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Model, Analysis, and Design of a g-Axis
Self-Synchronizing Current Control for
Three-Phase Grid-Connected Converters

Eliabe D. Queiroz ¥, Member, IEEE, Joao 1. Y. Ota

Abstract—This article introduces a g-axis self-synchronizing cur-
rent control strategy for three-phase grid-connected converters
with LCL filters, encompassing its modeling, analysis, and design.
Grid-forming converters synchronize with the grid by adjusting
terminal voltage magnitude and frequency based on deviations in
active and reactive power references. In contrast, grid-following
converters use a phase-locked loop for synchronization, where a
controller regulates output current by commanding the converter
voltage. Building on these concepts, the proposed strategy achieves
self-synchronization by monitoring deviations from current refer-
ences and dynamically adjusting the amplitude and frequency of
the synthesized voltage. This method enables a self-synchronizing
current control that achieves grid synchronization independently
of grid voltage measurements. Real-time hardware-in-the-loop
testing validates the effectiveness of the g-axis self-synchronizing
control. It also demonstrates the accuracy of the linearized model
in representing system dynamics. The control strategy maintains
stable operation under both ideal and nonideal grid conditions.
Furthermore, this article provides a root-locus analysis of the
linearized state-space model, a detailed design methodology, and
a comprehensive stability analysis, including the impact of the
operating point on system dynamics. Practical aspects such as
a start-up procedure and an LCL reactive power compensation
method are also addressed to support real-world implementation.

Index Terms—Converter stability, eigenvalue stability, grid-
connected converter, hardware-in-loop simulation, self-
synchronizing control.

NOMENCLATURE
C. LCL filter capacitance.
fsw Switching frequency.
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Vo Peak nominal voltage.

g0 Integral of current errors in the CRF.

.o Integral of current error in the d-axis of the CRFE.
7.0 Integral of current error in the g-axis of the CRF.

Qo Nominal frequency.

Qip s Cut-off frequency of the low-pass filters.

0. Angle of the CRFE.

Om, Angle of the MRF.

O Phase angle difference between CRF and MRF.

Tgg,abc Transformation from the abc- to dg-frame.

Tog,abe  Transformation from the abe- to a3-frame.

R(¢.) = [_C:ig(éi ) 2;2((23] ; Totation matrix.

K; Proportional constant of the start-up current PLL.

Ter Waiting time for current transients.

Tps Waiting time for pre-synchronization.

We Converter frequency.
dR(¢e
RY(g,) = o),
Frequency of the MRF and the grid.

W

10
e [0
So =[0 1].

I. INTRODUCTION

HREE-PHASE grid-connected converters usually consist
T of controllable voltage-source inverters (VSIs) connecting
adc-link-based power supply (or energy storage) to the electrical
grid through an output filter (or grid-connection filter). Such a fil-
ter can either be a purely inductive filter or an LC'L filter, which
is the most commonly used for grid-connected converters in
distribution grids [1]. The operation of such converters is based
on two fundamental principles: control of the voltage or the
current at the terminal of the converter and its synchronization
to the electrical grid [2], [3]. For example, the synchronization
process of grid-following converters [1] estimates the grid volt-
age angle by directly measuring the grid voltage. Phase-locked
loop (PLL) and frequency-locked loop systems are examples of
methods based on this synchronization principle. A synchronous
reference frame (SRF) aligned to the grid voltage is the key-
stone to controlling the voltage or current of the grid-connected
converter. Such a convention leads to the understanding that
current or voltage control and synchronization tasks should be
distinct.

Numerous algorithms that implement grid synchronization
for grid-following converters are presented in the literature [4],
[5], [6]. Nevertheless, the overall performance of the control
relies on the synchronization algorithm, which is heavily af-
fected by the power quality of the grid voltage. The current
controller of the grid-following converter has a minor influence
on the synchronization in a grid with low equivalent impedance
at the point of common coupling (PCC). Conversely, in cases
where the grid presents a high equivalent impedance at the
PCC, the resulting actions of the current controller affect the
voltage on the PCC, which is used by the synchronization
algorithm [7], [8]. This effect due to the grid impedance may
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compromise the operation and stability of the grid-following
converter.

However, the rationale of distinct tasks for control and syn-
chronization is not deemed necessary for every grid-connected
converter. The self-synchronizing control based on power con-
trol is seen in the grid-forming converters, where feedback loops
adjust the frequency and magnitude of the terminal voltage of
the grid-connected converter according to a set of variables
to be controlled, which are typically the active and reactive
powers [3], [9].

Grid-forming converters can also coordinate to sustain the
voltage around nominal conditions. One or a group of grid-
forming converters may energize a microgrid when the ac mains
are lost, which is an impossible task for grid-following con-
verters [10]. This capability is achieved in droop control and
other grid-forming strategies, which adjust voltage frequency
and amplitude within a limited range based on deviations in
active and reactive power.

Several controls in the literature show self-synchronization
capability. The “power synchronization control” (PSC) is pro-
posedin [11] and later extended in [9], [12], and [13]. It performs
grid synchronization without a PLL block by using an active
power controller. This grid-forming strategy can also be modi-
fied to regulate a dc-link voltage. The “reactive PSC,” reaches
the grid synchronization using the reactive power exchanged to
the ac mains, is presented in [14] and [15]. Although PSCs
and the well-known droop control are regarded distinctively by
the literature, both are similar self-synchronizing controls, and
intrinsic steady-state deviations in power response exist for both
strategies [16], [17].

Such grid-forming strategies lack inherent current limitation
capability. When the voltage magnitude decreases, the current
magnitude must increase to maintain the same active or reactive
power reference, which may lead to overcurrents. Nested control
loops with internal saturation can keep the current within safe
limits but affect the power control capability and synchro-
nization dynamics. Additional synchronization strategies are
required to prevent loss of synchronism [12], [18].

This article proposes a self-synchronizing control based on
current control for grid-connected converters. This approach
stems from the conception that synchronization and control tasks
can be combined. Still, it deviates from conventional PSC and
droop-based control since the converter frequency is regulated
employing current measurements instead of power calculations.
The proposed synchronization process uses the error in the
g-axis current reference to regulate frequency, including an
additional proportional gain, and the error in the d-axis cur-
rent reference to control the voltage magnitude. The proposed
control process aims to achieve zero-error current regulation,
avoiding steady-state deviations often seen in droops of power-
synchronizing strategies [16], [17]. It also provides the intrinsic
capability to limit the converter current, which is essential to
avoid operation interruptions when grid voltage oscillates. This
self-synchronizing control strategy ensures a precise power or
current output that is consistent and stable.

Alqgatamin et al. [19] also presented a self-synchronizing
current control using observers for the grid voltage.
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They demonstrate the Lyapunov stability of the system under
the assumption of constant frequency and current references.
Nevertheless, the model from [19] does not fully consider the
impact of the angle dynamics on the transformation of currents
from the abc-frame to the SRF, which is a critical aspect of the
synchronization dynamics. This article addresses this gap by
realizing a comprehensive mathematical model based on space-
state equations that explore the dynamics of transformations
between reference frames and the effects on the converter stabil-
ity. Moreover, a methodology to design the self-synchronization
current controller is developed based on the linearized model.
The effects of angle dynamics are evaluated through eigenvalue
analysis of the linearized model. Hardware-in-the-loop (HIL)
simulations confirm both eigenvalue analysis and design. A
start-up procedure for synchronization is also proposed to avoid
high current values when the converter synchronizes to the
grid, as well as a method to compensate for the reactive power
consumed by the LCL filter, which are features not included
in [19].

The rest of this article is organized as follows. Section II
presents the notation and the definitions used for the refer-
ence frames. Section III mainly describes and models the pro-
posed self-synchronizing current control in space-state equa-
tions and includes practical aspects of power control. Section IV
shows a design methodology for the gains of the proposed
self-synchronizing current control while analyzing the stability
through the linearized model. Section V mainly presents the
HIL verification, which consists of real-time simulation in a
Typhoon HIL 604 in ideal and nonideal grids and comparisons
to the linearized model. In Section V, practical aspects related
to starting up the converter and operation during voltage sags
are also presented. Finally, Section VI concludes this article.

II. REPRESENTATION ON A COMMON SRF
A. Notation

A common synchronous reference frame (MRF) is used to
describe the dynamics of the SRF of different converters [20].
This section explains the notation because each reference frame
represents the same electrical quantity or control variable dif-
ferently.

First, electrical quantities and control variables on MRF and
the converter synchronous reference frame (CRF) are described
by the superscripts g and ¢, respectively. Subscripts describe
the quantity either on the stationary reference frame (abc) or
on the SRF (dg). Subscripts also describe if the variable is a
reference, an input signal, or an output signal within the control
system. For example, i;;", describes the d-axis output currents
on the MRF, and ig ¢ describes the g-axis reference currents
on the CRF, respectively. Next, vectors always represent the
quantities in a specific reference frame. For example, ig; , =

[igfo ig?o} r are dg-frame output currents on MRF while i, o
are the three-phase output currents on abc-frame. Finally, when
x is linearized, T and ¥ represent its operating point and the
variations around it, respectively, which yields x = T + z. The

same notation is applied to vectors, e.g., x = X + X.
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qMRF

Fig. 1. Multiple reference frames in the same plane: voltage and current
vectors differ among frames due to different angle positions of the frames through
time.

B. Definitions

When the control is performed in an SRF, measurements taken
from the three-phase values are transformed into the SRF

ig%o = qu7abc(90)iabc7o @))

in which, Tyg ape(0:) = R(6:)Tas,abc is the transformation
from the abc-frame to the dg-frame, and

2 1 _1
Toz,B,abc = 8 j i
V3 V3
The angle position of the CRF is
t
ec = / WC(T)dT + ¢c,0 (2)
0

an integral of w,, the frequency of the reference frame. The
constant ¢, ¢ is the initial phase angle of the CRF in ¢t = 0. The
matrix R(6..) is described by

cos(f,.)
—sin(6.)

sin(6,.)

cos(0..) ©

R(GC) =
A complete model must examine the interactions between syn-
chronization and control so the control design aims to keep the
stable operation of the grid-connected converter. An external
reference frame is an effective method to observe the synchro-
nization with the grid. Thus, a transformation to MRF is applied

igfl,o = qu,abc(am)iabc,o (4)

where 0,, = fot wm (T)dT is the angle of the MRF.

Fig. 1 describes the MRF and the CRF in the a3 plane. Due
to the angular differences between MRF and CREF, current or
voltage measurements are distinct in each reference frame. Aside
from the vectors with null magnitude, every voltage or current
vector is decomposed differently through time in the aoS-frame,
the CRF, and the MREF.

A model describing the effects of CRF synchronization is
essential. Here, the MRF is used as a reference to describe
the circuit dynamics. This implies a frame transformation that
interfaces and affects the inputs and outputs of the CRF. As a
simple example, abc-frame current measurements transformed
to the CRF are described as a transformation from MRF to CRF

1Gg,0 = R(Pc)idg 0 ®)
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Fig. 2. Grid-connected converter. (a) Equivalent circuit of the VSI and an
LC L-type filter with output current measurement. (b) Diagram of the resultant
control loops for the proposed g-axis self-synchronizing current control.

where the dg-frame currents iy , in the MRF are represented as
igy,0 10 the CRF, and ¢. is the phase difference between these
two reference frames, as shown in Fig. 1.

III. g-AXIS SELF-SYNCHRONIZING CURRENT CONTROL
A. Overview of the Proposed Control

Fig. 2(a) describes a three-phase grid-connected converter
featuring an LC'L-type filter, while Fig. 2(b) shows the proposed
self-synchronizing current control with g-axis current synchro-
nization.

Since the passband of the synchronization typically is below
the grid frequency, the synchronization dynamics are much
slower than the LC'L resonances. Therefore, it is reasonable
to assume that the LC'L filter is practically inductive, leading to
a simplified equivalent filter from Fig. 2(a)

Req = R + Reo
Leq = L¢i + Leo- (6)

Equation (6) is valid in the low-frequency range, which is the
main focus of the studies of synchronization dynamics.

A self-synchronizing control strategy aims to ensure a smooth
converter output by regulating the amplitude, phase, and fre-
quency of vy ;. Note that it is the transformation of v§ 0. 1O the
abc-frame. Synchronization between vqp.,; and v g Occurs if
the dynamics between converter and grid are stable [2], [20].
The phase angle between CRF and MRF expresses the swing
between the two reference frames. It is given as

6e) = 0u0) 0 (1) = [ () —om()) 7+ 6
(7
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where 6. and 6,,, are the angular positions of the CRF and the
MRE, respectively, w. and w,,, are the frequencies of the grid-
connected converter and the grid, respectively, and ¢, o is an
initial phase angle difference.

There are two options to design a current control loop for
self-synchronizing strategies:

i) touse the d-axis current for synchronization and the g-axis
current for regulating the voltage magnitude;

ii) vice-versa, which is shown in Fig. 2(b).

Option (i) results in a feedback control with similar dynamics
to the traditional droop control. In the traditional droop control,
the self-synchronizing feedback loop regulates the active power
output, which becomes less damped as the frequency droop gain
increases. When it reaches a threshold value, the grid-connected
converter becomes unstable [21], [22]. Option (ii) results in a
feedback control with similar dynamics to the droop control for
resistive lines presented in [23] and improved in [24] and [25].
In the droop control for resistive lines, the self-synchronizing
feedback loop, which regulates the reactive power output, also
becomes less damped as the frequency droop gain increases.
However, the eigenvalues remain in the left complex plane for a
wider range of droop gains [23].

The design shown in Fig. 2(b) relies solely on the current
measurements, iy, forming a single-loop control with greater
stability compared to nested loop configurations [26]. The volt-
age magnitude at the converter terminal is mainly the result
of the output of the d-axis current regulation of iy, ,. The
self-synchronizing loop calculates the converter frequency from
the g-axis current regulation. Fast adjustments in phase angle
are implemented in the g-axis of v, ;. a result of the g-axis
regulation of iy .

Depending on the converter parameters, the resonance of the
LC LAilter and the discretization can affect stability mainly in the
high-frequency range. First-order low-pass filters (LPFs) Fip(s)
and a damping resistor R are inserted into the control loop and
in the LC'L filter to avoid such effects. Both are depicted in
Fig. 2(a) and (b). The cut-off frequency of the LPFs is set to
half of the LC'L resonance. The resonance is usually 1/10 of
fsw» resulting in a bandwidth significantly wider than the grid
frequency. In this case, the LPFs do not affect the dynamics in the
low-frequency range; therefore, they are not considered in the
model. Note that an LPF in the frequency loop is unnecessary,
as the integral of the converter frequency that results in 6. also
attenuates fast perturbations.

B. Active and Reactive Power References

Although the self-synchronization current control does not
use voltage measurements, the power flow is controllable since
the converter synthesizes v, ;. In the CREF, the active (p,) and
reactive (q,) output powers in the grid-connected converter are
obtained by

Po =5 (VG0 + 05150 ®)

4o =5 (V5405 — VG750 - ©)
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Considering that losses due to R.q are negligible, (8) and (9)
differ from the powers obtained by measuring v 4 due to
nonidealities of the grid-connected converter and the active and
reactive power absorbed by the LC'L filter. Note that, in steady
state, v, ; presents only its d-axis component since U ; = 0.
Also, if vgq , 1s kept relatively constant, the active and reactive
powers become mainly functions of the currents. Therefore, as
Vig,iis knov&./n, the d- apd g-axis current se?tpoints UG rer AN g o
can be functions of active (P,f) and reactive (Qyef) power

2Pre’f .c o 2C\?ref
c gref — 9 ¢ °
3”(1,1' 3”d,¢

sC —

Zd,ref - (10)
Saturation can limit such references to avoid overcurrent. For
the remainder of this work, the current references are assumed
to be fixed.

C. Compensation of Reactive Power of the Output Filter

As mentioned in Section III-B, reactive power is absorbed
by the LCL as current flows in the grid-connected converter
terminals, resulting in areduced power factor in cases where only
active power flow is intended for the grid-connected converter.

To compensate for the reactive power absorbed by the LC'L
filter, the g-axis current reference in (10) is updated by adding
the respective current deviation due to the reactive power offset.
The eventual g-axis current reference becomes

¢ 2
. 2Qret L ref QOLeq
Zq,ref - -

(an

- C 7C
3vd,i Va,i

where the first term on the right-hand side is the g-axis current
due to the reactive power reference, and the second term on the
right-hand side is the reactive power due to the LC'L filter. Equa-
tion (11) excludes the capacitor reactive power since the LC'L is
predominately inductive around the fundamental frequency of
the grid.

D. Linearized Model

The frequency of the grid-connected converter is regulated
around the nominal frequency €2 by utilizing the output of the
controller of the g-axis current

we = Qo + KQ(ic

«C
qref — Yq,0

Ko
)+ %53,0 12)
where £/ , is the integral of the error of the g-axis current, K¢
and T\ are the proportional gain and the time constant of the PI
controller for the synchronization, respectively.
Let the integral of the errors (§5 , and £ ) to the d- and g-axis
current setpoints i .. and iy ¢ be

t
C _ -C -C
§do = / U ref — Ld,0dT
0

t
c e e
q,0 — / Zq,ref_lq-,odT'
0

Equation (7) describes the synchronization dynamics of the
grid-connected converter, represented by the difference in phase
angle between the CRF and the MREF, locked, respectively, on

13)

(14)
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the voltages vy, ; and vy, . Substituting (12) in (7), rearranging
it to a matrix notation and including transformations of frame
yields

d .c sm
%QSC =+ KQSQqu,ref - KQSQR(¢C)1dq,o
K
+ T—jsgszq,o - W (15)

where s; = [0 1] and £lgo = €50 &5 T

In CREF, the d-axis voltage is regulated around the nominal
value Vj by the controller of the d-axis current. While the g-axis
voltage is typically set to zero, a proportional controller is added
in this component. As aresult, the voltages of the grid-connected

converter are

(&)

‘e i Kp ¢c
o Vo + KD(Zd,ref - ld,o) + To gd,o
qu,i -

KAQ (i;,ref - ig,o)

where K p and T are the proportional gain and the time con-
stants of the d-axis current controller, respectively, and K 4() is
the additional proportional gain for the g-axis current error. This
gain s first proposed in this article to the authors’ best knowledge
and its effect is analyzed and discussed in Section V-F.

Considering the change between the MRF and CRF presented
in (3), the actual currents produced by the converter voltage in
(16) are

A, 1. 3 o
%ld%o - TmR 1(¢C)KC (ldq,ref - R(¢C)1dq,o)

(16)

1
R 60 (K280, +vE,,)

eq
Req. .
— vfi”’ e UL melg’byo 17)
Leq q9,9 Leq q, q
and the behavior of the integral of the errors becomes
d C sC m
%édq,o = ldg,ret — R (¢C) Lig,o (18)

since it is also affected by the transition between reference
frames.

The linearization of the system composed by (15), (17), and
(18) results in the following linear state space model:

d~ ~ ~ s
Exss - Assxss + Bss,vgvdq,g + Bss,refldq,ref

+ Bss,wgwm (19)
Vs = CysXes

and each matrix is detailed in (20) shown at the bottom of the
next page. The state variables of the system consist of the grid
current, the phase angle of the CRF, and the integral of the current

~ ~ T ~ ~ 17T

error, represented as Xgs = |:i:17(L1,0 . & dg.0 } . The system
inputs include the grid voltages, grid frequency, and current
references, denoted by Vg 4, Wy, and igq rer, respectively. The
impact of each input on the state variables is modeled by B
matrices.

The outputs from the system are the currents and the instanta-
neous frequency of the grid-connected converter, represented by



9306

? ss — |:i3’,LLOT
A utilizes subsystem matrices as blocks to outline the model
comprehensively. The first row of blocks in A is derived from
the linearization of (17), the second row from the linearization
of (15), and the third row from the linearization of (18). The
matrices that relate the inputs and outputs to the system state
variables are structured as block matrices. An nth order identity
matrix is denoted by I,,.,,. In a stable system, the steady-state
response, as described in (19), ensures that i, . =ig, .

Moreover, the matrix R?(¢.) = %ﬁa demonstrates the
impact of variations in ¢., stemming from synchronization
dynamics, on both other state variables and itself. This effect
is similar to the influence of the dynamics of a PLL on a
grid-following converter, as described in [8].

The linearization process around an operating point produces
a small-signal model whose dynamics are sensitive to parameter
variations. These include changes in control parameters, voltage
amplitude, steady-state currents, converter impedance, and grid
impedance associations. The model also incorporates simpli-
fications of the LC'L filter, while discretization and LPFs are
excluded. The dynamics of such components become significant
for control systems with higher gains and pass bands around or
over the grid frequency.

The accuracy of time-domain simulations is limited to minor
variations in current setpoints, voltage amplitude, and frequency.
More complex scenarios require an extended model. For ex-
ample, operation in grids with unbalanced lines would require
sequence domain models, and interactions with nonlinear loads
would require harmonic state-space techniques [27].

The next section presents the stability analysis and control
design. In addition, design considerations necessary for main-
taining the stability of the converter throughout its operational
range are discussed. Section V validates the linear model against
an HIL implementation using time simulations.

T
Gc} . The construction of the state-space model

IV. STABILITY AND DESIGN OF THE ¢-AXIS
SELF-SYNCHRONIZING CURRENT CONTROL

The system formed by the grid-connected converter and the
self-synchronizing current control results in a multiple-input
multiple-output (MIMO) system whose eigenvalues vary as
functions of its parameters. The root locus analysis for single-
input single-output systems shows how eigenvalues trace paths

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 7, JULY 2025

TABLE I
THREE-PHASE GRID-CONNECTED CONVERTER PARAMETERS

Rei L Reo Lo Ce Rq Vims Vo
©  WH 9 pH wF Q] V] [V)
0.01 625 0.01 625 30 1 220 180
Qo lef fsw fs Ts Sn P Ve
[rad/s] [rad/s] [kHz] [kHz] [us] [kVA] [kW] [V]
377 6283 20 20 50 24 20 500

from open-loop poles to open-loop zeros asymptotically. The
behavior of the eigenvalues in MIMO systems is somewhat
similar. This system has five eigenvalues allocated along tra-
jectories from an open-loop pole to an open-loop zero of each
feedback. In such a MIMO system, with more than one feedback,
the graphical approach used in this article involves fixing one
feedback and varying the others. The gain is chosen to ensure the
eigenvalues are strategically positioned along these trajectories,
assuring the system dynamic response meets the desired criteria.
Table I presents the parameters of the three-phase grid-connected
converter considered for the design through (19) and referred to
Fig. 2(a).

First, the time constants Tp and T are chosen as 0.02 s and
0.025 s, resulting in open-loop poles of the controller in 50 and
40 rad/s, respectively. After closing all the feedback with chosen
gains, these open-loop poles result in dominant eigenvalues. The
proportional gains are initially set to zero during the root locus
analysis. The aim is to obtain critical damping of eigenvalues to
avoid overshoots during transient responses.

Fig. 3 shows the trajectory of the eigenvalues as K p changes;
Kg and K 4q are set to zero. The right-hand sidebar indicates
the variation of Kp, which is the gain of the d-axis current.
As Kp increases, the open-loop poles from IL{—:“ + jQ move
to the position of critical damping, while one of the closed-loop
poles decreases its real part. This last eigenvalue is the exceeding
open-loop zero that goes indefinitely to the left in the direction
of the real axis.

Fig. 4 shows the root locus analysis for the variations in
K, depicted in the right-hand sidebar. Kp is set to 2.0 and
K q is zero. K is the proportional gain of the g-axis self-
synchronizing current loop. As K increases, the imaginary part
increases more than the real part, and some eigenvalues become
badly damped. The K = 1.5 value is set, and the system is
stable.
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Fig. 3. Root locus analysis verifies the variation of the feedback gain, Kp.

The loop of synchronization and g-axis current control are open, with Ko = 0
and Kag = 0.
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Fig. 4. Root locus analysis is performed to verify the impact of feedback gain

K¢ of the synchronization loop and the quadrature current control. The direct
current loop is closed with K p = 1, while the quadrature voltage loop is still
open, with K4 = 0.
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Fig.5. Rootlocus analysis is performed to verify the impact of K 4 with Kp

= l and K¢ = 1.77: the damping of eigenvalues increases as K 4 increases.

Fig. 5 illustrates the root locus analysis for varying Kaq
values, as indicated on the right-hand sidebar while maintaining
Kp = 2and Kqg = 1.5. This feedback adds the g-axis voltage
that counteracts errors in the g-axis current. It effectively mit-
igates the oscillations in this current used for frequency calcu-
lation, leading to eigenvalues with enhanced damping. Setting
K 4g = 1.0 achieves overdamping, preventing overshoot during
the system transient response. As this transient fades, the error in
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TABLE II
DESIGNED CONTROL PARAMETERS

Kp Tp K T

M2

2.0 0.02 1.5 0.025 1.0

the g-axis current diminishes to zero due to the integrator used in
frequency calculation. Incorporating the proportional gain K 4¢
introduces additional damping into the system, and it does not
impact the steady-state behavior of this control. The increased
damping is analogous to adding a virtual resistance [12], [28].
Section V-F analyzes this impact in detail.

Fig. 5 shows, finally, markers that indicate the eigenval-
ues obtained with control parameters from Table II: A; =
—42.61, ko = —63.19, A3 = —276.8, Ay = —690.74, and A5 =
—1342.65.

In this design methodology, T'p and T(, define open-loop ze-
ros that are an approximated target to the dominant closed-loop
dynamics of the control. In this regard, a change in any parameter
does not modify these zeros, but it affects the location and
trajectories of the dominant eigenvalues in the complex plane.

In A, the parameters VQ}N-, Leq and Kg forms the

blocks A 12 and — K QSQR@C) that represent the g-axis self-
synchronizing feedback loop. In this loop, the g-axis current is
more susceptible to changes of ¢. as the voltages are higher
and inductance is smaller. In such situations, the synchroniza-
tion feedback is stronger, and a smaller K gain is needed.
Conversely, a large K is needed for lower voltages and large
inductance. Changes in the synchronization dynamics require
adjustments of the damping K 4.

The d-axis current control and the damping effect of K 4 are
susceptible to changes in impedance parameters. In resistive-
inductive lines, the combination of Kp, Kag, Req, and Leg
results in different time constants for the d- and g-axis currents.
For higher R.q and lower Leq, lower values of Kp and K 4¢ are
needed, and the reciprocal is true. Ay 11 in (20) is a diagonal
block dependent on these terms. Considering the structure of
A, increasing K p and K 4 makes the trace of Ay more nega-
tive, resulting in lower accommodation times and better stability.
However, higher gains may trigger oscillations due to dynamics
not included in the small-signal model. An overdamped design,
as presented in this section, is recommended to mitigate stability
issues arising from variations in operating conditions.

The following section shows real-time simulations that in-
clude a start-up process, validation of the linear model, and
operation in grids with nonideal voltages.

V. VERIFICATION OF THE ¢-AXIS SELF-SYNCHRONIZING
CURRENT CONTROL

Fig. 6 shows the real-time simulation test bench used. It
consists of a Typhoon HIL 604 with a multiple microcontroller
interface board, the pgrid DSP interface from Typhoon. The
proposed self-synchronizing current control is implemented on
a Texas TMS320F28335 control card and validated on the test
bench. The converter depicted in Fig. 2(a) is virtualized in
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Fig. 6.  Typhoon HIL-604, nugrid DSP interface board, and TMS320F28335
microcontroller used in the HIL verification.

the Typhoon HIL characterizing the so-called HIL real-time
simulation [29]. The parameters for the controller and converter
are listed in Tables I and II.

This section includes a start-up process in Section V-A.
Sections V-B-V-D investigate the response of the system
to voltage sags, harmonic disturbances, and different grid
impedances under the proposed design. Section V-E validates
the linear model, and finally, Section V-F analyzes changes in
power flow and the changes in stability provided by adding K 4.

A. Start-Up of the Self-Synchronizing Control

The proposed self-synchronizing current control must have
the SRF correctly set to initialize adequately in practical sit-
uations. High current overshoots may occur if a significantly
different phase angle exists between SRF and CRF. To avoid
it, starting the SRF with phase and frequency close to the CRF
operating point is important, so this section presents a start-up
procedure.

When the pulsewidth modulation (PWM) switching is dis-
abled, the capacitor dominates the LC'L impedance observed
by the grid. In this scenario, if vy —includes only the d-axis
component (i.e., g-axis is null), the LC’L current presents the
q-axis component significantly larger than the d-axis component

0
i~ . 21
a0 QO @b

The g-axis current of (21) is proportional to the grid voltage
magnitude. This current measurement allows the voltage es-
timation when the grid-connected converter is not switching.
A current-based PLL is then employed at the start-up, so the
converter frequency is given by

We = QQ + Kidié,o' (22)

However, this estimation requires the LC'L filter to remain con-
tinuously connected to the grid, while only the switches and the
internal inductor may be disconnected. The CRF angle 6. during
the start-up is a result of the integration of converter frequency,
as shown in (2). The steps to change the converter frequency
and current setpoints from the start-up to the self-synchronizing
current control are listed next.
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Step 1 Sz 2 Step 3
PWM < off PWM < on PWM < on
we <Eq. (22) ‘.Vc < Egq. (12). we <Eq. (12).

v _ Yg,0 g ref 02><é i§, rey ¢ inputs
9~ vﬁy-(—Eq.(l) ¢
t =1t +§” to =ty + T Vigi ¢ Eq. (16).

Fig. 7. Flowchart for the start-up procedure. Steps 1 and 2 operate for limited
time, and step 3 operates indefinitely.

200 Pre Sync_ 'Start PWM TStart referenceb

iabe,o (A)

iabe,o (A)

Fig. 8. Initialization of the grid-connected converter. (a) Three-phase voltages
of the grid. (b) Three-phase currents of the grid-connected converter with an an-
gle difference of 0° at the start-up. (c) Three-phase currents of the grid-connected
converter with an angle difference of 75° at the start-up.

Step 1: First, the initial synchronization through the current-
based PLL occurs. Equation (22) defines the CRF frequency.
After a settling time for the presynchronization step (7ps),
initiate Step 2.

Step 2: Next, the control is initialized with a zero-current setpoint
to prevent abrupt changes in the output currents due to devi-
ations in grid voltages from nominal values. After a settling
time for the initial current transients (7¢r), initiate Step 3. The
PWM starts, and now (12) defines the CRF frequency.

Step 3: Finally, new setpoints can be placed once the converter
reaches the steady-state operation. The converter frequency
is obtained by (12) during the rest of the operation.

Fig. 7 shows a flowchart for the start-up procedure. The timers
t1 and t9 count the waiting times Tps and 7, respectively. Tps
and Tcr are fixed in 0.1 s for this process, but they must be
determined based on the dynamic response and settling time of
the controlled system.

Figs. 8 and 9 show HIL results for the start-up procedure.
The “Pre-sync” interval corresponds to Step 1. This step closely
aligns the CRF with the grid voltage vector using the current
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Fig. 9. Frequency of the grid-connected converter during the initialization of

the grid-connected converter: frequency and current transient diminished after
proper initialization.

flowing through the LCL filter. The “Start PWM” interval
corresponds to Step 2. The synchronization is maintained when
the converter is not actively operating, enabling the converter to
be initialized at any time with minimal initial transient, which
occurs in “Start references” interval and corresponds to Step 3.

Fig. 8(a) and (b) shows the grid voltages and the converter
currents when the self-synchronizing current control starts with
a slight angle difference from the MRF, respectively. As a result,
the currents present minimal disturbance, gradually reducing to
zero within 0.1 s in the “Start PWM” interval. The converter
then starts to track a current reference of approximately 76.4 A.
The currents in Fig. 8(b) are synchronized with the voltages in
Fig. 8(a).

Fig. 8(c) shows the converter currents when the start-up
procedure is not used and a phase angle difference of about —75°
exists. The significant angle difference results in a transient with
peak values exceeding the setpoint of 74.6 A by more than 100%.
In such conditions, the control still achieves synchronization to
the grid voltages after the end of the current transient. However,
the system may become unstable for more significant starting
angle differences.

Fig. 9 shows the converter frequency during initialization.
When the control is initialized correctly (initial phase differ-
ence of approximately 0°), the initial transient of the converter
frequency is small. When the control is not initialized cor-
rectly (initial phase of —75°), the required control effort for
the synchronization increases, resulting in transients in w. with
variations exceeding 62.8 rad/s.

B. Operation During Voltage Sags

Fig. 10(a) and (b) shows the grid-connected converter three-
phase voltage and current for a symmetrical 50% voltage sag.
From (19), v(’i'}]’i is included in A 12, which implies that the
grid voltage also influences the feedback of the synchronization
loop represented by ¢.. As the voltage sag occurs, the current
increases. However, after the voltage is set at 50% of the nominal
value, the current tracks the previous setpoint after 0.05 s. When
the voltage is restored, the current decreases. The same occurs
after voltage restoration. The zoomed waveforms show that
the current keeps synchronizing with the voltage during the
voltage sag. The result shows that the self-synchronizing current
control can provide inherent low-voltage ride-through capability
by limiting the steady-state currents with zero error without
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Fig. 10. 50% three-phase voltage sag occurrence during the operation of

the grid-connected converter. (a) Thee-phase phase voltages of the grid.
(b) Three-phase currents of the grid-connected converter.

iRecovering
ll
11

1

iVoltage sag

Vabe,g (V)

\./‘A’s‘

(@)
85 - i - ' -
AR e
g 0 W _" .‘.!' il_‘l-.l' _’.l
° Jev! A VR
g —85 - | v v vV A

—170 +

(b)

Fig. 11.  10% single-phase voltage sag occurrence during the operation of
the grid-connected converter. (a) Thee-phase phase voltages of the grid. (b)
Three-phase currents of the grid-connected converter.

additional changes in control. This approach is fundamentally
different from conventional PSCs.

Fig. 11(a) and (b) shows the voltages and currents during
the occurrence of a 10% single phase voltage sag in phase a.
No sags occur in phase b and ¢ voltages. Note there are minor
changes in the current amplitude: phase a current increases by
3 A, while phases b and ¢ decrease by 1.5 A. Even though
a negative sequence current appears, the detailed waveforms
in Fig. 11(a) and (b) show that the currents are synchronized
to the voltages. The self-synchronizing current control, as de-
signed, regulates the positive sequence properly, but additional



9310

’>\ 200 4 T'Voltage harmonics mjection ﬂ
(2 1 Va,g
& 9 : — o,
+~ m
AV VARV
> 200 . . | v
(a)
— 75 - Fvvvvv\
N : o |
£ 0 T — i, F
: \/ \I { \ { \/ .
5 =75+ a0
O | 25 ms ! !
(®)
Fig. 12.  Operation under distorted grid voltage with 10-% TDH. (a) Phase a

and dg-frame grid voltages. (b) Phase a and dg-frame converter currents.

. ’ 25 -
f 150 20 —— v,
° 157 - o
Z 100 - 10 4 ’
'-g y 5 i + ’ia,o
Ei b - 7,
= 50 7 ! ! o
a 240°\_300 iy,
5 0 Y & | i
T T T T T T T T
0 60 120 180 240 300 360 420 480 540 600
Frequency (Hz)
Fig. 13.  FFT analysis of phase a and dg-frame grid voltages and converter

currents.

controllers are required if the negative sequence current should
be mitigated, which are discussed in the literature. One option
is introducing resonant controllers to counterbalance the dis-
turbances in dg-frame currents [30]. Another option is a dual
SREF, one establishing control for the positive sequence and the
other for the negative sequence [30]. The design of additional
controllers is out of the scope of this work.

C. Operation in Distorted Grids

Fig. 12(a) and (b) presents the operation under distorted grid
voltage with a total harmonic distortion (THD) of 10%. Each
phase voltage includes fifth- (negative sequence) and seventh-
order harmonics (positive sequence), both with a 12.73-V ampli-
tude. Fig. 12(a) shows the phase a and the dg-frame grid voltages.
The dc component of the d- and g-axis grid voltages is 180 V and
0V, respectively, and a 360-Hz sinusoidal component is result
of the harmonic distortion in the dg-frame. Fig. 12(b) shows the
phase a and the dg-frame converter currents. The phase a current
includes the distortion of fifth- and seventh-order harmonics
distortion, while the dg-frame currents have a dc component
and a 360-Hz sinusoidal component.

Fig. 13 shows a fast Fourier transformation (FFT) analysis
of phase a and dg-frame grid voltages and converter currents.
Converter current includes fifth- and seventh-order harmonics of
4.88-A and 2.94-A amplitude, respectively. Note that the change
from the abc-frame to the dg-frame is equivalent to a frequency
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Fig. 14.  Grid-connected converter start-up when parameter variation is ap-

plied. (a) Converter currents in the d-axis. (b) Converter current in the g-axis.

shift of the harmonics components, e.g., the fundamental compo-
nent of the abc-frame is equivalent to the dc component (0 Hz) of
the dg-frame. However, the fifth- and seventh-order harmonics
of the abc-frame are both grouped to the 360-Hz component of
the dg-frame due to their negative and positive sequence terms,
respectively. The amplitude of d- and g-axis currents is 7.79 A
and 2.08 A, respectively, and the current THD is 7.5%.

The self-synchronizing control, as designed, can maintain
synchronization when voltage harmonics exist, but distorted
currents result from the distorted voltage. One may conclude that
the self-synchronizing control cannot attenuate the grid voltage
harmonics to the currents. However, additional controllers can
be included alongside further gain adjustment, so the effects
of the distorted grid are mitigated properly. This is already
fairly discussed for grid-following converters in distorted volt-
age grids [31], [32]. Thus, a further discussion on the additional
controllers is out of the scope of this work.

D. Effects of Grid Impedance and Parameter Variation

Fig. 14 shows the d-axis and g-axis currents during the startup
process described in Section V-A when the grid-connected
converter interfaces a pure resistive line (Zro = 0.5, Zp, =
0.25Q) or a pure inductive line (751 = j0.235Q, Z1o =
70.471Q and Z3 = 51.414 Q). Fig. 14(a) and (b) also includes
the case for only Z.q for comparison.

As a d-axis reference current of 76.4 A is set, a 11.19°-phase
shift appears both in the CRF and in the currents due to the effect
of the equivalent impedance, Z.q = Req + jQ0Leq = 0.02€2 4
70.471 €. This would result in an approximately 13 A g-axis
current, and the resulting cos(¢.) is 0.981, which points out a
reduced power factor. Equation (11), however, compensates for
this deviation. As a result, the g-axis current is approximately
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zero, as shown by the curve Zq in Fig. 14(b), and the power
factor is 0.999.

The grid impedance is usually modeled as a resistive—
inductive line. Its direct effect on the grid-connected converter
is to yield an output filter with a distinct impedance character-
istic. Usually, it consists of additional resistive and inductive
components. From the converter’s point of view, this effect is
similar to the impact of parameter changes or mismatches from
the design stage. Fig. 14(a) shows that the steady state of the
d-axis current is unaffected by parameter deviations or series
association with line impedance. The power factor for Zq-only
case is approximately 0.999. Fig. 14(b) shows that that steady
state g-axis currents are approximately 9.5 A and 16.5 A when
associated with Z7; and Z». The resultant current phase has
cosines of 0.992 and 0.977, respectively. In contrast, resistive
lines Zro and Z 1 do not absorb reactive power and, therefore,
affect the power factor negligibly.

Note that the case Zp3 = j1.414 () represents a weak grid
with a short circuit ratio of 1.7. Due to the significant influence
of the grid impedance, a redesign of the controller resulted in
new proportional gains Kp = 8, Kg = 5, and K4¢g = 8. To
achieve the same step response as the previous data, V. was also
increased to 700 V. The results demonstrate a dynamic similar
to the previous cases. Analysis with large-signal models could
provide more insight into the self-synchronizing control in weak
grids. Nevertheless, the results show that, with proper design, the
self-synchronizing control can operate effectively in weak grids.

As a partial conclusion, the grid-connected converter main-
tains its stability, although the dynamics are affected by the
parameter errors or the association with an inductive or re-
sistive line. An equivalent increased resistance enhances the
converter damping, while an increased inductance decreases it.
Therefore, designing a grid-connected converter that accounts
for an estimated grid impedance offers an advantage when using
self-synchronizing control, as it is more reliable in weak grids
than PLL-based control, which is prone to failure. Also, the com-
pensation of reactive power presents errors when not accounting
for the line impedance, decreasing the power factor. Including an
accurate output impedance may overcome this issue, but it is not
an obvious task due to the uncertainties of the grid impedance
for specific applications.

E. Comparison of Linear and Real-Time Simulations

This section presents a simulation applying the linearized
model in Section III-D using the Python Control Systems Li-
brary [33]. The linear model is compared to real-time simula-
tions in the Typhoon HIL. Comparisons are made to assess the
accuracy of the linearized model. The converter and control pa-
rameters are in Tables I and II. Specifically, the system response
to a step change in the magnitude and frequency of the voltage is
used as a benchmark. The following sections present the results
and analysis of this comparison.

1) Step Change in Voltage Magnitude: Fig. 15 illustrates the
dg-frame currents in the MRF and w,, reacting to a change in the
grid-voltage magnitude. Initially, the MRF is in sync with the
voltage vector at the coupling point, with the d-axis component
representing the current vector magnitude. When a 5-V step is
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Fig. 15. Linearized model and HIL test results for a step of 5 V in the

magnitude of the grid voltage. (a) Converter currents in the d-axis. (b) Converter
currents in the g-axis. (c) Converter frequency.

applied to the d-axis grid voltage, it triggers a transient response,
causing the d-axis current to decrease to about 74 A. This event
also leads to oscillations in the g-axis currents due to the dg-
frame coupling. Nonetheless, the current stabilizes to its original
set point within 50 ms. The converter frequency exhibits a similar
disturbance pattern, returning to its initial value following the
transient.

2) Step Change in Frequency: Fig. 16 presents the MRF
currents and the grid-connected converter angular frequency,
initially 377 rad/s (60 Hz), as they respond to a 6.28 rad/s (1 Hz)
step change in the grid voltage. The transient behavior in the
currents stems from a frequency mismatch between the grid
voltage and the CRF. This discrepancy results in a phase angle
disturbance, prompting the control system to adjust its frequency
to match the grid frequency.

The self-synchronizing current control demonstrates its abil-
ity to maintain synchronization despite frequency changes. The
currents gradually return to their steady-state values as the
control system adjusts to the new frequency. Despite the inherent
nonlinearity of the system, the linearized model effectively
captures the dynamics of the currents and frequency. This mod-
eling accuracy facilitates the system design, presenting appropri-
ate and desired responses under various operational conditions.

F. Effect of Power Flow and Additional Damping on the
Stability

Changing the power flow of the grid-connected converter
through a line with no impedance allows us to observe the
sensibility of the g-axis self-synchronizing current control to
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Fig. 17.  Impact of the variation of the injected power from —30 to 30 kW on

the stability of the converter. The direct current loop is closed with Kp = 2,
K¢ = 1.5 when the quadrature voltage gain K 4 is zero.

such changes. The parameters used are in Tables I and II, but
the strategy of introducing additional damping is not applied in
Fig. 17 by setting K 4o = 0. When current increases, there is
a loss of damping to a system that presents eigenvalues poorly
damped. The damping diminishes as the injected current in-
creases, and the system becomes unstable above specific current
values.

The element at position (2,2) in the matrix Ay of (19) con-
tributes to the instability. This element is equal to KQi; o It
means that positive values of the d-axis current affect the trace
of A, making it more positive and potentially moving some
eigenvalues to the right semiplane. In other words, the more
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Fig. 19.  Eigenvalues under variations of the active power from —30 to 30 kW

on the synchronization dynamics when the gain K 5 is 1.

active power the grid-connected converter injects, the closer it
becomes to instability.

This phenomenon is observable in real-time HIL tests by ob-
serving the grid-connected converter response to minor changes
in the grid voltage angle. In Fig. 18, a 5-V step change in the
g-axis voltage of the grid, equivalent to about a 1.59° shift in
the phase angle of the voltage, disrupts the operation of the
converter. This results in a similar reduction of the damping,
with oscillations in the currents persisting for over 150 ms when
the 77", current is around 23 A, indicating the system is prone to
instability.

An essential difference between this self-synchronizing con-
trol and controls employing a PLL is that the voltage magnitude
is approximately constant during regular operation. Conversely,
as the current varies, the synchronization loop dynamics change,
which affects the self-synchronizing current control system. In-
creasing the damping of the phase angle is necessary to mitigate
these effects and ensure system stability.
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Fig. 19 shows the root locus analysis for K4q = 1, as de-
signed in Section IV. The markers in Fig. 19 are in the same
position as those in Fig. 5. They show the eigenvalues when
the current is zero. As the current varies, the eigenvalues move,
but the system damping is not reduced, which ensures stabil-
ity throughout its full operating range. Notably, the dominant
eigenvalue remains unchanged despite the large variation in the
current. Therefore, the proposed design yields eigenvalues that
maintain consistent damping.

Fig. 20 shows the response of the system with K 4 = 1to the
5-V step change in the g-axis grid voltage. The grid-connected
converter shows well-damped transients, and larger d-axis cur-
rents do not significantly alter the response of the converter to
changes in the phase angle of the grid voltage. The steady-state
response shows larger values of the g-axis current when the
d-axis current increases. This is a result of the phase angle shiftin
the grid voltage, which prompts the current of the grid-connected
converter to track the change.

This section yields two key findings. First, the control of this
grid-connected converter is sensible to the d-axis component of
the current. Second, introducing a voltage component to damp
oscillations in the g-axis current significantly enhances system
stability.

VI. CONCLUSION

This article extends the characteristics of simultaneous regu-
lation and synchronization found on grid-forming converters to
a g-axis self-synchronizing control for current-controlled con-
verters. The primary application of this approach is to provide
a grid-connected converter that can solely depend on current
measurements to synchronize with the grid while performing the
current control actions. Such feature may allow the following:

1) the use of fewer sensors;
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2) the replacement of PLL-based controllers in converters
connected to weak grids;

3) the combination with a voltage controller [12], which can
result in self-synchronizing grid-forming converters with
intrinsic current limiting capability.

The self-synchronizing control maintains synchronization to
symmetrical three-phase and single-phase voltage sags. How-
ever, to mitigate unbalanced currents due to asymmetrical faults,
additional regulation strategies are needed. Resonant controllers
also may be required to prevent current distortion when operat-
ing in grids with highly distorted voltages.

The modeling, analysis, and results of HIL simulation showed
the feasibility of the proposed method. This approach introduced
an additional feedback gain K 4q to the self-synchronizing
current control. This results in a g-axis voltage component that
damps phase swings in the respective synchronization loop.
The introduction of this gain results in extended and systematic
stability, as shown by the eigenvalues analysis and the HIL test
results. Further analysis detailed the impact of power flow on
synchronization dynamics, showing that when the d-axis current
increased, the damping provided by K 4¢ ensured control sta-
bility across a significantly wider operating range. A linearized
state-space model was developed, closely aligning with real-
time HIL simulations. This model facilitated in-depth analysis
of the grid-connected converter control system and supported a
comprehensive design framework.

Furthermore, a compensation method for the LCL filter
reactive power avoids reduced power factor during operation.
This article also presents a start-up method that is absent in
the existing literature. This method mitigates overcurrents at
start-up by using the current flowing through the LC'L filter
capacitor to determine the grid voltage’s amplitude and phase. In
this approach, a current-based PLL operates only at start-up and
synchronizes the CRF with the grid before starting operation.

Future will focus on the interactions among grid-connected
converters using this control and the impact of its application
on the grid. Also, analysis of large-signal models can provide
deeper insights into the nonlinearities and limitations of the self-
synchronizing loop. Further research using adaptive techniques
could address the loss of damping caused by changes in the
grid impedance. In addition, the design of additional controllers
to mitigate the effects of voltage harmonics and unbalanced
voltages in the converter current needs to be considered. Finally,
other control actions of the grid-connected converter, such as an-
cillary services and islanding detection, must also be considered.
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