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Abstract. Solar power systems are now gradually dominating in providing clean, environmentally friendly energy and human health. In
areas with a large share of solar power, grid connection control plays a key role in ensuring operational quality and stability, especially
in the event of a grid failure. In case of asymmetrical voltage drop, the control system needs to maintain operation and create a function
to assist in restoring the power grid. This study proposes a method to control the solar power system in the condition of asymmetric grid
voltage drop based on the method of controlling symmetrical components. Controllers for each of the forward and inverse components are
built to limit the effects of failures. The optimal control parameter calculation method is also proposed to improve the overall quality and
minimize the undesired variation of the electromagnetic quantities. The simulation and experimental results are verified to evaluate the

effectiveness of the grid-connected control method in converting DC power to three-phase power.
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1. Introduction

Renewable energy is currently being invested heavily in
replacing fossil energy sources that are harmful to the
environment and human health. Among clean energy
sources, the production of clean electricity from solar
energy has many advantages such as quick installation,
less impact on the natural ecosystem. In addition, the solar
system has a simple, safe structure, and it is easy to
change the required capacity.

The solar power system collects energy from
photovoltaic (PV) panels that generate direct current
(Figure 1). The voltage and power obtained depends on the
size of the investment and is fully adjustable during the
operating process. The output power is controlled through
a DC-DC converter. The optimal current with a radiation
level is determined by the MPPT (Maximum Power Point
Tracking) algorithm. The Upc voltage is controlled through
a DC-AC converter to achieve the required voltage level
and convert all the power supplied to the grid. The LC-
filter removes high-order harmonics due to the switching
of semiconductor valves to generate a sine current in sync
with the grid. For a distribution network with a high
percentage of solar power, the grid connection control
mechanism needs to meet national standards to maintain
and support grid recovery when short-term problems
occur.

For grid control in case of excess energy for fixed loads,
many works have published solutions to connect this
energy to the grid.
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Fig. 1 Structure of solar power generation system

These solutions ensure voltage and frequency
synchronization with different power electronic structures
and control techniques (Kjaer et al., 2005). Grid-tied solar
PV system has received much attention with many
contributions to different control techniques related to
inverter stages, DC/DC and DC/AC conversion methods
(Prakash et al., 2015; Moghadasi et al., 2017; Liet al., 2012;
Shao et al., 2014, Zapata et al., 2015; Dousoky et al., 2013).
Omar et al. (2021) presented a case study using simulation
to find the optimal matching parameters of a PV array
connected to an inverter. Various solar inverter topologies
are also proposed with different approaches such as DC/AC
converter (Sahu et al., 2015), Flyback inverter (Kyritsis et
al., 2008; Zhang et al., 2010; Nanakos et al., 2012; Kim et
al., 2013; Lodh and Agarwal, 2016), forward microinverter
(Gagrica et al., 2015; Meneses et al., 2015), cascaded H-
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Bridge inverter (Chen et al., 2015; Coppola et al., 2016;
Premkumar et al., 2018b), grid-interfaced filter based
inverter (Zhu et al., 2015; Yashi et al., 2017). For other
technology related to grid connection, Premkumar et al.
(2018a) gives detailed review on different works for grid
connected solar PV micro-inverter and suggests the
reliable, suitable and efficient topologies for micro-
inverter.

One of the most important issues today is to ensure
that the solar system continues to generate real and
reactive power during grid failure. Different countries
have different standards for grid connectivity. Control
techniques focus on two aspects, voltage drop on single-
phase systems and symmetric/asymmetric three-phase
voltage drop. In the case of symmetrical single-phase and
three-phase voltage drops, grid recovery control can be
done by adding reactive current to the grid (Yang et al.,
2014). Control techniques in the case of symmetric voltage
drop continue to be developed and make certain
contributions (Vicuna et al., 2015; Tekpeti et al., 2017,
Mohanty et al., 2019; Banu and Istrate, 2014).

In the asymmetric case, the control technique can be
used according to the symmetrical three-phase
components according to the direct and inverse rotation
systems (Hajizadeh and Golkar, 2011; Wang et al., 2015).
Hunter et al. (2019) presented an experimental
implementation to obtain a real-time validation of a control
strategy, intended to inject the desired active/reactive
power during asymmetrical voltage sags and swells in a
single-stage PV system. Related studies on the operation
of the inverter under voltage unbalanced conditions were
also proposed with different approaches. Castilla et al.
(2010) explored the performance of PV inverters under
unbalanced voltage sags. They proposed a control strategy
based on the use of continuous values for the control
parameters. Another work was introduced with a control
algorithm for reference current generation that provides
flexible voltage support under grid faults for three-phase
inverters. (Camacho et al., 2013). Sosa et al. (2016)
proposed a low-voltage ride-through control strategy that
maximizes the inverter power capability by injecting the
maximum-rated current during the sag. The control uses a
flexible current injection strategy that combines a proper
balance between forward and inverse current sequences,
which limits the inverter output current to the maximum
rated value and avoid active power oscillations. Other
methods aim to reduce the DC-link voltage oscillations and
currents injected to the grid during unsymmetrical voltage
sag (Almeida et al., 2016; Ding et al., 2016; Miret et al.,
2012; Lin et al., 2018). However, a general solution to the
connectivity problem in case of grid failure still requires
further research.

This study proposes a method to control the solar power
system in the condition of grid voltage drop based on three
phase symmetrical components. Optimal control
parameters would be described for simultaneous control of
important system parameters. Regarding the layout in the
article, Section 2 presents grid connection standards, a
new symmetrical component separation and system
modelling. Next, the work presents an approach that uses
the method of controlling the symmetric components in a
three-phase system to ensure that the grid standards are
maintained (Section 3). Section 4 proposes optimal control
parameter determination and experimental results are
shown to evaluate the feasibility of the method.
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Fig. 2 Fault ride-through requirements of the E.ON grid code

2. Grid connection and system modelling

2.1 Grid connection standards

For large renewable energy power systems, which account
for most of the electricity supplied to an area, the grid-
connected controller needs to maintain connection in case
the grid becomes unstable in a short time. For three-phase
transmission or distribution power systems, the fault may
occur on one or more phases. The cause may be short
circuit, overload or starting large power machines.
Depending on the type and location of the fault, the voltage
drop can range from 10 to 90%. Failure times can range
from 0.3 grid cycles to several seconds (Arrillaga et al.,
2000). Common types of grid faults can be mentioned as
three-phase voltage drop, single phase voltage drop, two
phase voltage drop, single phase short circuit to ground,
two phase short circuit. Currently, both amplitude and
time of grid failures can be improved through protection
solutions and fast response times of grid-connected control
systems.

For countries with a large proportion of grid-connected
electricity from solar or wind energy, the grid connection of
generating systems needs to be ensured according to a
common standard framework. Figure 2 describes a
European standard fault recovery grid connection
requirement (Erlich et al., 2006). According to this
standard, when the voltage drop is above the limit line 1,
the generator needs to be stable and stay connected to the
grid, generating both active and reactive power. In the
condition between the limit lines 1 and 2, the generator
needs to generate a lot of reactive power to assist in grid
recovery.

2.2 Symmetrical component representation

A symmetric component analysis can split an asymmetric
three-phase system into two symmetric systems and a
zero-order symmetric component. These two symmetric
components with opposite rotation directions are called
direct and inverse components. The formula for separating
the components is described by Eq. (1).
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where a=¢€" " . The direct component, denoted by the

number 1 (z1a, 21, 21c) has the sequence of phases a, b and
¢ and the direction of rotation is the same as the original
system (2za, zb, 2c), while the inverse component, denoted by
the number 2 (221, z2c, z2v) has the sequence of phases and
the direction of rotation is opposite. Fig. 3 describes the
composition of the direct rotation coordinate system digi
and the inverse rotation system dzqs.

2.3 Symmetrical component separation method

Most of the separation methods use filters or delays in
order to split the direct and inverse components of the
asymmetrical three-phase variables (Alepuz et al., 2007;
Saccomando and Svensson, 2001). The filter based method
is used under the fact that the direct sequence component
is as the first harmonic on the positive coordinate
meanwhile the inverse sequence component is as the
second harmonic on the negative rotating frame (Figure 3).
Therefore, a low-pass filter can be used to receive the DC-
component and block the high frequency component. On
the other hand, the delay element based method is called
delayed signal cancellation (DSC) which is a
transformation signals on stationary reference frame. In
this approach the three-phase system is delayed by one
fourth of period (T/4) at the fundamental frequency. The
direct and inverse sequences are then attained by utilising
af-to-dq transformation.

However, the filter affects the response time of the
control system and the quality of the regulator is therefore
decreased. When the system requires fast response time,
the delay of 7/4 becomes too long. Hence, a new separate
method is introduced in order to support the generator
working faster and increase the overall performance.

The three-phase variables of the current, voltage or flux
can be considered as the a-axis components of the three
rotary vectors Za, Zb, Zc (Figure 4). When there is a drop on
the mains voltage, the three-phase variables are
asymmetrical and the amplitude and the phase shift
among Za, Zv, Zc are not the same. The three-phase PLL is
used to determine the angle of the entire vector. This angle
is the same as that of Za. The entire vector lies on the d-
axis and its g-component is kept to O (Figure 5). The
parameters of the controller are calculated under the
consideration that the PLL plant is a simple lag (sampling
delay) along with an integrating element as shown in Eq.
(2) (Kaura and Blasko, 1997).

Fig. 3 Representation of a static coordinate system, direct
rotation and inverse rotation
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Fig. 4 Representation of three phase variable with three rotating
vectors
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The parameters of the PI-controller can be determined
according to symmetrical optimum method. With the angle
from the 3-phase PLL, the 1-phase PLL determines the -
axis component of the Za. The two first-order filters after
the Park transformation determine the dynamic of the
PLL (Filho et al., 2008). By using the two PLLs, each of
vectors Za, Zv or Zc is determined and the direct and
inverse components are calculated by the conventional
symmetric component transformation. The dg-components
of the direct and inverse sequences are obtained by Park
transformation.
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Fig. 6 Comparison of the direct and inverse sequence separation
methods
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The behaviour of this proposed PLL method is compared
with filter and DSC methods (Figure 6). The result is
obtained under 20 % 1-phase voltage sag in 150 ms. The
response time of the filter method is too long. The DSC
method is fast enough but the delay of 7/4 does not allow
the method to work really well. The behaviour of the
proposed PLL method is better with very short response
time.

2.4 System modelling
2.4.1 Direct system model

Normally, grid-connected controllers often rely on mains
voltage and mains frequency as a reference to give active
and reactive power characteristics. In case of grid
asymmetry, the reference to this voltage component can
cause instability for the control system because the voltage
component in the rotation coordinate system appears to
fluctuate. Obviously, if we convert the three-phase system
to two symmetrical systems, we will obtain stable and fully
controllable rotational components like the normal state.
In order to build a controller in both direct and inverse
systems, the grid connection elements need to be modelled.
Accordingly, the LC filter circuit and the grid equivalent
circuit are modelled according to Figure 7.

Eq. (3, 4, 5) illustrate the voltages after the DC-AC
converter and the mains voltage.

|
=n

u, =R +L —+jw Li +u, @)
dt
. di, . .
Uy =Ry + L —=+]jw L1, +u, 4)
dt
. du, . L
I :Cf d_t +JWNCfHC =1+l ®)

where f, n and N denoting the quantities at the filter, the
converter output and at the grid, respectively. The symbols
i, u, and @ are the variables for current, voltage and
angular velocity, respectively. Since the orientation for the
rotation coordinate system dq is based on the mains
voltage, the mains voltage component is estimated by Eq.
6, 7).

0, -|

o (6)
u, =0 )

u

=N

Since the voltage drop across the line impedance Zx can
be neglected and the voltage across the filter capacitor is
considered to be equal to the mains voltage as described by

Eq. (8).

U, =Ug, ®)
1
iy C; | 0N
1;_\11 T ’/ .iw}_{:i\
° N ' >

Fig. 7 Equivalent circuit of direct system
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With this approximation, expanding the equations (3)-
(4), the mains voltage components on the rotating system
are determined by Eq. (9, 10).

di
Uy =R, —L —=+wLi_ +u, 9)
dt
i
u,=0=-Ri -L d_:q_ w, L, +u, (10)

Because the phase sequence and rotation direction
coincide with the original three-phase system, the model
representation of the direct system is exactly the same as
described above.

2.4.2 Inverse system model

For the inverse system, the components vary with opposite
angular rates. The equivalent circuit is shown as Figure 8.
Similar to the implementation for the direct system, the
components on the rotation coordinate system for the
inverse system are described by Eq. (11, 12).

f dinzd :

Uy = _Rflnzd - Lf dt - W Lf In2q U 11)
_ di,, _

N2qg = _RfIan - Lf dt + WN Lf Inzd + uan (12)

2.4.3 Model of converter and DC-link

The DC-AC converter converts direct current from solar
panels to three-phase AC current. There are many
methods of performing switching of semiconductor valves.
For control purposes, a switch can be considered ideal
when ignoring losses. Eq. (13) expresses power on DC-link.

i (13)

pDC = uDC DCn

The DC-link model is simplified to a T-circuit (Figure
9) with the capacitor current being the error between the
input current from the solar panel current controller and
the output current to the DC-AC converter as determined
by Eq. (14).

iDc (t) = iDCs (t) - iDCn (t) (14)
-'.11: Rl‘ Ll’ L—\: R\' _-"\'3
[ Y, YYY I R
ic j_ \
Uy Cr I‘ Uez s
o o
N ‘ N,

Fig. 8 Equivalent circuit of inverse system
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This current determines the voltage across the
capacitor as shown in Eq. (15).

1o
Upe (1) = = [ipc )t + Uy, (15)
c

DC

3. Controller construction

Key functions of the DC-AC converter controller are to
ensure active power transmission from the panel to the
grid, to keep the DC-link voltage stable and to ensure that
the output AC voltage coincides with the grid in terms of
amplitude and frequency. The mains voltage component
needs to be determined to serve the control of the current
components corresponding to the active and reactive
power. That means the voltage after the DC-AC converter
must be in sync with the mains voltage. When the grid
fault occurs, the direct component controller still performs
the control of the two power components, while the inverse
component controller (ICC) performs the asymmetry
correction on the grid according to the predefined
standards. Because a star-delta transformer (three-phase
power transmission system without a neutral wire) is often
placed between the generator and the fault, the zero-order
component does not directly affect the inverter and can be
ignored in the control algorithm. Based on the model of
grid-connected control elements, the controller needs to be
structured appropriately, ensuring the system's linear
operation and fast response time.

8.1 Current control loop

The three-phase current components are converted into
components on the rotational system dg of the direct and
inverse systems based on the rotation angle 9n1. The direct
system reference currents are generated from the DC
voltage and reactive power control loop, while the inverse
system reference currents are calculated through
predetermined standards.

The controller design is based on the modelling
formulas (9) - (12). After Laplace transformation on both
sides of the equations, the current components are
described as expressed in Eq. (16, 17, 18, 19).

30 (8) =[ Uy (8) — Uy (8) + W Li, (5) G, () (16)
10 (8) =[ Uy (8) —W, L, (5) |G, (5) a7

o (8) = I:unZd (8) = Uy (8) — Wy Ly in2q (S)] G, (s) (18)
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20 (8) =[ Uy (8) — Uy (8) + Wy Ly, (5) ]G, (5) (19

where the relationship between voltage and current is
described by Eq. (20).

1 K,
G, (s) = =—" (20)
sL, +R,  sT, +1

with Kin = 1/Rf and Tt = L¢/Rs. At the converter, the total
time constant component 7% including dead-time, signal
measurement, analog-to-digital conversion, and processing
time is approximated by a first-order inertial transfer
function as shown in Eq. (21).

1
sT +1

t

G, (s) =

@1

Thus, inside the system, there exist two first-order
inertia transfer functions, fast and slow (7% << TY).
Applying the modulus optimization criterion, Eq. (22, 23)
determine the PI regulator parameters.

Lf
KPln = (22)
2T,
lin = Tf (23)
Hence, the current-controlled closed-loop is

approximated by Eq. (24).

1 1
GKin (S) = 2 2 = (24)
2T's" +2Ts+1 2Ts+1

The direct and inverse current control loop structure is
described in Figure 10.

UN1d

tn1q

>t

Up1y

dy | ] I.'n1ﬁ
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vYvvey

dy Unze
af

tyap

Fig. 10 Structure of the direct and inverse controller
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Fig. 11 DC-link equivalent circuit

3.2 DC-link voltage control

The DC-link voltage is determined by capacitance Cpc and
capacitor current. This constant voltage control means
that the capacitor current is zero and the active current to
the grid is equal to the current generated by the panels.
Applying Laplace transform to formula (15), Eq. (25) shows
the relationship of current and voltage on the capacitor.

G,.(s) = uDC_(S) - L (25)

- i.(s) C,s

If the losses of the wire impedance and the switching of
the semiconductor valve are neglected, the power on the
capacitor ppc and the output power pn are equal. This
relationship is represented by Eq. (26).

) 3
I = —
2

DC DCn

(u i

+U i)
Nid nid Nig nlg

(26)

Because the control system follows the direct voltage
rotation angle, uniq = 0. The current relationship before
and after the inverter is shown in Eq. (27, 28).

iDCn = kiDC inld (27)
3u

oo —_ N1d (28)
2 Uy,

From Equations (14), (25) and (27) the DC voltage
controller is represented as Figure 11.

According to (15), the relationship between the input
current and the output voltage of the capacitor is an
integral block. Combining this relationship with the
current-controlled closed-loop transfer function, the PI
controller parameters can be determined through the
symmetric optimization criterion. Accordingly, Eq. (29, 30)
determine the voltage controller parameters.

C
Kope = (29)
4T‘
—8T (30)

3.3 Reactive power control

Depending on the load characteristics, the required
reactive power is adjusted to reduce line loss and improve
the efficiency of real power transmission. On the other
hand, for weak power networks, when there is a voltage
drop, reactive power contributes to fast grid recovery,
ensuring grid connection standards of renewable energy
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systems. Similar to determining the active power at the
system output, the reactive power is calculated by Eq. (31).

3 . .
q, = E(ur\uqlnm _ulemq) (31)

Since the control follows the mains voltage angle, the
reactive power is estimated by Eq. (32).

3 .
q, = _EuNldInlq (32)

Since then, combined with closed loop current control,
the relationship between reactive power and reactive
current component is determined by Eq. (33, 34).

S K
G, (s)= q—() =— (33)
i (s) 2Ts+1
nlq t
3
an = E Unig (34)

With the requirement that the controller ensures low
overshoot and avoids oscillations in the system, the
controller parameters can be determined according to the
damping optimal criteria. Accordingly, to maintain the
standard closed-loop oscillator, an integral control can be
used with the gain calculated by Eq. (35).

1
Klqn =
2T, Ke

(35)

The controller structure is described as Figure 12.

* . %
In R Inlq _
-1 >
4n

Fig. 12 Reactive power controller

Table 1

System simulation parameters
Parameter Symbol Value Unit
Rated mains voltage U~ 400 \'%
Rated output power Px 4 kW
Filter inductance Ly 8 mH
Active power Pn 3 kW
Reactive power Gn 1 kVAr
Number of dip phase 2
Voltage dip level Uaip 35 %
Voltage dip duration taip 150 ms
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3.4 Inverse system control

When an asymmetric voltage drop occurs, the components
of the inverse system appear. The inverse system
controller affects the current through a corresponding
voltage change. On the basis of purposeful conversion to
inverse current, the parameters affected by voltage drop
will change in the positive trend and support more stable
direct system controller. The inverse control standards
corresponding to the reference components are simulated
with circuit parameters and operating conditions shown in
Table 1. For the case that affects the system the most, this
paper only presents the characteristics of the two-phase
voltage drop case.

3.4.1 Eliminating current unbalance

For symmetric three-phase load systems, generating a
balanced current while asymmetrical voltage maintains
thermal equilibrium across the load and across the
converter power element. This has real implications for
systems that use rotating electrical machines. This control
standard is implemented by controlling the inverse current
components to zero.

—— Without I1CC
—— With ICC (i 5, =0)

-20

0.1 0 0.1 02 03 04 05 08
Time (s)

Fig. 13 Filter current components with and without inverse
component controller
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e gt gpgebror e
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Fig. 14 Inverse current components behaviour with and without
their controller
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Figures 13 and 14 describe the characteristics of the
output current and inverse current components before and
after applying the current balance standard for the two-
phase voltage drop case. For the current characteristic
after the filter (Figure 13), it can be seen that, in the
absence of the inverse controller, due to the existence of an
inverse current component (Figure 14), there is a large
fluctuation in the current characteristic. The large
negative current amplitude makes the oscillation
amplitude correspondingly large. Vibration frequency can
be seen as two times larger than the base frequency (50Hz)
(Hunter et al., 2019). This is because the inverse
component rotates inversely to the forward component

with a rotation angle of -28; (when viewed from the

forward dq coordinate system) (Figure 3). When comparing
the inverse current component on the d and q axes, it can
be seen that the inverse current amplitude in the d
component is larger than that of the ¢ component. This is
because the active and reactive power settings are
different. According to Table 1, the active power value is
three times larger than the reactive power. After applying
the inverse controller, simulation results show that, the
inverse current components are controlled to zero in order
to balance the three-phase current in the grid. Obviously,
the current component in both the d and ¢ axes is zero
(Figure 14). Accordingly, at the current output (Figure 13),
the component of oscillation at twice the base frequency is
absent. The frequency on the current has a 50Hz
component with a small amplitude. This is part of the
transient characteristic at the beginning and at the end of
the fault. With the advantage of the controller as described
above, the current unbalance is significantly reduced by
84% compared to the case without the inverse component
controller (ICC).

8.4.2 Reducing active power fluctuations

As mentioned in the voltage drop standard, depending on
the condition, the direct controller will give priority to
active or reactive power generation. In the case of active
power generation, the inverse controller needs to reduce
the fluctuating state of this power. According to Ferre et al.
(2011), the active power when there is a grid imbalance
fault is described as shown in Eq. (36) consisting of three
components.

P, =Py +P

cos(2w,,t) + P, sin(2w,t) (36)

N-cos N-sin

where the two components PN.cos and Pn.sin representing
the amplitude of the power oscillation, the component Pxo
being the stable power when there is no voltage drop. The
oscillation components are calculated by Eq. (37, 38).

P, =3, u i +U i

N-cos NldINZd + Ni1g N2q N2q " Ni1q

+ U ) 1 2 37

u, i +u i —u_i )/2 (38)

PN-sin = 3(uNld|N2q ~ YNig'Ned N2g N1id uNZdIqu

To minimize this power fluctuation, the inverse
controller needs to drive this oscillating component to zero.
With voltage component estimation according to (6) — (7),
the inverse controller reference current components are
calculated in Eq. (39, 40).

Los = (_UNZqInlq - udeInm) / Uy (39)
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Fig. 15 Active power and its oscillation components

Ian = (_UNqunld +uN2d|nlq) / U (40)

Figure 15 shows the simulated performance of the
active power stabilization standard with and without an
inverse controller. It can be seen that, when a voltage drop
occurs, at time ¢ = 0, the pN.cos and pN.sin components have
increased values. They are the components that cause
fluctuations in the active power characteristics. Similar to
the characteristic of current, this power in the absence of
the inverse controller oscillates with a rather high
amplitude as approximately twice as the value of the set
power. This amplitude corresponds to the level of voltage
drop on the grid side. Since the inverse component is in the
opposite direction compared to the forward component, the
frequency of oscillation at active power is at 100Hz (Vicuna
et al., 2015). With the benefit of the inverse controller, the
PN-cos and pN.sin components are driven to zero during the
fault as shown in the lower two graphs in Figure 15. This
helps the real power to significantly reduce fluctuations
and bring stable power to the load. With the parameters
set for the controller, the oscillation of the active power is
significantly reduced to 18 % compared to when the
controller is not used.

3.4.3 Reducing reactive power fluctuations

Reactive power plays a role in assisting grid recovery
during deep voltage drops. According to Ferre et al. (2011),
Eq. (41, 42) describe the components of this power with
three components.

Q, =Q,, +Q,..Ccos(2w t) + P sin(2w,t) (41)

where

QN-cos = 3(uN1qIN2d - uNldINZq + uNquNld - uNZlelq) /2

QN»sin = I u I i )/2 (42)

3(uqu|N2q F Ul — N2g'Nig Uyl haa
Similar to the active power case, the inverse controller
reference components are determined by Eq. (43, 44).

Inzd = (uNZqInlq + uNZdInld) / uNld (43)
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Fig. 16 Reactive power and its oscillation components

Figure 16 shows the control results when there is a
voltage drop. Similar to active power control, it can be seen
that, when a voltage drop occurs, at time t = 0, the gN-sin
and gN-cos components have increased values. Although the
set value for reactive power is relatively small compared to
the actual power, the gn.sin component has a relatively
large value during the voltage drop. From there, it is clear
to see the influence of reactive power and the significance
of keeping this power component stable in restoring the
power grid (Camacho et al., 2013). Similar to the
characteristic of active power, in the absence of inverse
component controller, the oscillations at reactive power
have a rather high amplitude with a frequency at twice the
grid frequency (Vicuna et al., 2015). With the benefit of the
inverse controller, the gnsin and gn.os components are
driven to zero during the fault as shown in the lower two
graphs in Figure 16. This makes real sense when it comes
to providing the amount of reactive power needed to
support the grid. With the role of inverse controller, the
reactive power fluctuation level is reduced up to 14%.

4 Optimal parameter control and experimental
results

4.1 Vibration level optimization control (VOC)

With different dip levels and controlled inverse converter
current, the vibrations on control variable (filter current,
active and reactive powers) are changed. That means it
exists a curve which corresponds to a dip level, a value of
inverse component current gives a minimum sum of above
vibrations. In order to compare variables with different
units, their per-unit values are considered.

According to section 3.4, with different voltage drops,
the values of the inverse components vary. This study
found that, at each voltage drop, for the sum of the inverse
components as the filter current varies, there exists a
minimum point. At this position, the combined oscillations
of the important quantities in the system are lowest. It can
be seen that, if we let the system work at this point, the
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quality of the inverter or the vibration level (VBL) will be
optimal.
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Fig. 17 Optimal reference current trajectory for the d and g-
component of the inverse controller

Figure 17 shows the shape of vibration with different
values of inverse filter current and voltage dip. The dashed
line represents the optimal operating points of the
reference current on the inverse controller.

Accordingly, from the left characteristic, corresponding
to a certain voltage drop, it is possible to determine the
optimal set value for the reference currents in2a and in2q.
The voltage drop level can be determined through the PLL
method as described in section 2.3. To calculate the
reference current component as shown in Figure 17, the
table lookup method can be used rather than direct
calculation from the system model.

4.2 Experimental results

The results of applying the control algorithm are tested
through an experimental test rig. The model is built with
the same parameters as the simulation for easy
comparison and evaluation. The test rig, includes a
computer that collects and determines control parameters,
a dedicated controller dASPACE DS1104.

A frequency converter is operated on the vector space
principle with some additional elements such as filter coils,
capacitors, DC overvoltage protectors. For the
experimental investigations under voltage dip, an AC
voltage source SW 5250A (ELGAR) is utilised. The power
source can generate various voltage profiles with different
voltage levels for each single phase. The technical
parameters of the voltage source are provided in Table 2.
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Table 2
Parameters of SW 5250A AC voltage generator
Variable Value Unit
Power (3 phases) 5250 VA
Current per phase 13/6.5 A
AC or DC Voltage (per phase) 135/270 Vrms
Frequency range (DC, AC) 0-6 kHz
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Fig. 19 Performance of active and reactive power at the grid

The performance of the system was investigated under
operating parameters described in Table 3. Accordingly,
the system is controlled in the event of a grid fault lasting
200ms and a voltage drop of 20%. During the voltage drop,
the active and reactive power components remain
unchanged at 1kW and 0.5kVAr, respectively. This system
is tested in case the grid frequency is 50Hz. The above
vibration optimal control (VOC) were applied for two phase
asymmetrical voltage dip cases.

Table 3

Operating parameters of test rig
Variable Value Unit
Nominal voltage 400 \%
Dip level 20 %
Dip period 200 ms
Dip frequency 50 Hz
Active power 1 kW
Reactive power 0.5 kVAr
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Fig. 20 The oscillation reduction at the parameters when
applying the optimal controller

Figures 18 and 19 show the characteristics of the
current and power parameters before and after using the
optimal parameter controller. Accordingly, the variation of
the quantities is significantly reduced when the controller
is applied (Camacho et al., 2013). As can be seen, there is
a similarity between simulation and experimental results.
In particular, the unstable variation of the power and
current values is greatly improved. This properly reflects
the characteristics of symmetrical components affecting
the quality of output quantities on the grid. In more detail,
the transient variation at the beginning and end of the
fault is dramatically reduced, both in current and power
characteristics. During oscillation, a frequency component
being equal to twice the base frequency still exists (Castilla
et al., 2010). This is because there is an inverse component
in the system. Thanks to the above optimal parameter
controller, the output oscillation components are
significantly reduced. The oscillation reduction is shown in
Figure 20. The oscillation reduction of the current can be
up to 28%. As a result, the power output parameter also
achieves a clear reduction, by 68%.

5. Conclusions

Energy plays a strategic role in the socio-economic
development of the country. The renewable energy system
actively contributes to the protection of the natural
environment while maintaining energy security. Because
this energy component accounts for a large proportion,
ensuring system safety in the event of a power grid failure
plays a very important role in maintaining the stability of
the transmission and distribution system.

This paper proposes a new method to separate
symmetrical components in the power grid when there is a
voltage drop. Since then, the symmetrical components are
independently controlled and improve the quality of the
three-phase converter operation. The simulation results
show that, by independently controlling the direct and
inverse symmetrical components, fluctuations in the load
current or power components can be reduced by up to 86%.
This also shows accurate modelling results of the system
in setting controller parameters.

The research presented in the paper also demonstrates
the successful development of an experimental model to
verify the above results. Control standards can be
combined to minimize simultaneous effects on the
generator system and the load when a voltage drop occurs.
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A generator that produces a voltage drop is used to test the
actual properties. The result of the optimal control
algorithm on the basis of control according to the
characteristic, at which the effect of voltage drop on the
system is lowest, is verified. System quality is significantly
increased by up to 72% compared to when the inverse
component controller is not used.

The research results in the article are not only applied
in solar power systems in particular but also in renewable
energy generation systems in general. The results
presented above are the methodological basis for
controlling the connection of the power generation system
and restoring the weak power grid.
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