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Abstract—Standalone microgrids often experience unbalanced
loading and faults, which can cause grid-forming control de-
signed for balanced conditions to produce oscillatory responses.
To address this issue, a compact time-domain transformation
appropriate for inverter control is proposed, allowing the con-
version of unbalanced three-phase signals to positive and negative
synchronous reference frames. This transformation supports the
development of a grid-forming control with fault ride-through,
featuring frequency and voltage droop controllers and nested
current and voltage control loops that seamlessly integrate an
enhanced current limiter. The effectiveness of the proposed
control and transformation is demonstrated through analytical
results and electromagnetic transient simulation.

Index Terms—Grid-forming control, unbalanced three-phase
signals, unbalanced conditions, standalone microgrids

I. INTRODUCTION

Power grids around the world are experiencing increased
penetration of inverter-based resources, which can be deployed
as low/medium voltage microgrids. It is projected that 900 GW
of electricity will be produced by inverter-based resources by
2031 [1]. Inverter-based microgrids can facilitate local use of
variable resources and storage, thereby enhancing flexibility
and power quality. Hypothetically, inverter-based microgrids
can improve grid resilience by supporting off-grid operations.
However, existing inverter control schemes often neglect the
imbalances experienced in microgrids. This can hamper large-
scale integration of variable resources and storage and realiza-
tion of reliable independent microgrids. As a result, advanced
inverter control are required to ensure microgrid reliability and
resilience.

Most inverter-based resources use grid-following strategies
that inject predefined active and reactive power but require
phase-lock loops to synchronize to the grid [2]. Grid-forming
control solves this by providing functions that set and regulate
frequency and voltage like synchronous generators. Existing
methods include active power-based droop control, angle
droop control, and virtual synchronous machine control [3]-
[5], which can be integrated with single and nested control
loops [3], [4]. The benefits of grid-forming control include
the ability to impose self-defined voltage at connection points
and enabling independent microgrid operation.
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The aforementioned grid-forming strategies assume bal-
anced conditions, which is often not the case in microgrids.
Under unbalanced conditions, these schemes produce oscilla-
tory responses due to the inability of the standard Clarke-Park
transform to convert unbalanced sinusoids into non-oscillating
signals. Few works consider grid-forming control under un-
balanced conditions. Some use the proportional resonant con-
trollers in the stationary a3 reference frame [2], [6], but can
perform poorly under large frequency deviations. Others use
the double-decoupled synchronous reference frame (DDSRF),
but this requires low-pass filters, which cause slow responses
[2], [7], [8]. Some can be highly nonlinear and complex
[9], [10], with transformations not concisely represented for
control design and analysis [2], [7]-[9]. Additionally, power
converters cannot replicate the fault response of synchronous
generators, necessitating the integration of current limiters in
grid-forming control, which have been understudied.

This paper addresses these issues by developing a grid-
forming control effective under unbalanced conditions and
sets and regulates frequency and voltage, achieves active
power sharing, injects negative sequence current, provides
voltage support, and limits current during faults. It features
frequency and voltage droop controllers and nested current and
voltage control loops that nicely integrate with an enhanced
current limiter providing fault ride-through. The control design
is facilitated through a compact time-domain transformation
appropriate for grid-forming control design and eliminates
using the use of low-pass filters. The transformation allows
the conversion of unbalanced sinusoids into non-oscillatory
positive and negative components. Finally, the effectiveness
of the proposed control and transformation is demonstrated
via a detailed electromagnetic transient (EMT) simulation.

II. A TIME-DOMAIN COORDINATE TRANSFORMATION

This section presents a compact time-domain coordinate
transformation that is appropriate for grid-forming control
design and decomposes unbalanced electrical signals into non-
oscillatory positive and negative direct-quadrature (dg) com-
ponents. To this end, consider a generic three-phase electrical
system

jf'abc(t) = f(xabc(t)) (])

where t > 0 and state vector zgp.(t) € R3 represents
unbalanced asymmetric three-phase signals
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6(t) € [0 2m) is the phase angle, ¢, > 0,0, > 0,¢. > 0
are constant phase shifts, and X, > 0,X; > 0, X, > 0 are
the three-phase root mean squared values (RMS), respectively,
with X, # X, # X, and ¢, # ¢p # ¢.. The phase angle,
6(t), oscillates with frequency w(t) € R, as follows

O(t) = w(t). 3)

Let 7 = 1/4f where f = w/27 is the frequency of the
unbalanced three-phase signal xqpc(t). Then, xqp.(t — 7) de-
notes the signal x,.(t) delayed by 7'. Furthermore, consider
the standard Clarke (a8v) and Park transformation (dq0)
transformations matrices

1 -1 _1
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Vi) % e v
V2 V2 V2
cos(-) sin(:) O
Taqo(-) = | —sin(-) cos(-) 0] . &)
0 0 1

A. Employed Coordinate Transformation

To achieve a transformation that is appropriate for grid-
forming control, unlike [11], it is oriented such that phase a
aligns with the d axis. This is achieved by rotating the dq0
transformation matrix (5) clockwise by 7/2, as follows

Tugo(-) = quO(—g) Tago(-)- (6)

Therefore, the transformation matrix employed in this paper
for the coordinate transformation is given by

T(t) = quo (t)T+—OTaB'y @)
where T 0
2 _ afy 3x3
Ta/BV - |:03><3 Toz,[ﬂ'y:| ) (8)
. Tuqo(0(1)) 033
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dqo( ) |: 03><3 qu()(_e(t)) b (9)
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01 0 1 0 O
0 01 O 0 O
Tio=3511 00 0o 1 ol (10)
01 0 -1 0 O
0 0 0 O 0 1

T(t), Ty Tugo(t), Ty —o € RO*6. and the matrix, T o,
performs signal cancellation [11]. Then, the time-domain
coordinate transformation being employed is given by

i) = [T ] [ 2o

xdqo(t) ZTape(t — T)

Y

A delay of z,p(t) by 7 = 1/4f means a phase delay of 7/2.

where the signals
T
Tio(t) = [2f (1) i (t) =g (1)]
_ - _ T
Tago(t) = [zg(t) 25 () g (t)]
denote the dq0 positive and negative components which rotate
with 6(t) and —6(t), respectively. Noting that T'y ¢ is full rank

and T, Taqo0(t) are orthogonal matrices, then the inverse of
matrix, T _g, exists which is given by

(12)

T7Ht) =T, T Lo T (2). (13)
Therefore, the inverse coordinate transformation is given by
mabc(t) =1 4
I ORI )
Let K = Is ngg] , the non-delayed signal, z,p.(t), can
03x3 Osxs

be recovered by performing
_ CEabt:(t)

Zape(t) = K |:xabc(t s T)} KTt )xdqo(t) (15)

Clearly from (7), the employed coordinate transformation
in (11) involves three steps. First, the unbalanced signals,
Zape(t), Zape(t —T), are transformed into the Sy components
using the standard Clarke transformation (8). This is followed
by processing the a3y components through the signal can-
cellation (10), and finally the conversion into the positive and
negative dq0 components using the dq0 transformation (9).

B. Benefit of Employed Coordinate Transformation

To illustrate the advantage of the transformation (7), the
explicit expression of the respective components in (11) is
obtained as follows (see Appendix A for derivation):

xji' :%(Xa cos g + Xp cos ¢p + X cos @) (16a)
x;' :%(Xa sin ¢, + Xy sin ¢y, + X sin @) (16b)
1
xd =376 [2X,sin(0(t) + ¢a) — Xpsin(0(t) + és)
~Xsin(O(0) + 00)] + = (X cos(0(0) + )
+X. cos(0(t) + ¢¢)) (16¢)
1
x, :2—\/§(—2Xa cos ¢q + X cos ¢p + X cos @)
+ %(Xb sin ¢y, — X, sin ¢.) (16d)
T, 2—\1/5(2)( sin ¢, — Xp sin ¢, — X sin ¢,.)
+ %(Xb cos ¢p — X cos P) (16¢)
xy = 2\[ [—2X, cos((t) + ¢a) + Xy cos(O(t) + o)
X cos(0(8) + 60) + 5 7= [~ Xy sin(0(t) + 1)

+X,sin(0(t) + ¢¢)] (161)



Evidently, :cj,x;;,:v 424 » are non-oscillatory signals due to
constant phase shifts, ¢, ¢y, ., and RMS values, X, Xp, X,
while a:ar, z, , oscillate with frequency, w. This shows the ad-
vantage of the coordinate transformation (11) over the standard
Park-Clarke transformation, which produces oscillatory dg
components under unbalanced conditions. Unlike the DDSRF
methods [2], [7], [8], the transformation (11) enables the
generation of constant x;r,xj,x;,a:q_, thereby eliminating
the use of low-pass filters. The same benefit holds if xgp.(t)
is unbalanced (balanced) and symmetric (asymmetric), i.e.,
Xa#Xb#Xc(Xa:Xb:Xc)and¢a:¢b:¢c:¢
(ba # ¢b # ¢e). The case X, = X = Xe, o = ¢p =
¢ = ¢, ¢ > 0 shows that the xar, xg,x,, 2o in (16) are zero,
thus allowing to recover the standard dq0 transformation under
balanced and symmetric conditions. Note that ¢, ¢p, ¢, are
generally small. Thus, by (16) azj is considerably larger than
:c;;. This means that the d axis aligns with phase a, a property
incorporated into (7) by (6). This is appropriate for grid-
forming control where the inverter output voltage (positive)
d-component often tracks the desired voltage magnitude [3].
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Fig. 1. Inverter with proposed grid-forming control

III. PROPOSED GRID-FORMING CONTROL

Several grid-forming inverters are designed for balanced
grids, which means they only inject positive sequence current
during unbalanced conditions. However, the recommendations
in [12] suggest that grid-forming inverters should also in-
ject negative sequence current and provide fault ride-through
during unbalanced conditions. Using the transformation (11),
a grid-forming control is proposed to meet these control
objectives:

1) Sets and regulates frequency and voltage

2) Shares active power

3) Provides voltage support and injects negative sequence

current

4) Provides fault ride-through

These objectives align with the recommendations in [12]. The
fourth objective is for grid-forming inverters to respond like
synchronous generators during faulty conditions. To this end,
the grid-forming control being proposed meets these objectives
by featuring a frequency and voltage droop control and nested
voltage and current control loops that all nicely integrate an
enhanced current limiter.

To proceed, consider the inverter system (Fig. 1) consisting
of the inverter circuit, signal transformation, and proposed
grid-forming control. The inverter connects to the grid through
a A-Y, transformer. The signals, iqpe; %0,abes Vo,abe € R3, are
of the form (2) and are the inverter three-phase input and
output currents and output voltage, respectively. mqp. € R3
is the three-phase modulating signal of the type (2). Since
the transformer A-winding traps the zero component [9]
and power quality improvement is of importance only the
positive and negative components, i, v, . i/, € RY, a
used in the control design. To facilitate this, the three—phase
signals, iabc, Vo,abes To,abe, are respectively, decomposed into
Z:;qoa ;—qu’ jd 0 € IR{G using the coordinate transformation,
T(t), in (11). A delay, 7, as 1n (11) is applied to the delayed
block, D (Fig. 1). Then, ij~, v, it are obtained by
passing iy, v 10, g 4.0 through the signal selectors, S (Fig.
1). The controllers featured in the grid-forming control are
described in Sections III-A-III-C.

A. Frequency and Voltage Droop Control

The aim is to design a frequency and voltage control that
sets and regulates both frequency and voltage and shares active
power, as specified in the control objectives above. To this
end, a frequency and voltage droop control enhanced with a
current limiter, p; > 0 (designed in Section III-C), is proposed
as follows

Wi = Wref —

‘/i:‘/;ef*

,uikp,z‘ R],i s
tikqi Qo

where the subscript, 7, indicates inverter . k, ;, k4, are the
droop gains and w;, V; are the frequency and voltage setpoints.
Py, Qo € R are the average (non-oscillatory) active and
reactive power and are given by

a7)

T
PO - Uodq i’0dq,i + Uodq,z odq i)
Tt Tt (1%
QO»' odq 4 odq i odq 4 odq 4
1 . .
where J = Lol 0} . Using the power, Py, o, improves power

quality and eliminates the use of low-pass filters.

The controller (17) sets and regulates frequency and voltage
with appropriate choice of the droop gains, &, ;, kq:. Also,
(17) achieves active power sharing. To show this, express
(17) for inverters ¢,j as w; = wrer — Mikps Fos and w; =
Wret — Hjkp j Po,j. Given that synchronization holds, then
W — Wref = wj — Wref Where W}, w}‘ are the equilibrium values
of w;,w;, respectively. This gives p;ky; Po; = pikp j Po ;s
which means that active power is shared proportionally.



B. Voltage and Current Control Loops

The goal is to design voltage and frequency control loops
that regulate voltage, provide voltage support, and inject
negative sequence current, as listed in the control objectives
above. Therefore, a nested voltage and current control loop
enhanced with current limiter, u € R~ (designed in Section
IMI-C), is proposed, as follows

= _ - -
ndq,i - vodq,i - elV; (19)
ref+— +— ref+— +—
qu,i - _AP(UOdq,i - qu,i ) - Alndq,i
e — 4 — gref+—
qu,i = Yaq,s T Hilag, (20)
+- i+ gref+—y +-
mdq,i - _CP(qu,i - /’Llldqﬁi ) Cr dq,i*

(19)—(20) describe the voltage and current control loops,
respectively, with integrator states, 77;[;, C;;f € R*, and pro-
portional A\p, Cp and integral \;, C| gains. igfi*,qufi cR?*
are the reference current and modulating signal, respectively.
Finally, the modulating signal, mgs. ;(t), is generated by first
augmenting my, , with the zero components, ma: ; » (chosen
as zeros) through a signal augmentation block, ¢/ (Fig. 1) to

obtain qufoyi(t). Then, using (15), mgpc,;(t) is obtained as

Mabe,i(t) = KT~ () mj 5, (b). (1)

The controller (19)—(20) satisfies the control objectives as
follows. (19)-(20) ensures that the inverter output voltage
tracks the voltage amplitude, e;V;. Generating the negative
sequence current components in zzie;ff ensures voltage support
and injection of negative sequence current. Providing voltage
support entails minimizing v, » and maximizing v;fi 0, which
is achieved by choosing e; = [1 0 0 0] in the voltage
control loop (19). Ensuring that v, ; tracks [0 0] results in
the generation of the negative sequence components in ii;;jg_,
which tracked by i;q’i in the current control loop (20) ensures
that a negative sequence current is injected. Voltage support
and negative sequence current injection can be measured using

the voltage and current unbalanced factors (VUF, IUF), given

by (22) [2].
VVoki + Vot Viad g
VUF, = Y22 2" uF, =Y T (22)
Uj,?m‘ + ”Ig,i zjf + Zﬁ

C. Current Limiter

The aim is to design an enhanced current limiter that pro-
vides fault ride-through, as specified in the control objectives
above. This is achieved through the design of u, as follows

1 if H’Lgl;)c,z” < Im
i = 1/o if [, > oln, 0>0;  (23)
I/ ||ZZIZCZH if otherwise
where ”Z'Z];)c,i” = V2max{ify .}. In and o, respectively,

are the threshold current and scaling factor, which can be
chosen based on inverter overcurrent ratings. Unlike [6], (23)
is enhanced through the use of the lower bound 1/0 which

prevents assigning too small values of I,/||i?| to p; during
faulty conditions, which can limit the amount of current
required to maintain stability.

The current limiter p provides fault ride-through. To show
this, it is well known that small droop gains, £, k,, improve
stability [3]. Incorporating p in (17) ensures that during faulty
conditions, the values of uk, and puk, in (17) are reduced,
thereby improving stability. Also, integrating p in (19)-(20)
ensures that the size of if;fJT is maintained such that the

inverter is protected while riéling through faults.

DC H AC
AC DC
R/X =10.36
Sy =2MW 1 5w 10 km Ss _42 MW
Vi =480 VL Phase-a to Vo =480Vee
ground fault
Fig. 2. Two-inverter test system
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IV. CASE STUDY

The effectiveness of the grid-forming control (17)—(20),
(23) is demonstrated through the EMT simulation of a
two-inverter system (Fig. 2) with parameters L ;=0.5mH,
Cy=100 UF, wrer=1 pu, wp=27(60) rad/s, Viee=1 pu, kp1=2.5 x
1073, kpo=1.5kp 1, kq=2.5 X 1074, In=1.1, A\p=20, A\=800,
Cp=0.3, C1=20, 0=1.8. The test is performed as follows:
balanced loading at 0-2.5s; unbalanced loading at 2.5-4.0's;
balanced loading at 4.0-5.5s; a phase-a to ground fault at
5.5-7.5s; and balanced loading at 7.5-8.5s.



The signal x,~ (denoting 4., v, 5 . id 4. ; for i =1,2)
in Fig. 3 conﬁrms that the proposed transformation (14) yields
constant positive and negative components at steady state
as derived in (16). This is achieved without using low pass
filters. Furthermore, the proposed grid-forming control satis-
fies the control objectives during the unbalanced loading and
fault (Fig. 3). The inverters synchronize and active power is
shared proportionally (k, 2/kp1 = 1.5) despite the unbalanced
conditions. Additionally, the grid-forming control provides
voltage support (small VUF) and injects negative sequence
current (shown by IUF plots). Also, the inverter peak currents,
igfa 1 izlgc o> across the three phases are maintained around I,
duriyng the fault. Thus, the proposed transformation and control
are effective under unbalanced conditions.

V. CONCLUSION AND FUTURE WORK

Grid-forming control designed for balanced conditions can
produce oscillatory responses under unbalanced conditions.
This paper has addressed the problem by presenting a compact
time-domain transformation suitable for grid-forming con-
trol and converts unbalanced three-phase signals into non-
oscillatory positive and negative direct-quadrature compo-
nents. Using this transformation, a grid-forming control with
fault ride-through has been developed. This features frequency
and voltage droop controllers and nested current and voltage
control loops that all nicely integrate an enhanced current lim-
iter. Analytical and EMT simulations showed that the proposed
transformation and grid-forming control are effective under
unbalanced conditions. Future work includes (i) comparing
the proposed control to existing methods using the standard
Park-Clarke transformations, (i¢) real-time and experimental
validations of the proposed approach on distribution networks,
and (44i) examining the interaction of the current limiter with
protection systems.

APPENDIX A
DERIVATION OF COMPONENTS IN (16)

Let s,=sin(f + ¢q), sp=sin(d@ + &), s.=sin(d + o¢.),
cq=cos(f + ¢q), cp=cos(0 + ¢y), c.=cos(f + ¢.). Then, using

(2), Tape(t) and wqpc(t — 7) become
[ XaSa
l'abc(t) = \/5 Xb(—*sb — —cb)
_Xc(ifsc fcc)

Xasin(@ + ¢a — 5)

Tape(t —T) = V2 | Xpsin(0 + ¢, — 2 — I) (24)
| X sin(0 + ¢ + 2—” -3)
i —XacCa
=V2 [ Xo(3er — st)
_Xc(écc + ‘égsc)
Substituting (7) into (11) gives
- T 2 abe(t
T g (t) = Tago ()T 0T [x,jc(bt (_)T)] : (25)

Equation (25) is solved in steps as follows. Using (8) and (24),
then

1) = T [, 220 ] =

Xasa + iszb + ?Xbcb + chsc - %chc
_§Xb5b - %Xbcb + %Xcsc - %chc
1 1 V3 V3
2 | aXasa = 5 5%Ke80 — 5 5 Kb0y — g5 Xese + 5 Xece
\/'?: _Xaca, - %Xbcb + ?szb - chcc - @XCSC
\/gXbe — §Xb5b — X CC 3X Sc
i X Ca + 3 Xbe szb + 55 XeCe + 3 X Sc
(26)
Furthermore, using (10) and (26), then
a5, () =Ty 0 Tapy(t,7) = (27a)
Xasa + szb + Xcsc
—XaCa — Xpep — Xece
1 | 75(Xasa - *szb X sc) + %(—?Xb% + B Xece)
ﬁ Xasa. - szb - Xcsc + SXbe 3X -Cc
_*szb + fXCSC + XacCa — Xbcb chc
7= beSb + B Xese) + %(_Xacu + 2Xbcb + 2 Xece)
(27b)
Finally, using (9) and (27), performing zj(t) =

Tago(t)a 5 (t) yields (16).
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