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Abstract: This paper explores the feasibility of multilevel dual-active bridge-inverter (DABMI)
applications for grid-connected applications of a modern Model of Predictive Direct Power Control
(MPDPC) based on the conservative power theory (CPT). In the case of unbalanced grid voltages, the
objective of the study is to promote continued active and reactive energy in MPDPC without reducing
efficiency such as transient response and current harmonics. The nature of the instantaneous p-q
theory permits only one out of three control targets to be fulfilled. The proposed control approached
directly regulates the instantaneous active and reactive power to achieve three particular control
objectives namely sinusoidal and symmetrical grid current, cancelling twice of fundamental grid
frequency reactive power ripples, and removing twice grid frequency active power ripple. The
techniques of complicated Grid part sequence extraction are unnecessary and improved at no extra
expense, as is the case with current MPDPC fault-tolerant approaches. The instantaneous power at
the next sampling instant is predicted with the newly developed discrete-time model. Each possible
switching state will then be evaluated in the cost function defined until the optimal state which
lead to the minimum power errors is determined. In MATLAB/Simulink simulation, the proposed
CPT-based MPDPC measures reliability and performance at balanced and unbalanced grid voltages
then compared with the conventional and existing MPDPC The proposed method manages to achieve
all of three control targets which generates sinusoidal grid currents and attenuates active and reactive
power ripple of twice the grid frequency exactly at the same time without losing its critical efficiency
including transient reaction and current harmonics.

Keywords: unbalanced grid voltage; multilevel inverter; grid-connected application

1. Introduction

Taking into account the significance of incorporating intermittent renewable energy sources within
the utility grid, comprehensive studies have been carried out [1] to develop a successful control system
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for grid-connected power electronic inverters for facing different unfavorable grid conditions. One of
the common undesirable grid disturbances that are experienced in renewable energy systems is voltage
unbalance. Grid-tied inverter vulnerability gives rise to unbalanced grid voltage issues, which has
compelled the research to move in the direction of unchartered fields. The actual approach to the issue
related to critical power oscillation and non-sinusoidal current waveform has till now been restricted
to conventional current management strategy, in which proportional-integral controllers [2,3] and
proportional-resonant controllers [4] are used in the rotating and stationary reference frames. There are
bottlenecks in these controllers in accomplishing multiple control objectives, even though they have
complex design with a cascaded configuration. Their dynamic response is low and requires a phase
lock loop (PLL) to become synchronous with the power grid [5]. Altering Table-based direct power
control [6,7] will decrease the outcome when non-linear hysteresis comparator has been used [8,9].

In the recent times, model predictive control (MPC) that involves simple, high-dynamic features and
easy inclusion of restrictions and nonlinearities [10] seems to be a potential technique in comparison to
the conventional controller mentioned previously. There has been extensive testing and implementation
of the MPC in motor drivers, rectifiers, grid side inverters and various other fields to decrease existing
harmonics distortion and to improve the performance of dynamic reaction [11]. It is possible to easily
incorporate the idea of MPC into current control or direct power control to form what is known as
model predictive direct current control (MPDCC) [12] or MPDPC [13,14].

One of the biggest challenges in order to make the converter operated in normal mode is the
unbalanced grid voltage conditions. However, only a handful of them is discussing this topic. To
handle the problem that lies in the non-ideal grid condition, a new control method has been proposed
in [15,16] where the positive and negative sequence current will be controlled separately that resulting
in low stability of the system and reduce the transient response. So far, no studies have investigated the
performance of MPDPC for DABMI during non-ideal grid condition. It was found in the earlier studies,
in terms of the unbalanced network conditions, that the typical solution in MPCC and MPDPC could
determine the latest current or power references from the decomposition method for positive- and
negative-sequence grid constituents [12,17]. The decomposition process essentially requires achieving
the requirements of PLL, pulse-width modulation (PWM) or other complex extraction methods [18].
Sequence extraction methods [19] and PPL are not needed in [20,21]; however, it is essential to have
power compensation strategy to accomplish sinusoidal current waveform, and simultaneously, there
will be removal of the double grid frequency oscillations that is present in active as well as reactive
powers. This inescapably gives rise to computational intricacy and significant tuning work. Hence,
these MPC mechanisms may not be the most appropriate alternatives in various practical applications.

The literature review on the unbalanced fault-ride across the controller that shows the capability
to manage unbalanced grid demonstrates that the same power concept is used in the studies.
Instantaneous p-q theory was put forward by Akagi in [22], which is often used by the researchers.
Selective control targets can be attained by the controllers while the network is imbalanced, for example
oscillation-free active power and oscillation free-reactive power, as well as symmetrical and sinusoidal
grid current [17,23]. Though it is capable of performing well, the instantaneous p-q theory is such that
it allows just one out of three control targets to be achieved.

The uniqueness of this study can be demonstrated by putting forward a new power theory
called the conservative power theory (CPT). This theory puts forward a novel concept to describe
power and current terms [24]. This concept asserts that either voltage or current determines power
in a conservative manner. One of the technological values of the CPT is that in the ABC stationary
frame, every constituent linked to the electrical attribute of the load would be decomposed by the
orthogonal decomposition of the current and power. There are five orthogonal elements, which are:
the unbalanced reactive and active currents, the balanced reactive and active currents [25] and the void
current that is decomposed when the CPT concept is applied. Because of this quality, the CPT becomes
a powerful candidate for selective compensation so that the power quality in distributed generation
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mechanisms [26,27], like microgrids [28] and smart grids [29,30] can be enhanced. When the CPT is
included in the MPC, the study would enter into a research field that has not been examined previously.

The CPT concept is correctly incorporated into a restructured MPDPC in this paper to deal
with the unbalanced grid voltage issue. MPDPC is supported, rather than MPCC, to prevent the
extreme computational intricacy that is brought about due to the extensive mathematical functions for
determining the decomposed current elements of CPT [31]. The novel CPT-based MPDPC structure
used in a dual-active-bridge multilevel inverter (DABMI) is examined in this study. Two active
bridges are used in this arrangement to create multi-level AC voltages [32]. DABMI was one of the
developing cascaded converter topologies, which was initially put forward for the open-winding-based
induction machine drive system [33]. Using the transformer to offer voltage isolation enhances voltage
boosting ability, which additionally supports using this topology for grid-connected renewable energy
mechanisms [34]. The control approach put forward is theoretically quite simple and involves a
very small change to the traditional MPDPC. In contrast to the traditional MPDPC that uses the
instantaneous p-q theory, the MPDPC put forward attains complete sinusoidal and symmetrical
grid currents that successfully reduce the power oscillations in the instantaneous active power and
instantaneous reactive powers when the grid voltage is unbalanced, in the absence of complex power
compensation methods.

2. Topology of Dual-Active-Bridge Multilevel Inverter (DABMI)

Some critical issues regarding single-phase DABMI topology shown in Figure 1 are initially
described, before dealing with the operational principle of a three-phase DABMI. It should be
observed that every active bridge includes two power switches that are linked in the half-bridge
connection, with S1 and S2 forming the for most half-bridge configuration, whereas S1’ and S2’ form
the second half-bridge arrangement. As the upper and lower switches in every active bridge work in a
complementary mode, the output voltage of every active bridge either functions as on-state or off-state,
referred to as ‘1’ and ‘0’, correspondingly. As shown in Table 1, a single-phase DABMI arrangement
has the ability to generate up to four distinct AC voltage levels.
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Table 1. Voltage levels generated by a single-phase DABMI.

S1 S1’ Ua Ub Uab

1 1 0.5 0.25 0.25
1 0 0.5 −0.25 0.75
0 1 −0.5 0.25 −0.75
0 0 −0.5 −0.25 −0.25

Note: S2 is complementary of S1 and S2’ is complementary of S1’.

This study has examined the three-phase grid-connected DABMI, which is also known as a
dual-inverter multilevel inverter. There are two standard two-level inverters in DABMI and these can
be seen in Figure 2a. The foremost [35], whereas grid is connected on the transformer’s secondary
side. The voltage vector created from this dual-inverter topology can be achieved by considering the
distinction between the voltage vectors produced by the first inverter and those created by the second
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inverter. The voltage vectors that are obtained after taking into account a transformer with unity turn
ratio can be explained as:

uαβ =
[

uα
uβ

]
=

2
3

 1 −
1
2 −

1
2

0
√

3
2 −

√
3

2




Sa − 0.5S′a
Sb − 0.5S′b
Sc − 0.5S′c

Vdc (1)

When Equation (1) is examined for all likely combinations of switching states, 64 space vectors in
all are obtained. Identification of all possible states will permit the controller to analyse 37 possible
switching states instead of 64 where the remainder are redundant as can be seen in Figure 2b resulting
in the decrease of the calculation time. DABMI able to generate four-level output voltage waveform by
the use of 2:1 dc-link voltage ratio fed to both converters.
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Figure 2. (a) A grid-connected three-phase DABMI; (b) Space vector representation of a three-phase
DABMI.

The three-phase grid connected inverters are usually connected to supply grid phase voltage by
inductance L as well as its equivalent series resistance (esr) R [36]. When Kirchoff’s voltage law is used
in the grid-connected DABMI in Figure 2a, the following equation is obtained:

eαβ = L
diαβ
dt

+ Riαβ + uαβ (2)

3. Methodology

An outline of the defined instantaneous active and reactive powers is presented in this section for
instantaneous p-q theory as well as CPT. Mathematical equations are obtained to explain how the two
power theories differ from one another when unbalanced grid voltages are used.

A. Instantaneous p-q Theory.
So far, the instantaneous p-q theory is the most extensively used power theory. The magnitude-

invariant intricate power S is represented as follows:

S =
3
2

[
eαβ ◦ iαβ + j

(
eαβ ⊗ iαβ

)]
(3)
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Here, the symbol ◦ indicates the scalar product, while the symbol ⊗ signifies the cross product.
The following equation is used to signify the active and reactive powers: P = 3

2 Re(S) = 3
2

(
eαiα + eβiβ

)
Q = 3

2 Im(S) = 3
2

(
eβiα − eαiβ

) (4)

B. Selective instantaneous power oscillation elimination during unbalanced grid condition.
This study describes a three-phase three-wire system, in which there is zero current. The symmetric

decomposition theory states that it is possible to decompose the positive-, negative- and zero-sequence
constituents from the unbalanced three-phase system [37]. In this situation, the zero-sequence
constituent is not present, and is even overlooked. Hence, the expression for currents that results
from an unbalanced network condition can be dissolved in just the positive and the negative sequence
constituents [38], either in the αβ stationary coordinate system or in the d-q rotating coordinate system,
for example:

iαβ = i+αβ + i−αβ = i+dqe jωt + i−dqe− jωt (5)

The angular frequency ω is expressed in rad/s [39]. It’s possible to present the grid voltages in the
same way as the grid currents, for example:

eαβ = e+αβ + e−αβ = e+dqe jωt + e−dqe− jωt (6)

The oscillatory terms that are used in the instantaneous reactive and active powers can be explained
more appropriately by presenting a mathematical expression of the grid variables shown in the d-q
reference frame in a more comprehensive manner. Here, it is possible to decompose the vectors as
follows:  i+dq = i+d + ji+q , i−dq = i−d + ji−q

e+dq = e+d + je+q , e−dq = e−d + je−q
(7)

When Equations (5)–(7) are substituted into Equation (4), the P and Q expressions under unbalanced
network conditions can be presented as positive/negative-sequence components in the following
manner: {

P = P0 + Pc2 cos(2ωt) + Ps2 sin(2ωt)
Q = Q0 + Qc2 cos(2ωt) + Qs2 sin(2ωt)

(8)

Here (P0, Q0) refer to the DC average values, (Pc2, Qc2) and (Ps2, Qs2) signify the cosine and sine
oscillatory values respectively, of the instantaneous active and reactive powers [40] at double the grid
frequency. The DC average values and oscillatory constituents are additional expressed as shown
below: 

P0 = 3
2

(
e+d i+d + e+q i+q + e−d i−d + e−q i−q

)
Pc2 = 3

2

(
e+d i−d + e+q i−q + e−d i+d + e−q i+q

)
Ps2 = 3

2

(
e+d i−q − e+q i−d − e−d i+q + e−q i+d

)


Q0 = 3
2

(
−e+d i+q + e+q i+d − e−d i−q + e−q i−d

)
Qc2 = 3

2

(
−e+d i−q + e+q i−d − e−d i+q + e−q i+d

)
Qs2 = 3

2

(
e+d i−d + e+q i−q − e−d i+d − e−q i+q

)
(9)

It should be observed that there is no shared relationship between every cosine and sine oscillatory
term, that is, Pc2 , Ps2 , Qc2 , Qs2. Hence, there is a difference between the oscillation amplitude of
the instantaneous active power and the instantaneous reactive power [41]. This indicates that it is
not possible to achieve the removal of simultaneous oscillations of the instantaneous active as well as
reactive powers [42]. Hence, it is possible to attain just the selective elimination of oscillations in either
the instantaneous active power or the instantaneous reactive power.
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Before elaborating CPT concept, it is important to present significant points about the MPDPC in
accordance with the instantaneous p-q theory. When all oscillatory terms are disregarded, the system
will be affected negatively. With respect to the traditional MPDPC, odd-order harmonics is created to
compress the oscillatory constituents [14], with the condition that the instantaneous active and reactive
powers remain constant. Hence, though there are oscillation-free instantaneous powers, it becomes an
incompatible substitute due to the extremely distorted grid currents that emerge from the traditional
MPDPC when the operating conditions are unbalanced.

It becomes possible to form sinusoidal currents in MPDPC that uses the instantaneous p-q theory
through the power compensation method. This method can decide to achieve two control targets,
which are if the instantaneous active power should be removed or the instantaneous reactive power [43].
The former method is fittingly known as active power oscillation compensation (APOC), while the
latter is known as reactive power oscillation compensation (RPOC). In the current publication [14], the
extensive design and application of power compensations have been elaborated, and so, they are not
going to be explained more in this paper. However, the comparative analysis presented in Section 5 will
include the previously mentioned customary MPDPC, MPDPC with APOC and MPDPC with RPOC.

C. Conservative power theory (CPT).
The CPT given in [21] is described as follows:

S =
3
2

[
eαβ ◦ iαβ + j

(
êαβ ◦ iαβ

)]
(10)

In this equation, symbol ◦ represents the scalar product and êαβ refers to the unbiased voltage
integral. It can therefore be inferred that the active and reactive instantaneous [35] powers are the real
and imaginary components of Equation (10) as indicated follows: P = 3

2 Re(S) = 3
2

(
eαiα + eβiβ

)
Q = 3

2 Im(S) = 3
2

(
êαiα + êαiβ

) (11)

It can be observed that the instantaneous real power is equal to the one that is shown in the
instantaneous p-q theory. The voltage integral of AC element refers to the unbiased voltage integral
that does not include the mean value. This is represented as follows:

êαβ =
∫ T

0
eαβ(τ)dτ− e∫ αβ (12)

In this equation, the foremost term refers to the time integral of grid voltages eαβ, whereas the
second term refers to the mean component of the grid voltage integral.

D. Elimination of simultaneous instantaneous power oscillations during unbalanced grid condition.
The following equation is used to represent the positive and negative sequence components [44]

that have been decomposed from the unbiased voltage integrals:

êαβ = ê+αβ + ê−αβ =
∫

e+dqe jωtdt+
∫

e−dqe− jωtdt (13)

The corresponding DC mean values and oscillatory terms are the same in CPT are presented in
Equation (9). Two significant observations can be made from the way the four oscillatory terms are
presented. It is clear that the oscillatory elements in the instantaneous active power interact with those
in the instantaneous reactive power [45]. In other words, Pc2 = Qs2 and Ps2 = −Qc2. Therefore, it is not
astonishing to observe that the oscillations for instantaneous active and reactive powers are essentially
of the same magnitude. This shows that when the oscillatory elements of the instantaneous active
power are cancelled, those in the instantaneous reactive power are also simultaneous cancelled.
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4. MPDPC Based CPT

In the present-day situation, like the control approaches when there are weak grid conditions, the
worst-case situation is caused by unbalanced operating conditions, which continue to cause issues,
specifically for high power systems. If there are extensive changes to the quantity of renewable energies,
the grid performance would deteriorate. This is why it is imperative to efficiently regulate the power
electronic converter so that the consistency of the system is maintained in accordance with the power
grid. The proposed algorithm has the main objective of integrating the CPT concept with the MPDPC
technique so that the sinusoidal current waveforms can be attained and continuous and oscillation-free
active and reactive powers can be generated when grid voltages are balanced and unbalanced. The
grid variables are usually expressed in the stationary αβ reference frame in MPDPC. Equation (11) is
differentiated to obtain the equations given below:

dP
dt

=
3
2
(eα

diα
dt

+ iα
deα
dt

+ eβ
diβ

dt
+ iβ

deβ

dt
) (14)

dQ
dt

=
3
2
(
∧
eα

diα
dt

+ iα
d∧

eα
dt

+
∧
eβ

diβ

dt
+ iβ

d∧
eβ

dt
) (15)

On the basis of the differentiation of the mean component in Equation (12), which is a constant
equivalent to zero, it can be effortlessly shown that the following equation depicts the time derivative
of the unbiased voltage integrals:

d∧
eα

dt
= eα,

d∧
eβ

dt
= eβ (16)

When Equation (16) is included in Equation (15), it becomes possible to further simply the
derivative of the reactive power as:

dQ
dt

=
3
2
(
∧
eα

diα
dt

+
∧
eβ

diβ

dt
) + P (17)

The expression given below is obtained when the relationship between the time derivatives of the
grid voltages and the unbiased voltage integrals is examined:

deα
dt

= −ω
∧
eα,

deβ

dt
= −ω

∧
eβ (18)

When mathematical computations are carried out on Equation (2), it becomes possible to express
the instantaneous current variations as follows: diα

dt = 1
L (eα − uα −Riα)

diβ
dt = 1

L (eβ − uβ −Riβ)
(19)

The conforming discrete-time representations are deduced from the Forward Euler computation
by replacing Equations (16), (18) and (19) in Equations (14) and (17) are denoted as follows:

Pk+1 = Pk +
3Ts

2L

{(
ek
α

)2
+

(
ek
β

)2
− ek

αuk
α − ek

βu
k
β

}
−

RTs

L
Pk
−ωTsQk (20)

Qk+1 = Qk +
3Ts

2L

{
∧
e

k
α

(
ek
α − uk

α

)
+
∧
e

k
β

(
ek
β − uk

β

)}
−

RTs

L
Qk
− TsPk (21)

Here, Ts refers to the sampling period. Keeping in view the aim of limiting instantaneous power
tracking errors, so that the differences between the power references and the expected instantaneous
future powers can be reduced, the cost function is represented as:
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g =
(
Pre f
− Pk+1

)2
+

(
Qre f

−Qk+1
)2

(22)

It needs to be acknowledged that the control approach put forward is quite simple, requiring
neither sequences extraction of grid components, nor power compensation approach. It is possible
to directly obtain the unbiased voltage integrals by carrying out the mathematical functions in
Equation (12). It is also possible to implement a bandpass filter (BPF), which functions as an ideal
integrator, instead of the mathematical commands, because it also has the ability to remove the DC
component of the grid voltages [18].

The block diagram for the CPT-based MPDPC that has been put forward is demonstrated in
Figure 3. To achieve the unbiased voltage integrals, the grid voltages computed are initially fed using
a BPF. Thereafter, the unbiased voltage integrals computed, along with the grid currents measured,
will be converted into the stationary αβ coordinate system so that the instantaneous powers can
be determined by employing CPT. The subsequent instantaneous power is determined using the
newly formulated discrete-time model, given in Equations (20) and (21). The cost function shown in
Equation (22) will then be used to assess every possible switching state, till the optimal state is identified,
i.e., the one with the least power error. In contrast to the conventional MPDPC, the suggested MPDPC
requires a single minor adjustment, which is the inclusion of the CPT concept into the prediction
model. When there are significant variations in the extent of renewable energies, the grid performance
to regulate the inverter would decrease, and this can precisely maintain the power quality and make it
consistent with the power grid [4].
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5. Simulation Results

The overall performance enhancements of the suggested control approach in the grid-connected
system can be confirmed by carrying out simulations for balanced and unbalanced operating conditions
in the MATLAB Simulink [46] software with 0.05 s interval for each condition. The unbalanced operating
condition considered in the analysis is achieved by increasing the phase-a grid voltage by 10% and
decreasing the phase-b grid voltage by 10%. The findings of the analysis is further reinforced by the
numerical results tabulated in Table 2. Figure 4 shows the waveforms for the traditional MPDPC,
MPDPC with APOC, MPDPC with RPOC as well as the proposed MPDPC is kept at 2 kW and the
reactive power reference is kept at 0 Var. It can be seen in the Figure that exceptional power tracking
performances are demonstrated by all control strategies under balanced grid voltages. The three-phase
currents are controlled in phase with the three-phase [47] grid voltages, which ensures the unity power
factor operation for all MPDPC approaches under various operating conditions.

With respect to the unbalanced voltage supply, the reason for the extremely distorted currents in
the traditional MPDPC is the presence of significant low-order harmonics, such as the third and fifth
components, as can be seen in the current harmonics spectra given in Figure 5a generate by the FFT
block in Matlab Sympowersystem. These odd harmonics are developed when consistent instantaneous
powers are implemented in the traditional MPDPC, as explained earlier. On the other hand, when
the third and fifth harmonics are effectively suppressed, there are sinusoidal current waveforms in
MPDPC with APOC, MPDPC with RPOC and the suggested MPDPC. There is constant active power
for MPDPC with APOC, and the reactive power oscillates at twice the grid frequency [48]. On the
other hand, there are constant and smooth observed instantaneous active and reactive powers in the
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suggested MPDPC, which proves its ability to remove simultaneous power oscillations. The findings
obtained are all consistent with the theoretical explanations presented in Section 3.

Table 2. Comparison of different MPDPC methods during balanced and unbalanced grid voltages.

Methods
Conventional MPDPC MPDPC with APOC

Balanced Unbalanced Balanced Unbalanced

THD i (%) 1.61 6.1 1.61 1.62
P peak-to-peak (W) ±77.5 ±57.3 ±57.6 ±53.5
Q peak-to-peak (W) ±58.2 ±61.1 ±58.2 ± 272.8

MPDPC with RPOC Proposed MPDPC

Balanced Unbalanced Balanced Unbalanced

THD i (%) 1.61 1.57 1.10 1.13
P peak-to-peak (W) ±57.9 ±282.3 ±38.6 ±46.9
Q peak-to-peak (W) ±57.8 ±58 ±36 ±39.3Energies 2020, 13, x FOR PEER REVIEW 9 of 15 
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Since there are theoretical similarities between the CPT-based MPDPC that has been put forward
and the traditional MPDPC, it is likely that the inherent rapid transient performance in the traditional
MPDPC will be maintained. For verification, a simulation analysis was carried out to assess the
transient reactions of all four control techniques, where a stepped adjustment in the reference of active
power was present. While the reactive power [49] was maintained at 0 Var the active power reference
was changed from 2 kW to −2 kW. Identical unbalanced operating condition was used, like in the
preceding analysis. By conducting a comparison of performance presented in Figure 6, exceptional
dynamic responses having a short settling time of 1.4 ms was obtained during the active power step
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for the various control techniques discussed. The properties observed for the current and power
waveforms for every control approach are consistent with those that were observed for the preceding
comparative analysis. It is verified that the CPT-based MPDPC put forward ensures sinusoidal grid
currents and oscillation-free instantaneous active and reactive power that monitor performances
throughout the time span. It has been found that the improved power quality of the proposed control
technique under unbalanced operating condition with the removal of active and reactive power twice
grid frequency oscillation is a significant benefit in comparison to the prevailing MPDPC techniques.Energies 2020, 13, x FOR PEER REVIEW 10 of 15 

 

 
Figure 5. Current spectra during unbalanced grid voltages for (a) conventional MPDPC; (b) MPDPC 
with APOC; (c) MPDPC with RPOC and (d) the proposed MPDPC. 

Since there are theoretical similarities between the CPT-based MPDPC that has been put forward 
and the traditional MPDPC, it is likely that the inherent rapid transient performance in the traditional 
MPDPC will be maintained. For verification, a simulation analysis was carried out to assess the 
transient reactions of all four control techniques, where a stepped adjustment in the reference of 
active power was present. While the reactive power [49] was maintained at 0 Var the active power 
reference was changed from 2 kW to −2 kW. Identical unbalanced operating condition was used, like 
in the preceding analysis. By conducting a comparison of performance presented in Figure 6, 
exceptional dynamic responses having a short settling time of 1.4 ms was obtained during the active 
power step for the various control techniques discussed. The properties observed for the current and 
power waveforms for every control approach are consistent with those that were observed for the 
preceding comparative analysis. It is verified that the CPT-based MPDPC put forward ensures 
sinusoidal grid currents and oscillation-free instantaneous active and reactive power that monitor 
performances throughout the time span. It has been found that the improved power quality of the 
proposed control technique under unbalanced operating condition with the removal of active and 
reactive power twice grid frequency oscillation is a significant benefit in comparison to the prevailing 
MPDPC techniques. 

Figure 5. Current spectra during unbalanced grid voltages for (a) conventional MPDPC; (b) MPDPC
with APOC; (c) MPDPC with RPOC and (d) the proposed MPDPC.

Energies 2020, 13, x FOR PEER REVIEW 11 of 15 

 

 

Figure. 6. Dynamic responses in active power reference under unbalanced grid voltages to [50] stepped 
adjustment for (a) conventional MPDPC; (b) MPDPC with APOC; (c) MPDPC with RPOC and (d) the 
proposed MPDPC 

6. Conclusion 

In this study, a new MPC method that incorporates the CPT concept in MPDPC under balanced 
and unbalanced grid voltage conditions has been presented. It is different from majority [33] 
techniques that suggested MPDPC has been put forward without the need for a complex sequence 
extraction of grid constituents, like the PWM and the PLL approach. The suggested MPDPC has the 
ability to relate various control objectives during unbalanced grid voltages, hence, the proposed 
control approach has the ability to achieve the three particular control objectives which generate 
sinusoidal grid currents and reduce twice the amount of grid frequency oscillations in the 
instantaneous active [51] as well as reactive powers, without having an impact on the significant 
operational performances, like current harmonics and transient response. In the simulated 
comparative investigation with the MPDPC techniques that use the instantaneous p-q theory, i.e., the 
conventional MPDPC without power compensation, MPDPC with APOC as well as the MPDPC with 
RPOC, the advantages of the CPT-based MPDPC put forward are verified. It is not essential that the 
MPDPC is restricted to the use of just DABMI; it can also be applicable on any of the grid-tied 
converter topologies. It is also likely that its use in the three-phase grid-tied converter topologies 
would deal with the prevailing conventional issues, where the main issue is the unbalanced grid 
fault. 

Author Contributions: H.H.G.: Conceptualization, Methodology, Software. A.A.B.: Data curation, Writing - 
Original draft preparation. H.H.G., A.A.B., G.K.C.: Visualization, Investigation. H.H.G., S.S.L., S.Y.S.: 
Supervision. G.H.H., S.S.L., A.A.B.: Software, Validation. A.K.T., L.C.S., Y.C.L.: Writing – Reviewing and 
Editing. 

Funding: This research was funded by Jun Wu Scholar Grant Scheme, grant number Vot: A3020051008. and the 
APC was funded by Guangxi University The authors would like to thank the Ministry of Higher Education, 
Malaysia (MOHE), and Universiti Tun Hussein Onn Malaysia (UTHM) for supporting this research. 

Figure 6. Dynamic responses in active power reference under unbalanced grid voltages to [50] stepped
adjustment for (a) conventional MPDPC; (b) MPDPC with APOC; (c) MPDPC with RPOC and (d) the
proposed MPDPC.



Energies 2020, 13, 2951 11 of 14

6. Conclusions

In this study, a new MPC method that incorporates the CPT concept in MPDPC under balanced
and unbalanced grid voltage conditions has been presented. It is different from majority [33] techniques
that suggested MPDPC has been put forward without the need for a complex sequence extraction
of grid constituents, like the PWM and the PLL approach. The suggested MPDPC has the ability
to relate various control objectives during unbalanced grid voltages, hence, the proposed control
approach has the ability to achieve the three particular control objectives which generate sinusoidal
grid currents and reduce twice the amount of grid frequency oscillations in the instantaneous active [51]
as well as reactive powers, without having an impact on the significant operational performances,
like current harmonics and transient response. In the simulated comparative investigation with the
MPDPC techniques that use the instantaneous p-q theory, i.e., the conventional MPDPC without
power compensation, MPDPC with APOC as well as the MPDPC with RPOC, the advantages of the
CPT-based MPDPC put forward are verified. It is not essential that the MPDPC is restricted to the
use of just DABMI; it can also be applicable on any of the grid-tied converter topologies. It is also
likely that its use in the three-phase grid-tied converter topologies would deal with the prevailing
conventional issues, where the main issue is the unbalanced grid fault.
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Nomenclature

e Grid voltage
ê Unbiased voltage integral
i Current
Im Imaginary
L Inductance
P Active Power
Q Reactive Power
R Resistance
Re Real
S Magnitude invariant complex power
Ts Sampling Period
Vdc DC side voltage
ω Grid frequency
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