — pif: . Finally, the modulating
signal, mgpc,;(t), is obtarned as follows First, augment
mz{qj with the zero components mo (chosen as zeros in
this case) via a signal augmentatron block denoted by AUG
in Fig. |1 to obtain mdqO ; (e, m (t)). Then, using the
inverse coordinate transformation @]) (13), the modulating
signal, mgpe,;(t), can be obtained by performing

Mabe,j(t) =U [ Mabe,s (t)T)l =UT (t)mj, (1)

Mabe,j (t -
(34)
_ | Is Osx3 . .
where U = , or by directly executing
03x3 O3x3
Mabe,j () = Te(t) My, ; (t) (35)

which is the choice in Fig. [I] where 7;(¢) is as in (22).
The proposed scheme (32)—(33) does not require the use



of low-pass filters as in DDSRF approaches [3, 15]-[17].
It incorporates a current limiting feature, f1;, as opposed
to existing voltage/current control loops [3, 7, 8, 15]-[17].
Also it has a simple implementation, unlike [15, 16, 18, 32].
Further discussions about (32)-(33) satisfying S1, S3-S5 are

given in Section [lII-D

C. Current Limiter Design

Another UNIFI specification [33] for grid-forming invert-
ers is fault ride-through. This is achieved through the design
of p; which aims to protect inverters by maintaining the
reference current, zf;;*; (in (33)-(32)), within acceptable
range and reducing the impact of droop gains, k, ;, k4 ; (in
(30)) during faulty conditions. Therefore, 11; is designed as

follows
1 if ||7’abc_]||00 < I
1/0’j

. if Hlabc,jHOO > Uthha aj > 0
Tin/ lligpe, 1l

Hj =
if otherwise

(36)
where ||ZabCJ||oo = \fmax{zfl“l;z]} is the maximum of the
peak values of inverter current i, ; across the abc phases,
and zrms are the RMS values of ¢4, ; across the abc phases.
Iy € R>0 is the overcurrent threshold beyond which current
restriction is initiated. The scaling factor, o; € R+, can be
chosen based on the overcurrent rating of the inverter, so
that oIy, gives the maximum allowable overcurrent. Unlike
the current limiter in [14], the proposed current limiter (36)
imposes the lower bound 1/0; during excessive overcurrents.
This prevents assigning too small values of I,/ ||zabc jllso to
{45, which can hamper the flow of current, 744, ;, necessary to
maintain stability during faulty conditions. Contrary to [22,
23], (B6) avoids clipping excess current which can cause
integrator wind-up, but scales it by ;.

Remark 1: The proposed control (30)—(33) remains stable
for current limiter parameter values in 1/0 < ui <1,0=
1.8, as shown by the stability results in Section I
would be chosen such that the inverters can contribute to
fault current for adequate sensing.

D. Satisfying Specifications S1-S5

S1: The droop control satisfies S1 by maintaining
Wref — [4j kp,j P07j > 0 and Vi — ,uk?q,j QOJ' > (. This is
achieved by choosing the droop gains, k, ;, kg ;, sufficiently
small, e.g., in the range 1073 /Speq t0 1072/ Spued» Where
Sraed 18 the inverter rating. The voltage regulation being
enforced by the voltage and current control loops (32)-(33)
also contributes to satisfying S1.

S2: The frequency control (30d) facilitates active power
sharing, S2. To show this, consider Proposition E] and the
proof in Appendix

Proposition 1: Consider a network (e.g., Fig. ) with
interconnected grid-forming inverters where each inverter
uses the frequency droop control together with (30b),
(32)-(B3). For any inverter pair connected at buses j and
k, if equilibrium is reached where the inverters synchronize,

then the active power of the inverters satisfy

Pos _ p Fpe
Pg,k 1 kp.j

where Fy ;, Py, are the active powers at equilibrium.

The relation shows that active power is shared among
inverters according to the ratio py kpx/pj kp ;. This de-
scribes the active power sharing during abnormal conditions
where the current limiting is activated with p;, # ;. During
normal operations where current is within limit, p1, = p; = 1
and the active power sharing relation is determined by
the ratio k;, 1 /kp ;.

S3-S4: Provision of voltage support, S3, and injection
of negative sequence current, S4, can be measured through
the voltage unbalanced factor (VUF) and current unbalanced
factor (IUF) given by [3, 18]

(37

+ v, zd’j-i-z

o d7 o
VUF, = 2]—‘;] IUF, = q; (38)
Vordj T Vog.s Qg5 +igs

Under unbalanced conditions, voltage support is provided if
VUF is sufficiently small and negative sequence current is
injected if IUF takes some values (usually greater than VUF).
S3 can be achieved by minimizing v, ;. . and enhancing

v, d 05" This is achieved in the voltage control loop (32) by
choosing the vector, e; = [1 0 0 0] T, which ensures that the
positive sequence voltages, v, ;. ., in v) . - track [1 0]7
while the negative sequence voltages, v, , q.j> are regulated to
zero, both by the integral action in (13;2[) Minimizing v, ,, ;
leads to the generation of the negative sequence reference
currents, zf;;_, which tracked by i, ; in the current control
loop (33) gives some values of IUF This shows that the
current control (33) satisfies S4.

S5: The design (36) maintains the current, iqp. j» within
acceptable values by scaling the reference current, z“i* ,
with (15, thus enabling the inverter to ride-through faults and
contribute to fault current. Hence, S5 is satisfied.

Remark 2: Existing grid-forming strategies for unbal-
anced operations would meet the UNIFI specifications, S1—
S5, if they feature controllers that perform functions similar

to those incorporated in the proposed control (30)—(36).

Vo,abc,j Vo,abc,k k
AC/ T
1 <—| /DcT
10,abc,k

Fig. 2: Inverter interconnection.

IV. STABILITY ANALYSIS

This section presents the transformation of interconnected
inverters and evaluates the stability of the proposed control
(BO)-(B6). To this end, the transformation is applied to
a network consisting of inverters, interconnecting lines, and

loads (e.g., Fig. 2).



A. Transformation of Inverter Interconnections

We apply the coordinate transformation (I2) to network
systems of the form (T). To this end, recall that the transfor-
mation 7'(¢) in (7) is time dependent. The time derivative of
the coordinate transformation (12) gives

Fdao () =T (1) [xafaft (—t)f)} T [m?& (—t)T)} (3%2)
=TT (g + T(t) [@af:ff(—t)f)] (39b)

(39¢c)

—wTals +T() [ Tabe () ]

i’abc(t — ’7')

J 0| ;_[J 0, :
where J = [03><3 jé ] J = [OQT o |- Applying the
transformation ([39) to the inverter system

the zero components gives

and neglecting

+_

. - 1
e - -
ijqu,j = (7Rij4 +ijij)quj —+ ivdc,jmqu

= 74— it gt
Cy, Yo,dg,j = w;Cy, ‘]Uo,dq,j * g5 T Yo,da,j
(40)
- J 0
where J = 2§2 . Furthermore, we model the
O2x2 J

interconnection of multiple inverters and loads (e.g., Fig. [2).
To do this, note that each inverter (40) has been modeled in
its dq reference frame, rotating with frequency, w;. Since
the lines interconnect multiple inverters, it is convenient
to model the interconnection on a common dq reference
frame, rotating with a common frequencyﬂ ws. We denote
the common dgq reference frame by D(Q. Let T(t) denote
T(t) with 6, used in (), where 6, = w,. Expressing (39) in
the DQ reference frame yields

i hoo(t) = ws T hog + Tu(t) { Fape(t) ] (41)

Zabe(t — T)
Also, using T(t) in place of T'(¢) in (12), the coordinate
transformation (I2) in the DQ reference frame, with the zero
components ignored, gives

ThHo = P(O)rg “42)
CTR(-0) Oaus] o [eos()  sin()
where P(§) = [ Ours 75(525]72() = {_ sin(-) cos(.)]

and § = w — w,. Applying the transformation (@T)-@2) to
the fundamental abc equations of the passive components of
lines and loads (e.g., [7]), with the zero components ignored,
gives

5j = wj; — Ws, 5k = W — Wy (43a)
Liripo jp = (= Rinla + wsLixd )itg oy + P00} 5.
— P(0r)vS Vg da k (43b)
iJlS(z).[j = (—Ay + wSJ)iJ[r)é,Ej + Bé,jfp(éj)”j,;q,j
(43c¢)

3ws can be the synchronous frequency or the frequency of an inverter.

Yo,dq,j

P(5;)is 4

0,dq,j

=ibou+ Y ibo (43d)

Vken;

where (@3b) describes the line connecting buses j and k,
is the load at bus j, @3a) is the phase difference
between the dg and D(Q) reference frames, and @3d) gives
the total current injection at bus j. n; denotes set of buses
connected to bus j. Lji, Rj, € R are the line inductance
and resistance, respectively, where Ly, may also account for
the coupling inductance, Lg. ZDQ jk}7ZDQ 0 € R* are the
line and load currents, respectively. A, ;, By ; € R4X4
respectively, matrices Ts(Io ® Ry ;)(I2 ® Lg,])&j 1! d
Ts(Is ® Ly ;)" 'T; 1 with rows and columns for the zero
components eliminated, where Ry ; = diag(Rq,;, Rp,;, Rc.;),
L, ; = diag(Lq j, Ly ;, L j) are the three-phase unbalanced
active and reactive components. The entries of Ay ;, By ; are
constants and independent of 6.

B. Generic Nonlinear Model for Inverter Interconnections

Let n,m denote the number of buses and lines, re-
spectively, and B € R"™*™ the incidence matrix. Defin-
ing w = col(w;), V. = col(V, ) d = 001(6 ), Po =
col(Py ), Qo = col(QO,j) ZI = col(v}l, )
vj',gq = col(vigqj) iDZ) ¢ = col(iDZ2 o) ndq = col(njqjj),
Cha :col(gltm) sz;* —col(zg’;t ), m&~ )
ihoe = col(ing ;) € R, ZDQL = col(

The generic nonlinear model is given by @ @ where
@4) is BO)—(36), @O for n inverters, and @3) is @3) for

any network size.

(L, ® Ly, L)ig = (L ® (—Rp, Ly +w;JLy,))ig
1 _
+ 5(1 & Udc,_]I4)m:i~_q ;rdq
( ® CfJ 14) o dq = ( n® chfj )vo,;q + qui - ij,;q
W= Wetly — (I, ® :ujkpyj)PO
V= Veerly, — (In ® .Ujkpu')QO

PO (I ®vodqj);r;q

Qo= @vl )(n @ )il (44)
7'7;:1*: ;qu_(I ®81)V
i = =L ® Kpy ;L) (v} . — (L, @ e1)V)

_ (In X KIV,jI4)77dq
(o7 =g — (L @ pyly)igat™
my~ = —(I, ® Kpc ;j14) (Zd

~(Ln ® pLa)if, ™ ) (Tn @ Kic,/14)Ci,

S=w-— wsly,
(I ® LjxLa)ifg , = (In ® (—Rjla +ws jkj))iEZg,L
+ (BT @ L), @ P(5;))v} 4,
hou A+ w))itg, (49

=L (=
+( n ® By ;P (5 )) (—)‘rdq



(Lo @ P(3))ig aq = ibg.e+ (B@Li)iho,
C. Small-Signal Stability Analysis

This section investigates the stability of the pro-
posed control through small-signal analysis. Note that
system @4)-@3) is delay-free, allowing stability assess-
ments like eigenvalues analysis to be performed. To
that end, the nonlinear system @@4)—@3) with state,
2= (i vl g0 e+ Cax s 0, iho.n ihg.e)s is linearized
around an operating point, z*. Let Z = z — z* be the error
state, the linearized model of {#4)—@3) is given by

z=AzZ (46)

where A is the Jacobian of {@4)—{@3) around z = z*, with
equilibrium values given in Appendix [V] A can be extracted
by straightforward calculations from @4)—@3)), but is omitted
here due to page constraints.

Stability analysis is performed on a three-inverter system
interconnected by line impedances corresponding to the
Thevenin equivalents, which are observed from each inverter
side in the IEEE 123 distribution test system (Fig. ). To
facilitate controller parameter selections, eigenvalue analysis
is performed. The closed-loop dominant poles loci of A
are indicated by the red color plots (Fig. [3). The vertical
black line shows the stability boundary, points z1 and 22
mark where instability occurs, while al (Fig. Eka)) marks
the oscillatory modes, which are the poles on the stability
boundary imaginary axis. The movement of the poles as
control parameters change from the smallest to largest values
are indicated by the red color arrows. For control parameters
in the range

0.2 < Kpy; < 04,2 < Ky j < 8.44,
0.09 < Kpc; < 0.38,0 < Kic; < 3 x 1077,
/o <p; <1,0 =138,
Figs. Eka)—(b) show that the system is stable if
7Tx107° <k, <129 x 1071,
7x 1075 < kg < 3.65x 1073,

(47)

(48)
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Fig. 3: (a) TheR;gd color plots indicate the closed-loop
dominant poles for 7.35 x 107° < k,; < 1.29 x 107}
(b) The red color plots indicate the closed-loop dominant
poles for 7.3 x 107° < k,; < 3.65 x 1073. al marks the
oscillatory modes at 35200 and +3300, respectively.

Note that the RTDS in-built "Variable Delay Block" allows
the delay-based transformation (T12) to continuously adapt to

-600

frequency changes through the input, 7 = 1/(4f), with f =
w/2m. As a result, the delay-based transformation (@) and
proposed control (30)—(36) are robust against frequency devi-
ations. Also, the transformed system with control #4)—@3) is
delay-free, enabling stability analysis through eigenvalues as
above (Fig. [3). Adjusting control parameters as in (#7)-@8)
with fault-induced frequency changes 27(59.98) < wj <
27(60.02) (Section E) the eigenvalue analysis performed
yields eigen loci consistent with those above (Fig. [3). Choos-
ing control parameters at or near the lower bound ensures
robustness. The real-time simulations (Section [V) further
show that the delayed-based transformation and control
remain effective under fault-induced frequency variations,
yielding ripple-free responses and demonstrating continuous
adaptation and unaffected performance.

Remark 3: Ensuring system’s synchronous stability after
disturbances is important. This can be achieved by selecting
control parameters at or near the lower bound of the range in
(@7)—@8). This keeps the closed-loop dominant poles well
left of the stability boundary, enhancing robustness. Section
[V] follows this guideline for parameter selection.

Remark 4: We note that the stability analysis performed
above (Fig. [3) is scalable, which is achieved by considering
the Thevenin equivalence of the larger IEEE 123 distribution
network. To that end, we have assessed the stability of
a three-inverter system interconnected by line impedances
corresponding to the Thevenin equivalents observed from
each inverter side in the 123 distribution network. This
renders the result applicable to larger networks like the 123
distribution system. Scalability is also ensured by assessing
stability at some other equilibrium points obtained from the
larger network.

TABLE I: Inverter and controller parameters

Ly=0.5mH, R;=0.00382, Cy=100 pF, wref=27(60) rad/s,
p1=2kpo=7.35 x 1075, kpa=kp1, kq=7.3 x 1075,
Kpy=0.2, Kiv=2, Kpc=0.09, Kic=10"",
Viet=3.4kV (4.16 KV L rms), Tn=4kA, 0=1.8

r350

111110 112 113 114

Fig. 4: IEEE 123 distribution network with three grid-
forming inverters and line-to-line fault on line 51-151.



M Vod_plus1 M Vog_plus1
M Vod_minus1 Vog_minus1

W

M |d_plus1 M Ig_plus1 M Id_minus1
lg_minus1

(@)

3739 10754

3.065 0624+

2394 0.174

kv

1716
1.041
0.367

=

-0.307

0276
07214
477
1627+
T T T T T 1

M Vod_plus2 M Vog_plus2
M Vod_minus2 Vog_minus2

M |d_plus2 M Ig_plus2 M Id_minus2
lg_minus2

i

(b) (e

3692 215+

2988 1444

)

2284 0738

= 158 =
0.875 0673+
0171 b 1378+
-0.533 -2.084+
T R e A s
M Vod_plus3 M Vog_plus3 M |d_plus3 M Ig_plus3 M Id_minus3
M Vod_minus3 Vog_minus3 (C) lg_minus3 (f)
3.665 3609
2895 2214
2125 08114
= 13559 < 0588
0.585 -1.987
-0.1854 E -3.386 b

-0.9554 47854

T T
6.67 10

333

3'33 13'33 15'67 2'0 6'67 1'0 13'33 16'67

. L] o tis] .
Fig. 5: Real-time results: Positive (’plus’) and negative
(’minus’) dg voltages and currents (vi;q, i:{q_) produced by
the proposed transformation under unbalanced loading and

line-to-line fault.

V. REAL-TIME SIMULATIONS

A. Performance of Proposed Control and Transformation

The effectiveness of the proposed control (30)—(36) and
transformation (I2)) is validated through an EMT-based real-
time simulation of a modified IEEE 123 distribution network
(Fig. EII) on RTDS, with inverters 1, 2, and 3 connected at
buses 150, 135, 105, along with local loads of 0.5 MW,
0.1 MW, 0.1 MW, respectively. Each inverter uses the
proposed grid-forming control (30)—(36) illustrated in Fig.
[I] The inverter and controller parameters are given in Table
[l The control parameters are selected based on the guideline
in Remark [3] which satisfies the ranges outlined in Section
[IV-C] The grid-forming capability of the proposed control is
tested under the worst case scenario where the distribution
network is isolated from the main grid.

With switches 150-149 and 151-300 closed, and switch
13-152 opened, the test is performed as follows:

e t=0-4s (Pre-fault state): Unbalanced loading condition
due to the distribution network;

o t=4-5s (faulty state): Unbalanced loading with unbal-
anced line-to-line fault applied on line 51-151 at ¢t=4s
for 60 cycles (aside imbalances and overcurrent, faults
also cause phase jumps and rapid frequency changes);

o t=5-20s (post-fault state): Fault is cleared and network
returns to unbalanced loading condition due to the
distribution network.

The results (Figs. PH6) show that the network is stable
and recovers to its pre-fault state after the fault is cleared.
The positive and negative dg voltages and currents (v;fgq,
i:{q_) for inverters 1-3 are all constant signals at steady
state (Figs. 5[a)—(f)), validating the benefit of the proposed

transformation (T6) and confirming the results presented in

1
20

@ (T7). This is achieved without using low-pass filters (leading

to fast controller response) and in the presence of unbalanced
loading and fault. Also, the active and reactive power (Figs.
@, Py, Qo, are constant at steady state, which verifies the
avgp and avgg derived in @7)—(28).

Concerning specification S1, the inverter frequency and
voltages are set and regulated despite the unbalanced loading
and fault (Figs. BJa)—(f) and [6[a), (g)). The frequencies
adapt to loading and are identical at steady state, demon-
strating that the inverters synchronized. The steady state
frequency deviation is expected as (30d) is a primary con-
trol scheme. These demonstrate that the proposed control
(BO)-(B6) meets frequency and voltage regulating specifi-
cation, S1. Regarding specification S2, the active power
shared among the inverters (Figs. @c)) satisfies (37), where
in the pre- and post-fault pi;=pe=ps=1 and the choices
kp1=2kp> and kp3=kp,; lead to active power sharing ra-
tios PO’Q/PO’lzkpl/kp2=2 and PO’Q/P0’3=kp3//€p2=2 (.e.,
Py 2=2.1MW and P, 1=F) 3=1.05 MW). Relation (37) also
holds during the fault, in which the current limiter (36) is
activated as indicated by p; varying within 0 < p; < 1
(Figs. [6(f)). These results show that the proposed grid-
forming control (30)—(36) meets the active power sharing
specification, S2. Furthermore, the proposed grid-forming
control (30)—(36) satisfies specifications S3—-S4 by providing
voltage support and injecting negative sequence current both
during fault and unbalanced loading. This is supported by
the small values of VUF compared to those of IUF (Figs.
[6lb), (d)). Moreover, the current limiter (36) being activated
during the fault (ie., 0 < p; < 1 in Figs. [6(f))), indicates
that the current inverter 7. exceeds the threshold, =4 kA.
Thus, during fault the current, il;l;c, is maintained between
In=4kA and the maximum overcurrent, [,,,,=7.2KA (i.e.,
I'max=0Iy, where 0=1.8) as shown in Figs. [(h). Hence,
the proposed grid-forming control (30)-(36) protects and
enables the inverters to ride-through faults, which satisfies
specification S5. Similar results apply with line-to-ground
and three-phase-to-ground faults, which are omitted here due
to page constraints. The proposed strategy being able to
restore the system after faults also confirms its robustness
to phase jumps and rapid frequency changes. Hence, the
proposed grid-forming control (30)—(36) and transformation
(T2)) are effective in the presence of unbalanced loading and
fault and enable grid-forming capability in the distribution
network. Moreover, the proposed control meets the UNIFI
specifications, S1-S5, with desirable performance.

B. Comparison with Existing Control

The proposed strategy ((12), (30)—(36)) is assessed against
DDSREF and PR methods, both adapted for grid-forming con-

trol by including traditional frequency/voltage droop [7] and
dual control loops. While the updated DDSRF and PR satisfy
criteria S1-S4 under unbalanced conditions, the proposed
strategy delivers superior performance meeting S1-S5. This
is supported by the results in Figs. using identical tests
(as in Section [V-A) and inverter and controller parameters
(as in Table [[). For instance, the positive and negative dg
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Fig. 6: Real-time response of inverters WltL proposed control under unbalanced loading and line-to-line fault.
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Fig. 7: Comparison of the proposed strategy with DDSRF and PR methods uncier unbalanced loading and line-to-line fault.

components generated by the proposed transformation are  faster negative current injection and voltage support (Fig.
ripple-free and constant signals (Fig. |ZKa)), in contrast to Eka)—(b)) than both DDSRF (Fig. Ekc)—(d)) and PR (Fig.
those obtained from DDSRF (Fig. [/[e)) which exhibit ripples ~ [8(e)—(f)). This is supported below (Table [[) where the pro-
despite the use of a well-tuned low-pass filters. The inverters  posed strategy records faster settling times for IUF and VUF
synchronize faster with the proposed control (Fig. [/(b))  compared to DDSRF and PR. Furthermore, Table [[TI] shows
compared to DDSRF and PR controllers (Fig. [/(f), (j)). This  that the proposed strategy achieves ripple-free responses
is supported below (Table[[I) where for the frequency, f, the in frequency, active power, IUF, and VUF, outperforming
proposed strategy offers the fastest settling time (5.55s) as  DDSRF and PR. This performance is delivered without the
against DDSRF (9.99s) and PR (> 15.545s). Additionally, use of low pass filters (LPF) in the proposed strategy as
unlike DDSRF and PR (Fig. [7(g), (k)), the proposed control ~ opposed to DDSRF and PR. Hence, the proposed control
enables fast and ripple-free active power sharing (Fig. [7(c)).  meets the UNIFI specifications with superior performance.
This is supported below (Table [) where for the active

power, Py, the proposed strategy has the shortest settling time VI. CONCLUSION

(5.55s), outperforming DDSRF (9.99s) and PR (> 15.54s).
During fault, the proposed control ensures safer fault-current
ride-through (Fig. [7(d)) than DDSRF and PR (Fig. [/(h), (1))
within the allowable limits. Moreover, the responses in Fig.
Ekb), (d), (f) indicates that the proposed strategy delivers

Distribution networks imbalances often cause oscillatory
responses in inverter control tailored for balanced conditions.
This paper has addressed the problem by developing a novel
time-domain transformation suitable for inverter control and
enables the conversion of three-phase unbalanced signals
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Fig. 8: Comparison of the proposed strategy to DDSRF and
PR methods under unbalanced loading and line-to-line fault.

TABLE II: Settling time

Proposed | DDSRF |PR
f 5.55s 8.88s > 15.54s
Py 5.55s 9.995s > 15.54s
IUF [5.555s > 15.54s|> 15.54s
VUF [8.88s > 15.545|8.88s

into constant positive and negative components. Relations
vital for calculating unbalanced active and reactive power
have been derived from first principle and provides insight
on vector products of unbalanced three-phase signals. Addi-
tionally, a grid-forming control has been developed that is
effective under imbalances and delivers better performance
while fulfilling UNIFI specifications. An enhanced current
limiter has been designed that integrates with the proposed
control featuring frequency/voltage droops and nested current
and voltage control loops. Furthermore, the transformation of
interconnected inverters has been presented and stability of
the proposed control investigated to facilitate robust parame-
ters selections. Analytical results and real-time simulations of
a modified IEEE 123 distribution network on RTDS showed
that the proposed transformation and grid-forming control
are effective under imbalances. Comparison with DDSRF
and PR showed that the proposed control satisfies the UNIFI
requirements with a much better performance.

APPENDIX I
PROOF OF LEMMA[I]

Performing matrix multiplication shows that the right-hand
and left-hand sides of (20a), are equal, respectively.

TABLE III: Presence of ripples

Proposed| DDSRF PR
No LPF |LPF used|LPF used
f No Yes Yes
Py No Yes Yes
IUF No Yes No
VUF |No Yes No

(20B) holds noting that sin(—#) = —sin(#) and cos(—0) =
cos(#), and (Z0d) holds noting that cos?(6) + sin?(0) = 1.
holds noting that cos?(#) — sin®(f) = cos(26) and
2sin(6) cos(#) = sin(26).

APPENDIX II
PROOF OF THEOREM [I]

To show (22), consider (I0) and let

Tii Ti2
T 1, =

-0 {751 Toa “49)
where T11, T12, T21, T2z € R3*3. Considering [, perform-

ing 7! gives

1
T =T Tt Tt = Tl T T

dg0 T T« (50)

where the second equality in (30) holds since T s, Tuqo are
orthogonal matrices. Substituting for T}, 3, Tgq0, T4 —o using

@), @, @9) yields

71 Tls Osxs) [T Tio] |Tipo(0) 033
Oaxz Tig,| [To1 Taz| | Oses  Tpo(—0)
a,@’yﬂleqO(e)

a5y7-12qu0( )| _. {71
T2 T g0 (—0) T
D
where the third equality in (5T)) follows from (T4). Thus, the

first row 7; corresponds to (22). To show (23)), consider (22)
and performing 7, 7; gives

T

ozﬁ’y7-21 qu(e) aﬁ'y

?qu(@TJTMT(LO (0)
Tago(—

d NquO(G)ﬂIﬂ2T;10(*9)
O)Ti2 T Tago(0)  Tago(=0)T12 TioT g0 (—0)
(52)

noting that T,g, is an orthogonal matrix. Performing
T;lo shows that 711,772 are as in (2I) with 733 =

11
[OJT 02} Tao = BT 022] Using (21)), then
2

I

T = |

0 I, O
d =T = o G

(53)
Using (T9), (53) and the relations (20), the entries of 7, T;
in (32), respectively, are

(54a)

~ ~ I 0
Tano (O T T T (6) = [ 2 ]

0] 4



- - [—~R(O)R(H) 0

T O TiaTho(-0) = | <G %] ca
- - —RT(ORT(H) ©
Tao(~O) T T Ty (0) = | (OQTR ) 2] (54¢)
- . 1, ©
Taao(=0) T3 TieTipo (=0) = | o 02]- (54d)

Substituting (34) into (32) gives (23). To show (24), consider
[@2) and performing 7," H " T; gives

d d
THTT - { 1 12] 55
¢ P |dor dao 43
di1 = Tago(0) 771 Tapy H' aﬁvﬂlizﬁ( )
di2 = Tago(O) Ty Tapr H " Tg Tra T g (—0) (56)
doy = quO( 0)T Taﬁ’yHT aB’vTUquO(a)
dao = Taqo(— )7—12 aﬁvHTTaBVTHT;ZU(_G)'
Using (Z1), then
’7' Tagﬂ,H a577'11*7-11 aﬂwH aB’yTlQ
=Ty Tap, H' O(5A,7-11 =Ty Tap H ' anle (57)

V3JT 0
= aﬁ’YHTTaﬁ'y [ ol 02
2

where the last equality follows from (20a)). Substituting (T9)
and (37) into (36) and using the properties (20) gives
- V3JT 0 V3JT 0
di1 = Taqo(0) [ 0] 02 quo(e) 0] 02 ;
. 37T 0] =
diz = Tyqo(0) {fr 02] Tjqo(—0)
—V3JTR(O)R(O) 0>
(0 0]’
- 3J7 05| ~
s = Tunl-0) Vo] % o)
—/3 JTRT(H)RT(H) 0,
05 0]’
- 3JT 0o 5 3JT 0
dao = Tyq0(—0) \fT 2 Tquo(—g) = \fT ’l.
o] o0 o] o0

Substituting for di1, d12, do1,d22 in (B3) gives (24).

APPENDIX IIT
PROOF OF THEOREM [2]

To show (27), note that from (T3) vo abes fo.abe Cam,
respectively, be written as v, qpe = = TvT7 o and i, qpc =
ﬁzo,qu' Performing v(mbc To,abe ZIVES

0,dq

Yy quT T Zo qu

(58)
which is (23). Using (23) in Theorem [I] to substitute for
T,'T: in (38) gives

T . — \T 4
vo,abc ZO#IbC = (7; v:dqo) (7; Z:dqo)

Uo,abc iO:abC = /U;L:irq ijdq + ’U;;qu i;,dq + 4”:0 ijO
1 RORO)ig g~ v50,RT(ORT (0)i]

Yo dq o,dq

odq'

Substituting (20e) and collecting like terms yields (27]). T
show (28), again note that from (I3) v, abe, %0,abe can be
written as Vo gbe = Tt ch?qo and i, g5 = T ij;qo. Executing

L H iy ape gives

\/g’U

o,abc

ATTHTTT w59

\[ Yo qu
which shows (26). Using (24) in Theorem [I] to substitute for
TTHT7; in (58) yields

AN AN

H Zoabc— odq

odq odq

Yo dq ‘]TRT (Q)RT (9)
Substituting and collecting like terms gives (28).

odq

\/‘ o abc
T ITR(O)R(0)i

o, dq — Yo dq o0,dq”

APPENDIX IV
PROOF OF PROPOSITIONT]

Express for inverter j and k: w; = wrer— 15 kp j Po,j
and wy = Wret — ik kpk Po,x. Given that synchronization
holds, then o.);f — Wref = W} — Wref, Where w}‘,w; are
the equilibrium values of wj,wy, respectively. This yields
M kp’j Po,j = Ug k‘p’k PO,k, which is @)

APPENDIX V

EQUILIBRIUM VALUES
Vde,=8.7pu, 67=—10"%rad, V;=3.4pu, vyl =e, V',
it =[0.24,-0.09, —0.02, —0.03]pu,

odqj
igas [024004 —0.02, =0.02]pu, i}, ;=0.99 %077

0,dq,j’
27(59.98) < w < 27r(60 02).
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