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Abstract—In this work, we investigate generalized grid-forming
(GFM) control for three-phase/three-wire dc/ac voltage source
converters (VSCs) under unbalanced system conditions and
faults. To fully leverage the degrees of freedom of VSCs with
three-wire connection, we propose a generalized two-phase GFM
control that combines individual GFM controls for two con-
trollable phases with a phase balancing feedback and suitable
three-wire implementations of the current saturation algorithm
(CSA) and threshold virtual impedance (TVI). The proposed
control enables current limiting for all three phases during
unbalanced faults, reduces to positive sequence GFM droop
control in balanced systems and is suitable to work both in stand-
alone and grid-connected systems. High-fidelity simulations are
used to illustrate the properties of the control.

I. INTRODUCTION

Inverter-based resources (IBRs) are being deployed on the
power grid at an ever-increasing rate. Stand-alone IBRs (e.g.,
uninterruptible power supplies) are already widely used for
homes, businesses, and data centers, and their penetration
is expected to see further growth [1]. Meanwhile, increased
renewable generation motivates widespread adoption of in-
verter controls that explicitly address practical issues such
as unbalanced operating conditions and unbalanced fault ride
through for both four-wire and three-wire systems. Primarily
these controls can be divided into grid-forming (GFM) and
grid-following control [2].

While grid-following (GFL) converters can provide some
grid support functions [2], [3], they require other devices
to form a stable ac voltage waveform that GFL converters
can lock on to. The GFM converters however can impose a
well-defined and stable ac voltage waveform at their point
of connection [4]. GFM converters are advantageous during
contingencies due to their faster dynamics. However, limiting
current to protect their semiconductor switches is a major
challenge, especially during unbalanced faults.

Works that consider GFM control of grid-connected IBRs
under unbalanced faults (e.g., [5]) typically leverage symmet-
rical components, e.g., implementing separate GFM controls
for positive and negative sequence. This approach is motivated
by standard power system analysis methods for unbalanced
faults using symmetrical components. However, the relation-
ship between the converter phase currents and symmetrical
components is highly nonlinear [5] resulting in challenging
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control design and analysis problems. In contrast, [6] proposed
to limit phase currents directly for voltage source converters
(VSCs) with four-wire connection (e.g., grounded dc midpoint,
wye-ground connected filter capacitors). While this approach
allows GFM converters to maximize their degrees of freedom,
the results in [6] do not directly apply to VSCs with three-wire
connection commonly used for utility-scale IBRs.

In a three-wire connection, the LC output filter capacitors
of VSC can be arranged in a wye configuration (see, e.g.,
[7]1-[9]), or a delta configuration (see, e.g., [10]). Typically,
in the literature, stand-alone uninterruptible power supply
(UPS) systems with wye-connected output filter capacitors are
considered and the focus is on supplying non-linear loads
efficiently. A dual-loop Lyapunov-based control scheme is
proposed in [9] which focuses on large signal stability of
three-phase stand-alone inverters with improved robustness
to nonlinear loads. Similarly, the work in [8] applies dual-
loop control and utilizes double synchronous reference frame
control. The work in [7] takes a different approach by applying
multi-objective model predictive control (MPC) which finds
analytical solution of a cost function tailored to the objective
of generating optimal reference voltages for stand-alone VSCs.
Despite being computationally expensive, none of these meth-
ods take fault current limiting into consideration in the design
of their controls. A basic control scheme for delta-connected
filter capacitors that does not account for the restrictions of
three-wire connections is presented in [10].

In contrast, the GFM control for three-phase/three-wire
grid-connected two-level dc/ac VSCs proposed in this work
develops a control that leverages the capabilities of VSCs
to control two line-to-line voltages to regulate all the out-
put voltages and line currents such that, during unbalanced
loading or faults, (i) the line current does not exceed the
semiconductor current limits, and (ii) the line-to-line voltages
are balanced whenever possible. To achieve this, we implement
single-phase GFM control for two controllable phases and
combine it with a balancing feedback that controls the trade-
off between three-phase voltage unbalance and unbalance of
the converter power injection between phases. We leverage
the two-wattmeter method (see [11]) to develop a two-phase
GFM droop control. The GFM voltage references are then
tracked by an inner voltage and current control that separately
control the two controllable VSC phases. The currents of two
phases are controlled to implicitly control the third phase
current to limit all three of them during unbalanced faults. This
control architecture fully leverages the remaining degrees of
freedom of three-wire connected VSCs (see [12] for details
on current limits of three-wire connected VSC). To limit



line currents, both the reference current saturation algorithm
and threshold virtual impedance [13] are adapted to three-
wire connections. As a result, the proposed GFM control
can maintain independent control of two line-to-line terminal
voltages of VSC under unbalanced conditions while keeping
the phase currents within their limits in both stand-alone
and grid-connected operation. Finally, we demonstrate these
features using electromagnetic transient (EMT) simulations.

II. CONTROL OBJECTIVES

The control proposed in this paper is inspired by the gener-
alized three-phase GFM control of two-level dc/ac converter
with wye connected filter and dc midpoint grounding described
in [6]. In contrast, this work considers control of a grid-
connected two-level three-phase dc/ac VSC with three-wire
connection and floating dc bus. Consequently, in contrast
to the setting in [6], the VSC cannot independently control
its three line currents and its three terminal line-to-neutral
voltages. The key control objectives for the GFM control
proposed in this work are to (i) impose a well-defined and
stable ac line-to-line voltage waveform at its terminal, (ii)
asymptotically track controllable steady-state dispatch signal
under nominal system conditions, (iii) autonomously respond
to contingencies as well as variations in load and generation to
stabilize the system, and (iv) operate within the VSC current
limits on all three phases. Additionally, the proposed control
reduces to the well-known (positive-sequence) GFM droop
control under balanced conditions, and allows trading off
three-phase voltage unbalance with current/power unbalances
between phases during unbalanced loading through tuning of
phase-balancing feedback gains.

III. REVIEW OF GENERALIZED THREE-PHASE GFM DROOP
CONTROL FOR FOUR-WIRE CONNECTION

To make this work self-contained, we briefly review the
generalized three-phase droop control [6] for four-wire con-
nection (e.g., using a two-level VSC with dc midpoint con-
nected to a neutral wire or neutral of a wye transformer).
In [6], since the ac filter capacitor neutrals and dc midpoint
are grounded, all three-phase voltages and currents can be
controlled to maximize all degrees of freedom of two-level
VSCs. In particular, the GFM controller generates a frequency

w&™ e R and angle #2™ € [0, 27) for each phase p € P where
P = {a,b,c}. The frequency and angle references are also
used to estimate phasors of the filter currents 7, € R and filter
capacitor voltages v, € R for each phase p € P. To this end,
for all p € P and any sinusoidal ac signal z(t), we estimate
the quadrature component () € R of z,,(t) € R as

zy () = 2p(t = 1 ) (1)

The quarter-cycle time shift in (1) is commonly referred to as
Hilbert transform and can be interpreted as representing a3
components of an ac signal (i.e., (Tp,a; Tp,g) = (zp, 75 )). Let
R(-) denote the 2D rotation by the angle 6 € [0, 27), i.e

_|cos(f) —sin(6)
R(0) = [Sin(e) cos(0) } ’ @

979-8-3315-8138-1

current current voltage GFM
control limiting &7 control control ;
(phase a-c) (phase a-c)| a| |(phase a-c) (phase a-c)
balancing
- feedback
ﬁ O: . eedbac
ar 3
3 <
H s
S% H Estimate phasors for phase quantities (using GFM freq):
> Hilbert transform & double line frequency notch filter
i/’T instantaneous 3-phase signals V,HT Ti""’
| H [

J: VSC
L (3-phase)

Fig. 1. Generalized two-phase GFM control for three-wire systems and inner
control for tracking a voltage reference provided by the outer two-phase GFM
control (4) with phase balancing feedback.

Then, any ac signal z,(t) can be represented in a
dq frame with reference angle 65™(1) as @pq4q(t) =
fm
R(O5™ (1)) [2p(t), 2 (1)] -
Finally, for all phases p € P, the average active power P,

and reactive power (), over one cycle can be computed as,

Py(t) = & (vp()ip(t) + vy (1)iy (1)) (3a)
Qp(t) = 5 (v (1)ip(t) — vp(t)iyy (1)) - (3b)

IV. GENERALIZED TWO-PHASE GFM DROOP CONTROL
FOR THREE-WIRE CONNECTION

A. Generalized two-phase GFM control

In a grid-connected two-level dc/ac converter with three-
wire connection (see Fig. 1) zero-sequence current cannot flow.
Therefore, one phase becomes dependent on the other two.
As a result, only two line-to-line voltages can be controlled.
A VSC with delta-connected filter, filter resistance ry € R,
filter inductance [y € R, and filter capacitance cy € R for
all three phases is shown in Fig. 1. The generalized two-phase
control architecture actively controls phases a and b, while
phase c is implicitly controlled. For the purpose of control
design, phase c is treated as a virtual ground (see Ch. 10 of
[11]), allowing voltage readings for phases a and b relative
to it. In this configuration, the converter active and reactive
power output, which serves as an input to the two-phase GFM
controls, can be computed using the two-wattmeter method
[11, Ch. 10]. Using (1), we define Pi(t),Q1(t) using the
line-to-line filter voltage v,—.(t) and filter current i,(¢), and
P5(t), Q2(t) using the line-to-line filter voltage vp_.(t) and
filter current 7,(t) as shown in Fig. 1. This results in

Pr(t) = vae(t)ia(t) + va_c(t)ig (2), (4a)
Q1(t) = va_c(t)ia(t) — va—c(t)ig (¢), (4b)
Py(t) = Ub ()i (t) + vi= (£)i5 (1), (4¢)
Q2(t) = vp_c(t)in(t) — vp—c(t)iy (1) (4d)
In 4), vp—c = vy — v, where p € {a,b} and (4) models

the power measured by the wattmeters W; and W5 in Fig. 1.
Similar to [6], we re-write the droop equations for generalized
GFM droop control of line-to-line voltages using the magni-
tude Vgtm and frequency wy,_. of line-to-line voltages.
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Fig. 2. Line-to-line and line-to-neutral voltage phasors (a) and current phasors
with respect to line-to-line voltage phasors in a dq frame with angles Giffp
and 65 (b).

Considering (65,65 ) := (0,

a—c?

%) (see Fig. 2 (a)) and

voltage setpoints V. the GFM voltage angle and magnitude
references Ggm = 5gtm + 05 ., where (?tﬁf)tmc = Wp—c,

and VI = ngm + V. for p € {a,b} respectively are
determmed by the outer GFM control in per unit as

4G — o — kp(05™, — 05™) + mp(AP,), (5a)

T Vaa=VaachQ(Via = Vo) +mq(AQ: ). (5b)
iagfm = wy — kp(68™ — 55™ ) + mp(APy), (5¢)
T Vo=~ 5%2‘“ kQ(VE ~VE )+ ma(AQs) (5d)
where AP, .= P} — P, and AQ,, = Q} —Q,, forn € {1,2}

are the deviations of the converter output powers from their
setpoints P and Q. Moreover, kp € R>q is the balancing
feedback of P — f droop, kg € R>¢ is the balancing feedback
of () —V droop. Then, the line-to-line GFM voltage reference

and ||v qu||

gm
=0,

is defined by Zv&™ Vgtm

c,d
p € {a,b}. e
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Fig. 3. P— f (a) and Q — V (b) droop control structure of generalized two-
phase GFM control for three-wire connection. The balancing feedback (red)
controls the difference between phase voltage magnitudes and phase angles.

E

The balancing of the two droop controllers in (5) through the
balancing feedback with gain kp and k¢ is shown in Fig. 3 (a)
and Fig. 3 (b). Specifically, if kp and kg are zero, the droop
equations (4) reduce to two individual P — f and @ — V
droop controls, which may result in three-phase unbalanced
GFM reference voltages under unbalanced load. For instance,
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if AP} # AP, then the voltage phase angle differences may
deviate from 120°. In contrast, if kp and kg are increased,
then the balancing feedback reduces the phase imbalance of
the GFM reference voltage. Ultimately, as kp — oo and kg —
o0, the voltage reference of two-phase GFM droop control in
(5) converges to positive-sequence GFM droop control.

B. Dual-loop voltage and current control with current limiting

The reference voltage vr"’fc dq 0 dg-frame for p € {a, b}

(e.g., generated by (5)) are tracked using dual-loop vector
current and voltage proportional-integral (PI) controllers. To
this end, for p € {a,b}, the voltage PI controller Gpi(s) is
used to compute the filter current reference z‘ef € R? ie.,

- vpfc,dq)~ (6)

Here, Yy = woR(5)cy denotes the filter admittance matrix,
vref c.dq denotes the Voltage reference, and i, , 4, € R? denotes
the output current of the converter. Next, zfef is passed to
inner current PI loop which is implemented for p € {a,b} as

ref ref
ip.dq =lo,p,dq Y Vp—c,dq + Gr1(8)(Vpc aq

Usw,p—c,dq :Up—c,dq+Zfip,dq+GPI( )(Pgm rpeiqu - Zp dq) (7)
where Z; = rsly + woR(5)l; denotes the filter impedance
matrix (I is 2x2 identity matrix), Vsw,p—c,dg € R2 is the line-
to-line switching voltage modulated by the VSC, i, 4, € R?
is the filter current of the converter, and plpjm € Ry is
a multiplier used for current limiting. From vy g—c,aq and
Usw,b—c,dg W€ obtain their respective time domain signals
Vsw,a—c(t) and vy p—.(t) by transforming from their respective
rotating dq frame to stationary frame using 9§finc and foi from
(5). Then, the line-to-line switching voltages are computed by,

- 'Usw,b—c(t)- (8)

We pass all three line-to-line to voltages to a delta-star
transformation (assuming floating neutral) to obtain vsw,a(t),
Vsw,b(t) and vsy (t) which are used to compute gate signals
using standard pulse-width modulation algorithms.

Using the above controls, current limiting of z“’f to the
maximum current [, can either be 1mplemented through
(1) the well-known current saturation algorithm (CSA) and
multiplier phm (see Sec. IV-C) or, (ii)) by modifying the
voltage reference v;ffc’ dq through threshold virtual impedance

(TVI) [13] (see Sec. IV-D).

Usw,a—b (t) = Usw,a—c (t)

C. Unbalanced CSA for three-wire connection
The voltage reference with CSA is given by vrefc d

q =
vE™ and CSA limits i, for p € {a,b} as

p—c,dq
-lim — ref -ref
Zp dq pp p,dq> (9)
where pref = min(1, H.I,‘;;a" ) and I,.x € Ry is the maximum

[
phase current magnitude. In other words, ,oref is used to limit

the filter currents 7, and %, when using the CSA To implement
CSA for i. we need to control zl“‘:i and zg“(‘i The filter
current i.(t) can be obtained from zc(t) = Zig(t) — ip(t)
where i,(t),ip(t),i.(t) € R are instantaneous filter current

measurements. Recall that the filter current reference z;fqu
gfm

computed from (6) is in dq frame with respect to Hp_c, i.e,



ity = ROt T and i, = R(6™) a5 5T,
where filter reference current sz and zref L are stationary frame
« and B components respectlvely, dlscussed in Sec. III for
p € {a, b}. This is also illustrated in the Fig. 2 (b) where the

d axis phasor of zref and zref is aligned to the v,_. and the

Up—. phasors respectlvely Therefore we first transform zgefiq

ref sref

to the frame of , and then obtain ¢ edg a8

ref f ) f) £ ref T

ledg = fqu R(0,Z, — 0a"c)linasingl - (10)
Here, zrcefi is in a dq frame rotating with the frequency w,_..

When ||z‘§‘quH > Imax, then, because szd is not directly

controllable, i, for p € {a, b} needs to be modlﬁed to limit

rcequ To this end we define limiting multiplier

lim . ref ref

pp T p(, pp (11)

ref .= min(1, £ it mr H)

for p € {a,b}. Notably, the multiplier p-

has a similar interpretation to p* and pb

To avoid harmonic injections, the CSA implemented in (9)
and (11) does not clip the current waveform but instead adjusts
the magnitude of the reference current. Moreover, the angle
of the reference current is preserved.

D. Unbalanced TVI for three-wire connection

Another well-known current limiting method, which results
in reduced transients during post-fault recovery, is threshold
virtual impedance (TVI). When TVI is used instead of CSA,
it holds that pgm =1 for p € {a,b}. Instead, the voltage drop

ol
Ryrvi| [0 ]
over a virtual impedance with resistance R, tvi and reactance
Xp,rvi for each phase p € {a,b,c} is used for current
limiting. To implement the unbalanced TVI (12) for a three-
wire connection, (12) is used to compute the line-to-neutral
voltage drop over the TVI which is subsequently converted
to line-to-line voltage drops that are subtracted from the GFM
reference voltages to obtain v/ |, in dg-frame for p € {a, b}.
To this end, given the ﬁlter current reference magni-

Ry, v

Up,dq,TVI =
p,dq, _Xp,TVI

12)

tude ||z;f'dq\| we define the virtual resistance R,r1vi =
max (0, kTV[Hz;fquH — I) with TVI gain kry; € Rsg

and threshold I, € R. Moreover, the virtual reactance is
given by the TVI reactance-to-resistance ratio Xtvi/Rrvi
and X, tvi = Xrvi/RrviRp,rvi- In other words, the virtual
impedance increases if the filter current magnitude exceeds
the threshold I;,. We first obtain zref from to (10), then we
calculate the TVI-induced line-to- neutral voltage drop vp, qq,TvIi
per phase as (12). We then convert this line-to-neutral TVI
voltage drop vy, 44, Tvi Into a line-to-line voltage drop. To this
end, recall that zref is already aligned with the v,_. phasor,
hence v, qq,Tv1 18 also aligned with the v,_. phasor. Moreover,
we change the frame of v, 44 Tvr in (13b) from the v,_. phasor
to the vp_. phasor before calculating vy—_. 44, 7vi- Thus, the
TVI-induced line-to-line voltage drop is given by

(13a)

Va—c,dq,TVI = Va,dq,TVI — Uc,dq,TVI,

_ R(egfm . ngyfmc) |:Uc,d,TVI:| . (13b)

Ub—c,dq,TVI = Ub,dq, TVI a—c Voo TVI
c,q,
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Finally, we assign the voltage reference in (6) as

ref gfm

Up—c,dg = vp—c,dq (14)

— Up—c,dq,TVI-

V. CASE STUDY

We use an EMT simulation of a switching model of a
two-level dc/ac VSC with delta-connected filter capacitors and
floating dc bus, connected to a transmission system modeled as
a double-circuit transmission line and infinite bus. The system
and parameters are shown in Fig. 4. The VSC is connected to
a 1 km medium voltage feeder through a transformer and the
(closed) breaker .S7. The medium voltage feeder connects to a
40 km double-circuit high voltage transmission line through a
step-up transformer. The generalized two-phase GFM control
(mp=mg=>5%) is implemented at a sampling rate of 10 kHz.
The switching frequency of the VSC is also set at 10 kHz.

4.16 kV /230 kV ;=60 Hz

480V/4.16 kV

S=1 MW
V=480 V

Fig. 4. Test system with a low-voltage VSC connected to a weak ac system
through step-up transformers, a medium-voltage feeder, and a double-circuit
transmission line.

Initially, the system is in a balanced steady state and the
power setpoints P = Py = 0.45 p.u. result in a total active
power output of the GFM converter of P} + Py = 0.9 per
unit. To demonstrate the proposed GFM control ability to limit
current during fault, we simulate a single-line-to-ground fault
(phase b to ground) at t = 3s that is cleared after ten cycles at
60 Hz. Note that, before the fault, the system is balanced and
hence all phase quantities are identical. Line-to-line voltage
magnitudes are shown in Fig. 5, while the currents, active
powers, and reactive powers shown in Fig. 5 are phase filter
currents and powers. The current and the voltage magnitudes
shown in Fig. 5 are computed using the maximum value
in each ac cycle to avoid artifacts introduced by, e.g., the
Hilbert transform (1). In contrast, the active and reactive
powers shown are filtered estimates for the phase powers
obtained by applying a Fourier Transform to extract their
60 Hz components, i.e., remove double frequency components.

The response obtained using CSA is shown in the left
column of Fig. 5 while results obtained with TVI are shown
in the right column. Using CSA, the current of phase c
immediately reaches I,,x = 1.2 p.u. after fault inception and
the magnitude of wv,_. significantly drops once the current
limit has been reached. The TVI threshold has been selected
as Iy, = 1.1 p.u,, Xrvi/Rryvi = 1 for all p € {a,b,c} and
krvi = 4.4. Due to the proportional response of the TVI, the
current of phase c is limited at approximately 1.1 p.u. (i.e.,
less than Ip,,x = 1.2 p.u.).

Once the fault is cleared after ten ac cycles at t = 3.166s
by disconnecting the affected line segment, Fig. 5 shows
resynchronization transients in the GFM converter response.
Using CSA, the converter exhibits significant resynchroniza-
tion transients for voltage, active power, and reactive power.
Moreover, the settling time to the post-fault equilibrium is
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Fig. 5. Response of GFM converter to a phase b to ground fault on a

transmission line between ¢t = 3 s and ¢t = 3.166 s. Voltage magnitudes
are shown for line-to-line voltages vq_p (—), Vp—c (—), Ve—q (—). Current
magnitudes and estimated instantaneous powers are shown for phase a (—),
b (—), ¢ (—). The base values are S, = 1 MW and V}, = 480 V (see Fig. 4).
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Fig. 6. Response of GFM converter supplying an unbalanced 577 kW load
while islanded. The plot colors and base values are identical to Fig. 5

significant. In contrast, when TVI is used, the settling time
is shorter and the transients are significantly reduced, which
can be attributed to the TVI reducing integrator wind-up in
the voltage loop. Nevertheless, using TVI, the GFM converter
can inject 91% of its maximum current Ip,,.. Additionally,
we also test the stand-alone capability of the GFM converter
by connecting 580 kW of highly unbalanced linear load and
opening breaker 5. In this case, the converter is able to supply
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the load while maintaining balanced line-to-line voltages as
shown in Fig. 6.

VI. CONCLUSION

This paper considered GFM control for three-phase dc/ac
voltage source converters with three-wire connection. To this
end, this work proposed a GFM droop control that combines
individual GFM controls for two controllable phases with a
phase balancing feedback. Moreover, the voltage references
generated by the generalized two-phase outer GFM control
are tracked by inner dual-loop current and voltage controls
for each phase that enable direct limiting of phase currents
without clipping of current waveforms. In contrast to previous
works in literature, this approach maintains full control of the
VSC terminal voltage and enables effective limiting of phase
currents through current saturation and virtual impedance
during unbalanced faults. A high-fidelity case study is used
to demonstrate the effectiveness of the proposed control under
unbalanced medium-voltage loads and unbalanced faults.
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