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1. INTRODUCTION

Currently, distributed generators (DGs) are more prevalent in supporting the primary grid
functionality, ensuring the availability of electricity for daily activities [1]-[5]. Thus, if an inverter system
plays a significant role in ensuring the reliability and safety of a DG, it should be designed with intelligent
functionality. It is essential that the capability to inject power into the network complies with the requirements
of the grid code and has self-protection capabilities owing to the limitations of power injection from the
inverter during faults [6]-[12]. Several conditions may cause it to be disconnected or to remain connected.

Disconnecting the DG from the grid during faults reduces power consumption and makes the system
unstable. The system should provide power to the grid during faults using the fault-tolerance capabilities of
the system [13]. IEEE has a policy to implement low-voltage ride-through (LVRT) for inverter systems to
maintain voltage stability. Inverters can provide reactive power to a grid when the voltage is less than 0.9 of
the rated voltage [14], [15]. Other methods limit the current during voltage-stability operations [16]-[18]. The
LVRT strategy enhances system safety by injecting reactive current, reducing active power generation,
addressing inductive line impedance for optimal performance, and employing direct current (DC)-link
voltage control to maintain stability during grid voltage drops [19]. The circuit of a DC chopper and the
controller limits an active current can improved the performance [20], [21]. It can maximize power delivery
based on the maximum rated current [22].
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Several current-limiting strategies have been proposed. First, the instantaneous saturation limits
show how to consider the limit inductor current reference, where the current threshold is twice the peak
current of the inverter [18], [23]. Second, the latch limit strategy that employs reference of inductor current
and the natural reference frame (NRF) in its application [18], [24]. Third, the magnitude current limits were
applied to the current limiting factor (CLF). This prevents the current reference from surpassing its limit
when a fault occurs [18]. Fourth, a power state equation with an improved Lyapunov controller was applied
to the current-limiting strategy [25]. The technique has the capability to restrict the fault current to a
magnitude that is 1.5 times greater than the specified current. Fifth, the sequence-based control strategy
considers positive and negative sequence components under asymmetrical faults [26]. Strengths and
weaknesses were observed in all the aforementioned techniques. However, the complexity of these methods
must also be considered.

The proposed inverter has outer and inner loops for power and current control, respectively. Both
loops use dual proportional integral (PI) controllers in a cascaded connection. The power loop is regulated by
the outer loop, which is determined by inverter capacity. The output of the power loop affects the inner loop,
which regulates a suitable current. To prevent overcurrent damage, the inverter has a peak-current limit. The
injected current amplitude was calculated using the dq-frame of the feedback current, which should not
exceed the maximum current level. The main achievements of this study are summarized as follows: i) the
grid-feeding inverter with LVRT capability was connected to the primary grid during the voltage sag and ii) a
peak-current control technique limits the overcurrent and protects the inverter during the transitions.

The remainder of this study is structured as follows. Section 2 thoroughly investigates the proposed
system, encompassing both its setup and regulations. Section 3 presents an evaluation of the prototype
experiment along with the corresponding discoveries and verification of the proposed method. Finally,
conclusions are presented in section 4.

2. METHOD

This study presents a grid-feeding inverter system, as depicted in Figures 1 and 2. The proposed
system that has been suggested ensures that electricity is provided to the main power network in compliance
with the specifications outlined in the grid code. The use of control techniques to limit the current under
LVRT operation to overcome grid voltage sags demonstrates the impact of combining power control and
current control. Consequently, the proportional injection of active and reactive powers maintains the peak of
the injected current into the primary grid.

2.1. Proposed grid-feeding inverter

The grid-feeding inverter is a classified converter operated in the grid-connected mode, which is
necessary for the reference voltage amplitude and frequency from another source to set an output [27]. A
high-impedance grid current source connected parallel to the grid represents the grid-feeding inverter, as
shown in Figure 1(a). Where the delivered active and reactive powers are denoted as P* and Q*, respectively.
By implementing an inner current loop, the system can perfectly generate and synchronize the AC output
voltage. Generally, this converter operates and connects to the grid; however, it can be connected in parallel
with a grid-forming or grid-supporting inverter during the islanding mode.

Figure 1(b) illustrates the single-line circuit of the proposed grid-feeding inverter. The system uses
an inductor and capacitor LC configuration to filter the output of the inverters, where the inverter voltage
becomes the filtered inverter voltage V;. The filter capacitor, filter inductance, and parasitic resistance are
denoted as Cy, Ly, and R, respectively. Similarly, the grid impedance is composed of the grid inductance and
grid resistance. These are denoted by L, and R, respectively. Furthermore, the interconnected point between
the inverter and grid system, namely the point of connection denoted with V,.., is also shown in the diagram.

This inverter operates in a grid-connected mode, providing active power to the grid, and uses a
synchronous reference frame phase-lock loop (SRF-PLL). This method ensures that the voltage amplitude
and frequency of the inverter are matched to the grid voltage and generates an aligned phase angle 6 between
V; and V;. An inverter with a power and current controller was employed to achieve the grid code standard, as
illustrated in Figure 1(c).

The dq-reference frame is used to convert I, , and V; , to I, and Vg, respectively. These
variables become feedback signals to the power and current controllers. Therefore, the generated
instantaneous powers of active and reactive can be expressed as (1)-(4):
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where the filtered active and reactive powers (P, Q) can be derived using (1) and (2), and both instantaneous
active power and instantaneous reactive power are denoted by p in (3) and g in (4), respectively.
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Figure 1. Model of a grid-feeding inverter; (a) circuit, (b) single line diagram, and (c) model of controller

Both PI controllers are utilized to generate the reference of active and reactive currents denoted as
14, as Well as the reference of active and reactive voltages Vy,. Furthermore, the dg-frame converts the V,

becomes the magnitude voltage reference of the PWM that can be denoted as (V. )- Hence, the dg-frame of

the voltages error are writen as (5) and (6):

eq = Vg + (Kyi + Kii/5) (((P* = P)(Kpp + Kip/5)) = Ia = IdLVRT) — Lo, 5)

eq = Vy + (K + Kit/5) (@7 = @Ky + Kip/5)) = la = Layyr ) = Lol (6)

and V,,,m can be written in matrix form.

Varef sin(wt)
Vowm = Vbref = [sin(—120° + wt)
Vref sin(120° + wt)

c

2.2. Grid code requirement

cos(—120° + wt) 1

cos(wt) 1 Iedl
cos(120° + wt) 1
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Conventionally, a DG must be disconnected from the grid when experiencing a voltage sag and was
only able to resynchronize once the fault had been rectified [28]-[30]. However, the use of advanced
microgrids with smart inverters ensures a reliable power supply by actively sustaining active power delivery
and providing reactive power support during voltage sags [31]. Prevention of potential instability can be
achieved using an inverter system [32]. Consequently, under challenging circumstances, the microgrid

ensures a smooth and reliable operation.

Figure 2(a) shows the rule of the inverter when detects grid voltage drops. The inverter disconnects
from the grid below a certain threshold, but within acceptable voltage reduction limits, it remains connected
using the LVRT strategy to adjust the reactive power delivery, as shown in Figure 2(b). Consequently, the
inverter must increase k% of injected current if the grid voltage drops about 1% less than 0.9 V.
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Figure 2. Requirement for grid code; (a) capability for LVRT and (b) capability to support reactive power
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In (8) determines the requirement of the injected reactive power to ensure the stability and reliability
of the inverter under the voltage sag condition. In which, the nominal voltage of grid (V) and converter rated
current (1) play significant roles. The extent of the voltage sag (AV) and the increase in reactive current
(Alg) following a fault are also crucial factors. It is worth mentioning that the German grid code [32]
mandates a minimum value of 2 p.u for a constant k to ensure stability and reliability in the system.

2.3. Peak current control under voltage sag disturbance

This method limits inverter current injection during a grid voltage sag, allowing the inverter to
remain connected to the injected power. It involves measuring real-time grid voltage to calculate a sag signal,
which then determines the active current reference I; and reactive current reference I;. Where the proposed
LVRT strategy ensures an optimal reactive power injection (RPI) during voltage sags.

2.3.1. Sag detection

Figure 3 provides a visual representation of the conventional synchronous rotating reference frame
(CSRRF), which is used as a voltage detection technique [33]. The essence of this technique lies in its ability
to identify voltage sag using the abc-dq transformation. This transformation enables the calculation of DC
quantities (V4, ;) that are directly proportional to AC grid voltage (V,, V}, V). The relationship between DC
and AC quantities can be expressed as (9):

V.
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According to the information provided in Figure 3, the sag signal is produced through the generation of a
filtered V4, which is determined by the square root of the sum of the squared V; and V, values. This resultant
signal was then subjected to comparison with a DC reference in the comparator, specifically set at 0.9 per
unit (pu). It is important to note that the variation in V,,, is directly associated with the measured grid voltage,
and to ensure the removal of the 100 Hz component or 2w, a low-pass filter (LPF) is employed.
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Figure 3. CSRRF-based voltage sag detection
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2.3.2. LVRT operation mode
The smart grid-feeding inverter must fulfil grid code requirements by injecting active and reactive
power [34], necessitating a design to limit the current during abnormal operations.

Iy = Iy, OSvg<(1—%) p. U

10

l=k(1-v)ly, (1-3)puw<v,<09pu (0

RPI control is activated when there is a drop in the grid voltage to ensure compliance with the

specified amount of reactive current outlined in the German grid code, as shown in Figure 2(a) [35]. An

injected current based on real-time grid voltage levels is required to maintain system stability under fault

ride-through. This involves assessing the connection between the initial reactive current (I,0) and real-time
voltage levels (v,) during a voltage sag, as (11):

- % when I, < I (11)
—Yg

where k > 2 p. u.

Iy max = /Ié + I3 < Lypgx (12)

The key current parameters in the inverter system, such as active current (I;), injected current
amplitude (I pmqy), and maximum allowable current (,,4,). This emphasizes the significance of preventing
overloading and ensuring the inverter operates within specified limits, with proposed RPI strategies outlined
in (10) and (12). Potential risks associated with RPI strategies and overcurrent loading in LVRT modes have
led to the introduction of a new control strategy called Const.-lgmax. This strategy aims to prevent
unintended inverter shutdowns by maintaining a consistently subordinate peak current injection from the
grid, always below the inverter's current threshold (I,,.x). Specific conditions, involving the relationship
between maximum grid current (Ig max), Nominal current (Iy), and the control strategy's success, are outlined,
with a specified range of grid voltage disruptions where (10) for current calculation in the dg-frame is valid
when the grid voltage drops disruption in the range of (1 — (1/k))p.u < V, <09p.u.

I, = \/nz — k(1 —v,) Iy 13)
I, = k(1 —v,)ly

As mentioned in (12), when the grid voltage drops below (1 — (1/k))p.u, it is necessary to adjust the
current in the dg-frame.

{Id :I EZI_ H (14)
q — N

The maximum value of n that determines the inverter current protection, can be calculated using the equation
(Imax/In)p-u. To ensure that the inverter remains stable during RPI, it is recommended to design with a
margin of 2 per unit (I,,,, = 2Iy), resulting in a maximum value of n equal to 2 per unit. By setting n equal
to (I,ax/Iy), the inverter's riding-through operation will not amplify the injected grid current. Additionally,
during the LVRT mode, the active power is reduced based on (13) and (15) to facilitate the injection of
sufficient reactive power.

3
P =Vymlq (15)

The amplitude of the grid voltage is denoted by V,,,.
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3. RESULTS AND DISCUSSION

The experimental setup of the prototype system is shown in Figure 4. The proposed inverter
functioned to feed power to the grid seamlessly. Its sophisticated design helps maintain high-quality power
transmission and system performance at its optimal levels while meeting the specific operational
requirements of the grid-feeding inverter. The list of the experimental parameters is presented in Table 1.

Figure 4. Experimental configuration

Table 1. Inverter system parmeters

Name of parameter Value
Rated voltage of the inverter 115V
Inductance 5mH
Capacitance 10 uF
Switching frequency (fs) 20 kHz
Rate frequency (f) 50 Hz
Transformer ratio 115:415

Validation tests were conducted on a grid-feeding inverter in both grid-connected and voltage-sag
disturbance scenarios. Figure 5 shows a snapshot of the inverter's performance, with 1.4% of the voltage
harmonics in Figure 5(a) and 4.3% of the current harmonics in Figure 5(b). In this experiment, two scenarios
were used to validate the performance. Figure 6(a) shows the results for constant active power control and
injected reactive power. Under normal grid conditions, the inverter injected 0.270 p.u of active power (P) and
0 p.u of reactive power (@), maintaining V;,,, at 65.77 V and I;,,,, at 1.515 A. During a disturbance in which
the grid voltage drops to less than 20% of the normal value, the inverter aims to inject 0.263 p.u (263 VAr) of
reactive power while maintaining the active power constant at 0.270 p.u. (270 W). The phase angle shift
between the voltage and current indicates the injected reactive power, and the experiment showed a current

lagging voltage of approximately 60°, resulting in an increased current to 3.044 A and an unpredicted
fluctuating current during the initial voltage sag.
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Figure 5. Grid feeding inverter performance under grid-connected mode; (a) voltage harmonics and
(b) current harmonics
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Figure 6(b) presents the outcomes of our proposed method and scenario, wherein we implemented
peak-current control within our experimental setup. Regardless of whether the grid operates under normal
conditions or experiences a voltage sag disturbance, the inverter adeptly maintains the peak current.
However, under voltage sag conditions, the inverter current exhibits a phase lag of more than 60° relative to
the voltage. This lag results in discernible effects, as the active power output decreases from 0.302 p.u.
(equivalent to 302 watts) to 0.135 p.u. (135 watts), while the reactive power output increases from 0 p.u
(0 VAr) to 0.239 p.u. (239 VAr). Ultimately, these findings confirm the effectiveness of the proposed control
method in limiting the inverter current that effectively safeguards the inverter against grid voltage-drop
events.
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Figure 6. Grid-feeding inverter test when the grid voltage drop (k=2 and n=0.5); (a) constant active power
and (b) peak current control

4. CONCLUSION

This work presents the designing inverter feeds power to grid to be operated for normal also
abnormal grid condition. Under normal grid-connected mode, current harmonic and voltage harmonic of the
inverter shows value 1.4% and 4.3%, which validated by Fluke 435-11 power analyzer, respectively.
Particularly during grid voltage drops, voltage sag detection technique based on CSRRF is ensured capable to
detects fastly. Meanwhile, the system injects a number of reactive power and remains connected to the
primary grid. Conventional constant active power control shows spikes in current on the transition time of the
voltage sag, however, active power remains constant. Due to this reason, the peak current control technique is
implemented to maintain a constant peak current, although the inverter is disturbed by voltage sag. The
inverters prototype involved peak current control under LVRT mode is validated with experimental test. It
means the inverter injected reactive power by reducing active power delivery. Therefore, the proposed
technique provides satisfactory performance to avoid over-current conditions during voltage sag.
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