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ABSTRACT

A phase locked loop (PLL) based control strategy for voltage source converters that does not make use
of a voltage-controlled oscillator (VCO) is covered in this study. The control approach does not require
a VCO because it applies a 3-phase to aff transformation to obtain the fundamental extraction
component from measured load current signal. In comparison to conventional synchronous reference
frame (SRF) PLL, which necessitate a VCO and several transformations for basic extraction, the
suggested approach greatly lessens the computing load related to trigonometric applications. A
distributed generating system using wind power and having a self-excited induction generator (SEIG)
installed that can serve as a linear and nonlinear load under various electrical conditions is the subject
of the study. In addition to compensating for active and reactive power, the suggested control technique
efficiently regulates the voltage and frequency constant. It also addresses neutral current.
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I. Introduction

Non-conventional energy generation has become a leading method of energy production in the 21st
century [1]. The combustion of fossil fuels has contributed to major issues such as the greenhouse
effect, increased pollution, and rising global temperatures. To safeguard future generations, it is crucial
to enhance our reliance on alternative energy sources, including wind, solar, tidal, etc.[2]. Advances
in technology have significantly mitigated the investment risks associated with these renewable
sources. Among them, wind and solar energy are the most popular options for distributed generation
systems. Advancements in the development of electric generators are making wind energy more
feasible for both grid-connected and standalone systems [3]. Induction generators are particularly
favored in wind energy applications because their simplicity, efficiency, and cost-effectiveness. The
use of effective control techniques enhances the reliability of frequency and voltage in these systems
[4]. S Golestan[5] has presented various types of phase-locked loops (PLL), which are used for
measuring phase and frequency. These techniques play a crucial role in synchronization of grid and in
regulating and measuring state variables. One of the limitations of PLLs is that the phase angle error
exhibits both double-frequency ripple and an offset. Nevertheless, these methods are effective for grid
synchronization, particularly when frequency and phase angle variations are slow. Additionally, this
type of control can improve the load characteristics of generators, enabling the effective operation of
shunt-connected power electronics devices like distributed static compensator (D-STATCOM) [5-8].
Various techniques can be used to synchronize power electronic converters through point of common
interface (PCI) voltage, with PLL-based methods being the traditional and widely adopted [9-10].
However, synchronous reference frame PLLs (SRF-PLLs) has a significant drawback: they rely
heavily on the quality of the input supply [11]. However, this approach faces two significant issues:
slow transient performance, since the loop filter incorporates a moving average filter (MAF), and
unable to generate unit templates. To address those challenges, a PLL having a high-performance VCO
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is proposed [12]. This VCO maintains fixed amplitude covariance at the estimated frequency but can
become unstable because of two roots on the imaginary axis. Despite this, the signal amplitude remains
stable due to integrator saturation, making the computation of trigonometric functions more
manageable. The authors of this study have chosen to improve power quality in distribution systems
by using VCO-free PLL approach. [13]. The primary objective of this control method is its ability to
estimate amplitude, frequency, and unit vectors without relying on trigonometric calculations. While
enhanced PLLs (EPLLSs)[14-16] offer benefits, their reliance on the amplitude of the load current and
the need for estimation of phase during fundamental extraction gives VCO-free PLLs an advantage,
as they do not require phase-angle estimation. This approach significantly reduces the need for
trigonometric calculations, resulting in a quicker performance with varying load.

In this paper, PLL without VCO control is employed to manage the voltage source converter
(VSC)[17-21], enabling complete control of voltage and frequency across all operating ranges. This
control mechanism is especially well-suited for applications with fast variations, like wind-based
distributed generation, because it does not require a VCO. The control chosen for fundamental current
extraction for three key reasons:

It doesn't require any complicated calculations involving trigonometric functions.

It operates with a smaller number of linear circuit components.

It has the ability to quickly track frequency, phase, and amplitude

I1. System Description
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Figure 1: Proposed System Topology
Figure 1 shows the three-phase four wire (3P4W) system topology employed in this investigation. Key
parts of the system include a wind turbine, a 3-phase self-excited induction generator (SEIG), three
single-phase load units, a star-delta transformer, and a VSC that is connected to a battery energy
storage system. For the induction generator to be able to self-excite, excitation capacitors are
necessary. In addition to supporting the generator with reactive power, these capacitors also lessen
noise caused by the high switching frequency of the VSI. Additionally, interfacing inductors for the
three units are incorporated into the configuration, with their values determined by current ripple and
switching frequency. The equipment is designed with appropriate rating considerations, with the
turbine acting as the mechanical input for the induction generator. In isolated mode, the generator
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powers the three single-phase linear and nonlinear loads, which may be located remotely. These loads
can sometimes become unbalanced, leading to current flow through the neutral wire. To mitigate this,
a Y-A transformer is connected to neutralize the current in the fourth wire caused by load imbalance
[6, 7]. The VSI consists six insulated gate bipolar transistors (IGBTSs), arranged in a bridge
configuration with three legs connected back-to-back.

I11. Control Strategy
The control technique is employed for regulating the frequency and voltage of SEIG.

3.1 VCO-Free PLL

Figure 2 shows structural difference between SRF-PLL and VCO-Free PLL.This control estimating
frequency, amplitude, and phase. A detailed mathematical model, represented by the transfer function,
is also provided [13].
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Figure 2: Structural difference between (a) SRF-PLL and (b) VCO-Less PLL
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Where, kp and ki are control parameters of (6).

B) Amplitude
Using Fig.2 (b), the amplitude measured by the VCO-free PLL can be expressed as

=i i Y

Differentiating (7) with respect to time results in
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Substituting equations (1) and (2) in equation (8) gives
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Applying Laplace transform to the above equation (9) is
A k
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C) Phase
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Table -1 Comparison of VCO-Free PLL and conventional SRF-PLL

S.No Parameters VCO-Free PLL SRF-PLL
. Clarke transformation with Clarkes and parks transformation
Number of circuit . ) . .
1 adder, integrator and with phase detection, loop filter and
components 9
multiplier VCO
5 Model type Linear Nonlinear (dues itr?e;he presence of
3 Computational Very less More (due to trigonometric
burden calculations

3.2 Reference Current Generation
Figure 3 shows the block diagram of VCO-Free PLL for gate pulse generation. Terminal voltage (Vi)
of three-phase source voltage is as follows

V, = O.812(v§a +Vey +v§c) (13)
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Where vga,Vgh and vgc are 3-phase instantaneous voltages. The unit template voltages are calculated is
as follows,

Vv v v
u, =2 u, =2y =% 14
pa Vt pb Vt pc Vt ( )
1 o, L
u 3 3 u
qa pa
Uy |= @ I u (15)
gb 2 \/é \/é pb
u u
N NC I SR U
2 23 23
Where (Upa,Upb,Upc) and (Uga,Ugp,Uqc) are the d-axis ad g-axis unit voltage templates of all the phase

voltages.

To determine its instantaneous value, the amplitude of the fundamental load current (L) is extracted
and then multiplied by the in-phase unit template. The fundamental load current's active and reactive
components are identified using distinct sample-and-hold (S/H) circuits and zero-crossing detectors
(ZCD). The first S/H circuit (S/H-1), which receives the instantaneous fundamental load current, gets
edge-trigger pulses produced by applying quadrature-phase unit templates to its input (ZCD-1). The
true output of S/H-1 is filtered using a low-pass filter (LPF) to determine the active component of the
load current (iLfa). The second S/H circuit (S/H-2) is triggered by applying in-phase unit templates to
the second ZCD (ZCD-2) in a parallel path to determine the reactive component (iLr).

The d-axis of the reference current is expressed as below [6, 7]

e = Ipa i

iid = iLdXUpabc (16)
The g-axis of the reference current is expressed as
g =1y —lig
izq =1, XU (17)
Therefore reference currents generation are computed by the following equation (18)
i;abc = iid + iiq (18)
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Figure 3: Block diagram of VCO-Free PLL for Gate pulse generation

1V Results and Discussion
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The study was conducted under both fixed and variable wind speed, along with varying load. The
impact of the control algorithm on system performance was examined, focusing on regulation of
frequency and voltage in SEIG within the system was observed.
4.1 Operation of SEIG at No-Load and Load
When there is no load, the transient response of SEIG and voltage buildup is shown in Figure 4. The
AC capacitor bank is linked across the stator terminal of SEIG and provides reactive power assistance
for the voltage buildup of SEIG. The bank of excitation capacitors has a voltage value that allows
SEIG to reach its rated voltage of 400V (peak) when there is no load.
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Figure 5: SEIG on Load

4.2 Transient response of SEIG with constant wind speed and variable nonlinear load
These parameters were measured: powers of generator, load and battery (Pg,P1,Pb), frequency (f), wind
speed (Ws), neutral current of transformer, load and supply (itn, in, isn), three-phase instantaneous
voltage (Vanc) at the PCI, currents of generator, load and compensator (lapc, lanct, lcabc), terminal voltage
amplitude (Vt), and more. The system is operating in steady state with a constant wind speed of 14 m/s
from time t=2.5 seconds until time t=3.0 seconds. As seen in Figure 6, a transient happens at t=2.7
seconds when phase 'a' on the load side is disconnected, resulting in an unbalanced load. Because of
the inherent imbalance, a tiny neutral current flowed in the load neutral during the steady state.
Nevertheless, a notable rise in the load-side neutral current is noted upon disconnecting one phase. The
delivering current in precise phase opposition to the load neutral current, the Y-4 transformer and VSI

make up for this imbalance.
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Figure 6: Waveforms of SEIG with constant wind speed and variable nonlinear load
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4.3 Neutral current and Power balancing at variable nonlinear load.
Figure 7 illustrates, the source current in all three phases stays balanced and the neutral current from
the supply side is zero. When the load from one phase is removed, there is a small frequency disruption,
but the VCO-Free PLL reacts fast and tracks the reference frequency in a short amount of time. The
generator, load, and battery system power measurements show that the power is balanced, with power
flowing smoothly from the battery to the load or the other way around.
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Figure 7: Compensation of Neutral current and Power with load transients
4.4  Transient response of SEIG with variable wind speed and variable load
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Figure 8 depicts system under study is disturbed at two different moments, and the aforementioned
parameters are observed, as shown in Figure 2(b). For thorough analysis, transients are introduced at
two specific times: t=2.7 seconds and t=2.8 seconds. At t=2.7 seconds, the load on phase 'a' is
disconnected, while at t=2.8 seconds, the wind speed (Ws) decreases from 14 m/s to 12 m/s. The key
point of interest is the second instant, where wind speed decreases during a load unbalance. Despite
the wind speed change, the magnitude of the PCI voltage remains constant, while the source current
in all phases decreases following the decrease in wind speed. Since the load current remains
unchanged, the additional supply current is directed toward the battery system via the VVSI. As a result,
the compensator current decreases after the second moment. This effect is also evident in the power
flow of the generator, battery, and load, power supplied from the battery due to the less generation

from the lesser wind speed. The behavior of other parameters remains consistent.
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Figure 8: Waveforms of SEIG with variable wind speed and nonlinear load

V Conclusion

The VCO-free PLL control was implemented, and its performance was verified under varying load
and wind conditions for improving power quality in the system studied. The system response with the
developed control algorithm was found to be satisfactory. Voltage and frequency control objectives
were achieved. The rationale for selecting the PLL without VCO is presented in detail. Unlike the
SRF-PLL, which involves integrator and trigonometric function evaluation as part of the VCO, the
VCO-free PLL avoids such complex calculations. Therefore, the response under transient conditions
is superior compared to other PLLs that use a VCO. Additionally, a loop filter is not needed because
there are no second harmonic fluctuations in the fundamental load current's calculated amplitude.
Scope of Future work is use an adaptive filters in loop filter of conventional SRF-PLL. Also Solar PV
integration at DC link is necessary to maintain the power balance because the dump load is not a good
option always balancing the power.
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