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Abstract: Discussed in this study is a bidirectional power control technique for a three-phase grid
connected inverter under different unbalanced grid conditions. Prior researchers have focused on
either solving the unbalanced problem or controlling the power. However, this paper addresses
both issues: solving the unbalanced problems of the point-of-common-coupling (PCC) voltages and
grid currents, and reducing the large ripple in the real and reactive power while also applying a
bidirectional power control under weak grid conditions. A phase-locked loop (PLL) is not required
because a simpler PR controller was employed. A symmetrical components extraction method was
used. Compared to previous symmetrical component techniques that used complicated transforma-
tions, this approach requires less computations. Since the unbalanced load issue has been resolved,
other loads connected to the grid will not be impacted. MATLAB Simulink was used in simulation
experiments, and a real-time interface platform dSPACE DS1202 was used to verify the proposed
control method efficacy experimentally.

Keywords: active filters; bidirectional power flow; DC-AC power converters; parameter extrac-
tion; proportional-resonant controller; PR controller; power control; power conversion; voltage-
source converters

1. Introduction

The need for electric power is continually increasing as modern technology develops.
Consequently, sustainable energy is more important than ever. Renewable energy resource
uncertainty and fluctuating load demand can weaken the AC grid and cause power quality
issues such as current harmonics, unbalanced grid current problems, and unbalanced
PCC voltages [1]. A three-phase quantity can be called unbalanced if there is a mismatch
between the amplitude or the phases [2]. The unbalanced grid will increase the effect of the
double-grid frequency component such that it can cause a ripple in the real and reactive
power of the grid [3-5].

The grid-connected three-phase inverter was controlled using a variety of control tech-
niques under balanced grid scenarios, such as proportional-integral (PI) and proportional-
resonant (PR) control methods [6,7]. However, under unbalanced conditions, the PI-
controller proves its deficiency with current oscillations. The PI controller has been modified
in different ways to remove the current oscillation problems, such as double synchronous
reference frame phase-locked loop (DDSRF PLL) in [8], direct phase-angle detection (DPD-
SR) in [9], and optimum control based on DDSRF in [10]. In [11], the DDSRF method was
modified and simplified by reducing the number of PLLs from two to one.
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One of the most popular methods for handling power quality problems, such as
unbalanced grid situations, is by using a shunt active filter approach [12]. Different shunt
active power methods have been applied to balance the three-phase system and remove
the ripple in real and reactive power of the grid, such as the instantaneous real and reactive
power theory (PQ) [13], the conservative power theory (CPT) [14], and the synchronous
reference frame method (DQ) [15]. These methods require a complicated transformation
and a measurement of both voltages and currents. Another method for control of a shunt
APF was proposed in [16,17] and utilized only current measurements by employing a time-
domain symmetrical component extraction methodology. This approach used time delays
and basic addition and subtraction to calculate the sequence components with simpler and
fewer calculations.

In [18], a power controller based on a simple controller (P controller) was proposed.
This method can be called the symmetrical component extraction method using the P
controller (SCEM-P). The reference current consists of two parts: the balancing part (the
negative/zero sequence components of the unbalanced current) and the power command
current. The drawbacks of the P controller are its steady-state error and the DC offset result.

Under unbalanced grid voltage conditions, a variety of control strategies have been
suggested [19-25]. Some methods attempted to balance currents when the grid voltage was
unbalanced by first isolating the negative phase-sequence components of the unbalanced
grid voltages. The grid impedance was estimated in [20] utilizing several control parame-
ters, and the system parameters were defined in [21] to balance the three-phase system.

As discussed in [26-29], several techniques were employed for unbalanced current
reduction, and various control situations under an unbalanced load were also explored
in [30,31].

A method for using a PR controller to fix the unbalance in grid voltages produced
by the unbalanced loads was presented in [32]. In microgrid systems, a notch filter was
added to the virtual output impedance in order to accomplish power sharing under unbal-
anced loads.

In [33], it was proposed to use a modified PR control methodology to balance the grid
current and power control of grid-connected inverters under unbalanced load situations.
This method can be called a modified PR control strategy (MPRS). The unbalanced load
operation leads to unbalanced grid currents. The controller complexity was reduced
because the PR controller does not require a phase-locked loop (PLL).

The drawback of SCEM-P is the steady-state error of the P controller. However, the
MPRS PR-controller showed its efficacy when dealing with unbalanced load situations. In
order to control the power of the grid-connected inverter during unbalanced situations with
high accuracy and low steady-state error, the approach in [34] enhanced the SCEM-P. As a
result, the steady-state error of the power command was reduced while the grid current was
also balanced. This method can be called the symmetrical component extraction method
using a PR controller (SCEM-PR).

Prior literature has discussed bidirectional power control of grid-connected three-
phase inverters under balanced grid operation, and various methods for balancing the grid
in the presence of an unbalanced grid were considered without achieving power control.
Few researchers talk about accomplishing both goals (balancing the grid and controlling
the power) as in MPRS, SCEM-P, and SCEM-PR.

However, these three methods were applied when the grid impedance was assumed
to be zero. Therefore, these approaches are applicable only under strong grid situations.
In other words, the unbalanced grid currents were only considered without taking the
unbalanced PCC voltages into account. In addition, power control was applied in only one
direction, not bidirectional power control.

In this paper, the SCEM-PR is modified and improved to be applicable in weak grid,
unbalanced situations. When the grid impedance is considered, the unbalanced cases will
yield both the PCC voltages and grid currents unbalanced. The proposed method balances
the grid currents and point-of-common coupling voltages, eliminates the ripple in real and
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reactive power, and enables bidirectional power control in unbalanced scenarios. Results
from MATLAB/SIMULINK software and experimental hardware were used to validate
the suggested control technique. These results demonstrate a significant reduction in the
power ripple. The unbalanced PCC voltages and the unbalanced grid currents were solved
with the proposed bidirectional power control strategies.

These are the innovative contributions of this work:

*  Bi-directional control of the real and reactive power under unbalanced grid situations
for a three-phase inverter;

*  Theripple in real and reactive power was significantly reduced;

*  Balance the PCC voltages and grid currents;

®  Because the unbalanced problem was solved, the unbalanced load will not have an
impact on any other loads linked to the grid;

¢  There is no requirement for a PLL because a conventional PR controller was used;

*  The symmetrical components extraction method was performed. Compared to prior
symmetrical component approaches that used complicated transformations, this ap-
proach needs less computations;

¢ The three techniques for controlling power and balancing the grid—MPRS, SCEM-P,
and SCEM-PR—described in the literature were only effective when the grid was
strong and the grid impedance was ignored. Moreover, the power control was in one
direction only. Here, the SCEM-PR (which is a method that takes the advantages of
both SCEM-P and MPRS) was modified to control the power and balance the grid
under weak grid conditions when the unbalanced grid impedance is considered.

The following is the arrangement of the paper: Section 1 discusses the introduction
and literature review. Section 2 includes a description of the system model. The pro-
posed current control method under unbalanced situations is described in Section 3, and
bidirectional power control under unbalanced situations is discussed in Section 4. The
performance analysis, simulation, and hardware results are presented in Section 5. Then,
Section 6 summarizes the conclusions.

2. System Description

The per phase equivalent circuit of the system under study can be seen in Figure 1. The
system contains a three-phase grid with grid impedance connected to the three-phase load
and three-phase inverter with LCL filter at the PCC. The grid voltages V,, PCC voltages
Vpcc, grid currents ig, load currents iy, and inverter currents i, are measured.

Volt PCC
oltage . .

Iim.r V c Ig VE
Source ) CL Filter S A—TT——
Inverter .
(vsI) l |, Grid Impedance

Three-phase Three-phase
Load grid

Figure 1. Grid connected three-phase inverter.
Equation (1) presents the per-phase LCL filter transfer function [16]:

iinv(s) RDCS +1

= 1
vg(s) L1L,CS3 + Rp(Ly + Lz)CSZ + (Ll + Ly)s ()

where C is the filter capacitance, L; is the inductance of the inverter side, L, is the inductance
of the grid side, and Rp is the damping resistor.
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Positive sequence (f 1)y, negative sequence f (2), and zero sequence components f (0)
can all be obtained from any three-phase quantity. For any balanced three-phase signal, both
the (2 and f(0) sequence components are zero, while positive sequence component (f(1))
is the only nonzero term. However, for the unbalanced signals, all of these components
are non-zero. Therefore, the main cause of the unbalanced value is the presence of both
negative and zero sequence components. In the proposed system of Figure 1, the grid
currents will also be unbalanced when the three-phase load is not balanced. The grid
current can be converted to the symmetrical components as in Equation (2):

ip =i + i +i @)
where i(LO) is the load current zero-sequence component, ig) is the load current positive-

(2)

sequence component, and ;" is the load current negative-sequence component.

The unbalance problem was already solved in [16,17] by canceling the effect of the
undesired unbalanced components. This method can be called a shunt active power filter
using only current measurements (SAPF-UOCM). In this case study, it was assumed to be an

ungrounded system, which means that the zero sequence component is zero (i(LO) =0). Then,
the unbalanced load currents can be separated into two components: the positive sequence
component (the balanced part) and the negative sequence component (the unbalanced
part). Balancing the system can be achieved by setting the inverter to inject the negative
sequence of the unbalanced load currents as in Equation (3),

ling = ig) (3)

This method can be expanded to cover the grounded system by setting the inverter

(2) (0)

to inject i;”” and i; ’ as shown in Equation (4). Figure 2 shows the block diagram of the
improved control approach:

L a(2)  (0)
linp = 1] " +1p 4)
Negative Seq.
Zero Seq.
Sequence +
Load Currents,
>  Component P Controller [ Uref p | Inverter gate

IL,abc signals

Extractor

PWM

Inverter Output Currents

Figure 2. The control block diagram of the improved SAPF-UOCM method.

3. Current Control

The proposed work in SAPF-UOCM was used to balance the grid without obtaining
any power or current control. However, the SCEM-PR method extends the SAPF-UOCM
to include current control. Any grid-connected inverter can assist in the preservation of
grid current balance while transferring current and power to the grid by employing the
SCEM-PR approach. The reference desired current (the power command current i) can be
added to the current equation in (4) to achieve this as shown in Equation (5):

I N L 5)

Equation (5) can be used to control the current injected by the inverter. In order to
control the current injected into the grid, Equation (6) can be used:

iinv =ir+ ipc (6)
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The three-phase inverter output current is controlled by a conventional PR controller.
Equation (7) represents the PR controller’s transfer function:

S
GPR(S) = Kp + Krm (7)

where K}, is the proportional coefficient, K, is the resonant coefficient, and wy is the funda-
mental frequency.

The reference currents and measurement currents were converted from abc to a0
using a Clarke transformation. Therefore, the controller needs only to be applied to two
phases, as seen in Figure 3.

Negative Seq.
Zero Seq.
+
Load Currents, Sequence
Tapc " Component PR Controller  —»{ Uref P
’ Extractor

Inverter gate
signals

PWM

Inverter Output Currents

Power Command Currents,
ipc

Figure 3. The current control technique using the PR controller.

The controller gains (Kj, and K;) can be tuned using reference [35] as follows:

w? — w?
K, = KyIm(p)—+—=2 ®)
u
wZ _ w2
KP = KuR€<p)7Ow2 L (9)

4. Bidirectional Power Control

Real and reactive power can be controlled using the power command current compo-
nent i, in Equations (5) and (6) such that, as in [36], iy can be derived using the desired
real and reactive power as well as the measured PCC voltages. Equation (10) presents the
real and reactive power calculation after applying the Clarke transformation and shows
the importance of the PCC voltages in reference current calculations:

P+jQ= (v,xi;; + Vgis + 2V0i3) (10)

Both the grid currents and the PCC voltages will be unbalanced under weak grid
conditions. Therefore, as demonstrated in Figure 4, the ripple in real and reactive power
can be large.

Therefore, in order to control real and reactive power in both directions while balancing
the system operation and reducing the power ripple, the iy calculation should utilize
balanced components of grid currents and PCC voltages of Equation (10). The DC source
of the three-phase inverter can be a combination between renewable energy sources and a
battery. Therefore, the battery is able to charge and discharge allowing bidirectional power
control of the inverter.
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Figure 4. The ripple in real and reactive power for an unbalanced weak grid.

Equation (5) can be used to control the output power of the inverter (the injected
power by the inverter to the PCC). The first two components iﬁz) and i(LO) are associated
with balancing the grid currents. Then, the Vpcc is the only unbalanced component. As
a result, using the first approach, the injected power by inverter equals the power of
unbalanced part of the load in addition to the controlled or desired power.

Equation (6) can be used to control the injected power to the grid directly. Therefore,
the injected power by inverter equals the load power in addition to the controlled or
desired power.

To solve the problem of unbalanced Vpcc, it can be converted into symmetrical com-
ponents. The negative and zero sequences are associated with the unbalanced part. Con-
sequently, the power calculation will take into account the balanced component of the
PCC voltage (the positive symmetrical component of the grid voltage). The positive se-
quence component can be found using the symmetrical component extraction method
discussed in [17]. Thus, Equation (10) can be modified to include only the positive sequence

component as in Equation (11):
P+jQ = (viliz+ vz +2viVi) (11)

Using the balanced PCC voltage assumption, the term 2v,ip will be zero.
Equations (12) and (13) can be obtained by simplifying the complex power equation as
in [37]:

P+7Q = (olia +ofig) + (0 ia — ollig) (12)
M M7
P Oy o 1

= p . 13

[Q} v/(;) —oV [lﬁ] (19

As a result, Equation (14) can be used to determine i in the (alpha, beta) domain.
The block diagram for determining i, is presented in Figure 5:

m: 1 o o) [P} "
ig (0(1))2+(v!(31))2 yg) oM 1Q

o

Figure 6 shows the overall complete block diagram of bidirectional power control
for a three-phase grid-connected inverter under unbalanced grid scenarios utilizing a
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modified time-domain symmetrical components extraction method and proportional-
resonant controller.

Pref

e
Qref
» ipc calculation
Vpee(1)_o Ipc_aB0 Ipc_abc
Vpee(1) Vpee(1)_P ap0/abc |
abc/aB0 »
Vpce | Sequence Vpee(2) Vpee(1)_0

» Component D 4,0 E

Extractor
Vpcc(0)

e

Figure 5. Power command current calculation.

Negative Seq.

Zero Seq.
Sequence +
Load Currents,
Component P Controller | Uref Inve‘rtergate
IL,abc signals
Extractor
PWM
Inverter Output Currents
Power Command Currgnts,
ipc
Ipc_a
Pref
—
Qref
v 1 » ipc calculation
pec(l)_a Ipc_B Ipc_aB0 Igc_abc
Vpce(1) Vpee(1)_B ] »| ap0/abc —
abc/aB0 >
Vpee Sequence | ypec( Vpee(1)_0
———» Component % pect )_D
Extractor Ibc 0
Vpcc(0) 0 pc_

Figure 6. Completed block diagram of the proposed methodology bidirectional power control under
unbalanced grid conditions.

5. Case Studies

Various simulation and hardware tests were used to validate the suggested method’s
performance. MATLAB/SIMULINK was used to perform the simulation, and dSPACE
DS1202 was utilized in the hardware experiment. The inverter is connected to the grid
using an LCL filter. Figure 7 depicts the LCL filter’s per phase model. The parameters
of the LCL filter were designed based on [38]. The parameters for the PR controller were
determined using Equations (8) and (9) and [35]. Table 1 lists the system parameters.

: L1 =
1 1g
3 9 1c, a +
C
Vi Vg
R

Figure 7. LCL filter per-phase model.
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Unbalanced three-phase loads with R}, . = 8 3,16 (), and 32 () and balanced grid
voltages with 120 V RMS were considered. The grid was assumed to be weak where
the grid impedance was considered. Two cases of grid inductance were investigated: a
balanced inductance with L, = L, = L, = 4.2 mH and unbalanced inductance with values
Lype =51mH,45mH, and L. = 3 mH. Under this weak grid condition, where Vpcc does
not equal to Vg, the unbalanced load will force both grid currents and PCC voltages grid to
be unbalanced as previously mentioned in Figure 4 and Section 4.

Table 1. System parameters.

f Grid frequency 60 Hz

Ve Grid phase voltage 120 V RMS
fsw Switching frequency 5kHz

Vie DC source voltage 400V

Ly Inverter side inductance 2.3 mH

Ly Grid side inductance 0.58 mH

C Filter capacitance 15 uF

R Damping resistor 150

K, Resonant coefficient of PR controller 1800

Kp Proportional coefficient of PR controller 2.25

Z¢ balanced,abe Balanced grid Impedance for phases a, b, ¢ 42,42,42mH
Zg unbalanced,abe Balanced grid Impedance for phases a, b, c 5.1,4.5,3 mH

Rupe Three-phase load 8,16,32 ()

5.1. Simulation Results

The system has been tested in simulation using MATLAB/SIMULINK model shown
in Figure 8. Two cases were taken into consideration: (1) using a balanced grid impedance

and (2) using ip. for power control by utilizing Paesired, Qdesired, and VISQC. The second
approach of current control in Equation (6) was used. The injected power by inverter
equals the load power in addition to the desired power. Thus, the desired power here is the
injected power to the grid. The DC source of the three-phase inverter can be a combination
between renewable energy sources and a battery. Therefore, the battery is able to charge
and discharge allowing bidirectional power control of the inverter.

Control signal |
Switch
_| - | e . M +®
H T Grid Impedance
1 Three-phase
p— Three-phase Transistor LCL filter -r?d
_l_ Bridge {Inverter) g
DC Source

Three-phase load

Figure 8. Test system single-line block diagram.

5.1.1. Balanced Grid Impedance

The grid inductance was assumed to be balanced with the following values: L, =
Ly = L. = 4.2 mH. Figure 9 shows the the simulation results for the P and Q injected into
the grid, load currents (i ), grid currents (i, ), and inverter injected currents (i, ).

1. Fort < 0.1 s, the grid is connected only to to the unbalanced load resulting in
unbalanced ig and Vpcc. In addition, there is high ripple in the real and reactive power
waveforms which will affect other loads linked to the PCC.

2. For0.1 <t < 0.155, the inverter was turned on and controlled as a shunt active power
filter by basically assuming the power command current reference value to be zero
ipc = 0. Thus, the mode of operation is to balance the grid without controlling the
power. Within a few milliseconds, the inverter can balance the grid currents, PCC
voltages, and minimize the ripple in the real and reactive power.
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3. For0.15 < t < 0.2 s, the control command has the capability to balance the system and
achieve a zero desired real and reactive power to the grid (0 kW, 0 var). The proposed
method can achieve this target with a small error.

4. For0.2 <t <0.3s, (Pyesired, Qdesired) = (2 kW, —500 var) while balancing the grid. The
proposed method can supply the grid with the desired power as well as balance Vpcc
and ig.

5. Att > 0.3 s, the Pjugireq and Qgesireq Were changed to be —1 kW and 500 var. As a
result, the proposed technique can control power in both directions under unbalanced
grid situations.
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Figure 9. Simulation results under balanced grid impedance.

5.1.2. Unbalanced Grid Impedance
The grid inductance was changed to the following values: L, = 5.1 mH, L, = 4.5 mH,

and L. = 3 mH.
Figure 10 shows the the simulation results for P and Q injected into the grid, i, ig,
and i;;,,.

The simulation results are very similar to the last section. For t < 0.1 s, the grid is con-
nected only to the unbalanced load yielding unbalanced ig and Vpcc. For 0.1 <t < 0.15s,
the inverter was turned on and controlled as a shunt APF, so it can balance ig and Vpcc and
minimize the ripple on P and Q. For 0.15 < t < 0.2's, Pjesired, Qgesired Were: (0 kW, 0 var).
For 0.3 < t < 0.3 s, the Pjegireq and Q gesireq were modified to [2 kW, —500 var]. For ¢ > 0.3 s,
(Paesiredr Quesired) = (—1 kW, 500 var).
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Figure 10. Simulation results under unbalanced grid impedance.

Based on these results, the proposed method proves its efficacy to balance iy and
Vpcc, reduce the ripple in P and Q, and bidirectional control of real and reactive power
under various unbalanced situations, such as an unbalanced load and an unbalanced
grid impedance.

5.2. Experimental Results

The controller was also tested in several hardware experiments. The NHR 9210 battery
test system was used as a DC Source, an AgileSwitch 100 kW inverter was used as a
three-phase DC-AC inverter, the NHR 9410 was used as a grid simulator, RHEOSTAT CR
9296 General Electric Co. variable resistors were used as an unbalanced three-phase load,
and different current and voltage measurement boards were used to obtain the required
measurements for the proposed method. A dSPACE (DS1202) real-time interface platform
was used to control the inverter. Figure 11 displays the schematic diagram for the hardware
connection, and Figure 12 shows the testbed system.
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DC source
NHE 9210

AgileSwitch 100 kW
DC-AC Inverter
R 8 LCLfilter

PCC voltage V Grid current  Grid
voltage Vpcc :
and invirte’r) 8 Impedance b ?410
dSPACE o measurement Grid
current iinv i
i board Simulator
|nt.erfa.ce measurements
circuit boards
dSPACE L
DS1202
Load currentit  Three-Phase
measurement  RHEOSTAT CR
board 9296, General
PC: MATLAB/ Electric Co.

ControlDesk

a
Figure 11. Block diagram for the testbed system.

Figure 12. Hardware testbed system.

Two different experiments were performed: balanced grid inductance with values of
4.2 mH on each phase. These inductances were realized by connecting three inductors in
series (1.7 mH, 1.52 mH, and 1 mH) as shown in Figure 13. For the second experiment,
unbalanced grid inductors were constructed using different inductance values: 3 mH,
4.5 mH, and 5.1 mH. Three inductors were connected in series to obtain these values
B x17mH=52mH,3 x 15mH =4.5mH and 3 x 1 mH = 3 mH) as shown in Figure 14.
An AP300 frequency response analyzer was used to verify the accuracy of each inductor in
Table 2.
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Table 2. Grid inductors” parameters.

Inductance (mH) 1.7 mH 1.5 mH 1 mH
Core Type 78100-A7 77102-A7 78100-A7
Number of Stacks 3 3 2
Wire AWG 12 AWG 12 AWG 12
Number of Turns 92 107 87

Figure 14. The unbalanced grid inductance with 5.1, 4.5, 3 mH.

The second approach of current control in Equation (6) was used. Therefore, the
injected power by the inverter equals the load power in addition to the desired power.
Thus, the desired power here equals the injected power to the grid.

5.2.1. Balanced Grid Impedance
Different power control cases have been evaluated as follows:

1. The unbalanced three-phase load is linked to the PCC point and the grid without
energizing the inverter. At this point, the unbalanced load will create unbalanced grid
currents and PCC voltages as shown in Figure 15. A Tektronix MDO3024 oscilloscope
was used to obtain these results.
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Figure 15. Experimental results before applying the proposed method under balanced grid inductances.

2. The inverter was turned on with the proposed method, and the reference P and Q are
0 kW and 0 var. The proposed method took less than 10 ms to balance the Vpcc and
ig as shown in the dSPACE ControlDesk toolbox results in Figure 16. The proposed
method can track the reference real and reactive power as well. Figure 17 illustrates
the experimental findings for the grid voltages (V;), PCC voltages (Vpcc), inverter
currents (i;,,), and load currents (i1 ) collected by a Tektronix MDO3024 oscilloscope.
The experimental results utilizing the grid simulator NHR 9400 panel are shown in
Figure 18.

Grid Current
o
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Figure 16. Hardware results using dSPACE Controldesk for real power = 0 W and reactive
power = 0 var under balanced grid inductance.
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Figure 17. Hardware results using a Tektronix MDO3024 oscilloscope for real power = 0 W and

reactive power = 0 var under balanced grid inductance.
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Figure 18. Hardware results using grid simulator NHR 9400 panel for real power = 0 W and reactive
power = 0 var under balanced grid inductance.

3. Assuming Pjegireq = 2 kW and Qegsireq = 0 var, the system can track the desired refer-
ence P and Q as well as balance the Vpcc and ig at the same time. Figure 19 displays
the dSPACE Controldesk findings, and Figure 20 shows the oscilloscope results for
linv, ir, and ig. Grid currents have a total harmonic distortion percentage (THD%) of
2.62 %, which is regarded as an acceptable number. Although the THD% for the grid
currents was 1.6% prior to energizing the inverter, the suggested method’s purpose is
to accomplish a bidirectional power control and eliminate the unbalance of the grid



Energies 2022, 15, 9564

15 of 23
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currents and PCC voltages, improving the THD% is not a part of this work. Figure 21
displays the experimental results utilizing the grid simulator NHR 9400 panel. Note
that the Pj,sjyeq direction is from the inverter to the grid, while the NHR 9400 measures

the power from the grid to the inverter. Therefore, PNHR reading =

Experimental Results using dSPACE ControlDesk
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Figure 19. Hardware results using dSPACE Controldesk for real power = 2 kW and reactive

power = 0 kvar under balanced grid inductances.
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Figure 20. Hardware results using Tektronix MDO3024 oscilloscope for real power= 2 kW and

reactive power = 0 var under balanced grid inductances.
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Figure 21. Hardware results using grid simulator NHR 9400 panel for real power = 2 kW and reactive
power = 0 var under balanced grid inductances.

4. At Pisires = —1 kW and Qgesired = 0.5 kvar, the suggested method can work in
the four-quadrant power control mode in addition to balancing the three-phase grid
currents and PCC voltages under an unbalanced three-phase load and balanced grid
impedances. The experimental results using dSPACE Controldesk, oscilloscope, and
grid simulator NHR 9400 are shown in Figures 22-24, respectively. The THD% value
of the grid currents is 2.82%. The desired power has the opposite sign of the NHR
9400 readings (Piesired = 7PNHR,reading)-

Experimental Results using dSPACE ControlDesk

s B RN R
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o111 5 i i
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Figure 22. Hardware results using dSPACE Controldesk for real power = —1 kW and reactive
power = 0.5 kvar under balanced grid inductances.
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Figure 23. Hardware results using Tektronix MDO3024 oscilloscope for real power = —1 kW and
reactive power = 0.5 kvar under balanced grid inductances.
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Figure 24. Hardware results using grid simulator NHR 9400 panel for real power = —1 kW and
reactive power = 0.5 kvar under balanced grid inductances.

5.2.2. Unbalanced Grid Impedance

The proposed method was tested as follows:

1.  The unbalanced three-phase load is linked to the PCC point and the grid without
energizing the inverter. At this point, the unbalanced load will create unbalanced grid
currents and PCC voltages as shown in Figure 25. A Tektronix MDO3024 oscilloscope
was used to obtain these results.
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Figure 25. Experimental results before applying the proposed method under unbalanced

grid inductances.

2. The inverter was turned on with Pj,gjeq and Qesireq €qual to 2 kW and 0 var, respec-
tively. The proposed method took a few milliseconds to balance Vpcc and ig. The
system can track the desired reference P and Q as shown in the dSPACE ControlDesk
toolbox findings in Figure 26. Figure 27 shows the oscilloscope results for Vg, Vpcc,
linos i, and ig. Grid current THD% is 2.59%. Figure 28 displays the experimental
results utilizing the grid simulator NHR 9400 panel. The desired power has the
opposite sign of the NHR 9400 readings (Pjesires = —PNHR reading)-
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Figure 26. Hardware results using dSPACE Controldesk for real power = 2 kW and reactive
power = 0 var under unbalanced grid inductances.
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Figure 27. Hardware results using Tektronix MDO3024 oscilloscope for real power = 2 kW and

reactive power = 0 var under unbalanced grid inductances.
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Figure 28. Hardware results using grid simulator NHR 9400 panel for real power = 2 kW and reactive
power = var under unbalanced grid inductances.

3. At Pjesired = —1.5 kW and Qgesireq = 0.5 kvar, the suggested method can work in
the four-quadrant power control mode in addition to balancing the three-phase grid
currents and PCC voltages under an unbalanced three-phase load and unbalanced
grid impedances. The experimental results using dSPACE Controldesk and grid
simulator NHR 9400 are shown in Figures 29 and 30, respectively. The THD% value
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of the grid currents is 2.3%. Note that the desired power has the opposite sign of the
NHR 9400 readings (Pyesired = _PNHR'reuding)-
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Figure 29. Hardware results using dSPACE Controldesk for real power = —1.5 kW and reactive
power = 0.5 kvar under unbalanced grid inductances.
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Figure 30. Hardware results using grid simulator NHR 9400 panel for real power = —1.5 kW and
reactive power = 0.5 kvar under unbalanced grid inductances.

4. As seen in Figure 31, various real and reactive power values were studied. At
t =355, Pipsired = 0 kW and Qesires = 0 var. Then, Pypsired = 2 kW att = 6.1s
and Qgegired = 0.5 kvar at t = 9.9s. Att = 14.9 s, the desired power was set to be
Piesired = —1.5 kW, and at t = 23's, Qpsired = —0.5 kvar.
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Figure 31. Hardware results of various real and reactive power values using dSPACE Controldesk
under unbalanced grid inductance.

These results demonstrate that the proposed approach can control the grid’s real and
reactive power in both directions while balancing grid currents and PCC voltages under
different unbalanced scenarios, such as an unbalanced three-phase load and unbalanced
grid impedances. The large ripple in real and reactive power was reduced. Thus, the
unbalanced load operation will not have an impact on other three-phase loads that are
linked to the grid.

6. Conclusions

The PCC voltages and grid currents will be unbalanced under weak grid operation,
where the grid impedance is taken into account. As a result, there was a significant ripple
in the waveform of the real and reactive power. The other three-phase loads connected
to the grid and the three-phase inverter’s controller behavior are both impacted by these
ripples. The bidirectional real and reactive power control technique under unbalanced grid
situations is presented in this article.

The main contributions made in this article are to balance the grid currents and
eliminate ripple in the real and reactive power waveforms, and perform bidirectional power
regulation. The three approaches (MPRS, SCEM-P, and SCEM-PR) that were previously
presented were only effective when a strong grid was considered (the grid impedance was
ignored). However, this work modifies and extends the SCEM-PR by taking the advantage
of the PR controller and the symmetrical component extraction method and expands them
to be applicable for bidirectional power control under weak grid conditions. There is no
requirement for a PLL because a conventional PR controller was used. To validate the
effectiveness of the proposed methodology, various simulation and hardware results were
applied under balanced and unbalanced grid impedance.

Future research can be performed in applying the proposed method to a more chal-
lenging unbalanced conditions by including nonlinear loads such as rectifiers or including
a motor as a part of the load.
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Abbreviations

The following abbreviations are used in this manuscript:

APF Active power filters

DDSRFPLL  Decoupled double synchronous reference frame phase-locked loop
DPD-SR Direct phase-angle detection

EPR Enhanced proportional-resonant controller

ESS Energy storage systems

MPRS Modified PR control strategy

CPT The conservative power theory

DQ The synchronous reference frame method

PCC Point-of-common-coupling

PI Proportional-integral

PLL Phase-locked loop

PQ The instantaneous real and reactive power theory

PR Proportional-resonant

RES Renewable energy resources

SAPF-UOCM  Shunt active power filter using only current measurements
SCEM Symmetrical component extraction method

SCEM-P Symmetrical component extraction method using P controller
SCEM-PR Symmetrical component extraction method using PR controller
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