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Abstract—Conventional inverter startups, or grid synchroniza-
tion, are hindered by slow dynamics and inrush current issues,
which impede the integration of more renewable energy resources
into the power grid. This paper overcomes the barriers by
introducing a novel switching cycle-based startup approach for
grid-connected inverters, eliminating the need for voltage sensors
and phase-locked loops (PLLs). The proposed method surpasses
the bandwidth constraints of traditional PLL-based techniques
and achieves grid synchronization in just two switching cycles.
Relying solely on sensed three-phase currents, synchronization is
accomplished without inrush currents or the need for additional
hardware or increased software complexity, resulting in a faster
inverter startup. The paper also presents a sensitivity analysis to
discuss the impact of critical parameters on the method’s accu-
racy. The effectiveness of the proposed technique is demonstrated
through simulation and experimental results.

Index Terms—Grid-tied inverters, startup, PLL-less, Voltage
sensorless control.

I. INTRODUCTION

THE power grid is undergoing a rapid transformation,
shifting from synchronous generator-based resources to

an increasing proportion of renewable energy sources (RES),
such as solar and wind power [1], [2], [3], [4], [5]. This inte-
gration of renewables into the grid has driven the widespread
adoption of inverter-based resources (IBRs) within distributed
networks [6], [7]. Capitalizing on the low-inertia characteris-
tics of IBRs presents unique opportunities to attain faster and
more reliable control, which may be difficult or impossible
in conventional synchronous generator-based systems. A vital
aspect of these systems is the synchronization of the inverter
with the grid, requiring a rapid response and minimal inrush
currents [8], [9]. This prompt response is especially important
when energy systems act as primary or backup power sources
for critical loads during regional power outages, ensuring
uninterrupted electricity supply. In such scenarios, an efficient
and swift synchronization mechanism can aid in averting
potential hazards and minimizing downtime [10], [11], [12].
Another essential aspect is the minimization of inrush currents,
as excessive currents can trigger fault protection during power
outages, resulting in unwanted outcomes such as the activation
of protective devices and unnecessary power interruptions
[13].

The startup process for traditional high-inertia synchronous
generators can take a significant amount of time, span-
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Fig. 1: Typical control diagram for an equivalent circuit of a
three-phase grid-connected inverter startup.

ning from minutes to hours. This poses difficulties during
the restoration of critical loads following power outages.
While low-inertia IBRs address some of these concerns, their
startup procedures still encounter certain complications. Fig.
1 presents a typical control diagram for a three-phase grid-
connected inverter startup, exemplified with an inductor filter
as the output filter, denoted by Lf and its equivalent series
resistance (ESR), Rf . Conventional IBR startups rely on
sensing the three-phase grid voltage vpcc (with bold face
indicating a vector, i.e., vpcc = [vpcc,a, vpcc,b, vpcc,c]

T where
subscript a, b, and c represent phase a, b and c, respectively),
which is subsequently fed into a phase-locked loop (PLL) to
determine the phase angle θg . Upon obtaining the phase angle,
the inverter connects to the grid using a circuit breaker (CB)
or solid-state relay. However, this method exhibits various
limitations.

For example, in cases of large grid impedance (represented
by Lg and ESR, Rg in Fig. 1, referred to as weak grids,
the voltage measured for the PLL may not accurately re-
flect the true grid voltage. This discrepancy can result in
a phase difference and inrush currents, ultimately causing
synchronization failures. Additionally, the phase-locked loop
(PLL) bandwidth is crucial for grid synchronization, as it
must remain below 200 Hz to guarantee system stability and
decouple its dynamics from the current control loop [14],
[15], [16], [17]. However, this limitation considerably restricts
the synchronization process, prolonging its duration to several
or even tens of milliseconds. Moreover, the intricate nature
of PLL parameter tuning stems from the continuous trade-
off between steady-state phase angle tracking and transient-
state dynamic response, posing challenges for optimization.
Lastly, recent advancements in inverter current control have
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eliminated the need for conventional PLLs [18], [19], [20],
[21], [22]. While alternative advanced control methods have
been proposed to address the drawbacks of PLL tuning and
coupling effects, these PLL-less approaches introduce new
challenges during startup due to the absence of phase angle in-
formation. Several advanced soft-startup approaches have been
proposed to address these challenges. For inverters employing
LCL filters, one method [23] uses the LC branch of the LCL
filter as a conductive circuit loop during startup, allowing
the grid-side measured current flowing to the capacitor to
serve as the grid voltage with a 90-degree phase difference
[24]. Similarly, the soft startup approach in [25] utilizes a
modified zero-voltage vector and closed-loop control with DC-
link voltage feedback to pre-charge the DC-link capacitor
while sampling current to estimate grid voltage. In [25], a syn-
chronization procedure based on a fast LCL filter observer is
presented. However, these methods are not applicable without
an LCL filter. State observers are another crucial technique
for estimating grid voltage in inverters with various filter
types, including extended state observers with associated state
feedback regulators (LCL filter) [26], model predictive control
with disturbance observers (LCL filter) [27] or sliding-mode
observers (L filter) [28], and adaptive Kalman filter-based
observers (LC filter) [29]. Nevertheless, these control methods
are highly nonlinear and complex, resulting in a computational
burden for hardware implementation [30].

Despite progress in the field, fast and simple inverters’
startup without inrush currents remains a challenge. Impor-
tantly, the full potential of inverters’ dynamics has yet to be
explored. In essence, the minimal control window for inverters
is each switching cycle, during which all available information
(e.g., sensed current) can be utilized to estimate or determine
the grid-side information.

Therefore, this paper presents a novel switching-cycle-
based startup approach. This method circumvents the need for
voltage sensors and PLLs in grid synchronization, attaining
synchronization in just two switching cycles— an order of
magnitude faster than conventional PLL-based techniques.
Furthermore, the proposed method effectively eliminates in-
rush currents without intricate parameter tuning. Lastly, the
startup approach is easy to implement and does not necessitate
complex hardware or additional investment.

The paper is organized as follows in the subsequent sections:
In Section II, the basic principle of the proposed method
is introduced. In Section III, the sensitivity analysis of this
method is discussed. Section IV, the experimental results are
presented to further validate the proposed method.

II. BASIC OPERATION PRINCIPLE OF SWITCHING
CYCLE-BASED STARTUP METHOD

Fig. 2. illustrates the control diagram of a two-level, three-
phase grid-connected converter. For the power stage, the grid-
side is represented by a vector vg and its grid impedance
Lg and Rg . The inverter output is connected to the grid via
circuit breakers near the points of common couplings (PCC).
For the control stage, the control strategy for the converter is
partitioned into two distinct stages. The first stage involves

the suggested switching-cycle-based startup before reliably
acquiring the grid phase angle. Once successfully connected to
the grid, the control strategy proceeds to the subsequent phase,
which encompasses the current control loop. The current
control loop can be implemented using either the traditional
rotational or stationary reference frame, as depicted in Fig. 3
and Fig. 4, respectively. The reference current vector iref is
derived from the higher-level control, typically active/reactive
power control. Furthermore, Grid voltage magnitude Vg in
conjunction with the θ vector constitutes a feed-forward term,
which is advantageous for dynamic response. In Section IV,
the sensitivity analysis indicates that applying a nominal Vg

does not lead to substantial estimation errors. Two single-
pole double-throw switches are used to illustrate the current
loop-switching action before and after the startup. Sx is the
switching state for three-phase, defined as:

Sx = [Sap, San, Sbp, Sbn, Scp, Scn] (1)

Where Sap and San are complementary switching states for
the phase-a upper and lower switch, respectively. So are phase-
b and phase-c. Take Sap for example, the switching function
is expressed in a binary form as

Sap =

{
1, switch on
0, switch off

(2)

As an illustration, the state 011 denotes the turn-off of the
upper switch in phase a and turn on of the upper switches in
phases b and c. It’s worth noting that switching commands
can either be manually provided in a predetermined pattern
with a specified time duration or be derived from a current
controller, such as the hysteresis current controller illustrated
in Fig. 2 (method 2). The adoption of a hysteresis controller is
motivated by its intrinsic current limiting capabilities when the
current references are set to zero [31]. The primary goal of the
suggested approach is to determine the phase angle within a
maximum of two switching cycles, facilitating synchronization
with the grid. In accordance with Kirchhoff’s voltage law
(KVL), the current on the inverter side can be represented
as a vector in the following equation:

L
diL
dt

+RiL = vi − vg (3)

Where L includes the filter inductance Lg and Lf ,and R
consists of the grid-side resistance Rg and the ESR, Rf .

Meanwhile, the inverter output voltage vi,x is determined
by the switching states, given by

vi,x = SxVDC (4)

Upon analyzing (3) and (4), a notable observation emerges.
Although it may initially appear inadequate to estimate or
ascertain the grid voltage solely through current sensing due
to the presence of two unknown variables - grid impedance
and grid voltage - and only one available (3), it is important
to consider that the inverter output ( vi,x ) can be adjusted
to any arbitrary value by manipulating the switching state.
Consequently, this allows for the generation of a set of inde-
pendent equations based on (3), enabling the determination of
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Fig. 2: Control diagram for a two-level three-phase grid-connected converter with switching-cycle-based startup and current
control loop.

the phase angle. This forms the foundational concept of the
method proposed herein.

Assuming a balanced three-phase grid, the dynamic equa-
tions describing the behavior of three-phase grid-connected
inverters in the continuous time-domain can be obtained by
combining equations (3) and (4), yielding equations (5) and
(6).

dia
dt

= −R

L
ia+

1

3L
(vi,bc + 2vi,ab)−

1

3L
(2vg,a − vg,b − vg,c)

(5)

dib
dt

= −R

L
ib +

1

3L
(vi,bc − vi,ab)−

1

3L
(2vg,b − vg,a − vg,c)

(6)
Consider the initial switching state for each phase as 011,

where Sap = 0, Sbp = 1, Scp = 1, and each lower switch
complements its respective upper switch. By discretizing and
rearranging (3), the current difference of phase a over the given
switching state duration can be obtained, which is represented
as (7). Similarly, the current slope for phase b can be calculated
using equation (8).

The switching state is changed to the complementary state
of the previous state (i.e., 011), and the resulting current
difference of phase a is shown in (9). The reason for selecting
the complementary state as the second switching state is
to restrict the magnitude of the current peak, which could
otherwise lead to a high inrush current.

A1,a =
ia(k + 1)− ia(k)

Ts

=
1

3L
(−2VDC − 3Vg sin θg,a(k + 1))

(7)

A1,b =
ib(k + 1)− ib(k)

TS

=
1

3L
(VDC − 3Vg sin θg,b(k + 1))

(8)

A2,a =
ia(k + 2)− ia(k + 1)

Ts

=
1

3L
(2VDC − 3Vg sin θg,a(k + 2))

(9)

A2,b=
ib(k + 2)− ib(k + 1)

Ts

=
1

3L
(−VDC − 3Vg sin θg,b(k + 2))

(10)

Equations (7), (8), (9), and (10) can be combined to calcu-
late the current differences for the two switching states. These
current differences are denoted as the first current difference
A1,a and second current difference A2,a for phase a, and the
first current difference A1,b and second current difference A2,b

for phase b, respectively. The ratio of A1,a and A2,a is defined
as Ma, and the ratio of A1,b and A2,b is defined as Mb, as
shown in (11) and (12), respectively.

Ma =
A1,a

A2,a
=

−2VDC − 3Vg sin θg,a(k + 1)

2VDC − 3Vg sin θg,a(k + 2)
(11)
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Mb =
A1,b

A2,b
=

VDC − 3Vg sin θg,b(k + 1)

−VDC − 3Vg sin θg,b(k + 2)
(12)

Typically, the switching cycle Ts is much shorter than the
fundamental cycle. For example, in PV inverters with ratings
ranging from several kW to hundreds of kW, Si MOSFETs are
primarily used with frequencies up to tens of kHz, and WBG
devices can even reach up to hundreds of kHz. As a result, the
duration of two switching cycles is negligible compared to the
line frequency, which is typically 50 or 60 Hz. Therefore, it can
be assumed that the phase angle of the grid voltage remains
constant during the two switching cycles, i.e., sin θg,a(k+1) =
sin θg,a(k + 2). As a result, (11) can be further simplified as:

Ma =
A1,a

A2,a
≈ −2VDC − 3Vg sin θg,a(k + 1)

2VDC − 3Vg sin θg,a(k + 1)
(13)

According to (13), the sin θg,a(k + 1) can be calculated as

sin θg,a(k + 1) =
2VDC (1 +Ma)

3Vg (Ma − 1)
(14)

It is evident that the desired value of sin θg,a(k+1) depends
solely on the DC-link voltage VDC , the measured current
difference Ma, and the grid voltage magnitude Vg . Thus, if the
magnitude of the grid voltage is known, only two switching
cycles are theoretically required to obtain sin θg,a(k + 1).

It is important to note that sin θg,a(k + 1) does not
have a one-to-one mapping with the phase angle θa(k + 1),
as there can be two phase angles corresponding to each
sin θg,a(k + 1). To calculate θa(k + 1), it is necessary to
determine cos θg,a(k + 1) as well. This can be accomplished
by utilizing the information from phase b.

Similarly, for the phase b, sin θg,b(k + 1) can also be
obtained in a similar fashion as:

sin θg,b(k + 1) =
VDC (1 +Mb)

3Vg (1−Mb)
(15)

Since a balanced three-phase system is assumed, the phase
difference between phase a and b is 120 degrees, given by

sin θg,b(k + 1) = sin

[
θg,a(k + 1)− 2π

3

]
(16)

Expanding (16) yields cos θg,a(k + 1) represented in (17),

cos θg,a(k + 1)

=
(− sin θg,b(k + 1) + cos(2π/3) sin θg,a(k + 1))

sin(2π/3)

(17)

By simplifying (17), we can express it as:

cos θg,a(k + 1) = −4
√
3VDC

9Vg

[
Ma −Mb

(1−Mb)(Ma − 1)

]
(18)

Equations (14) and (18) are solely dependent on the sensed
current differences for phases a and b, the DC-link voltage
magnitude, and the grid voltage magnitude.

As a consequence, combining (14) and (17), sin θg,a(k+1)
and cos θg,a(k+1) can be derived and hence the phase angle
can be uniquely determined.
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It’s important to highlight that the peak current within a
switching cycle remains substantially below the rated current.
This is attributed to the minuscule duration of the switching
event relative to the fundamental cycle. A case study elucidat-
ing this scenario under extreme conditions is presented below.

Case Study: Consider a grid with voltage Vg = 1 pu,
DC voltage VDC = 2 pu, inductance L = 0.08 pu [32],
and switching interval Ts = 0.006 pu. When the PWM-
synthesized switching commands are antiphase to the grid
voltage vector (i.e., they exhibit a phase difference of 180
degrees), the peak current, as inferred from (5), is determined
to be (2∗VDC+3Vg)∗Ts

3∗L = 0.175 pu. This calculation assumes
the omission of resistance. Incorporating resistance would
even slightly diminish this peak value. As a result, this peak
current is markedly below the rated current. Furthermore, for
systems operating at 60 Hz, a Ts = 0.006 pu corresponds to a
duration of 100 µs, equivalent to a switching frequency of 10
kHz. Elevating the switching frequency can potentially further
mitigate the current.

Upon obtaining the phase angle, the control loop transitions
to a current control loop. The key aspect of this method is
that it allows for the utilization of acquired grid information
in the subsequent current control stage without the need for
additional PLLs or voltage sensors. During the transition
from startup to the current control loop, the initial state of
variables, such as current, corresponds to the value at the
final instant of the switching cycle. Given that this current
is retained in the DSP and is readily accessible, the transition
from the switching cycle startup to the current control loop
avoids encountering any undefined states. Thus, the transition
utilizes these initial states, along with the acquired phase angle,
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ensuring a smooth transition to the current control loop. The
current control loop may implement either traditional or newly
emerging control techniques, as illustrated in Fig. 3 and 4,
which showcase common current control methods for grid-
connected inverters. For example, Fig. 3 demonstrates the use
of a conventional dq-frame-based control with a proportional-
integral (PI) controller. The obtained sin θg,a(k + 1) and
cos θg,a(k+1) values from the startup process are incorporated
into the current control loop for the abc to dq or dq to
abc transformations. Assuming the voltage vector aligns with
the d-axis, the feedforward term is simply the grid voltage
magnitude in the d-axis and zero in the q-axis, even though
the feedforward term is not strictly necessary. Fig. 4 exhibits
a stationary-frame-based control with a proportional resonant
(PR) controller, where the current is directly controlled in an
abc or αβ frame. In the context of a PLL-less and voltage
sensorless control scheme, the proposed startup technique is
highly advantageous, as the obtained grid voltage serves as
a feedforward term that aligns with the grid. As a result,
only the discrepancy between the current reference and sensed
current determines the output power, significantly simplifying
the current control design. Additionally, with the phase angle
already determined and having transitioned to the current
control loop, the inverter has the capability to either deliver
or absorb any active and/or reactive power. This is achieved
by adjusting the inverter’s phase angle in relation to the
synchronized angle, which corresponds to the grid phase angle
[19].

Moreover, the sampling time delay typically arises from the
lag between PWM modulation and the moments of sampling.
In our approach, however, the PWM signal is consistently
provided within a fixed time frame, such as 10 kHz, elimi-
nating the need to depend on sampled currents. This strategy
effectively sidesteps the associated delay. To further bolster
the robustness of the proposed method, one can enhance the
control bandwidth, adopt multisampling techniques [33], or
apply delay compensation methods [34]. Regarding compu-
tational delay, our method emphasizes algebraic calculations,
focusing on evaluating the sin or cos values rather than the
phase angle itself, rendering the computation delay negligible.
Additionally, any computational lag can be readily addressed
by utilizing advanced DSPs with faster clock rates or by
leveraging specialized DSP functionalities like the control-law-
accelerator (CLA) or post-processing block (PPB) [3].

At its core, the proposed method relies on generating
initial switching commands that produce excitations, which are
subsequently detected as currents. By analyzing these sensed
currents, it is possible to formulate multiple equations that
enable the determination of unknown variables, such as the
grid voltage phase angle. This technique is highly efficient,
as it requires merely two switching cycles to generate a
sufficient number of equations to solve for the unknowns.
This leads to a more rapid synchronization process compared
to traditional PLL-based methods. Additionally, the approach
is purely algebraic, facilitating rapid implementation using
digital signal processors. Importantly, this method eliminates
the need for exact calculation of the theta angle, thus avoiding
the computationally intensive requirements of look-up tables

TABLE I: PARAMETER LIST

Description Symbol Value (per unit)
Inverter power rating S 10 kW (1 p.u.)
Grid phase voltage (peak) Vg 392 V (1 p.u.)
Rated current (peak) Irated 17 A (1 p.u.)
DC-link voltage VDC 800 V (2.04 p.u.)
Grid-side inductance Lg 1 mH (1.64% p.u.)
Grid-side resistance Rg 0.1Ω (0.4% p.u.)
Inverter filter inductance Lf 4 mH (6.56% p.u.)
Inverter filter ESR Rf 0.2Ω (0.8% p.u.)
Rated grid frequency f 60 Hz (1 p.u.)
Switching
cycle period Ts 10 µs (0.0599% p.u.)
during startup
Proportional gain Kp 46Ω (2 p.u.)

or inverse trigonometric functions. During the startup phase,
the magnitude of the currents is predominantly influenced by
the duration of the gating signals provided. Consequently, only
a negligible increase in current occurs during this phase, ef-
fectively eliminating inrush currents, a challenge often present
in PLL-less and voltage sensor-less control schemes.

Of particular note, this section demonstrates the utilization
of an inductor, labeled as Lf with the ESR, Rf , as the output
filter of the inverter. As mentioned in the introduction section,
when exclusively implementing current control to estimate
or determine voltage information, it is often necessary for
the filter to possess a capacitor in order to reference voltage
through the differential relationship of the voltage and current
of a capacitor. This can be limiting as, in some situations, only
an inductor is adequate, particularly with recent wide bandgap
(WBG) devices operating at high frequencies. Additionally, the
LCL filter introduces extra resonance that necessitates further
passive or active damping. Therefore, in this case, the inductor
filter is selected not only to better illustrate the fundamental
operation principle of the proposed method, but also to discuss
a more challenging scenario with solely current sensing. The
effects of other filter types will be discussed in Section IV.

III. SIMULATION RESULTS

In order to validate the efficacy of the proposed startup
method, a series of simulations have been conducted. The
simulation parameters were selected to reflect those of a
typical grid-connected system in the United States, operating
at 480 V, and are listed in Table I. The circuit configuration
used for the simulations is identical to that which is presented
in Fig. 2.

Fig. 5 illustrates the simulation results of a grid-connected
inverter employing the proposed startup method, followed by
stationary-frame-based current control. In Fig. 5(a), the three-
phase currents ramp up smoothly to the rated current without
any inrush current. The red line represents the phase-a grid
voltage vg,a, and the black line represents the reproduced
sin θg,a. It is evident that the reproduced sin θg,a is well syn-
chronized with the grid voltage. Additionally, the reproduced
cos θg,a has a 90-degree phase shift with respect to sin θg,a.

Fig. 5(b) presents a zoomed-in view of the simulation
results during startup, including the magnified three-phase
currents, the synchronized sin θg,a value, and the gate signals
for phases a and b. It can be observed that the maximum
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the switching-cycle-based startup. (a). Three-phase current,
the grid voltage, the obtained phase angle during the startup
and the subsequent current control. (b). Zoom-in verison of
the switching cycle startup with the three-phase current, the
synchronized phase angle, and phase-a and b upper switch
gate signals.

current magnitude during the two-switching cycle startup is
less than 0.1 p.u. The current ramps up and down during
the startup due to the given switching states. However, since
the switching period is minimal, the maximum current is
negligible compared to the rated current. The synchronized
sin θg,a is calculated after the two-switching cycles.

IV. SENSITIVITY ANALYSIS AND NON-IDEAL
GRID CONDITIONS

A. Unbalanced grid

Based on the voltage unbalance definition presented in [35],
the NEMA (National Equipment Manufacturer’s Association)
methodology offers a simplified computational approach, en-
suring alignment with other recognized standards such as
IEEE. Concurrently, the IEEE Std 1250-2018 [36] consolidates
recommendations from ANSI, IEC, and EN, unanimously
stipulating that the voltage imbalance in a three-phase system
should not surpass 3%. In this study, scenarios with a 3% volt-
age imbalance are analyzed to represent extreme conditions.

Let the voltage imbalance be denoted as δ%. Following the
NEMA definition, this imbalance is determined by the ratio of
the maximum deviation of each phase voltage peak from the
mean magnitude to the mean value itself. Subsequent analysis
focuses on the deviation between the phase angle estimated
using (15) and the actual value. The true phase angle varies
from 0 to 2π, simulating a startup event that could occur
at any grid voltage instance. For each phase angle 0 to 2π,

Fig. 6: Varying voltage imbalances δ: discrepancy between
sin θest and actual phase angle sin θ.

the difference between the estimated sin θest and actual values
sin θ is computed to evaluate how the voltage imbalance would
affect the accuracy of the phase angle.

Fig. 6 presents the error in phase angle estimation for vari-
ous voltage imbalances, ranging from 0.6% to 3%, with respect
to different initial phase angles. From Fig. 6, the maximum
discrepancy between sin θest and sin θ is approximately 0.015
at 90° or 270°. This difference in sin value corresponds to
a maximum phase angle of 9°. To put it into perspective,
this error is below the allowable phase angle difference for
synchronization (i.e., 10◦) as outlined in the IEEE std 1547-
2018 synchronization section [37]. Furthermore, a related
study by [25] indicates a maximum phase difference of 11◦,
which exceeds our results. Typically, only sin or cos is
required, making the 0.01 difference even more inconsequen-
tial. Furthermore, the influence of voltage imbalance δ on
estimation appears minimal, as evidenced by the overlapping
lines in Fig. 6. Conditions beyond these voltage imbalances
are outliers and beyond this paper’s scope because protections
might activate prior to inverter startup in this scenario.

Lastly, this analysis further corroborates that inrush currents
will be minimal. As deduced in II, the inrush current is
predicated on a 180◦ phase difference. However, our analysis
reveals a maximum difference of under 10◦, suggesting even
lower inrush currents.

B. Harmonic grid

Per the guidelines in IEEE Std 519 [38], the Total Harmonic
Distortion (THD) for grid voltages below 1 kV is restricted
to a maximum of 5% for individual harmonics. For voltages
exceeding this threshold, the THD specifications become more
stringent, necessitating lower THD values. To assess the im-
pact of harmonics on phase angle estimation, this study con-
templates the most severe harmonic scenario, with individual
harmonics reaching up to 5%. Analogous to the voltage imbal-
ance evaluation, various harmonic components are considered
with respect to phase angles from 0 to 2π, each with a potential
magnitude of up to 5%. Initially, subharmonics, frequencies
below the fundamental (e.g., 60 Hz), are examined. According
to Cheng et al. [39], prominent subharmonics at 10 Hz and 30
Hz are incorporated. Subsequent analysis includes harmonics
above the fundamental frequency, specifically 180 Hz and
300 Hz, representing typical even and odd harmonic contents
for a 60 Hz grid as outlined in IEEE std 1547 [37]. Lastly,
a higher frequency harmonic, close to the THD limit (50th
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Fig. 7: Varying grid harmonics: discrepancy between sin θest
and actual phase angle sin θ.

of the fundamental component) at 3000 Hz, is considered.
Frequencies beyond this are typically excluded from standard
THD computations and are likely attenuated by filters.

Fig. 7 illustrates the phase angle estimation error when
considering different frequency harmonic components. The
observed estimation error remains below 0.01, comfortably
within the acceptable range. Given the brief switching duration
t, the harmonic component across frequencies, as captured by
2πft, is minimal. This is because t is small, making its product
with any frequency f also small, resulting in nearly consistent
errors across harmonic components.

C. Analysis of System Parameter Inaccuracies

The process of deriving the phase angle encompasses certain
assumptions. Firstly, the resistance is presumed to be less
than the inductance, leading to the omission of the ix term
between derivations (5) and (7). A secondary assumption
supposes that the magnitude of the grid voltage should be
approximately known, as depicted in (14). However, real-
world system parameters might not always align perfectly with
these assumptions. Potential inaccuracies in system parame-
ters, coupled with possible offset errors in current sensing,
can influence the precision of the estimated phase angle.

In the expression (5), the resistance R is typically smaller
than the inductance L as reflected in well-documented papers
such as [32]. Consequently, the term R

L · ia is expected to
be significantly less than 1 pu. This assumption is further
reinforced by the fact that ia is considerably below 1 pu, at-
tributed to the constrained switching duration. Conversely, the
expression 1

3L (vi,bc + 2vi,ab) − 1
3L (2vg,a − vg,b − vg,c) can

reach magnitudes of tens or even hundreds of pu, especially
when considering that L is typically less than 0.1 pu. Given
these observations, it is justifiable to neglect the R

L · ia term.
Furthermore, potential inaccuracies in the filter inductance do
not influence the overall computation. During the derivation
of (11), the impedance term is negated due to its presence
across two switching cycles, rendering the estimated phase
angle independent of variations in inductance parameters.

Another source of potential error stems from inaccuracies in
current sensor measurements, predominantly originating from
offset errors in current probes. Notably, these offsets do not
influence the differential current measurements. As the phase
angle estimation is contingent on this current difference (i.e.,
ik+1 − ik) rather than a single current sample, its accuracy
remains intact.

Fig. 8: Varying different switching durations under LCL filter:
discrepancy between sin θest and actual phase angle sin θ.

Potential fluctuations in grid voltage magnitude also warrant
consideration. Minor fluctuations can be equated to voltage
imbalance scenarios, as previously discussed, with negligible
impact on phase angle estimation accuracy. In the event of a
grid fault, the fault duration is much longer than the switching
cycles, typically extending beyond 0.16 s as delineated in IEEE
Std 1547-2018 [37]. It is more probable for such pronounced
faults to activate protective mechanisms prior to affecting
synchronization.

Moreover, as depicted in (14) and (17), the estimated sin θest
is independent of both the switching duration/frequency. How-
ever, the inrush current does depend on the switching duration,
with a shorter duration typically resulting in a reduced peak
current.

D. Filter type

When integrating a capacitor filter and using equations (14)
and (17)—originally formulated for inductance filters—the
accuracy of the phase angle estimation needs reevaluation.
The capacitance, as referenced from [32], should be chosen
under the constraint of being capable of filtering switching
harmonics during the steady state, as the detailed process can
be found in [40]. With a defined LCL filter, the influence
of different switching frequencies on phase angle estimation
should be considered. As shown in Fig. 8, estimation er-
rors rise significantly higher than the phase angle limits for
switching frequencies exceeding 20 kHz. This deviation is
prominent during the startup, where the inverter generates
a square waveform, governed either by manual or hystere-
sis controller-driven switching commands. As the frequency
increases, the switching harmonics intensify, especially in the
capacitor branch, due to its reduced impedance. This results in
a more pronounced in the capacitor’s current. Solely depending
on the L filter model for phase angle computations becomes
less reliable, undermining estimation precision. However, at
lower switching frequencies, the augmented impedance of the
capacitor impedes the current, making the system similar to
a pure L-filter configuration, thus the validity of our initial
assumptions holding true.

V. SYSTEM DESIGN CONSTRAINTS

This section aims to analyze various parameters that were
previously mentioned, which could potentially affect the ac-
curacy of the proposed method.
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A. Switching cycle period during startup

It is evident that the switching-cycle period Ts during
startup is directly related to the peak magnitude of the current
during startup. In the worst-case scenario, the peak current dur-
ing startup should not exceed the rated current. Furthermore,
the assumption made in Section II is that the grid voltage will
remain constant during the two switching cycles. Therefore,
Ts should be as small as possible to meet these requirements.
However, the minimum value of Ts should not exceed the
maximum frequency of the switches. Hence, the upper and
lower bounds of Ts can be derived as follows.
(1) Constraint 1: Peak current magnitude

Without loss of generality, the maximum current magnitude
for phase a can be derived. Referring to (5), the maximum
current occurs when the grid voltage is opposite to the given
switching state, as given by

max [(2Sa − Sb − Sc)VDC − 3Vg sin θg] =

2VDC + 3Vg

(19)

Since the initial condition for the phase-a current is 0, i.e.,
ia(k) = 0, and the maximum voltage difference can be seen
in (19), (7) can be rewritten as

max [ia] =
2VDC + 3Vg

3L
TS

+ 3R
(20)

The maximum current should be less than the rated current,
i.e., max [ia (k)] ⩽ Irated, hence, the maximum Ts can be
derived as

max [Ts] =
3LIrated

2VDC + 3Vg − 3RIrated
(21)

(2) Constraint 2: Constant grid voltage
The grid voltage during the two switching cycles should be

almost the same. This requires that

∥vg(k + 2)− vg(k)∥ ≤ ε (22)

where vg(k + 2) and vg(k) consists of three-phase voltage
vectors and ε is defined as the maximum allowable difference
during the switching cycles. For practicality, ε is chosen to
be 0.01 p.u.. In this case, for instance, if the instantaneous
voltage is 1 p.u. at the beginning of the first switching cycle.
If (22) can be satisfied, the grid voltage at the end of the
two switching cycles is 0.99 p.u., featuring no difference for
practical applications. Hence, the maximum Ts under this
condition can be derived as:

f (Ts, θ) = Vg ∥sin (θ + 2πf × Ts)− sin(θ)∥ ≤ ε (23)

For all theta, this has to be satisfied,

max
0≤θ≤2π

(Vg ∥sin (θ + 2πf × Ts)− sin(θ)∥) ≤ ε (24)

∥ sin θ cos (2πf × Ts) + cos θ sin (2πf × Ts)− sin(θ)∥

≈ ∥cos θ sin (2πf × Ts)∥ ≤ ε

Vg

(25)

Hence, the maximum Ts is given as

max [Ts] ≤
ε

2πfVg
(26)

(3) Constraint 3: Maximum switching frequency
The maximum switching frequency of an inverter is defined

as fs,max. Hence, the minimum Ts is given as

min [Ts] ≥
1

fs,max
(27)

Consequently, by considering these three constraints, the
boundary for Ts is

1

fs,max
≤ Ts

≤ max

{
ε

2πfVg
,

3LIrated

2VDC + 3Vg − 3RIrated

} (28)

B. Filter types

All the aforementioned analysis is based on the assumption
that only inductor is used. In this subsection, a commonly used
LCL filter is analyzed. The current equation can be modified
as follows:

vi − vc = Lf1
dii
dt

+ iiRLf1 (29)

vc − vg = (Lg + Lf2)
dig
dt

+ ig (Rg +Rlf2) (30)

ic = Cf
d (vc)

dt
(31)

The maximum current calculated from (29) to (31) is ex-
pressed in (32). The error of the estimated phase angle is
defined as e and expressed in (33).

max
ii,a(k+1)

=

2VDC + 3Vg

3
(

Lf1

Ts
+Rf1 +

T 2
s

T 2
s +CfTs(Rg+RLf2)+Cf (Lg+Lf2)

) (32)

e =

3max ii,a(k + 1)× T 2
s

T 2
s +CfTs(Rg+RLf2)+Cf (Lg+Lf2)

Vg

(33)

Define A as

A =
T 2
s

T 2
s + CfTs (Rg +RLf2) + Cf (Lg + Lf2)

(34)

Note that Lf1

Ts
is thousands of times times larger than Rf1,

thus Rf1 being ignored. (33) can be simplified as (35).

e =
A (2VDC + 3Vg)

Vg

(
Lf1

Ts
+Rf1 +A

) ≈ 2VDC + 3Vg

Vg

1

1 +
Lf1

A

(35)

Define
B =

2VDC + 3Vg

Vg
(36)

For instance, if the estimated error e is than ε, then
Lf1

Ts

A
≥ Lf1

Ts
≥ B

ε
(37)

Hence,
Ts ≤ Lf1

ε

B
(38)
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Fig. 9: Experimental setup.

With the parameters shown in Table I, Ts should be less than
0.01% per unit. Where ii is the inductor filter at the inverter
output side current; ig is the grid-side current; vc is the filter
capacitor voltage. Lf1 is the inverter side inductor with its
ESR, represented by RLf1. Lf2 is the grid side inductor with
its ESR, denoted by RLf2. Cf is the filter capacitance.

VI. EXPERIMENTAL VERIFICATIONS

To verifiy the effectiveness of the proposed, the experimen-
tal prototype is built, as shown in Fig. 9.

Fig. 10 presents the experimental results of the proposed
startup method for connecting the inverter to the grid, with a
switching time of only 200 µs per state. The method achieves
successful connection in just two switching cycles, requiring a
total of 400 µs. The top subfigures display the phase currents
ia and ib, represented by the blue and red curves, respectively,
while the gating signals of the phase a-upper switch and phase
b-upper switch are illustrated by the green and orange curves,
respectively. The bottom subfigures show the three-phase grid
voltages vga, vgb, and vgc, represented by the blue, red, and
green curves, respectively. The purpose of monitoring these
voltages is to demonstrate the successful four-quadrant startup
of the proposed method. However, they are not utilized in the
control process. Notably, the proposed startup method’s key
feature is the utilization of only current for the startup, as
demonstrated in this study. In Fig. 11, the switching duration
is depicted at 100 µs. The current peak during startup for this
duration is noticeably lower than that observed for the 200 µs
scenario. Furthermore, in both cases, the currents remain well
below the rated value.

During the startup process, the phase a current (ia) initially
decreases while the phase b current (ib) increases due to the
first switching state being 011. However, to reduce the peak
current magnitude, a complimentary switching state (100) is
employed in the subsequent switching cycle. This results in the
phase-a current increasing and the phase-b current decreasing
in the second switching cycle. After the two switching cycles,
the grid voltage is calculated and obtained, causing the control
loop to transition to the current control to the rated current. The

entire process achieves synchronization within 200 µs, without
any inrush current occurring.

All experiments were performed by connecting the inverter
directly to a practical power grid, rather than an ideal AC
source or grid simulator. This indicates the grid voltage
inherently has some harmonics. Fig. 12 showcases the har-
monic components of the grid at different frequencies, with a
THD of 5.6%. This affirms the applicability of our proposed
method even in the presence of grid harmonics. Additionally,
the practical grid voltage isn’t perfectly balanced, displaying
a 4% imbalance as depicted in Fig. 13. Despite this, the
startup process remains free of inrush current and achieves
synchronization within just two switching cycles.

VII. DISCUSSION

To elucidate the merits and limitations of the introduced ap-
proach, a comparative analysis with state-of-the-art methods is
presented. In terms of state-of-the-art techniques, conventional
PLLs, their advanced counterparts, and equivalent methods
are taken into account. Additionally, observer-based strategies,
which could potentially eliminate the need for voltage sensors,
are also examined. Emerging methods that bypass the need for
PLLs are also incorporated into the comparison. For a holistic
assessment of advantages and disadvantages, the evaluation is
based on five key metrics: synchronization speed, adaptability
in different grid conditions (e.g., weak grid or unbalanced
grid), implementation complexity, coupling effect with the
current control loop, and sensitivity.

In the context of synchronization speed, the proposed
methodology emerges as exceptionally swift, owing its rapidity
to its reliance on algebraic computations, culminating in
synchronization within just one switching-cycle. As elucidated
in the recent PLL review by Ali et al. [41], traditional PLLs,
irrespective of being in the dq or αβ frame, employ PI control.
This results in a closed-loop transfer function that behaves
as a second-order low-pass filter. The primary objective of
this setup is to extract a DC theta angle from a 60 Hz
waveform, which inherently demands a limited bandwidth.
Dong et al [34] presents effective PLL-less and voltage sensor-
less methods based on predictive control, adeptly addressing
both steady-state and transient challenges like LVRT and
startup. These methods are noteworthy for their unified control
approach. In contrast, our paper takes a different path, focusing
on the synchronization speed limit by directly calculating
the phase angle and eliminating impedance in the calculation
process.

In the realm of adaptability under varying grid conditions,
traditional SRF-PLLs often struggle to cope with unbal-
anced scenarios, necessitating the development of advanced
PLL structures. A notable example is the Decoupled Double
Synchronous Reference Frame PLL (DDSRF-PLL), which,
while effective, introduces increased complexity. Observer or
estimator-based methods, as presented in [42], [43], exhibit
enhanced resilience to grid uncertainties and disturbances.
However, their model-based nature implies that their accuracy
hinges on the fidelity of the model. For instance, the study in
[43] reports a maximum phase angle error of 11 degrees under
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Fig. 10: Experimental results under the switching duration at 200 µs.

TABLE II: A comparison of the proposed method with the state-of-the-art synchronization methods in different aspects.

Methods
Metrics Speed Adaptability Complexity Coupling effect Sensitivity Exemplified references

PLL-based Relatively slow Limited Relatively simple Strong Neutral [41]
Voltage sensorless or PLL sensorless Fast Good Relatively difficult Weak Less [25], [42]
Voltage sensorless and PLL sensorless Fast Limited Simple Very weak High [34]
Proposed method Fastest Neutral Simple No couple Relatively high This work
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Fig. 11: Experimental results under the switching duration at
100 µs for synchronization (a) at a positive grid voltage cycle.
(b)at a negative grid voltage cycle.

weak grid conditions, highlighting the conditional efficacy of
such methods.

From an implementation complexity standpoint, the pro-
posed technique boasts straightforward software implementa-
tion without necessitating supplementary hardware, making it
apt for real-world applications. While Model Predictive Con-
trol (MPC)-based strategies offer greater versatility, they often
demand intricate hardware implementations, as evidenced in
[44], [45].

Considering the coupling effect, this dimension pertains
to stability considerations, especially when evaluating the
intertwined effects of PLL and the current loop. In this

THD=5.6%

Fig. 12: Harmonic magnitude of grid voltage in relation to
frequency, ranging from the 2nd harmonic (120 Hz) up to the
50th harmonic (3000 Hz).

context, methods devoid of voltage sensors inherently possess
an edge, while those reliant on voltage sensors are profoundly
influenced by PCC voltages.

On the sensitivity front, model-centric approaches tend to
exhibit heightened sensitivity to parameter variations, and the
proposed methodology is no exception in this regard.

To encapsulate, the introduced method is characterized by
its ease of implementation and rapid synchronization capabil-
ities. While it shares the model-dependency trait with other
model-based techniques, its accuracy remains commendable
across diverse conditions. Given that distribution-level inte-
gration typically benefits from superior grid voltage quality, as
noted in [46], the proposed method holds significant promise
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Fig. 13: Experimental results for the startup under 4% grid
voltage imbalance.

in such scenarios. Its swift synchronization further positions
it as a viable candidate for black start operations.

VIII. CONCLUSION AND FUTURE WORK

This paper presents a novel startup technique based on
switching cycles that eliminates the need for voltage sensors
and phase-locked loops (PLLs). The proposed method offers
several benefits over traditional PLL-based techniques, includ-
ing a rapid response. Notably, the method employs algebraic
calculations to reproduce the grid phase angle without using
voltage sensors or PLLs and eliminates the occurrence of
inrush current. The proposed startup technique can be used
as a preliminary stage for both traditional current control and
emerging PLL-less and/or voltage sensorless current control.
Importantly, the method does not require any additional hard-
ware or increase in software complexity. For future work,
as the system complexity increases, it is anticipated that
more computation-efficient methods, like the data-driven based
approach, can be considered to address more non-ideal condi-
tions and system-level integrations.
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