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Abstract: This paper studies the grid-synchronization problem of three-phase system. Second-order
adaptive filters are a popular tool for grid-synchronization. In this context, reduced-order generalized
integrator has attracted some attention in recent time. However, existing implementations cannot
control directly the closed-loop poles (real and imaginary) of reduced-order generalized integrator.
To overcome this limitation, this paper proposes a novel reduced-order generalized integrator structure.
To make the proposed technique frequency adaptive, an open-loop frequency estimation technique
is also used. Comparative performance analysis are provided over two other advanced and recently
proposed techniques. Results demonstrate the suitability and effectiveness of the proposed technique.

Keywords: grid-synchronization; phase estimation; frequency estimation; adaptive filter

1. Introduction

The Paris Agreement set an ambitious target of net-zero carbon emissions by 2050.
Innovative technological solutions are required to achieve this challenging target. In this context,
renewable energy sources (RES) are going to play a major role. RES are generally connected to the
grid trough grid-connected converter (GCC) [1–8]. In addition, GCC are also used in numerous other
power and energy systems application, e.g., AC/DC rectifier [9–11], dynamic voltage restorer [12,13],
active power filter [14,15], to name a few. All these applications require the frequency and phase
information of the grid voltage signal for grid-synchronized operation of the GCC. This highlights the
importance of estimating the frequency and phase of the grid voltage signal.

Grid-synchronization is a mature topic and numerous results are already proposed in the literature.
Some popular techniques are: discrete Fourier transformation (DFT) [16,17], gradient techniques [18–20],
demodulation techniques [21,22], maximum likelihood estimator [23], Phase-locked loop (PLL) [24–28],
adaptive observers [29–31], self-tuning filter [32,33], Kalman filtering [34,35], second-order adaptive
filter [36–43], open-loop techniques [44–46].

Gradient techniques [18–20] estimate the parameters of the grid voltage by considering
a cost-function. Typically, the square of the estimation error is considered to be the cost-function.
The the gradient estimator is found by minimizing this cost-function. Gradient estimators are
typically computationally expensive as the estimators require complex matrix manipulation.
Moreover, tuning the weights of gradient estimators are not straightforward. The maximum likelihood
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estimator [23] also uses a cost-function to estimate the unknown frequency; however, from a statistical
point of view. Frequency domain approaches e.g., DFT [16,17] exploits the periodic nature of the grid
voltage signal. DFT has large memory requirement in off-nominal frequency condition and in the
presence of harmonics. This can limit the implementation in low-cost micro-controllers.

Demodulation [21,22] is inspired by the communication application where phase-angle
needs to be extracted from the measured signal. Demodulation has very good performance.
However, demodulation uses trigonometric functions and real-time implementation of trigonometric
functions are computationally expensive. Approximation of the trigonometric functions can be used;
however, this comes at the cost of accuracy. Adaptive observer [29–31] considers a parameterized
linear model of the grid voltage signal where unknown frequency is the parameter. Then by using
Lyapunov stability theory, an adaptive law for the unknown frequency estimation is derived.
Adaptive observers are sensitive to unmodeled disturbances and the performance may degrade
significantly. Kalman filter [34] uses similar model as the adaptive observer. Kalman filter minimizes
the effect of process and measurement noises by adaptively changing the filter gain. Kalman filter has
numerous parameters to tune and the tuning process can be complex. Moreover, the order of Kalman
filter is two times than that of the adaptive observer.

PLL is another technique that got significant attention in the literature. PLL is widely used in
industry and academia. Using Park transformation [47], PLL estimates the unknown frequency by
using a proportional-integral type low-pass filter (LPF). Performance of the PLL heavily depends of
the LPF tuning. As such, fast dynamic response cannot be obtained without comprising the accuracy.
PLL can be implemented using second-order adaptive filters [36–40] also. Second-order adaptive
filters are also used in frequency-locked loop (FLL). Out of various second-order adaptive filters,
second-order generalized integrator (SOGI) and adaptive notch filter (ANF) are two popular techniques.
Using the model of linear harmonic oscillators, SOGI and ANF can accurately extract the fundamental
component of the grid voltage signal.

In the three-phase setting, reduced-order generalized integrator (ROGI) [48] mimics SOGI. SOGI
is a second-order band-pass filter while ROGI is a first-order complex band-pass filter. ROGI has
excellent performance; however, existing implementations of ROGI cannot directly control the
closed-loop poles of ROGI. By controlling the closed-loop poles, convergence speed of ROGI
can be made arbitrary according to user choice. The self-tuning filter [32,33] is similar to ROGI;
however, it does not use frequency feedback. All the techniques reviewed so far are closed-loop
techniques. Open-loop techniques [44–46] do not use any direct feedback in frequency estimation.
This can provide absolute stability as opposed to closed-loop techniques.

In this paper, we are considering a quasi open-loop grid-synchronization technique by employing
ROGI-type adaptive filter. For this purpose, we propose a novel ROGI structure where the closed-loop
poles of ROGI can be tuned according to user choice. This is a significant advantage of the proposed
technique over the existing literature as arbitrary pole placement allows to tune the dynamic response
according to user’s choice. This is very important for applications where fast dynamic response
is required. Moreover, open-loop frequency estimation can take benefit from the unconditional
stability property of the open-loop approaches. In summary, fast dynamic response together with
unconditionally stable frequency estimation are the main contributions of this paper.

The rest of this paper is organized as follows: Section 2 describes an overview of ROGI and also
presents the proposed solution. Numerical simulation and experimental results are given in Section 3.
Finally, Section 4 concludes this paper.
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2. Reduced Order-Generalized Integrator: Brief Overview and Proposed Solution

2.1. Standard Reduced Order-Generalized Integrator

Balanced three-phase grid voltage signals are given by:

Va = V cos(ωt + φ︸ ︷︷ ︸
θ

), (1)

Vb = V cos(θ − 2π

3
), (2)

Vc = V cos(θ +
2π

3
), (3)

where the amplitude, angular frequency, initial phase and instantaneous phase are denoted by V, ω, φ,
and θ, respectively. Three-phase voltages in Equations (1)–(3) can be transformed into the stationary
reference frame by the following Clark transformation:

[
Vα

Vβ

]
=

2
3

[
1 − 1

2 − 1
2

0
√

3
2 −

√
3

2

]  Va

Vb
Vc

 (4)

Clarke transformed voltages are given as:

Vα = V cos (ωt + φ) (5)

Vβ = V sin (ωt + φ) (6)

For the grid voltage (5) and (6), inspired by second-order generalized integrator [49], the following
estimator can be designed:

˙̂Vα = −V̂βω̂ + Λ
(
Vα − V̂α

)
(7)

˙̂Vβ = V̂αω̂ + Λ
(
Vβ − V̂β

)
(8)

whereˆrepresents estimated value and Λ > 0 is the filter gain. Transfer function of the estimator (7)
and (8) in the state vector notation is given by:

V̂α(s) + jV̂β(s)
Vα(s) + jVβ(s)

= Gαβ(s) =
Λ

s− jω̂ + Λ
(9)

Transfer function (9) shows that the estimator (7) and (8) is a complex band-pass filter (CBF) of
first-order. Standard SOGI is a real band-pass filter (BPF) of second-order. This is why the estimator (7)
and (8) is known as reduced-order generalized integrator in the literature [48]. Eigenvalues of the
standard ROGI are −Λ± jω̂. From the eigenvalues, it is clear that only the real-part is tunable while
the imaginary part remains constant.

2.2. Enhanced Reduced Order-Generalized Integrator

Standard ROGI as described in Section 2.1 uses only direct feedback of the estimation error.
This does not allow manipulating the imaginary part of the closed-loop system eigenvalues. In addition
to direct feedback, cross feedback can be used to overcome this limitation. This idea will be considered
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in this section. Before introducing the proposed solution, let us consider the desired closed-loop poles
to be ω̂(λ1 ± iλ2). Then the dynamics of the proposed enhanced ROGI (EROGI) are given below:

˙̂Vα = −V̂βω̂ + λ1
(
Vα − V̂α

)
ω̂− (1 + λ2)

(
Vβ − V̂β

)
ω̂ (10)

˙̂Vα = V̂αω̂ + (1 + λ2)
(
Vα − V̂α

)
ω̂ + λ1

(
Vβ − V̂β

)
ω̂ (11)

The transfer function of EROGI in the state vector notation is given by:

V̂α(s) + jV̂β(s)
Vα(s) + jVβ(s)

= Gαβ(s) =
λ1 + jλ2

s− jω̂ + λ1 + jλ2
(12)

Eigenvalues of the EROGI are ω̂(λ1 ± jλ2). Unlike ROGI, closed-loop poles of the proposed
EROGI can be controlled by the user. This enhances the dynamic tuning range of the standard ROGI.
Moreover, if we set the parameters of the proposed EROGI as λ1 = Λ/ω̂ and λ2 = 0, then the standard
ROGI can be obtained. As such standard ROGI can be considered as a special case of the EROGI.
Frequency response of the proposed EROGI is given in Figure 1. This figure shows that EROGI behaves
as a band-pass filter similar to ROGI and the frequency selectivity is determined by the closed-loop
poles. Slower pole locations imply high selectivity and slow dynamic response and fast pole location
implies the opposite. Therefore, the closed-loop poles can be chosen according to design requirements.
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Figure 1. Frequency response of the proposed enhanced reduced-order generalized integrator for
various closed-loop poles. Legends indicate the value of λ with λ = λ1 = λ2.

To analyze the dynamic performance of the proposed EROGI, let us consider the following
individual transfer functions:

V̂α(s) =
η1Vα(s)

(s + λ1ω̂)2 + λ2
2ω̂2
−

η2Vβ(s)
(s + λ1ω̂)2 + λ2

2ω̂2
(13)

V̂β(s) =
η2Vα(s)

(s + λ1ω̂)2 + λ2
2ω̂2

+
η1Vβ(s)

(s + λ1ω̂)2 + λ2
2ω̂2

(14)

where η1 = ω̂(sλ1 + ω̂λ2
1 + ω̂λ2

2 + ω̂λ2) and η2 = ω̂(s(1 + λ2) + λ1ω̂). By plugging the Laplace
transformation of Vα and Vβ in Equations (13) and (14) and taking the inverse Laplace transformation,
one can find the time-domain solution of Equations (13) and (14) and are given below:

V̂α(t) = Vα(t)−Ve−λ1ωt cos (λ2ωt− φ) (15)

V̂β(t) = Vβ(t) + Ve−λ1ωt sin (λ2ωt− φ) (16)
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From Equations (15) and (16), one can see that the proposed EROGI has asymptotic convergence
as the second term in Equations (15) and (16) converge to zero as time goes to infinity. Block diagram
of the EROGI is given in Figure 2.

Figure 2. Block diagram of the proposed enhanced reduced-order generalized integrator.

2.3. Frequency Estimation

The proposed EROGI requires the estimate of the grid frequency for successful operation.
Numerous techniques are available in the literature to estimate the frequency from the filtered signals
V̂α and V̂β. In this section, we will consider an open-loop approach for the frequency estimation
without using any PLL and/or FLL. An advantage of the open-loop approach is that the stability
is unconditional. Moreover, no tuning is required, leading to design simplification. As the grid
amplitude may vary a lot, to overcome this issue, first amplitude normalization will be considered.
The normalized signals are given by:

V̂n
α/β =

V̂α/β√
V̂2

α + V̂2
β

(17)

where the superscript n indicates normalized value and the subscript α/β indicate the signal to be
either α signal or the β signal. From the normalized signals, the frequency can be estimated by using
any of the following two formulas:

ω̂ =
V̂n

α
d
dt

(
V̂n

β

)
− V̂n

β
d
dt
(
V̂n

α

)
(
V̂n

α

)2
+
(

V̂n
β

)2 (18)

ω̂ =

√{
d
dt
(
V̂n

α

)}2
+

{
d
dt

(
V̂n

β

)}2
(19)

Frequency estimated through Equations (18) and (19) may show some oscillation at the transient
period due to the involved differentiation operations. To get a smooth output, a simple lead-lag filter
can be used and the transfer function is given below:

H(s) =
κs + 1/T
s + 1/T

(20)

where T = 2π/ωn is the nominal period of the grid voltage signal and κ > 0 is a scaling factor.
An alternative solution to the lead-lag filter could be the application of a moving average filter (MAF)
with window length Tw = T/2. An advantage of MAF is that in addition to smooth frequency
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estimation, it will enhance the harmonics rejection capability. Block diagram of the frequency
estimation technique using Equations (19) and (20) is given in Figure 3.

Figure 3. Block diagram of the considered frequency estimation technique.

3. Results and Discussion

Comparative numerical simulation and experimental studies are considered in this section to
test the performance of the proposed enhanced ROGI-based pseudo open-loop grid-synchronization
technique. For this purpose, SRF-PLL [47] and self-tuning filter-based pseudo-open loop (POL)
grid-synchronization technique [46] are considered to be comparative techniques. For the proposed
approach, the desired closed-loop poles have been selected as −(1/

√
2)ωn(1± 1i) with ωn = 100π.

This corresponds to λ1 = λ2 = 1/
√

2 for the proposed technique. For POL, parameter of the self-tuning
filter is selected as: λ = 50 [46]. Loop filter parameters of SRF-PLL are selected as: kp = 4/ts and
ki = k2

p/4ζ2 where ts is the settling time and ζ is the damping ratio. By selecting ts = 0.06 s (3 cycles)
and ζ = 1/

√
2, parameters are found as: kp = 66.66 and ki = 2222. All the techniques have been

implemented in Matlab/Simulink. The trapezoidal method is used for discretization with a sampling
period of 10−4 s.

3.1. Numerical Simulation Results

To test the performance of the comparative techniques, four tests have been considered. They are:

• Test-I: +2Hz frequency jump
• Test-II: Simultaneous −0.5 p.u. amplitude and 60◦ phase jumps
• Test-III: Harmonics robustness test
• Test-IV: Unbalance test

Numerical simulation results for Test-I are given in Figure 4. Test results show that the proposed
technique has considerably fast convergence compared to SRF-PLL and POL. In terms of frequency
estimation, the proposed technique has converged in ≈2.25 cycles whereas POL and SRF-PLL took
roughly 4 cycles. The proposed technique demonstrated a first-order response without any overshoot
whereas the other techniques have second-order response with peak overshoot. Similar results can be
observed for phase estimation error results also. The proposed technique has a peak overshoot of ≈3◦

while it is at least two times more for the other techniques.
Simultaneous amplitude and phase jumps present a challenging scenario for grid-connected

converters. This situation is considered in Test-II. Numerical simulation results for Test-II are given
in Figure 5. Numerical simulation results show that despite simultaneous jumps in amplitude
and phase, the proposed technique converged very fast in 3 cycles while the other two techniques are
significantly slower than the proposed technique. This demonstrates the suitability of the proposed
technique to provide low voltage ride through (LVRT) capability inside grid-connected converters
control block.

Harmonics present significant challenge to any grid-synchronization technique. Test-III considers
heavily distorted grid voltage signal. The distorted grid voltage signal is composed of 2.8%-5th, 1.4%-7th,
2.3%-9th, 1.5%-11th order harmonics, 1.1%-30 Hz sub-harmonics, and 1.3%-180 Hz inter-harmonics.
Numerical simulation results for Test-III are given in Figure 6. Simulation results show that the proposed
technique has the lowest ripple in the estimated frequency. Moreover, the filtered unity sine signal’s
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show that the proposed technique has excellent filtering capability. This is very useful in generating the
reference current for the current control of grid-connected converters.
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Figure 4. Comparative numerical simulation results for Test-I: +2 Hz step change in frequency.
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Figure 5. Comparative numerical simulation results for Test-III: Simultaneous −0.5 p.u.amplitude and
60◦ phase jump.

Voltage unbalance is another challenging condition for any three-phase grid-synchronization
technique. To test the performance of the comparative techniques, Test-IV considers voltage unbalance.
Initially, the grid voltage is comprised of only positive sequence component i.e., 1 ∠ 0◦. After the
fault, the grid voltage is comprised of 0.75 ∠ 45◦ positive sequence and 0.25 ∠ 0◦ negative sequence
components. Numerical simulation results for Test-IV are given in Figure 7. Simulation results show
that all the techniques are very quick to react to the change in grid voltages. As all the techniques are
designed considering balanced grid, estimation ripple is unavoidable. However, from the estimated
frequencies in Figure 7, it can be seen that the proposed technique has the lowest steady state ripple
value. Moreover, the phase estimation error for the proposed technique also converged significantly
faster than the comparative techniques.
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3.2. Experimental Validation

Block diagram of the experimental setup is given in Figure 8 while the setup is shown in Figure 9.
Experimental setup used for the validation is given in Figure 8. To emulate the grid voltages, a DC
motor is coupled to a synchronous machine. The generated voltages are measured at the load
side using LEM LV25-P voltage sensors. Measurements from the sensors are fed back to a Texas
Instruments TMS320F28335 microcontroller for real-time calculation. The comparative techniques
are implemented in Matlab/Simulink and code generation was used to embed them into the
TMS320F28335 microcontroller.



Energies 2020, 13, 2927 9 of 14

Figure 8. Block diagram of the experimental setup.

Figure 9. Setup for experimental validation.

In the first test, −2 Hz frequency step is considered. Experimental results are given in Figure 10.
Very fast responses can be observed when a frequency change is detected. However, the proposed
technique is quicker than the others. One point to be noted here is that in simulation, the grid frequency
can be changed arbitrarily without changing the phase and/or amplitude. However, in experimental
implementation, such kind of change is extremely difficult to obtain. Often the change in frequency
comes with change in amplitude and/or phase. For example, in Figure 10c, to reduce the frequency,
the generator speed is suddenly reduced. This may have caused the sudden change in the voltage
after the frequency in Figure 10c. This largely attributes to the difference in convergence time for the
different techniques. Similar to simulation results, the proposed technique is also very suitable in
practice to track time-varying grid frequency.

In the second test, −0.5 p.u. voltage sag is considered. Experimental results are given in Figure 11.
These figures show that the comparative techniques are not very sensitive to any change in the
signal amplitude. Zoomed view show that out of the three techniques, the frequency estimated by
the proposed technique demonstrated the lowest sensitivity to the voltage sag. This shows that the
proposed technique is suitable for practical implementation even in the presence of large voltage sag.
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(a) POL

(b) SRF-PLL

(c) Proposed

Figure 10. Comparative experimental results for a −2 Hz frequency step test.
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(a) POL

(b) SRF-PLL

(c) Proposed

Figure 11. Comparative experimental results for a −0.5 p.u. voltage step test.
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4. Conclusions

This paper developed a reduced-order generalized integrator-based pseudo open-loop
grid-synchronization technique for three-phase system. First, existing implementations of
reduced-order generalized integrators are presented. Then a novel structure of reduced-order
generalized integrator is presented where the closed-loop poles (both real and imaginary part)
are user tunable. This will allow fast dynamic response with desired damping property thanks
to the arbitrary pole placement. This is currently unavailable in the literature. To make the novel
reduced-order generalized integrator frequency adaptive, an open-loop frequency estimation technique
is adapted. This provides frequency estimation with unconditional stability property unlike most
of the closed-loop techniques available in the literature. Comprehensive numerical simulation and
experimental results are presented with respect to synchronous reference frame PLL and self-tuning
filter-based pseudo open-loop grid-synchronization technique. Comparative results demonstrated
that the proposed technique is highly accurate and have fast dynamic response at the same time.
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