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Abstract

A double synchronous unified virtual oscillator controller (dsUVOC) is proposed for grid-forming voltage source converters to
achieve synchronization to the fundamental frequency positive- and negative-sequence components of unbalanced or distorted
grids. The proposed controller leverages a positive- and a negative-sequence virtual oscillator, a double-sequence current
reference generator, and a double-sequence vector limiter. Under fault conditions, the controller enables to clamp the converter
output current below the maximum value limited by the converter hardware while retaining synchronization without a phase-
locked-loop (PLL) regardless of the balanced or unbalanced nature of grid faults. Consequently, balanced and unbalanced
fault ride-through can be achieved without the need for switching to a back-up controller. The paper presents the systematic
development of the double-synchronous structure along with detail design and implementation guidelines. Validation of the

proposed controller is provided through extensive control-hardware-in-the-loop (CHIL) and laboratory hardware experiments.
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Abstract—A double synchronous unified virtual oscillator con-
troller (dsUVOC) is proposed for grid-forming voltage source
converters to achieve synchronization to the fundamental fre-
quency positive- and negative-sequence components of unbal-
anced or distorted grids. The proposed controller leverages a
positive- and a negative-sequence virtual oscillator, a double-
sequence current reference generator, and a double-sequence
vector limiter. Under fault conditions, the controller enables to
clamp the converter output current below the maximum value
limited by the converter hardware while retaining synchroniza-
tion without a phase-locked-loop (PLL) regardless of the balanced
or unbalanced nature of grid faults. Consequently, balanced
and unbalanced fault ride-through can be achieved without the
need for switching to a back-up controller. The paper presents
the systematic development of the double-synchronous structure
along with detail design and implementation guidelines. Valida-
tion of the proposed controller is provided through extensive
control-hardware-in-the-loop (CHIL) and laboratory hardware
experiments.

Index Terms—Double synchronous unified virtual oscillator
control (dsUVOC), unbalanced fault ride-through, grid-forming
converter, unified virtual oscillator control (uVOC)

NOMENCLATURE
Ly,Ly,Cy LCL filter components.
Ve Converter switch-terminal output.
Up Controller output voltage.
i Converter-side current.
io Grid-side current.
Upoc Converter terminal voltage.
Zg1, Zga Grid impedances.
Zp Fault impedances.
Py Real power set-point.
Qo Reactive power set-point.
Vo Nominal voltage (L-N RMS) set-point.
wo Nominal frequency set-point.
v Oscillator output voltage.
i Input current to oscillator.
n Synchronization gain.
7 Magnitude correction gain.
Ry Active resistance.
10 Current reference.
% Saturated current reference.
N Number of phases.

This work has been supported by FREEDM Center research funds for the
Green Energy Hub research project.

Ty Fault flag.

ZTr Mode transition signal.

Vr Under-voltage threshold.

I, Maximum current limit.

vTH Equivalent grid/network voltage.
ZTH Equivalent grid/network impedance.
w Equivalent oscillator frequency.

Wy Grid frequency.

) Power angle.

Zy Virtual impedance.

Boldface notation is used to indicate space vectors in station-
ary af frame; complex vector and column vector notations
such as i = iy + jig = [ia iﬁ]T < [iq iy )T, are used
interchangeably. Capital letters such as I are used for root-
mean-square (RMS) values and (.) denotes the peak value such
as I; (.) denotes saturated/ limited value by the controller.
Positive- and negative-sequence components of a variable/
quantity/ parameter are represented by the respective notations
with + and — in the subscript. ||(.)|| denotes the Euclidean

norm such as [|(i)[| = /i + 3.

I. INTRODUCTION

Grid-forming (GFM) converters are believed to be the key
enabling technology for high penetration of power electronics
interfaced distributed energy resources into the power system
[1l, [2]. Furthermore, converter grid-forming capability is
critical in forming resilient microgrids where the majority
of generators may be inverter-interfaced. In both use cases,
controlling and predicting the behaviour of the GFM converter
during a fault is critical for resilient system operation.

As opposed to the current-source nature of conventional
grid-following (GFL) converters, GFM converters are pro-
grammed to emulate a voltage behind reactance response.
Consequently, despite their superior grid-supporting features
such as voltage and frequency regulation and inertial support,
GFM converters are prone to transient over-current under fault
conditions. Due to their current-source type behavior, GFL
converters provide excellent over-current limiting response,
whereas without explicit fault management measures, GFM
converters may experience excessive over-currents leading to
hardware damage. Ride-through of symmetrical and asym-
metrical faults remain one of the key challenges for GFM
converters till date.
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Early works on fault ride-through (FRT) by GFM converters
rely on a separate set of back-up controllers which employ
phase-locked-loop (PLL) based vector current controllers; a
controller switch is performed as soon as a fault is detected
[3]-15]]. To eliminate such controller switch under fault condi-
tions, another class of FRT strategies have been proposed for
GFM controllers consisting of cascaded voltage and current
reference tracking loops beneath the real and reactive power
control loops [6]]. In this class of FRT controllers, explicit lim-
its are imposed on the references to the inner current tracking
loops to prevent excessive over-current under faults. However,
this approach is prone to integral windup issues in the outer
voltage and power control loops. In essence, under such
scenarios the power synchronization action through transient
transfer of active and reactive powers by the outer loops is cut-
off due to windup and consequently synchronization is lost [7]],
[8]l. A potential solution was presented in [§], where a proper
coordination between the inner loops and the outer power
control loops is used to prevent such windup phenomena.
Another class of FRT controllers have also emerged which
avoid such windup by means of dynamic virtual impedance
[O, [10]. However, to fully utilize the converter’s current
capability, the required virtual impedance is dependent on
the variable grid condition during fault, such as the depth
of voltage sag and/or phase jump and grid impedance. An
explicit current limiter provides a more intuitive and easier
implementation [8]].

Virtual oscillator based controllers, such as virtual oscillator
control (VOC) and dispatchable virtual oscillator (dVOC),
are another class of emerging GFM controllers which are
designed for almost global synchronization guarantee in arbi-
trary N-converter networks with zero inertia [[L1]]-[16]]. These
nonlinear time-domain controllers provide substantially faster
synchronization compared to synchronous machine emulation
based methods such as droop control and virtual synchronous
machine (VSM) [17]. A unified virtual oscillator controller
(uVOC) was recently proposed which inherits the rigorous the-
oretical foundation and asymptotic synchronization guarantee
of dVOC and provides enhanced ride-through capability under
symmetrical grid faults [[18]], [[19]]. Unlike conventional droop
based methods, uVOC uses explicit current references in the
power-synchronization loop, which offers a unique advantage
for limiting over-current; current-limiters can be embedded
directly in the synchronizing controller. Consequently, sym-
metrical FRT is achieved without the need for controller
switch and/or dynamic virtual impedance. Furthermore, uVOC
exhibits a first-order power-angle response [19], [20], i.e.,
fault-recovery is not constrained by any critical clearing angle
(CCA) which constrains second-order controllers such as
droop control and VSM.

Although, majority of reported literature focus on sym-
metrical FRT, asymmetrical faults, such as single-line-to-
ground (SLG) and double-line-to-ground (DLG) faults, are
more frequent in real systems. Asymmetrical FRT strategies
for GFL converters have been developed from the primary
motivation of protecting the converter hardware from excessive
current stress and/or power oscillation [21]-[23]. In most
GFL applications, these asymmetrical FRT strategies rely on a

decoupled double synchronous reference frame phase-locked-
loop (DDSRF-PLL) for synchronization and vector current
controllers in both sequences to limit the converter output cur-
rent. A number of current reference generation schemes have
been reported for different control objectives such as balanced
current injection and constant real power flow. Asymmetrical
FRT in GFM applications can be achieved by switching to
a DDSRF-PLL based vector current controller under fault.
However, synchronization issues of PLLs, specifically under
weak grids, have been well-documented in literature [18]],
[24]. A number of PLL-free asymmetrical FRT approaches
have been reported. In [9], instead of synchronizing to the
unbalanced grid, pre-fault values of the frequency and voltage
magnitudes are used under faults. In [25], [26], a set of
two current controllers are used beneath the power control
loops to limit the positive- and negative-sequence currents.
In [10]], the outer power control loops synchronize to the
positive-sequence voltage while an adaptive virtual impedance
combined with inner voltage and current control loops are
used to limit output current under asymmetrical faults. Another
class of asymmetrical FRT controllers have been proposed
for GFM converters, which employ power-synchronization in
both positive and negative sequences [27]]-[29]. These early
attempts focus on protection of the converter hardware through
balanced power control and/or suppression of active power
oscillation. However, detailed implementation guidelines and
performance evaluation under realistic fault conditions have
not been reported. Furthermore, no compatible asymmetrical
FRT methods have been reported for oscillator based GFM
controllers.

In this work, a double synchronous unified virtual oscil-
lator controller (dsUVOC) is developed which employs two
oscillators to achieve power synchronization to both positive-
and negative-sequence fundamental frequency components of
an unbalanced or distorted grid. Over-current limiting under
fault conditions is achieved by integrating a double-sequence
vector limiter on the sequence-current references used by the
synchronizing oscillators. FRT under symmetrical or asym-
metrical fault conditions with over-current limiting as well
as voltage support and unbalance mitigation are achieved
without the need for switching to a back-up controller or a
PLL. The rest of the paper is organized as follows: first, the
grid-tied VSC system of interest is presented. Second, the
proposed dsUVOC structure is introduced. Third, the principle
of operation through power synchronization in both sequences
is explained. Fourth, control hardware-in-the-loop (CHIL) and
laboratory hardware test results are presented to validate the
proposed controller.

II. ASYMMETRICAL FRT IN GRID-TIED VSCs

Fig. [T] shows a grid-tied VSC fed by a A-Yg transformer.
The converter operation under upstream asymmetrical faults,
marked by the red arrow, is of interest. Note that the A
feeder connection prevents zero-sequence currents at the PoC,
and hence only positive- and negative-sequence fault currents
are of interest. Effective FRT is motivated by an underlying
converter-oriented or system-oriented objective, constrained by
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Figure 1. Grid-tied converter under study; red arrow denotes fault location
at upstream of the A-Yg feeder transformer.

the hardware capability, and must be enabled by an appropriate
controller.

Under fault conditions, the overall control objective may
vary in different applications and is set by a higher-level
coordinator. For instance, converter-oriented FRT objective
may be tailored to reduce stress on the converter hardware
by minimizing active power oscillation, i.e., constant active
power injection, or to equalize loading of all three phases, i.e.,
balanced current injection. System-oriented FRT objectives
may be set to provide terminal voltage support at the PoC
and/or unbalance mitigation. Naturally, converter-oriented FRT
objectives are favored by manufacturers, whereas system oper-
ators may mandate system-oriented FRT objectives. However,
relevant standards for desired FRT response by GFM convert-
ers are still under development and the lack of clear guidelines
have led to different ride-through strategies. Standardization of
such FRT objectives/responses requires extensive system-level
research and consensus among various stakeholders such as
converter manufacturers and system operators. Optimization
of FRT objectives, such as optimum real and reactive power
references for converter vs. system oriented objectives, are
kept out of scope in this work. Instead, we focus on the
FRT controller to enable simultaneous synchronization to
positive- and negative-sequences of the grid, as well as to
achieve flexible control capability for various converter-level
and system-level objectives while respecting the hardware
constraints.

Irrespective of the underlying objective, the hardware cur-
rent capability/constraint must be respected during the FRT
operation. Overall, for effective FRT, the controller must have
two key capabilities; first, synchronization to the positive-
and negative-sequence components of the asymmetric grid.
Synchronization to only the positive-sequence component may
suffice for specific converter-oriented objectives such as bal-
anced current injection; however, more demanding objectives
such as constant active power injection and voltage unbalance
mitigation at PoC require synchronization to both positive- and
negative-sequence grid voltage components. Second, fast over-
current limiting is essential, specially when fault occurs and
is cleared. Finally, proper coordination between the controller
elements responsible for synchronization and for saturating
output current is essential to retain synchronism under current-
limited operation. The following section describes the pro-
posed dsUVOC structure followed by detailed explanations of
how the various control capabilities are achieved.

Vi

Double
Sequence
Vector
Limiter

Double Sequence
Current Reference
Generation

ig_

(io — 1)

Figure 2. Proposed double synchronous unified virtual oscillator controller.

III. DOUBLE SYNCHRONOUS UNIFIED VIRTUAL
OSCILLATOR CONTROL

The dsUVOC implementation in a grid-tied VSC is shown
in Fig. [l| where either the converter-side current ¢; or the
grid-side current i, feedback can be used. No voltage or
current reference tracking loops are used; the dsUVOC output
is directly used by the pulse-width-modulator (PWM). The
detail dsUVOC structure is shown in Fig. 2] which consists of
a positive-sequence space vector oscillator (SVO), a negative-
sequence SVO, a double-sequence current reference generator,
and a double-sequence vector limiter. Furthermore, an active
resistance Ry and virtual impedance Z,(s) are used. The
different components of the controller are described in the
following subsections.

A. Positive- and Negative-Sequence Space Vector Oscillators

Historically, the bulk power system has relied on a very
simple and natural synchronization process among large syn-
chronous machines/generators. A traditional generator is de-
signed to operate at the synchronous speed/frequency, such as
60Hz in the United States, when the nominal real power is
drawn from its output terminals. While connected to an elec-
trical grid, any increase (decrease) in a generator’s operating
speed with respect to the synchronous frequency of the grid
leads to an increase (decrease) in its output power. Through
governor action, an increase (decrease) in output power forces
the generator to slow down (speed up). Thus, a generator
achieves self-synchronization with the rest of the electrical grid
through a transient exchange of power; this natural synchro-
nization process through power-frequency drooping is termed
as Power Synchronization. Power synchronization is leveraged
as the fundamental synchronizing mechanism in synchronous
machine emulation based GFM control approaches such as
droop control, power synchronization control (PSC) , and
VSM. In [18]], uVOC was shown to exhibit instantaneous
power vs. frequency droop response which demonstrated the
power synchronization nature of uVOC. In this work, the
proposed dsUVOC leverages power synchronization in both
positive- and negative-sequences to achieve synchronization
to the fundamental-frequency sequence components of an
unbalanced/distorted grid. The positive- and negative-sequence
SVOs serve as the synchronizing units and are implemented
as

vy = jwovy + e (oy —in) + g (Ve — [Ive ) vy,

)
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)+ u- (Vg = v |?)v-.
)

The saturated current references iy, and i,  are generated
from the SVO outputs v and v_ following the guidelines
presented in Sections [[II-B] and [[lI-C] The sequence current
components i} = in4 + jigy and i- = i, + jig_ of the
converter output current i = i, + jig are extracted as

Vo = —jwov_ — jn—(ig_ —i-

ig4 = 0.5(ip +ia1),
i5_ = 0.5(ig — il ).

fat = 0.5(ia —ipL);

io— = 0.5(iq +i51);
Here, (.), denotes the orthogonal version of the respective
signal obtained by delaying the original signal by Tp/4,
where T} is the fundamental period. The synchronization and
magnitude correction gains are set as

3)

Ny =n- = +x./7p)n0; py = p- = (1 —x)po.  (4)

The nominal values 79 and pig are chosen following the design
guidelines presented in [18], whereas the mode transition
signal x, is generated by appending a ramp-down to the
trailing edge of fault signal x; as shown in Fig. El The ramp-
down over a short period ¢r ensures smooth transition at fault
clearing.

Xf
0 % t

xT
1 R
0 R i t

L

Figure 3. The mode transition signal x, is generated from the fault signal
xy.

The implementations of the positive- and negative-sequence
SVOs are shown in Fig. f]

Figure 4. Implementation of synchronizing units - (a) positive-sequence SVO,
(b) negative-sequence SVO.

The principle of operation of the two SVOs through power
synchronization is presented in Section [[V]

B. Double-Sequence Current Reference Generation

For a given set of real and reactive power references, the
current references are generated using the controller internal
states v and v_. In [18], current references are generated
using instantaneous power theory. However, for asymmetric
operation the coupling between the power flows in the two
sequences substantially complicates the current reference gen-
eration. Various current reference generation methods have

been proposed for asymmetrical FRT in GFL converters [21]]—
[I23[], [30]]. For flexibility in control capability such as balanced
current injection, constant real power flow, and positive and
negative sequence reactive power compensation, the reference
generation method reported in [22], [23] is adopted in this
work. The sequence current references ip+ = 00+ + Jig0+

and ig— = i00— + jigo— are generated as
. 2 (kyiv koiv
10/0+:3{ pBa+P0+ qBﬂ+QO}7
p q
2 (k k
g0y = 5 § LRy - Mt gt
3 D, D, )
. 2 [ kp_vo— kq—vg—
lao- = 3 ) Py + ) Qo ¢ 5
p q
) 2 [ kp_vg_ kqg—Va—
_ == P —
igo 3 { D, 0 D, Qo ¢

where D, = ki [V |2+ ky— [v_|[? and Dy = kg [[v |12 +
kq—|lv_]||?. Desired control objective can be obtained with
proper selection of ky, kp—, kg4, and kq_ [23]].

C. Double Sequence Vector Limiter

To prevent over-current at the converter output under fault
conditions, the current reference vector must be limited below
the maximum value allowable by the converter hardware.
A circular limiter used in [18]], [[19] cannot be used on
asymmetric set of current references.

b

Figure 5. Asymmetric current vector follows an elliptical trajectory.

Fig. [j] illustrates the positive-sequence component Iy and
negative-sequence component /o_ of an arbitrary set of asym-
metric current reference vector Iy. The instantaneous sum of
the two inversely rotating vectors Ipy and Iy_, results in an
elliptical trajectory of the total current vector I. For over-
current limiting below the maximum RMS value I,,, allowable
by the converter hardware, the current reference is to be
saturated as

ip = {[iao Zpo l'co}T smax{l,g, Lyos Lo} < Im},  (6)
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First, the RMS magnitudes of the three-phase unsaturated
current references are obtained as

Lo = [{llio+|* + [lio— |[* + 2(&1 cos 2y — &asin27)}/2] "7,

(N
where &1 = (ia0+la0— — i50+i50_) and & = (iﬂo_;,_iao_ +
ta0+igo—) and v = {0,—27/3,27/3} for phase x = a, b,
and c, respectively. Next, the saturated current references are
obtained as

[i()Jr iof]T = ksat[io-&- iO—]T; ksat = Im/Imama (8)

where I,q. = max{l,0, Iy, I.o}. The active resistance Ry
(see Fig. [2) is used for fast over-current limiting under fault
condition. The various parts of the virtual impedance Z,(s)
are implemented as

R
ZU (S) U

- s/wp +1

L,
T ZL b
T S/wb+1+zh: hs): )

where virtual resistance R, can be used for augmenting
system damping and the virtual inductance L, can be used
for fast over-current limiting at the fault instant [[18]], [[19];
resonant filters ), Z;(s) can be added for harmonic current
suppression [16]. Note that the complete controller shown in
Fig. 2] is used under both nominal and fault conditions. As
explained in Section under normal operating condition
with a symmetric grid voltage or under symmetric faults, the
controller inherently achieves ip— = 0 and i_ = 0.

The level of voltage unbalance at the PoC is characterized
by the unbalance factor (UF), defined as UF=||vg_||/||vg+]l-
A fault signal is latched, i.e., ¢ = 1, once an over-current is
detected as |i,| > I7;,Vx € {a,b,c} in any of the phases or a
voltage unbalance above a threshold K7y is detected as UF>
Kyry. The fault is cleared, i.e., xy = 0, once the positive-
sequence voltage returns to the nominal range as ||v_ || > Vi
and the UF falls below the clearing threshold < K.

IV. PRINCIPLE OF SYNCHRONIZATION

The proposed dsUVOC utilizes power synchronization in
both positive- and negative-sequences. We consider the simpli-
fied system with an arbitrary operating point, shown in Fig. [
where the virtual impedance and the LCL filter are lumped
together with the source/grid impedance.

Q)
. V,
g
Vi iy vV,

g+

o
|

Figure 6. Simplified system for analysis of the double-sequence power
synchronization.

A. Positive-Sequence Synchronization

To illustrate the positive-sequence synchronization mecha-
nism, we consider kpy =1, ko =0, kg =1, kg = 0;
the negative-sequence SVO and the double-sequence vector

limiter on the current reference are excluded. Following similar
steps used in [18]], can be rearranged as

Vi =[j(wo +nreipy) + (Bgor — nyeigs)]ve,  (10)
where
S 2(Por — Py). cioy = —2(Qo+ — Q+)
llval? Bllvalr an

Py +jQt = viily; Poy +jQoy = viig,,

Cyt+ = VO2+ - HV+||27

B
d
as, A
.*
Vo ; Vet
O a
e,
Vot

Figure 7. Power synchronization of the positive-sequence SVO.

and (.)" denotes complex-conjugate of the respective complex
vector. Now, we consider a synchronous reference frame
aligned with the positive-sequence SVO output voltage vector
v,. For an arbitrary positive-sequence source/grid voltage
vector vg+ and a current error e, = ipq — iy, a graphical
representation of the SVO dynamics given by (I0) is shown in
Fig. [/l where the o and [ axes mark the stationary reference
frame. Note that the real and imaginary parts of the complex
coefficient of v in denote the instantaneous frequency
w4+ and normalized rate of change of the instantaneous vector
magnitude (1/V,)d(Vy)/dt, respectively [18], where V; =
[v4l/4/(2). Evidently, instantaneous droop responses such
as Py vs. wy and Q4 vs. Vf are observed on the SVO
output voltage vector along the synchronous d and g4 axes,
respectively as
N+

wi =0y =wo+ g2 (Fot+ = P+,
+

12)
y M+
V+ = 2/L+V+(‘/02+ — V_E) + (Q0+ - Q-l-)a
3Vy
which facilitate the power synchronization to the positive-
sequence grid voltage vector vg.y.

B. Negative-Sequence Synchronization

Excluding the positive-sequence SVO and taking £k, =
0, kp— =1, kg = 0, k,— = 1 and following similar
notations as those used in the preceding subsection the
negative-sequence SVO dynamics in can be rearranged as

Vo = [—j(wo +n-eip_) + (p—ep— —n_eio_)]v_. (13)
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\'i _ja)ov_

Figure 8. Power synchronization of the negative-sequence SVO.

For an arbitrary negative-sequence source/grid voltage vector
vg— and a current error e;_ = ip_ — i_, a graphical
representation of the SVO dynamics in the negative-sequence
synchronous frame aligned with v_ is shown in Fig. @
Evidently, instantaneous droop responses such as P_ vs. w_
and Q_ vs. V2, similar to those in the positive-sequence, are
also obtained along the d_ and ¢_ axes, respectively as

w_=5_—w0+ (Po— — P_),

3V2

Vo=2u Vo(Vi - V2) + W(Qof Q-).

(14)

This enables power synchronization to the negative-sequence
grid voltage vector vg_. Note that the negative-sequence
voltage reference is set as Vo— = 0 and under normal operation
the power references are chosen as Py = 0 and Qp— = 0
which leads to ip— = 0; for a balanced grid, vg— = 0 which
results in v_ =0 and i_ = 0.

C. Double-Sequence Synchronization

The current reference generation given by (3) uses total
power references Py and )y and results in sequence power
references as

P by vl Qoo _Relvel
Poy  kpllvall” Qor Kgallvll
where k,_ = 0 and Kk, = 0 lead to Fp— = 0 and

Qo— = 0, respectively. Symmetric and asymmetric faults
can be distinguished by the voltage unbalance factor (UF).
Under symmetric faults, k,— = 0 and k,— = 0 are used
since negative-sequence compensation is not required. Now,
using the full form of the current reference generation given
by (@) and considering the double-sequence vector limiter,
the positive- and negative-sequence droop responses during
current constrained operation can be derived as

Wy =wo + 377‘2% (21{:ng+ ksatPo — P+> ;

Vi =2u, Vi (VR — V2 + 37771 <2kngfksath - Q+> ,

w_ —WO+377‘;2 <2I€Z)Dp‘/2ksatP0_P ),

V2=2u V_(VE —V2)+ 37;; <2k‘gqv‘ ksatQo — Q- ) .
(16)

Evidently, the P — w and the Q — V? droop responses
in both sequences are unaffected during current-constrained
operation; only the power references are scaled proportionately
with the voltage magnitude. Furthermore, the coupling among
the two sequences exists through the power references. This
enables the simultaneous double synchronous operation of the
proposed controller.

V. EXPERIMENTAL RESULTS
A. Real-Time CHIL Test

A real-time controller hardware-in-the-loop (CHIL) test bed
is set up to validate the proposed controller. The VSC system,
shown in Fig. [T} including the feeder transformer and the grid
are modeled in real-time OPAL-RT platform; grid-side current
feedback is used for control implementation. The proposed
dsUVOC is implemented using Texas Instruments’ C2000
digital signal processor TMS320F28377s. The VSC ratings and
the controller parameters are listed in Table [I] and Table [}
respectively. The control parameters are selected following
the design guidelines provided in [18]]. Unbalance mitigation
is prioritized for current reference generation using k,; =
1,kp— = 0,kq4 = 0.1, and k,— = 0.9. The grid and fault
impedances are set as Z; = 0.019 pu and Z; = 0.019% pu,
respectively, with reactance to resistance ratio of X/R = 20.
To evaluate the controller performance under different feeder
strength at the PoC, we consider two different impedance
values of the A-Yg transformer as Z,.. = 0.1 pu and 0.5
pu. Note that the VSC ratings (V) and P,.4;.q) are used as the
base quantities for the pu notation. Therefore, the different
values of Z,., emulate different source strengths, i.e., short-
circuit ratio (SCR) while looking into the PoC from the VSC
side.

W VI VA
\Vpﬂc [200V/div]  Horizontal: t [200ms/div]

VOV

Fault occurred = *— Fault cleared

Figure 9. CHIL FRT response to a SLG fault for Zze, = 0.5pu.

1) Single-Line-to-Ground (SLG) Fault: Fig. |§| shows the
ride-through response to a SLG fault for a weak source/feeder
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Table 1
VOLTAGE SOURCE CONVERTER RATINGS

Symbol  Parameter CHIL H/W Exp.
Srateq  Rated power 10.8 kVA 3.3 kVA
Prated Rated real power 9 kW 2.75 kW
Qrated  Rated reactive power 6 kVAR 1.8 kVAR
Vo Nom. voltage 120 V 110V
wo Nom. frequency 2m(60) rad/s  2m(60) rad/s
fsw Switching frequency 10 kHz 50 kHz
fs Sampling frequency 20 kHz 25 kHz
L1 Converter-side inductor ~ 0.046 pu 0.008 pu
Lo Network-side inductor 0.058 pu 0.014 pu
Cy Filter capacitor 0.036 pu 0.06 pu
Table IT

CONTROLLER PARAMETERS

CHIL H/W Exp.
no  16.63 no  45.72
o T.1x107* | po 8.4 x 1074
Rp 0.52 pu Ry 0.38 pu
s 0.07 s 0.07
Im 1.2 pu Im 1.2 pu

condition (Z,., = 0.5 pu). At pre-fault condition the power
references are set as Py = 0.75 pu and Qy = 0. Once
the fault is detected, the reactive power reference is set as
Qo = (S2,,.4 — P2)Y/%. The test data is further analyzed
to evaluate the positive- and negative-sequence voltage and
current magnitudes, and the UF at the PoC, which are shown in
Fig.[I0] Note that the converter output current is limited below
the maximum allowable value I,,. The positive-sequence
voltage is boosted up as well as the UF, marked in red in
Fig. is improved/lowered compared to the uncompensated
UF (marked by blue dashed line). The uncompensated UF is
measured at the PoC separately under identical fault condition
when the VSC is disabled. Once the fault is cleared, normal
operation is quickly restored.

Next the experiment is repeated under a strong source/feeder
condition with Z ., = 0.1 pu and the corresponding results
and data analysis are shown in Fig. [T1] and Fig. @ respec-
tively. The output current is quickly limited below I,,, and the
positive-sequence voltage at the PoC is restored under fault,
whereas the negative-sequence voltage is lowered to improve
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Figure 10. Analysis of test data for SLG fault for Z e = 0.5pu (Fig. EI)
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Figure 11. CHIL FRT response to a SLG fault for Z;e, = 0.1pu.
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Figure 12. Analysis of test data for SLG fault for Zze, = 0.1 pu (Fig. [TT).

the UF compared to the uncompensated UF under fault.

2) Double-Line-to-Ground (DLG) Fault: FRT response and
the corresponding data analysis under a weak source/feeder
condition (Z, = 0.5 pu) are shown in Fig. [I3] and Fig. [I4}
respectively.
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Figure 13. CHIL FRT response to a DLG fault for Z;e,» = 0.5pu.
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Figure 14. Analysis of test data for DLG fault for Zzer = 0.5 pu (Fig. [[3).

From the uncompensated UF, it is evident that the DLG fault
leads to severe voltage unbalance at the PoC which results in
momentary rise in the converter output current; however, the
converter quickly limits the output current at the maximum
allowable value I,,. Leveraging the full current capability
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(current saturated operation), the controller substantially im-
proves the voltage UF at the PoC. Normal operation is restored
quickly without any noticeable transients in the output current
once the fault is cleared.
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Figure 15. CHIL FRT response to a DLG fault for Zze,» = 0.1pu.
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Figure 16. Analysis of test data for DLG fault for Zger = 0.1 pu (Fig. [T3).

Next the test is repeated under a strong source/feeder
condition with Z,., = 0.1 and the corresponding results are
shown in Fig. [T3] and Fig. [T6] respectively. Due to the lower
source impedance compared to that in the weak-source case
(Fig. [T4), a higher initial overshoot in converter output current
is observed at the fault instant. The controller quickly limits
the current at I,,, while lowering the PoC voltage UF. Note that
the lower feeder impedance results in a lower improvement in
the UF relative to Fig. [T4] for the given current capability of
the converter hardware.

B. Laboratory Hardware Experiments

The laboratory test setup, including a battery energy storage
system (BESS) and a three-phase VSC, is shown in Fig. [T7
California Instruments’ MX30pi programmable AC source is
used as the grid emulator and discrete inductors Z, ., are used
to obtain different grid strengths/SCRs. The BESS is rated
at 400V 2.75kW and the VSC ratings are listed in Table
The control parameters are shown in Table [l An observer
based active damping (AD) controller is used to prevent LCL
resonance in the VSC [31]. Texas Instruments’ C2000 digital
signal processor TMS320F28379D is used for digital control
implementation.

1) Single-Line-to-Ground Fault: A SLG fault is emulated
by introducing a sudden voltage sag in one phase by the grid
emulator (see Fig. [T7). Fig. [I8]and Fig[I9] show the converter
response to a SLG fault emulated by a sudden voltage sag on
phase A from 1 pu to 0.27 pu for Z, ., = 0.57pu (SCR=1.75),
while the reference is set as Py = 0.2 pu. The experiment is

Figure 17. Test setup using a laboratory prototype.

repeated for Z; ., = 0.19pu (SCR=5.25) and a voltage sag
from 1 pu to 0.1pu; the corresponding FRT response and data
analysis are shown in Fig. 20| and Fig. [2T] respectively.
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Figure 18. Experimental FRT response to a SLG fault for Z; g = 0.57pu
(SCR = 1.75).
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Figure 19. Analysis of test data for SLG fault for SCR = 1.75 (Fig. [I).

For both SCRs, the output currents are limited within the
limit I,,, and the controller substantially improves the UF at
the PoC. Normal operation is retained quickly once the fault
is removed.

2) Double-Line-to-Ground Fault: A DLG fault is emulated
by introducing a sudden voltage sag in two phases by the grid
emulator (see Fig. [I7). Fig. 22] and Fig[23] show the converter
response to a DLG fault emulated by a sudden voltage sag on
phase A and phase B from 1 pu to 0.27 pu for Z; ., = 0.57pu
(SCR = 1.75), while the reference is set as Py = 0.2 pu. The
experiment is repeated for Z, ., = 0.19pu (SCR=5.25) and
a voltage sag from 1 pu to 0.36 pu; the corresponding FRT
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Figure 20. Experimental FRT response to a SLG fault for Zg .q = 0.19pu
(SCR = 5.25).
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Figure 21. Analysis of test data for SLG fault for SCR = 5.25 (Fig. [20).

response and data analysis are shown in Fig. 24] and Fig. 23]
respectively.
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Figure 22. Experimental FRT response to a DLG fault for Z4 g = 0.57pu
(SCR = 1.75).
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Figure 23. Analysis of test data for DLG fault for SCR = 1.75 (Fig. 22).

For both SCRs, the output currents are limited within the
limit I,,, and the controller substantially improves the UF at
the PoC. Normal operation is retained quickly once the fault
is removed.

3) Three-Phase Fault: A three-phase fault is emulated by
introducing a sudden voltage sag from 1 pu to 0.36 pu in all
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Figure 24. Experimental FRT response to a DLG fault for Zy ., = 0.19pu
(SCR = 5.25).

= 1F [ —+ seq.'—— seq.
S 05 M
< 0 . .
7 . .
(=9
S 05¢ — + seq.— — seq
£ 0 . .

: ' ---VSC disabled
g5 05r fmmmmm oo \ —VSC enabled ]

0 =" = I

1.5 2

t(s)

Figure 25. Analysis of test data for DLG fault for SCR = 5.25 (Fig. 24).
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Figure 26. Experimental FRT response to a three-phase fault for Zg4 cq =
0.57pu (SCR = 1.75).
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Figure 27. Experimental FRT response to a three-phase fault for Z; .q =
0.19pu (SCR = 5.25).

Fig. and Fig. 27) show the converter response to symmet-
rical three-phase faults for Z; ., = 0.57pu (SCR=1.75) and
Zgeq = 0.19pu (SCR=5.25), respectively, with Py = 0.2
pu. The controller leverages its allowable current capacity
to improve the terminal voltage at the PoC in both cases.
Consequently, the PoC voltage is raised to =~ 1 pu and ~ 0.67
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pu for SCR=1.75 and SCR=5.25, respectively, while the output
current is clamped below or at the allowable limit 7,,,. Nominal
operation is retained once the fault is cleared.

VI. CONCLUSION

This work presents the first asymmetric FRT solution suit-
able for virtual oscillator based controllers. The proposed
dsUVOC leverages simultaneous power synchronization in
both positive- and negative-sequences, which enables synchro-
nization to balanced, distorted, or unbalanced grids. Through
sequence-decoupled as well as positive- and negative-sequence
coupled space vector analysis, double-sequence power syn-
chronization has been illustrated. This enhanced synchro-
nization capability, combined with fast over-current limiting,
facilitates ride-through of both symmetric and asymmetric
faults. The proposed controller has been validated through
real-time CHIL and laboratory hardware experiments.
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