5860

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 38, NO. 6, NOVEMBER 2023

Model-Free Optimal Control of Inverter for Dynamic
\oltage Support

Yifei Guo”, Member, IEEE, Bikash C. Pal

Abstract Inverter-based resources (IBRs) are required to pro-
vide dynamic voltage support (DVS) during voltage dips to enhance
the low-voltage ride-through capability. In this article, a model-free
control method is developed to achieve the optimal DVS (ODVS)
without relying on the knowledge of grid parameters. Delving into
the optimum trajectory of the ODVS problem, it is found that the
current constraint and the maximum active power constraint of
IBRs are both binding, or one of them is binding. This inspires us
to search for the optimum in a closed-loop way by a perturb-and-
observe (P&0)-based optimum seeking (OS) controller with either
the power factor angle or the reactive current being the manipu-
lated (perturbed) variable. The system is guaranteed to converge
asymptotically to the optimum provided the stepsize sequence is
diminishing and non-summable. The proposed model-free optimal
control is nally implemented within a single-stage photovoltaic
(PV) system, where dynamic simulations demonstrate the optimal
and fast DVS performance. Moreover, the implementation strategy
for other types of IBRs that are not self-protected by nature is also
discussed.

Index Terms Dynamic voltage support (DVS), inverter-based
resources (IBRs), low-voltage ride-through, model-free control,
optimum seeking (OS), perturb-and-observe (P&O).

. INTRODUCTION

HERE has been a broad consensus among worldwide grid
T codes on the operational requirements for inverter-based
resources (IBRs) in response to voltage disturbances IBRs
should not only ride through abnormal voltage conditions but
also provide dynamic voltage support (DVS); see Fig. 1 for the
typical low-voltage ride through and DVS requirements. Fast
DVS helps prevent the IBRs themselves from being tripped
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Fig. 1. Low-voltage ride through (left) and dynamic reactive current injection

(RCI, right) requirements for a photovoltaic power station in China [5].

by the voltage protection while enhancing short-term voltage
stability [1], [2], [3] as well as transient stability [3], [4] of the
entire system.

Today, a certain amount of reactive current provision in pro-
portion to the retained voltage at the point of common coupling
(PCC) is usually mandatory during grid voltage dips [5], [6],
[71, [81, [91, [20], [11], [12]; see Fig. 1 for example. Although
there is little doubt that the reactive current injection can help
support the voltage, prioritizing reactive current or even purely
injecting reactive current does not maximize the DVS in general.
Furthermore, with the increasing integration of IBRs and the
retirement of synchronous generators, IBRs play an increas-
ingly vital role in improving power system immunity against
disturbances. So, it is imperative to explore more sophisticated
ways for IBRs to provide DVS, as simple heuristic rules usually
cannot unlock the maximum DVS capability of IBRs and may
even cause instability [13], [14].

Recent years have seen a tremendous surge of interest in
developing advanced DVS strategies of IBRs based on optimiza-
tion, speci cally for boosting the positive-sequence voltage [15],
[16], [17], [18], [19], [20]. The work in [15] formulates an opti-
mization model for maximizing the PCC voltage where the max-
imum fault current injection is imposed, based on a sensitivity-
based linearized relationship between the PCC voltage and cur-
rent injection. Rather than relying on the linear approximation,
the studies in [16], [17], [18] present the optimization models
for maximizing the PCC voltage subject to the maximum current
limit, based on the entire nonlinear voltage-current relationship.
The work in [19] further takes into account a load impedance
at the PCC. A thorough optimality analysis of the optimal
DVS (ODVS) problem is provided in [20], considering the cur-
rent, active power, and synchronization stability constraints of
IBRs.
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It has been extensively veri ed in previous studies [15], [16],
[17], [18], [19], [20] that the current injection of IBRs that
yields the maximum (optimal) DVS depends not only on the
current and power limits of IBRs, but also on the Th@venin
equivalent of the grid seen from the PCC; the underlying math-
ematical relationship has been revealed in [20]. Most of those
studies assume the availability of the grid model (grid voltage
and/or impedance). Indeed, it is straightforward to implement
the ODV'S based on the knowledge of grid parameters. However,
as there are typically stringent requirements on the response time
of DVS?, the time window available for grid estimation may be
too short even for most state-of-the-art techniques [21], [22],
[23], [24], [25], [26] to work effectively and reliably, especially
during dramatic voltage disturbances?. This reveals the fact that
it is very challenging in practice to achieve the ODVS based
on the full knowledge of grid parameters; it must be noted that
using erroneous grid parameters could not only result in loss of
optimality, but may even cause instability, e.g., loss of synchro-
nism (LoS) or power imbalance between ac and dc sides. The
authors in [15] realize the dif culty in computing the sensitivity
coef cients without knowing external grid conditions and thus
propose a compromise solution: outputting the maximum and
equal active and reactive currents regardless of grid conditions.
Such a strategy eliminates the need for grid estimation; however,
itmay not only sacri ce the optimality but also induce instability
under certain conditions.

To overcome these challenges, this work explores the ODVS
control of IBRs that does not rely on a feedforward grid pa-
rameter estimation. Without the availability of grid parameters,
the ODVS becomes a gray-box optimization problem?. In this
context, a model-free control method is developed to seek the
optimum of the gray-box ODVS problem in an online fashion.
Revisiting the optimum trajectory of the ODVS problem derived
in our earlier work [20], it is found that the current constraint
(CC) and/or the maximum active power constraint (MAPC) of
the IBR is binding; that is, the IBR should either output the max-
imum current or maximum active power to achieve ODVS. This
indicates that one can search for the optimum along the feasible
space boundary on which the optimum is instead of exhaustively
searching over the whole feasible space. To do so, the functional
relationship between the PCC voltage and power factor angle
(reactive current) is rst discovered based on the condition that
the IBR operates along the boundary of CC (MAPC). It is
proven that the functions have a unique local maximum within
aspeci ¢ domain, which exactly corresponds to the optimum of
the ODVS problem. On this basis, solving the two-dimensional
(2-D) ODVS problem can be reduced to a one-dimensional
(1-D) search. This inspires a perturb-and-observe (P&0)-based
optimum seeking (OS) with either the power factor angle or the

LFor example, PV and wind farms in China shall provide DVS within 30 and
60 ms since a voltage dip occurs, respectively [5], [10].

2The state-of-the-art grid estimation techniques usually require at least several
hundred milliseconds to update the estimate. Apart from that, their accuracy
under large system transients is yet to be justi ed [21], [22], [23], [24], [25],
[26].

31t must be noted that the model structure is imposed, i.e., the Th@venin
equivalent still holds, but the model parameters are no longer assumed to be
known.
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Fig. 2. Schematic diagram of a three-phase grid-connected IBR.

reactive current being the manipulated (perturbed) variable. The
criteria associated with the stepsize rule are given, guaranteeing
that the P&O-based OS can converge to the optimum without
steady-state oscillations. Finally, the model-free ODVS control
is implemented within a single-stage photovoltaic (PV) gener-
ation system. Its performance is examined and compared with
other existing practices under various operating conditions.
The rest of this article is organized as follows. Section Il
revisits the problem statement and the optimum trajectory. Sec-
tion I introduces the dimensionality reduction approach. The
P&O-based OS algorithm in Section IV. Section V presents the
implementation method of the model-free DVS control embed-
ded within a single-stage PV generation system. In Section VI,
dynamic simulations are conducted, followed by conclusions.

Il. PRELIMINARIES
A. Problem Formulation

The schematic diagram of a three-phase grid-connected IBR
is shown in Fig. 2, where V4 and R + jX are the positive-
sequence grid voltage and impedance. The three-phase inverter
employs a typical cascaded control loops, i.e., an outer loop
that regulates the power/voltage, and an inner loop that controls
the current. The standard dual current control strategy under
the dg-frame that allows the decoupled control of positive-and
negative-sequence currents is adopted. The system modeling has
been detailed in [20], so is omitted here.*

To reduce the risk of being tripped by the under-voltage
protection, IBRs shall provide DVS during voltage dips. So, the
ODVS seeks to maximize the positive-sequence PCC voltage
magnitude (V) by optimizing the IBR s active and reactive
current injections (14 and 14) while respecting all the physical
constraints. It is formulated as

maximize V (lg, lq) (1a)
la,lq

subjectto gc(la,lq) 0  Current Constraint

Op(la,1g) O

(1b)
Max. Power Constraint (1c)

where

V (g, lg) =

VZ (Rlg+Xlg)2+Rlg Xlg (2

4Since this work focuses only on the positive-sequence DV'S, the negative-
sequence current is kept to zero. However, it should be clari ed that advanced
negative-sequence control is also compatible, as long as it is well coordinated
with the positive-sequence control to respect all the physical limits.
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Imax = 0 and Pmax = 0 denote the IBR s maximum current
limit and the maximum power limit. The maximum available
power Pmax depends on the dc-side energy source, e.g., wind,
solar, battery storage, etc., and may thus vary over a wide range.
It must be noted that, the synchronization stability constraint
(SSC)

Os(la, Ig) == |RIg+ Xlg| V4 0 (5)

is hidden in (1). Any solution (lq, lg) violating this constraint
results in the loss of system equilibrium; therefore, the IBR will
lose synchronism with the grid.

Compared with the original formulation presented in [20],
the constraints, which are de nitely non-binding (inactive) un-
der different model parameters (Vg, R, X, Imax and Pmay), are
relaxed. Clearly, this does not affect the solution.

B. Optimum Trajectory

If all the model parameters (Vg, R, X, Imax, and Pmax) are
available, the ODVS problem (1) can easily be solved according
to the optimality analysis conducted in [20]. Not surprisingly, the
optimum is strongly related to the model parameters. Let Pmax
decrease from a suf ciently large value to zero and x other
parameters. The optimum of (1) may experience three stages:
S1 S, Sz, andcorrespondingly, there exists two boundary
conditions, C1 and C2, that determine which stage is valid, which
is detailed as follows:

1) Stage 1 (if C1 holds):

R
Id = zlmax,
S X (6)
Iq = zlmax
where Z := RZ2+ X2,

2) Stage 2 (if neither C1 nor C2 holds): S, is the unique
solution satisfying the following conditions:

gC(Id! Iq) = 0
S2: gp(ly, 1g) =0 (7
Iy 01, O
3) Stage 3 (if C2 holds):
1 8RPmax
Iy = 27 Vg VZ + 3
Ss: — 8
X RP
I, = — Vg+ V2+ max
a 2Rz ¢ g 3
The boundary conditions C1 and C2 are

C2: Imax b (10)
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Fig. 3.  Optimum trajectory of optimal DVS problem under varying Pmax.

where Py and Iy, are speci ¢ boundaries associated with the grid
parameters.

The optimum trajectory under varying Pmax is illustrated in
Fig. 3, where the color bar represents the resultant maximum
PCC voltage; the dotted arc is the maximum current boundary;
L, and L, are two parallel straight lines: Rlq + X1q = 0 and
Rlg + Xlg + VgX/Z = 0, respectively. In geometry, S is the
intersection of the maximum current boundary and the straight
line Ly, Sy is the intersection of the maximum current boundary
and the maximum power boundary, and S is the intersection of
the maximum power boundary and the straight line L. Keep in
mind that if the grid is strong, and/or the voltage dip is mild (so
that L, does not intersect with the maximum current boundary
in the fourth quadrant), Sg may not exist no matter how Pax
varies. More details of formulation and optimality analysis can
be referred to [20].

C. Gray-Box Optimization

It is clear that the optimum is strongly related to the grid
parameters (R, X, and V). However, as mentioned earlier,
accurate grid parameters are often unavailable for DVS in
practice, indicating that the above analytical solution cannot be
straightforwardly used. In this context, optimization problem (1)
becomes a gray-box optimization problem since some model
parameters are unknown. Solving such a gray-box optimization
program is typically very challenging for many conventional
numerical algorithms, in the sense that 1) the gradient informa-
tion is unavailable, 2) the objective function cannot be directly
evaluated, and 3) the constraint violations are hard to foresee. In
addition, solution ef ciency is also a big concern, as the DVS
from IBRs should be fast and agile to comply with modern grid
codes. So, in what follows, a new way of solving the gray-box
counterpart of (1) will be initiated.

I1l. DIMENSIONALITY REDUCTION

No gradient information makes it nontrivial to solve for the
optimum ef ciently, in the sense that the best search direction
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among all the candidates is unknown. However, one exception
could be solving a one-dimensional problem, where there are
only two potential search directions, positive (+1) and neg-
ative (1) . This inspires a dimensionality reduction of the
search, which will provide the foundation for the later OS.

A. Reduced Solution Space

Looking into the optimum trajectory again, it can be found
that CC is binding if C1 holds, i.e., gc(l4, 14) = 0; MAPC is
binding if C1 does not hold, i.e., gp(l4, 14) = 0. This implies
that one can search for the optimum either along the maximum
current boundary

B¢ = {(Idalq) ch(ld,lq)ZO}, (11)
or along the maximum power boundary

instead of exhaustively searching over the whole 2-D feasible
domain. Furthermore, over B¢ or By, I4 and I4 are no longer
mutually independent, enabling the dimensionality reduction.

B. Dimensionality Reduction Based on B,

By introducing the power factor angle := atan2(lq, lq),
it follows that B = {(Imax €0S , Imaxsin )| 180
180 }. Correspondingly, the objective function V over B can

be re-expressed as a function of , i.e.,®
V() =V(mnax€0s ,Imaxsin ). (13)

Itis proven that if C1 holds, V strictly increases over [ , ]
and strictly decreases over [ , ], where

:=atan2( X,R) (14)
[, 1= [s sl:ige() O [s ] (15
[s s]l:={ [ 9,0]:9s() 0} (16)

This suggests that there exists an interval [ , ], over which V
has a unique local maximizer , which exactly corresponds to
S1. So, solving (1) can be achieved by searching for ~ over
[, ]if Cl holds. Fig. 4 gives two illustrative examples of
dimensionality reduction under different grid conditions where
we assume that Pmax is suf ciently large. It shows that if the
voltage dip is mild and/or the grid is strong, [ , ] will be
[ 90,0 ] (see the top example); if the voltage dip is suf cient

and/or the grid isweak, [ , ] may shrink subject to SSC (see the

bottom example where = 45 ,and = 8.13). If Ppax

takes a value such that Pmax  Pp and gp( ) =0 for some
[ s, sl will further shrink subject to MAPC.

C. Dimensionality Reduction Based on By

For the solutions (lq, 1)
tional relationship between Ig and lq, i.e., Ig =

By, there exists an implicit func-
(Ig)orlg =

5For simplicity of exposition, we abuse the notation of V (+) depending on
the context. This also applies to gc (), gp(*), and gs(+).
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1(14); consequently, the objective function V over B, can
be reduced to a function of solely 14, that is,

V(lg) =V ( (Ig) 1g). 17)

Then, it is found that if neither C1 nor C2 holds, V strictly
decreases over [Lq, I4], where the upper bound is

— X 872p
=555 Vo VG 73R’“ax (18)
and the lower bound I4 uniquely satis es
% T 1gla =0 (19)
lqg O

Itis not hard to see that I is also the unique local maximizer I,
over [lg, 1g], which exaay corresponds to So.

If C2 holds, V is strictly increasing over [lq, 1] and strictly
decreasing over [l,, Iq], where I is the same as in (8), i.e., Ss;
I is the same as in (18); I is the same as in (19) if

2 R2+2Z2 , 2Pmax N X2V V2+822RPmax
mex  9R2z2 "9 3R  2R2z2 9 3X2
(20)
otherwise,
R2 + 72 X2 8Z2RP
l,.= ——V, IR 2 4 & Y max 21
4 2RZ2 9 2Rz2 9 3X2 (21)

This reveals that there is a unique maximizer 1, of V over a
speci ¢ interval [lg, 14], which corresponds to Ss if C2 holds
or S, otherwise. The upper bound 1 is given in (18), which in

geometry corresponds to the unique intersection of L, and B,
in the fourth quadrant. It should be clari ed that I is somewhat
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Fig. 5. Dimensionality reduction based on Bp. Top (S2): Vg = 0.5pu, Z =
0.1pu, R/X = 2,and Pmax = 0.436 pu; bottom (S3): Vg = 0.1pu, Z = 0.1
pu, R/X = 2,and Pmax = 0.126 pu.

conservative, i.e., V is expected to decrease over a wider range
(see examples later in Fig. 5). The lower bound I is determined
by CC or SSC. If the grid is weak and/or the voltage dip is severe
[so that the condition in (20) does not hold], I is determined by
SSC; otherwise, it is determined by CC. Therefore, searching
for S, or Sg can be achieved by searching for I, over [lq, 1q] i
C1 does not hold.

Fig. 5 gives two illustrative examples associated with By.
In the rst (top) case where neither C1 nor C2 holds, V
strictly decreases within [ 1.318, 0.374] pu and has a unique
local maximizer 1, = 0.374pu, exactly corresponding to
S,; in the second (bottom) case where C2 holds, V strictly
increases within [ 1.316, 0.836]pu and strictly decreases
within [ 0.836, 0.356] pu. It has a unique local maximizer,

I, = 0.836pu, exactly corresponding to Ss.

IV. OPTIMUM SEEKING

Thanks to the dimensionality reduction, solving the ODVS
problem (1) can be reduced to a 1-D search no matter the value
of Pmax. More precisely, one can search for the maximizer x
of a 1-D unimodal function V (x) over a speci c interval [x, X],
where x denotes either  or lg. It must be noted that only the
existence of such a 1-D functional relationship has been shown,
but its explicit expression is, in fact, not available due to the lack
of grid parameters. So, an immediate question of interest is: how
to search for x efficiently without the need to know the explicit
expression of V (x)?

Perturb-and-observe is considered an effective and easy-
to-implement method for 1-D search, provided the objective
function value is available. Fortunately, the PCC voltage, i.e.,
the objective function, is usually measurable in practice. This
enables us to develop a P&O-based OS algorithm, of which the

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 38, NO. 6, NOVEMBER 2023

updated rule at the kth step is given as
X+ e dy

sgn(V (k) V(Xk 1))esgn(d)  (23)

where  is the perturbation stepsize; d is the search direction;
[*IX denotes the projection operator onto the set [x, X]; sgn(u) =
1foru Oandsgn(u)= 1foru<Do.

Of great importance will be the design of stepsize rule { «},
which dictates the convergence performance. Conventionally,
the stepsize can be xed, but its selection is very tricky a
large stepsize could lead to signi cant steady-state oscillations,
whereas a small stepsize could slow down the OS. In light of
this, the following rigorous criteria and practical examples are
provided to enhance convergence.

Theoretically, the sequence {Xx} generated by (22) (23) will
converge to the optimum x ,if0< (< , k,and

Xk+1 (22)

Oi+1

lim =0, =
K k Kk
k=0

(24)

This suggests that the sequence { «} should be diminishing
and non-summable, as k . The property of diminishing
guarantees zero steady-state oscillation around the limit point
of {Xx}, while the property of non-summable ensures the
optimality of the limit point; see the proof in the Appendix.

There are indeed numerous available stepsize rules meeting
the above criteria. Below, we provide an option inspired by the

p-series . LetO<p 1and = 0.The stepsize rule

K (25)

kP
satis es (24); therefore, the sequence {Xx} generated by (22)
(23) will be guaranteed to converge to the optimum x . isa
scale factor that dictates the average convergence performance
throughout the whole process. A larger can accelerate the
convergence but may, inturn, cause oscillations. p determines the
diminishing rate of stepsize and thus dictates the convergence
performance at different stages of the process. A larger p can
alleviate large oscillations but possibly slow down the conver-
gence. So, good convergence dynamics should be established
on a suitable combination of and p. ©

Keep in mind that the convergence performance should def-
initely be related to the unknown grid parameters, in the sense
that these parameters dictate the shape of V (x) and the value
of [x, X]; the same stepsize rule may work out differently under
different grid conditions. Therefore, thorough of ine trials and
analyses under different grid conditions are advocated to ensure
the robustness of the stepsize rule.

V. IMPLEMENTATION

The above sections have elaborated in theory on how to
achieve the dimensionality reduction and how to perform the
OS algorithm thereafter. With those fundamentals in place,

6The proper setting is not unique. Here, a simple tuning method is given.
Since a larger p can alleviate oscillations, one can simply choose p = 1. Then,
gradually increase until tiny oscillations occur.
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the implementation method of the model-free ODVS within a
single-stage PV system will be detailed in this section.

A. Perturbed Variable and OS Mode

Section IV bases the OS on the prior knowledge of the
perturbed variable ( or lg); in other words, the valid stage of
optimum (S; or S,/S3) should have been known before OS. It
should be clari ed that there is no need to further distinguish
between S, and Sj as they share the same perturbed variable
and the corresponding OS algorithm. Accordingly, there will be
two OS modes: OS-a for S; and OS-b for S,/S3.

Recall in Section Il that C1 gives a theoretical criterion for OS
mode selection. Unfortunately, it cannot be straightforwardly
used since the grid parameters are unavailable. However, the
rationale behind C1 whether or not the IBR can provide ade-
quate active power in favor of S; s clear and useful. Inspired
by this, the following strategy is adopted to handle the mode
selection issue. The IBR operates with OS-a by default; if the
system cannot afford the required active power corresponding
to Sq, then switch the OS to OS-b.

Whether S; is affordable can be re ected by the dc voltage
behavior of the IBR, provided the primary dc-side source in-
jects the maximum available power; more precisely, the power
mismatch between the dc and ac sides will induce signi cant dc
voltage drops once the dc-side source cannot offer the required
power corresponding to S;. So, an easy-to-implement criterion
for mode switching is thus given by

VdC VdC (26)

where V. is the dc voltage reference of the IBR immediately
before the PCC voltage drops, which is held constant over the
whole period of DVS; Vg is the notch- Itered dc voltage; the
coef cient (0 < < 1) determines the threshold.

B. Enforcement of B¢ and By

A prerequisite for the dimensionality reduction (as well as
the OS) is that the IBR shall always operate along the maxi-
mum current boundary B (for OS-a) or the maximum power
boundary By (for OS-b). The former can be achieved in a
feedforward manner, as shown in Fig. 6. The latter can be
achieved by combining the dc-side maximum power control and
the dc voltage control. Considering a single-stage PV system
in this work, the dc voltage of the PV inverter is controlled
(by regulating lq4) to track the dc voltage reference yielding the
maximum power point of PV panels.

C. Feasibility of Perturbed Variable

Recall in Section IV that X, should be restricted within a
speci cinterval [x, X] ateach iteration, so that the convergence of
OS can be guaranteed. Unfortunately, the lack of grid parameters
makes it impossible to directly compute x and X. So instead, the
physical essence of such bounds will be leveraged to avoid the
violation.

0S-a: According to the analysis in Section I1I-B, [ , ] is

determined by SSC and MAPC. [ s, ~ 5] corresponds to SSC,
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Model-free ODVS controller design.

which is not violated provided the IBR maintains synchronism
with the grid; we will discuss how to physically achieve this
shortly. Theoretically, it is hard to guarantee that OS-a does not
violate MAPC due to the lack of grid parameters. However,
the violation of MAPC is very unlikely to occur in practice if
C1 holds.” Even though the violation of MAPC does occur in
practice, according to Section V-A, the OS will be switched from
0OS-ato OS-bonce asigni cantdc voltage drop is detected. This
will drive the system towards a near-optimal operating point,
instead of becoming unstable.

OS-b: According to the analysis in Section I1I-C, 14 corre-
sponds to either CC or SSC. This implies that it is not violated,
provided neither of those two constraints is violated. As depicted
in Fig. 6, two additional current limiters can accomplish the cur-
rent limiting. As mentioned above, SSC is not violated, provided
the IBR can remain synchronized with the grid. In contrast,
1 does not directly correspond to any physical constraint of
an IBR; hence, theoretically, it is unlikely to know whether
such bound is violated or not. But as mentioned earlier, 14 is
rather conservative; thus, in reality, a moderate violation does
not undermine the convergence of OS8. Given that the optimum
must be in the fourth quadrant, a conservative but effective upper
bound, I 0, can be imposed. Besides, as a remedy, one can
carefully initialize the OS to prevent it from reaching the upper
bound.

"Thisis because if the violation of MAPC occurs, P,  Pmax and gp( )=>0
for some [ s, s]should be satis ed, simultaneously. Take the examples
in Fig. 4 again. Accordingly, Pmax should be exactly within [0.7375, 0.8012]
and [0.5367, 0.5525] pu, respectively, of which the probabilities are very low.
Moreover, this is only a necessary condition for the violation of MAPC. That is,
even though Pmax exactly falls within that speci c interval, it does not mean
that the violation will de nitely happen; in fact, it also depends on the design
of the OS controller. A proper stepsize rule or initialization can help avoid such
violation.

81t is expected that the monotonicity of objective function (strictly decreasing)
is preserved for E lg 0, though it is hard to rigorously prove this result;
see the numerical examples in Fig. 5.
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voltage, (2) three-phase PCC voltage, (3) three-phase inverter current injection,
(4) power factor angle, (5) dc voltage, (6) OS mode selection, and (7) positive-
sequence PCC voltage under different control strategies.

Synchronization Stability: The remaining issue is to guarantee
that the IBR maintains synchronism with the grid throughout the
OS. LoS usually leads to distorted PCC voltage, under which
the OS may fail. On the other hand, the interaction between the
OS and the system s transient dynamics immediately after the
voltage dips may arouse or exacerbate the instability. To avoid
this, a freezing strategy is proposed. As known, LoS manifests
as excursions of the PLL output frequency (fp ) from the
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Fig. 8.  Simulation results under different initial values.

nominal value fy [13]. This can be considered a sign of the
violation of SSC. So, once the PLL output frequency excursion
exceeds a given tolerance T, i.e.,

Tl T, (27)

the OS will be frozen witha xed output = 45 (for OS-a)
orlg = Imax/4 (for OS-b). When the PLL frequency returns
within that deadband, the OS will be unfrozen.

|fP LL

D. Implementation Within a Single-Stage PV System

Based on the above discussions, the overall controller design
of model-free ODVS is shown in Fig. 6, which is embedded
within a single-stage PV system. The control scheme of the PV
system under normal operating conditions is not modi ed. The
whole procedure of DVS in response to a voltage dip is further
detailed below.

1) During normal operating conditions, the single-stage PV
system adopts the MPPT strategy and operates with a unity
power factor (steady-state reactive power support from the
PV inverter is also allowed if necessary).

2) If the positive-sequence PCC voltage drops below a given
threshold (e.g., 0.9 pu), the MPPT control is immediately
frozen, and the generated dc voltage reference is held
constant afterwards.® Meanwhile, the DVS is triggered.

3) During the DVS, OS-ais rstcarried out by default, i.e.,
is perturbed to seek the maximum voltage support based
on the iterative algorithm (22) (23).

9Here, an implicit assumption is that the solar irradiance does not signi cantly
change during the DVS. This is widely believed to hold in practice since the
duration of DVS is typically very short (from several tens of milliseconds to
several seconds).
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PCC voltage under different control strategies.

4) If the condition in (26) is satis ed, the control mode will
be switched from OS-a to OS-b, where 14 becomes the
perturbed variable; otherwise, OS-a is kept activated.

5) The DVS controller generates the (positive-sequence) cur-
rent references 14 and I for the inner current control of
the inverter.
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E. Extension to Other Types of IBRs

The proposed model-free ODVS can also be implemented
with other types of IBRs, such as two-stage PV systems, full-
scale converter wind turbines, battery energy storage systems,
etc. There is no need to modify the control structure shown in
Fig. 6. However, unlike single-stage PV systems, those IBRs
may not be by nature self-protected when facing grid voltage
dips [27]. This indicates that the model-free ODVS shall be
executed with the cooperation of additional control action of the
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