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Abstract: In a hybrid microgrid with AC and DC subgrids, the interlinking converter (IC) is the key
element connecting the two subgrids. The performance of the interlinking converter is adversely
affected by the d- and q-axis impedance interaction between the inner control loops. This interaction
is highly undesirable since it adversely affects both the dynamic and the steady-state performance
of the IC. Based on this, a novel feedback-based decoupling strategy is developed to overcome the
cross-coupling effect in the mathematical model of the interlinking converter. This is a novel concept
since the feed-forward compensation techniques are utilized to address the cross-coupling effect in
prior related works, which has an inherent disadvantage of additional disturbance due to the addition
of the compensating terms. In this study, a complete decoupling of the d and q axes was achieved, and
the first-order transfer functions were obtained for the control loops using systematic block-reduction
algebra and direct synthesis approaches. With this model, computational complexities are reduced
and the inner control loops are free from impedance interaction effects, thereby achieving enhanced
transient stability. Perfect decoupling of the voltage vectors is achieved by the matrix diagonalization
method. Furthermore, the novelty of the proposed control is that the decoupled model is integrated
with a normalization-based coordinate control strategy for effective bidirectional power transfer
via the interlinking converter. Additionally, the proposed controller’s validity was tested for its
performance under different transients in the MATLAB Simulink platform. The simulation results
validated the proposed control strategy by showing that a faster response is ensured. A high-quality
reference signal is generated due to the effective decoupling achieved. This observation was also
validated by comparing the T.H.D. levels of a decoupled model’s reference power signal to one
without a decoupling strategy.

Keywords: cross-coupling; decoupling matrix; hybrid microgrid; interlinking converter; normalized
droop control; stability

1. Introduction

A microgrid can be considered a low- or medium-voltage localized power system
with distributed energy sources, storage, and loads. Its capacity may range from several
kilowatts to a few megawatts. Microgrids can be topologically classified as DC, AC, or hy-
brid [1–3]. A microgrid can operate in two modes, namely grid-connected or autonomous.
Maintaining the DC bus voltage within the limits is the main challenge in a microgrid. In
the case of an AC microgrid, the utility will take care of the AC bus voltage and frequency
in the grid-connected mode. In an autonomous or islanded mode of operation, the micro-
grid needs its own control system to maintain bus voltage and frequency stability [4,5].
Additionally, a vast amount of literature is available on the autonomous operation of AC
and DC microgrids. Figure 1 shows a hybrid microgrid consisting of an AC and a DC bus,
which are interlinked by a bidirectional interlinking converter (IC) [6,7].
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Figure 1. Hybrid microgrid.

The IC controls the bidirectional power flow between the two subgrids. In doing so, it
has three modes of operation [8]:

1. Mode 1—ideal mode: both subgrids are able to meet their respective demands
independently.

2. Mode 2—AC to DC power transfer: the DC source is unable to meet its demand, and
the additional requirement will be transferred through the IC from the AC side.

3. Mode 3—DC to AC power transfer: the AC source is unable to meet its demand, and
the additional requirement will be transferred through the IC from the DC side.

In the autonomous mode of operation, a hybrid microgrid encounters various types
of stability issues. They may be mainly due to instabilities resulting from DGs, ICs,
and loads [9–13].

The overall stability of the hybrid microgrid is dependent on the stability of the
IC [14]. In this work, it is observed that the stability of a hybrid microgrid depends on
the direction of the power flow through the IC. The dynamics of the AC subgrid play a
vital role in the overall stability and it is technically suggested that power flow from the
DC subgrid to the AC subgrid provides better stability. In [15], the researchers concluded
that the stability of a hybrid microgrid is affected by the system’s architecture. Therefore,
a multiport IC with flexible architecture was designed since it could ensure a reduced
number of power converters, and this contributed to the overall dynamic stability of the
microgrid. It is identified that for an islanded hybrid microgrid, the voltage controlled
interlinking converter is more suitable from the perspective of stability compared to the
current-controlled one [16].

In [17], the authors investigate the relationship of stability with frequency coupling
for a modular multilevel converter-based grid-connected system. The range of frequencies
and the grid conditions that lead to the instability due to frequency coupling is identified
and a PR controller with a circulating current suppression controller is proposed. The
power quality issues arising due to the instability issues of the IC are investigated in [18–22].
Additionally, in [23], a novel strategy based on sliding mode control to improve dynamic
stability was proposed. Using simulation and experimental works, the authors highlighted
that stability greatly depended on the inner control loops’ stability. The significance of
interlinking converter control for ensuring the overall stability of the hybrid microgrid as
well as for smooth power transfer is addressed in [24–27].

The cross-coupling between the d and q axes of the IC, which leads to IC instabil-
ity, is discussed in [28]. Here, a decoupling strategy was implemented by introducing
compensating terms to address the cross-coupling effects, and was validated to enhance
dynamic stability. A highly effective linearization-based feedback control is implemented
in [29] for smooth mode transfer of a hybrid microgrid from a grid connected to the island
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mode and vice versa. A PR controller’s inherent active and reactive power decoupling
capability was investigated in [30], and cross-coupling effects in the LCL filter section of
a grid-connected inverter were studied. The results were verified by simulation results,
showing that the proposed current controller could achieve a fast response that is subject
to transients. Therefore, the research study concluded that the quasi-PR controller was
highly adaptable to frequency variations compared with the PR controller. Furthermore,
the effectiveness of a vector-decoupled control strategy for achieving frequency and voltage
stability under varying levels of renewable energy generation was studied in [31]. Here,
the controller parameters were optimally tuned to ensure proper power sharing, and the
possibility of integrating electric vehicles was also investigated. Another work implement-
ing a decoupling control strategy for active and reactive power control was carried out
in [32] utilizing model predictive control. The results showed that the control ensured a
high performance in controlling the active and reactive powers injected into the grid by the
inverter. A diagonalization-based matrix decoupling strategy was also implemented for a
virtual synchronous generator to control grid-connected inverters in [33], which ensured
the control loop’s robustness and high transient stability. Through the related works, it
is understood that there are different types of decoupling strategies based on coordinate
transformation, vector decoupling, virtual impedance-based decoupling [34], and variants
of conventional droop control methods. It is also observed that, in these methods, the direct
action on the coupling component is lacking.

A control strategy for an interlinking converter in a low-voltage hybrid microgrid
based on a precise line impedance compensation technique using a small signal injection is
proposed in [35] to ensure accurate active power transfer and thereby determine the AC
bus voltage without incorporating communication lines. However, this method proved
erroneous in controlling reactive power transfer. In [36], a hierarchical level control for the
stable operation of a hybrid microgrid is implemented. Economic operation is also con-
sidered along with ensuring stable voltage and frequency at both subgrids. The reference
for active power transfer between the two subnets is provided by the sub-network level
control considering the cost of operation, and the economic distribution of the DC and
AC subnet is realized by utilizing the inter-subnet control. Another interesting study [37]
reveals that for the economic and stable operation of smart power generation systems, a
novel method based on machine learning and data-driven techniques can be applied in
place of conventional strategies. This is especially useful in case of uncertainties at various
operating levels of the system. The application of this method ranges from monitoring
to optimization-based controls that enable the system to withstand the effects caused by
uncertainties. The cross-coupling between the d and q axes in the inner control loops can
be considered as a disturbance, and the effectiveness of the machine learning-based control
technique can thus be investigated.

Moreover, we conducted a literature review relating to the stability issues in a hybrid
microgrid in general and the stability issues with respect to the interlinking converter.

In particular, the following research gaps are identified: Since the interlinking con-
verter plays a key role in a hybrid microgrid system, its control is ultimately important for
active power management within the subgrids in response to the demand at the individual
subgrids. The instability in the interlinking converter due to the cross-coupling effects
leads to a trade-off with the overall stability and power quality. Hence, it is identified that
an enhanced droop control strategy that can address the harmonic instability issue in the
interlinking converter due to the interactions in the inner control loops is highly needed.

Based on these identified research findings, the major contributions of this work and
the novelty with respect to existing works are summarized as follows.

First, the decoupling strategies mentioned in the related works are primarily meant
for active and reactive power decoupling and power quality improvement applications.
Here, the decoupling strategy is used to enhance the existing droop control strategy in
an autonomous hybrid microgrid. The cross-coupling effect between the inner control
loops is addressed by a feedback-based decoupling strategy, whereas feedforward control
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is utilized in the existing works in this area. Also, recent works have not addressed the
droop control strategy with the decoupled inverter model for effective active power transfer
in a hybrid microgrid system. Classical matrix diagonalization is used to act upon the
coupling component directly and a perfect decoupling is achieved. Each of the control
loops is modeled in the first-order time constant form. This forces the transient response to
behave almost ideally. The cross-coupling between the d and q axes is perfectly decoupled,
thereby reducing the filter impedance at the output of the inverter to a very low value.
The loop performance is tightly controlled by the compensator designed by the direct
synthesis method. This leads to the superior transient performance of the controller. The
reference power command is obtained from the droop controller and utilized to switch the
IC to the different power transfer modes. The first-order transfer function model greatly
enhances the stability and simplifies the modeling and simulation. The proposed approach
ensures complete decoupling, which can directly contribute towards a faster response and
high transient stability. A detailed explanation of the modeling and the control strategy is
provided in Sections 2 and 3.

The objectives of the proposed work are as follows:

1. To design and develop an efficient feedback-based decoupling control system for a
hybrid microgrid that can address the instability in the interlinking converter due to
cross-coupling between the inner control loops in the inverter section.

2. To design the compensators for the control loops and develop the overall transfer
function model of the inverter with a filter section using the direct synthesis method.

3. To design an enhanced droop control strategy for the hybrid microgrid based on a
normalization scheme by integrating with the decoupling-based control system to
ensure accurate active power sharing between the subgrids subject to load transients.

2. Modeling of the Proposed System

The block diagram of the proposed system is shown in Figure 2. It consists of an AC
and a DC subgrid interconnected via an IC. The IC is capable of bidirectional power transfer
between the sub-grids as per their demand. A feedback-based decoupler is implemented to
control the IC to achieve fast and smooth power transfer. The reference power command is
generated by the normalized droop control unit acting as the reference for the decoupler’s
outer control loop. The reference voltage for PWM is generated by the inner control loop.
The detailed modeling procedure is presented below.
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2.1. AC Subgrid

The AC subgrid is characterized by two droop equations. They are active power
versus frequency droop (P − f ) and reactive power versus voltage droop (Q − V). The
droop equations are given by

f = fNL − m PAC (1a)

m = ( f NL − fmin) /PAC max (1b)

V = VNL − n Q (2a)

n = (V NL − Vmin) /Qmax (2b)

where f is the reference frequency for active power sharing according to the droop char-
acteristics, and V is the reference AC bus voltage for reactive power sharing. m and n are
the droop coefficients for active and reactive power, respectively. f NL and fmin correspond
to the maximum and minimum frequency at the AC bus at no load and maximum load
conditions, respectively. PAC and Q are the locally measured active and reactive powers
of the AC bus, respectively. PAC max and Qmax correspond to the maximum active and
reactive power demands of the AC microgrid, respectively. Since the reference active power
command is derived from the difference between the values of m and k, it implicates the
dependence of power sharing on the slopes of the AC and DC side droop characteristics.

2.2. DC Subgrid

The DC subgrid droop characteristics are governed by Equations (3) and (4).

VDC = VNL − k PDC (3)

K = (V NL − Vmin)/PDC max (4)

where VDC is the reference DC bus voltage for active power sharing according to the
droop characteristics, k is the droop coefficient for active power, VNL and Vmin are the
maximum and minimum values of the DC bus voltage corresponding to the no load and
maximum load conditions, respectively. PDC is the locally measured power at the DC bus,
and PDC max is the maximum power demand at the DC bus. However, when considering
a hybrid microgrid, it becomes necessary to merge the above two droop characteristics
because the IC has to transfer the active power between the subgrids according to their
load demands. The merged characteristics are shown in Figure 3, and they are realized by
a normalization-based coordinate control strategy according to Equations (5) to (8).
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fpu =
f − 0.5 ( fNL + fmin)

0.5( fNL − fmin)
(5)

fpu =
f − 0.5 ( fNL + fmin)

0.5 (mPAC max)
(6)

Because fNL − fmin = mPACmax(from(1))
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VDCpu = (VDC − 0.5 (V NL + Vmin))/(0.5 (VNL − Vmin) (7)

VDCpu = VDC − 0.5 (V NL + Vmin
)
/0.5 ((k P DC max) (8)

Because VNL − Vmin = k Pmax (from(4))

This strategy is explained as follows: because the vertical axes for the AC and DC
subgrids are the frequency and voltage, respectively, a normalization process is employed
to bring them into a common vertical axis with per-unit values for both variables. This is
implemented by using Equations (5) to (8).

Here, there are three different cases:

1. When VDCpu is less than fpu, the condition indicates that the DC subgrid needs active
power support, and the IC transfers a definite amount of power from the AC sub-
grid to the DC subgrid, settling the merged characteristics at the steady-state points
indicated by the dotted line in Figure 3.

2. When fpu is less than VDCpu, the condition indicates that the AC subgrid needs active
power support, and the IC transfers a definite amount of power from the DC subgrid
to the AC subgrid, so that the merged characteristics settle at the steady-state points.

3. For fpu = VDCpu, both subgrids are able to meet their loads independently and do not
need any external active power support.

3. Proposed Control Strategy

Figure 4 shows the proposed feedback-based decoupler control unit.
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The three main blocks are the IC with the filter section, the decoupling matrix-based
feedback control unit, and the normalized droop control unit. The normalized droop
controller is the outermost control loop utilizing the normalized droop control strategy.
The decoupler unit has two control loops—the outer power control loop and the inner
voltage control loop. The modeling and designing of the controllers are detailed in the
subsequent subsections.
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3.1. Linearized Model of the IC with the Filter Section

The linearized model of the IC with a filter section is shown in Figure 5. The differential
equations governing the filter section are

Vi abc = rI abc + L
d
dt

I abc (9)

I abc = I o abc + C
d
dt

V c abc (10)

L
d
dt

[
Id
Iq

]
=

[
−r Lw
−Lw −r

][
Id
Iq

]
+

[
Vid −Vcd
Viq −Vcq

]
(11)

C
d
dt

[
Vcd
Vcq

]
=

[
Cw Vcq
−Cw Vcd

]
+

[
Id
Iq

]
−
[

Iod
Ioq

]
(12)
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Figure 5. Linearized model of the filter section.

The voltage at the output of the filter section is V c abc; Vcd and Vcq are the respective
d and q axes components of the filter output section V c abc. Vid and Viq are the d and q axes’
voltages, respectively, of the filter input Vi abc, Id and Iq are the d and q axes’ currents of Iabc,
respectively, at the filter input section. Finally, Iod and Ioq are the d and q axes’ currents,
respectively, at the filter output section.

Assuming a symmetrical three-phase system, the equations in the dq- reference frame
in the Laplace domain are obtained as described below:[

Id
Iq

]
=

1
Ls + r

[
Vid −Vcd

Viq −Vcq

]
+

1
Ls + r

[
LwIq

−LwId

]
(13)

[
Vcd
Vcq

]
=

1
Cs

[
CwVcq
−CwVcd

]
+

1
Cs

[
Id −Iod
Iq −Ioq

]
(14)

A systematic approach is taken to decouple the original cross-coupled model and
derive the closed-loop transfer functions for the inner- and outer-loop control systems in the
first-order time constant form. This makes our proposed model much simpler for analysis
compared with higher order models. The model is validated for different transients in the
AC and DC subgrids. The controller parameters are also optimized by the PSO algorithm.
Furthermore, the controllers are validated for the design and optimized parameters in
terms of error indices.
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3.2. Design of Decoupling Matrix-Based Feedback Control Unit

The design and implementation of the decoupling-matrix based feedback control
system are detailed in this section. Referring to Figure 5 and Equations (13) and (14), the
terms LwIq acts as the disturbance from the q to d axes and −LwId serves the same function
from the d to q axes. This cross-coupling will affect the transient behavior of the inner
control loop. In order to cancel out the effect of cross-coupling, a systematic step-by-step
procedure is proposed, which is based on the matrix diagonalization technique. After
decoupling, feedback is introduced, and the transfer function of the closed-loop system is
derived by direct synthesis. These steps are explained in detail as follows.

The linearized model of the filter shown in Figure 5 has two sections with cross-
couplings. These sections are identified as Section 1 and Section 2. For Section 1 and
Section 2, decoupling matrices were evaluated, which is explained in detail in Section 3.2.1.
After obtaining a complete decoupled open-loop model for the d and q axes, feedback
was introduced, and a compensator was designed for the desired response. A first-order
transfer function is assumed for the closed-loop structure, and the compensator is designed
by the direct synthesis method.

3.2.1. Design of Decoupling Matrices

When considering a generalized two-input–two-output (TITO) system with cross-
coupling (shown in Figure 6), the Y1 output is cross-coupled to the X2 input through G2,
and the same is true for Y2 to X1 through G2. The systematic procedure for decoupling this
structure is detailed below.
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After applying the superposition principle, the output matrix is obtained as[
Y1
Y2

]
=

 1
1+G1G2

G1
1+G1G2

−G2
(sL+R)2+(Lw)2

1
1+G1G2

 [X1
X2

]
(15)

Here, for Section 1, G1 = G2 = Lw
sL+R ; hence, after substituting in the state model

(Equation (15)), we obtain the state matrix A as GA

[
Y1
Y2

]
=

 (sL+R)2

(sL+R)2+(Lw)2
Lw(sL+R)

(sL+R)2+(Lw)2

−Lw(sL+R)
(sL+R)2+(Lw)2

(sL+R)2

(sL+R)2+(Lw)2

 [X1
X2

]
(16)

To decouple this transfer function, we must find another matrix that will transform
GA into a diagonal matrix. Let the decoupling matrix be GB, such that

GAGB =

[
1 0
0 1

]
Therefore, GB = G−1

A is obtained as 1 −ω
(SL+R)

−ω
(SL+R) 1


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Using the same approach, Section 2 can also be decoupled, and the transformation
matrix is obtained as [

1 −ω
s

ω
s 1

]
The decoupler structures for Sections 1 and 2 are shown in Figure 7a,b, respectively.
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3.3. Design of the Closed-Loop Transfer Function Model by Direct Synthesis Method

1. The desired closed-loop transfer function for the inner voltage control loop and outer
power control loop without time delay is assumed in the first-order time constant
form as Gd = 1/(1 + sτ).

2. Assuming the plant transfer function as Gp and the series compensator as Gc, the
closed-loop transfer function is expressed in the form Gd = (Gp Gc)/(1 + Gp Gc).

3. Since Gd and Gp are known, we can derive the transfer function for Gc in PI, PD, or
PID forms.

Based on the above steps, the overall transfer function of the interlinking converter
is obtained in the first-order time constant form. By incorporating the decouplers for the
cross-coupling Sections 1 and 2, the two-input–two-output cross-coupled system can now
be replaced with two independent (decoupled) systems (Figure 8).

Designs 2023, 7, x FOR PEER REVIEW  10  of  18 
 

 

 

Figure 8. Decoupled SISO system. 

Hence, the open-loop plant transfer function is obtained as 

𝐺௣ ൌ
1

𝑠ଶ𝐿𝐶 ൅ 𝑠𝑅𝐶
 

Now, introducing the originally removed negative feedback and placing a compen-

sator with TF as  𝐺஼ଵ, the closed-loop structure can be obtained (Figure 9). 
Hence, the closed-loop transfer function becomes 

𝐺ௗଵ ൌ
𝑌ሺ𝑆ሻ

𝑋ሺ𝑆ሻ
ൌ
𝑉௖ௗ
𝑉௜ௗ

ൌ  
𝐺௣𝐺஼ଵ

1 ൅ 𝐺௣𝐺஼ଵ
  (17)

where  𝐺ௗଵ  is the desired closed-loop TF of the inner control loop. Let  𝐺ௗଵ  be in the form 
of 

𝐺ௗଵ  = 1/(1 + sτc)  (18)

 

Figure 9. Closed-loop structure. 

After substituting for  𝐺௉  and  𝐺ௗଵ, we obtain  𝐺஼ଵ = (𝑠𝐿𝐶  + 𝑅𝐶)/𝜏௖. However, this is 

in proportional-derivative (PD) form, which is not realizable. To make this compensator 

realizable, a first-order filter with a  time constant much  less  than one must be used  in 

cascade. 

Let the filter transfer function be 1/ሺ1 ൅ 𝑠 𝜏௙ሻ . Thus, after multiplying with  the filter 

transfer function, we obtain 

𝐺஼ଵୀ   
𝑅𝐶 ቀ

𝐿𝑠
𝑅 ൅ 1ቁ

1 ൅ 𝑠 𝜏௙𝜏௖
  (19)

Similarly, the closed-loop TF for  𝑉௖௤ /𝑉௜௤   is also obtained. Moreover, the outer power 

loop control can be obtained in the same direct synthesis method. Let the overall closed-

loop transfer function be of the form 𝐺ௗଶ  =  1/1 ൅ 𝑠 𝜏ௗ 
Similar calculations are carried out for 𝐺௖ଶ  and it is rewritten as 

𝐺௖ଶ ൌ
𝜏௖
 𝜏ௗ

൅
1
𝑠 𝜏ௗ

  (20)

This is of the form  𝐾௣  +𝐾௜/𝑠, where 

𝐾௣ ൌ
𝜏௖
 𝜏ௗ

𝑎𝑛𝑑 𝐾௜ ൌ
1
𝑠 𝜏ௗ
 

Figure 8. Decoupled SISO system.

Hence, the open-loop plant transfer function is obtained as

Gp =
1

s2LC + sRC

Now, introducing the originally removed negative feedback and placing a compensator
with TF as GC1, the closed-loop structure can be obtained (Figure 9).
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Hence, the closed-loop transfer function becomes

Gd1 =
Y(S)
X(S)

=
Vcd
Vid

=
GpGC1

1 + GpGC1
(17)

where Gd1 is the desired closed-loop TF of the inner control loop. Let Gd1 be in the form of

Gd1 = 1/(1 + sτc) (18)

After substituting for GP and Gd1, we obtain GC1 = (sLC + RC)/τc. However, this
is in proportional-derivative (PD) form, which is not realizable. To make this compen-
sator realizable, a first-order filter with a time constant much less than one must be used
in cascade.

Let the filter transfer function be 1/
(

1 + s τf

)
. Thus, after multiplying with the filter

transfer function, we obtain

GC1 =
RC
(

Ls
R + 1

)
1 + s τf τc

(19)

Similarly, the closed-loop TF for Vcq /Viq is also obtained. Moreover, the outer power
loop control can be obtained in the same direct synthesis method. Let the overall closed-loop
transfer function be of the form Gd2 = 1/1 + s τd

Similar calculations are carried out for Gc2 and it is rewritten as

Gc2 =
τc

τd
+

1
s τd

(20)

This is of the form Kp + Ki/s, where

Kp =
τc

τd
and Ki =

1
s τd

The values of τC , τf , τd are chosen as 10−4, 10−6, and 10−3 , respectively. Therefore,
Kp = 0.1 and Ki = 1000.

Figure 10 shows the control structure for the d-axis, where the inner voltage loop is
replaced by the equivalent first-order transfer function, while Figure 11 shows the overall
closed-loop transfer function of Figure 10.
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The coordinate normalized droop control unit inputs are the AC bus frequency and
the DC bus voltage. Using Equations (7) to (9), the per-unit values of the frequency at
the AC bus and voltage at the DC bus are generated. The error is processed through a
PI controller to generate the reference active power command signal P*. The decoupling
matrix-based feedback control unit has two control loops. The outer power control loop
control and the inner voltage control loop. The output of this control unit produces the
reference AC bus voltage, Vi abc for the inverter.

The comprehensive control structure for both the d and q axes integrated with the
normalized droop control is shown in Figure 12.
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The difference between f pu and VDC pu is proportional to the active power refer-
ence command of the outer power loop. Additionally, P* and Q* are calculated through
Equations (21) to (23).

P∗ = (K P + Ki /s) e pu (21)

Q∗ = Kq(Vabc NL − VC abc ) (22)

e pu= f pu − VDC pu (23)

where KP, Kq, and Ki can be realized with a P or PI controller, respectively, and VC abc
and Vabc NL are the AC bus terminal voltage at the PCC under loaded and no-loaded
conditions, respectively. The outer power loop controller produces the reference power
P* to be transferred from one subgrid to the other, and the inner voltage loop controller
produces the three-phase AC reference voltage Vi abc for the PWM. The inner voltage
controller’s reference signal is produced by the feedback-based decoupler, which is the
main contribution of our paper. The transfer functions are designed and summarized in
Table 1, and the system parameters are included in Table 2.
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Table 1. Transfer Functions of various blocks of the proposed control system.

Block Transfer Function

Plant/Filter Gp = 1
2.04 × 10−7s2 + 0.0012s + 1

Compensator for control loop1
(inner voltage control)

GC1=
RC( Ls

R + 1)
1 + s τf τc

where, τC = 10−4 and τf = 10−6

Closed loop transfer function of
inner voltage control Gd1 = 1

1 + sτc

Filter transfer function in series with GC1
1

1 + s τf

Compensator for control loop2
(outer power control)

Gc2 = τc
τd
+ 1

s τd

where, τd = 10−3

Overall closed loop transfer function of inner
voltage control and outer power control. Gd2 = 1

1 + sτd

Table 2. System Parameters.

Parameter Value

R 10 ohms

L 0.0017 H

C 1.2 × 10−4 F

V c abc (Nominal amplitude) 325 V

VDC
(Nominal Value) 750 V

DC side Capacitor 4800 × 10 −6 F

Rated Power (DC side) 10 KW

Rated Power (DC side) 10 KW

4. Results and Discussions

In this section, the efficacy of the decoupled controller model of the IC is tested for
three different operating modes. The first case is the ideal mode of operation, where both
the subgrids are underloaded and the IC practically transfers no power through it. Hence,
the reference power signal is at the zero level. The corresponding results in this mode of
operation are shown in Figure 13. Figure 13i shows the AC bus voltage, Figure 13ii shows
the AC bus current, Figure 13iii shows the reference power, P*, for the IC, the ACside power
P, and the DCside power Pdc, and Figure 13iv shows the DC bus voltage. The second case
occurs in a situation when a transient is introduced at the DC side by loading it with an
additional 10 KW. Similarly, the third case is introduced by additionally loading the AC
side with a 10 KW load. The results corresponding to the second and the third cases are
shown in Figures 14 and 15, respectively. The T.H.D. analysis of the quality of the reference
power signal is discussed in Section 4.1.1. The performance of the PI controller designed
for the outer power control loop is validated in terms of error indices for both the designed
controller parameter and P.S.O. based optimally tuned controller parameters.
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For the ideal mode, no power will be transferred through the IC. When a transient
occurs at the DC side at 0.2 s, the switching signal is positive, indicating power flow through
the IC from the AC to the DC side. Similarly, when a transient is applied to the AC side
at 0.2 s, while the DC side is under nominal operating conditions, the switching signal
goes negative, indicating power flow through the IC from the DC to the AC side. The first
transient occurs when the subgrids are loaded at 2 KW each. Because each sub-grid can
manage its loads, the interlinking converter will not transfer any active power between
them. This is validated by the waveform showing the reference power P*. P* remains close
to zero for this transient event, indicating no power transfer between the sub-grids. This is
illustrated in Figure 13i–iv. Figure 14i–iv also shows the second transient event when the
DC subgrid is subjected to an additional 10 KW load at 0.2 s, which is clearly indicated by
the increase in the reference power signal P*, as the interlinking converter transfers nearly
5 KW from the AC to the DC side.

This is substantiated by the result indicating that the DC subgrid power is not increas-
ingly subject to the transient. Instead, there is a decrease, indicating that it is receiving
power from the AC subgrid. Figure 15i–v shows the third transient at 0.2 s when the AC
side is subjected to a sudden load change from 2 KW to 10 KW and the DC side is at
2 KW. The results show that the reference power signal immediately changes its direction
compared with the previous transient, setting the reference at 5.3 KW, which needs to be
transferred from the DC side to the AC side. This is reinforced in Figure 15iii,v, which show
the DC grid power and current increases following the transient. At the same time, the AC
grid current has a reversal after the transient event, indicating current flow from the DC
side to the AC side. The reference power signals used for deriving the control signal of the
interlinking converter are shown in Figure 16 for the three cases of operation.
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4.1. Analysis of Results
4.1.1. T.H.D Analysis

Figures 17 and 18 show the quality of the control signal with and without the decou-
pler in terms of T.H.D. The results clearly indicate the supremacy of the model with the
decoupler regarding quality, which is directly linked to transient stability. The T.H.D. is
reduced to 1.88% with the proposed control compared with 6.01% without the decoupler.
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4.1.2. Comparison of Error Indices with the Designed Controller Parameters and
Optimal Parameters

The PI controller parameters were finally optimized with P.S.O. optimization, and the
error indices of the controller were subjected to step inputs for the designed and optimized
values, which are shown in Table 3.



Designs 2023, 7, 91 16 of 18

Table 3. Error indices with designed values and optimized values.

PI Controller
Parameters

Integral Square Error
(ISE)

Integral Absolute
Square Error (IAE)

Integral
Absolute Time

Square Error (ITSE)

With designed values.
Kp = 0.1 and Ki = 1000 0.0009075 0.001568 6.27 × 10−7

With optimized
values tuned by P.S.O.

Kp = 814.7 and
Ki = 905.79

7.48 × 10−7 0.0001171 6.45 × 10−9

5. Conclusions

The designed feedback-based decoupler control system is highly effective when re-
sponding to transients in active power demand and generating control signals, ensuring
stability within both subgrids. Although normalized coordinate droop control strategies
have been widely explored in research over the past few years, this approach has novelty
because each of the control loops is derived as a first-order transfer function, which greatly
simplifies modeling complexity. This ensures a faster response as well as smooth control
signals, thereby ensuring higher quality voltage, current, and power signals. Hence, the
proposed strategy differs from the existing strategies in the sense that the reference power
signal is derived completely from the perfect decoupled model, ensuring a high-quality
control signal. The main reason for achieving this result is because cross-coupling addition-
ally induces an impedance effect at the output of the inverter, significantly contributing to
overall impedance and leading to voltage and frequency instability. In this work, perfect
decoupling of the voltage vectors was achieved by the matrix diagonalization strategy.
Additionally, the tuning of the droop coefficients was not addressed in this context, whereas
emphasis was laid on enhancing the existing coordinate control process in hybrid micro-
grids with the proposed strategy. This work differs from other related works involving
decoupling strategy in the sense that feedback-based decoupling is a new idea. In the
literature, feed-forward control is utilized for compensating for the cross-coupling effect.
Furthermore, the power controller is validated in terms of IAE, ISE, and ITSE by comparing
the performance with optimized gain and design parameters (presented in Table 3). The
results indicate that the designed decoupler-based feedback control can be integrated with
existing droop control strategies for the desired microgrid operation. Based on the results
achieved, the feedback-based decoupled control exhibits an almost ideal control action
for different modes of operation of the IC. Further expansion of this work is possible by
utilizing the internal model control method for the synthesis of the transfer function model
for the control loops. This can be compared with the performance obtained with the direct
synthesis approach. Finally, another scope for further expansion of the proposed system
that can be tested is its effectiveness in the grid-connected mode either as a grid-supporting
or grid-forming unit.
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