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Abstract

The hybrid microgrid (HMG) is an arrangement for empowering the society by using the
renewable energy sources (RESs) connected with common DC bus terminal. The effec-
tive operation of the HMG relies on the transient response of the DC bus as well as the
stability of the system state that may change due to the stochastic behavior of RESs and
industrial loads. This work is motivated to develop a two-level decentralized control strat-
egy consisting of a non-linear and linear control scheme to augment the transient stability
and tracking performance of an HMG. Firstly, a non-linear partial feedback linearization
control framework combined with a PI regulator (PFLC-PI) is designed for the transient
stability enhancement of the common bus. Secondly, a linear unified controller (UC) is
developed to guarantee the constant load voltages over the industrial loads through the
control of the load-side inverter. The UC effectiveness is measured by varying the load
parameters associated with single- and three-phase load networks. The obtained results are
then compared with the existing controllers to guarantee the augmented performance of
proposed two-level controller. Additionally, an external parametric uncertainty is intention-
ally added to the single-phase load network dynamics and studied to ensure the robustness
of the controller.

1 INTRODUCTION

The concept of microgrid (MG) was introduced with an aim to
emphasise on green energy [1, 2]. Several MGs such as DC, AC,
and hybrid AC/DC MG (HMG) have emerged as the solutions
to meet up the energy demand of the century [3–5]. The hybrid
source of AC/DC MG has drawn significant attention from the
community as it operates both in AC and DC environments.
Additionally, it offers frequency synchronization and minimizes
load power variation issues. In spite of providing a number of
benefits, the efficiency of the HMG falls when operates with
several industrial loads. The addition of a sub/secondary net-
work (SN) with the HMGs is an alternative to drive different
industrial loads at high efficiencies given that the relevant chal-
lenges like stability and control issues are addressed properly
[6, 7].
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A typical HMG comprises solar/ battery and
wind/generator/utility grid as the complement sources and
power electronics equipment, for example, DC-DC converters,
DC-AC inverters, and bidirectional converters [8–10]. Figure 1
represents a layout of the HMG studied in this work. Here, the
DC side of the HMG uses an unidirectional and a bidirectional
converter to interface the solar panel and battery with a com-
mon DC bus via the common DC-link capacitor. Conversely,
the use of inverter enables the way to connect utility grid and
SNs with the same DC bus. The purpose of using this common
bus is to offer secure, reliable, and stable energy for the con-
sumer [3, 11, 12]. However, the fluctuating nature of the RESs
responds to a variety of performances of the common DC bus
voltage, which is responsible for maintaining the stability of
the HMGs. Thus, the study on DC bus voltage control for the
HMG attracts researchers from the state-of-the-art.
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FIGURE 1 A basic layout of PV-battery-based hybrid microgrid system including single- and three-phase secondary network with industrial loads

Several approaches have already been proposed to maintain
the stable performance of the DC bus voltage through the
controlling of DC-DC converter [13, 14]. Droop controller is
considered in [14], where a virtual resistance is used at out-
put terminal of the DC-DC converter. Insufficient tuning of
the droop coefficients can generate more damping in power-
sharing of the DC bus. The use of a conventional PI regulator
in the DC-DC converter including with proper control param-
eter tuning can reduce the oscillation of the DC bus voltage
that appeared in droop control technology. However, this con-
troller is unable to deal with the expected performance over the
uncertainties produced for the variation of meteorological fac-
tors of RESs. An intelligent control (IC) framework is designed
to maintain the DC bus voltage over the meteorological changes
of RESs [15]. The development of this control demands a fixed
operating condition to produce the required set of data. The
change of operating point deals with a large number of data that
give a possibility to increase the steady-state error.

The study of non-linear control technology can address the
low steady-state error over the variation of operating conditions.
A non-linear sliding mode control (SMC) strategy is applied
in DC-DC converter to regulate the stable performance of
the DC bus voltage [16]. This control method is developed
through the use of a generalized non-linear model of the DC-
DC converter, and its performance is evaluated by varying the
load power. Although the SMC deals with the effect of load
power variation, it avoids the impacts of RESs changes. Thus,
a high-performance DC bus controller is still a curiosity to
the community, which can regulate the DC terminal voltage
over the change of generation end and load power. However,
the control of the DC bus voltage cannot ensure the reliable
performance of the HMG during the operation of industrial
loads such as harmonic, synchronous, or asynchronous machine
loads. The running of industrial loads requires the addition of
the inverter interfaced secondary network (ISN) connected with
the controlled DC bus.

The increasing addition of more SNs can create non-linear
dynamics and uncertainty during the conversion from DC
to AC voltage [17, 18]. Furthermore, the use of un-modelled
dynamics in the SNs generate unnecessary outside disturbances
which are responsible for degrading the efficiency of SNs.

Hence, the proper control of the inverter-based SN system
in HMGs terminal makes an emerging research area, and the
implementation of a reliable controller to regulate the tracking
response at the load terminal of the SNs adds a new dimension
in this arena. Scholars are trying to develop a high-performance
controller to control the parameters of the inverter-based SN
unit for its more feasible operation.

Linear quadratic regulator (LQR) is used to regulate the
voltage of the inverter-based SN system via the control of
the inverter [19]. The controller achieves high performance
against the RLC network only connected in a parallel man-
ner with the ISN system [20, 21]. Plant dynamics variation
reduces the effectiveness and restricts the application of this
controller. In [22–24], a model predictive controller (MPC) is
considered for the control of voltage and current over the
industrial loads. Lower flexibility reduces the usage of the MPC
approach.

Decentralized [25] and distributed [26] control techniques are
used in ISN for its regulation. Remote sensing block is used
for various parametric condition monitoring. Slow response for
small bandwidth limits the application of these controllers. A
centralized control approach is considered to overcome the
limitations exposed in distributed and decentralized control
methods [27]. This method controls the set-point voltage with
the use of secondary control. However, the use of various
load buses like industrial loads or load shedding suffers the
application of this control approach.

A hybrid controller namely proportional-integral (PI) con-
troller combined with harmonic resonant controller (RC) is
considered to obtain zero steady-state error and confirms better
tracking response over the various loads [28, 29]. In high reso-
nant frequencies, this controller works as a low pass controller
and produces a lower gain margin. This lower gain margin short-
ens the application of this controller. A fuzzy logic controller is
designed based on the fuzzy logic set [30] that relates the idea
of true or false condition [31, 32]. The membership functions
(fuzzy sets) convert the crisp input to a fuzzy value and the pro-
cess is called “fuzzification.” It is effective toward the change in
plant dynamics and industrial loads, but the application of this
controller depends on designer knowledge. The lack of proper
knowledge may cause low performance.
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The limitations exposed in previous literature motivate us to
develop a new hybrid control strategy carrying with a linear and
non-linear controller to regulate the DC-DC converter and SNs
associated with the common DC bus, allowing them to offer
augmented transient stability and tracking performances of the
HMG over the unknown input and output parameters. These
unknown parameters are the result of sudden changes in the
temperature, irradiance and load generation, that is, the use of
various industrial loads. This work is of interest to the engineer-
ing community because it highlights the reseasons behind slow
convergence to reach the transient stability and poor tracking
performance of the HMG. This research also enables a con-
trol system to effectively operate the single- and three-phase
secondary networks with HMG associated with several indus-
trial loads which may be used to extend the scope of research
in this arena. Finally, the outcomes of this work are impor-
tant to the community and industry because it is not only
explicit in the operation of HMG under the region of unknown
parameters but also confirms the higher efficiency by show-
ing extended performance in terms of transient stability and
tracking response.

A summary of typical challenges of HMG coupled with
industrial load and impact of existing control methods against
them is reported in Appendix section (Table A.1) to explore the
key findings of this research. The key findings of this research
are two-fold:

∙ Development of a generalized non-linear control model for
both DC-DC converter used with PV panel and energy stor-
age element to regulate the DC link voltage. The controller is
developed via the partial feedback linearization control com-
bined with PI regulator (PFLC-PI). The performance of the
PFLC-PI is evaluated by varying the generation and load
changes, and the result is compared with the conventional
PI controller to confirm the fast transient stability of the DC
bus voltage.

∙ Design of a linear unified controller (UC) that is applicable to
control the voltage of both single- and three-phase inverter-
based secondary network. The proposed UC is designed
by making the SN dynamics larger. Several industrial loads
connected with the SNs are considered to determine the per-
formance of the proposed UC and the obtained results are
compared with other control methods to ensure improved
tracking performance. Additionally, an external paramet-
ric uncertainty and a variation of the SN filter capacitor
value is added with the single phase SN dynamics and
simulated to measure the robustness of the linear unified
controller.

The organization of the paper is folded into four parts.
An investigation for the secondary networks model, microgrid
components and RESs is reported in Section 2. In Section 3, the
development of a converter controller using partial feedback
linearization approach and the design of unified secondary
network control are discussed. The assessment of the proposed
hybrid controller over the variety of PV parameters and indus-

trial loads associated with the SNs is carried out in Section 4.
A dedicated comparison between the proposed two-level con-
troller and existing control techniques is illustrated in Section 5.
This paper ends with Section 6.

2 SYSTEM DESCRIPTION AND
MODELLING

The notable inventions of electronics equipment or improve-
ment of loads in local market indicate that the future microgrid
will be made up with a large number of small ISN, either in
single or three phase. A schematic design of microgrid model
consisting of two SNs, PV module, battery and utility grid is
reported in Figure 1. The reason behind the study of such MG
is to implement the renewable energy resources for the number
of industrial loads. A circuit representation of studied MG is
depicted in Figure 2 where a DC bus acts as a bridge to connect
the PV source assisted by energy storage element (ESE), pri-
mary AC network, and two secondary networks connected with
the industrial loads. The component ESE is used to inscribe the
indeterminacy exposed in PV power generation system. The
PV source and ESE are interfaced with the common DC-link
capacitor through the power electronics converts namely DC-
DC boost converter and bidirectional converter, respectively. A
two level grid-tied inverter is applied to connect the primary
grid with the DC side of the studied MG. The application of
this inverter facilitates the bidirectional controlled power flow
between the AC and DC side in order to maintain the stable DC
bus voltage. The controlled stable DC bus voltage is then fed
as the source of input voltage for the modelling of secondary
networks (SNs). The SNs are interfaced with the common DC
bus through the filter, and single and three phase inverter which
converts the DC to AC voltage in order to operate the sev-
eral industrial loads. The conversion from DC to AC voltage
and the use of various loads may create the non-linear dynamics
or change the state of the system that can indicate poor track-
ing performance. Thus, a study of robust control strategy is
necessary to confirm the improved tracking performance over
these changes. Before moving to the controller design related
to the studied system, a brief discussion about the compo-
nent of studied MG and their modelling is given in the next
section.

2.1 Modelling of the PV-generation source

An averaged PV-generation model with a single diode circuit
model is shown in Figure 2. This model is quite suitable to
mimic the real-time environment in simulation platform which
consists of a converter, internal resistance rp, diode, inductive
and capacitive filter Lp and Cp, respectively. The model exposed
in Figure 3 is interfaced with the common DC bus via the the
DC-DC converter, where the output Vp from PV module passes
through the Cp. Then, the time variant model of the PV genera-
tion source associated with the DC-DC boost converter can be
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FIGURE 2 PV-battery-based hybrid microgrid circuit topology with inverter-based single- and three-phase secondary network

FIGURE 3 (a) DC bus voltage control using proposed partial feedback linearization controller combined with PI controller; (b) proposed unified control
model for studied secondary networks control; (c) uncertainty modelling integrated to the single-phase SN dynamics

written as,

dVp

dt
=

1
Cp

(Ip − Ilp
)

dIlp

dt
=

1
Lp

(Vp − Ilp
rp − (1 − D)Vdbus

)

dVdbus

dt
=

1 − D

Cd
Ilp
−

Ip

Cd

. (1)

Here, the symbols Ip and Ilp
are the current generated from the

PV panel and injected to the DC-DC converter through the
filtering inductor Lp, respectively. The regulated voltage Vdbus

from the converter passes through the DC-link capacitor and

injects Ip current into the common junction point, that is, DC
bus. The parameter value of the PV panel is selected from
[33, 34].

2.2 Modelling of the energy storage element

A battery can be used as an energy storage element (ESE) to
assist the PV-generation panel which comprises several electro-
chemical cells. Figure 2 conveys the circuit modelling of the ESE
interfaced with the common DC bus through a bidirectional
power electronics converter. Here, the voltage comes from the
battery Vb passes via the capacitor Cb and the current Ilb

goes to
the bidirectional power electronics converter via the resistance
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rb and inductor Lb. The requirement of the battery components
Vg, rcb, and Cb is described in [33, 34]. Then, the time variant
model of the energy storage element can be written as,

dV b

dt
=

1
Cb

(Ilb
−

Vb

rb
)

dIlb

dt
=

1
Lb

(Vbs − Ilb
(rcs + rb ) −Vb − (1 − D)Vdbus

)

dVdbus

dt
=

1 − D

Cd
Ilb
−

Ib

Cd

(2)

where the regulated voltage Vdbus
from the DC-DC bi-

directional converter passes via the DC-link capacitor and
injects Ib current into the common junction point from energy
storage element. It can be seen from the dynamic model pre-
sented in (1) and (2), the term D implies the duty cycle which is
the control input for both the PV panel and battery converter
when they are connected with the DC bus. At the same time, the
voltage Vdbus

indicates the main aim of control for both cases.

2.3 Generalized modelling of the DC-DC
converter

The use of a DC-DC power electronics converter facilitates the
interface of two DC sources and enables the development of
required level of control model for power flow control among
them. In this research, this converter is applied to enable the
common control platform for the PV and battery sources. Thus,
the generalized time variant model of this converter can be
derived by using the last pair of Equations (1) and (2). Now,
using the last pair of Equations (1) and (2), we can write the
generalized DC-DC converter model as,

dIm

dt
=

1
Lm

(Vm − (1 − Dm )Vdbus
) =

1
Lm

(Vm − KmVdbus
)

dVdbus

dt
=

1
Cd

((1 − Dm )IB − Im ) =
1

Cd
(KmIB − Im ).

(3)

Here, Km = 1 − Dm is the control input for the DC-DC con-
verter and the symbol m indicates the associated variables for
the components of PV and battery system. The details explana-
tions about the associated variables of the studied system can be
found in [35].

2.4 Modelling of the secondary network

2.4.1 Dynamic modelling of the single phase SN

Figure 2 exhibits the circuit modelling of the single phase sec-
ondary network connected with the common DC bus via the
voltage source inverter (VSI). The purpose behind the use of
VSI is to invert the controlled DC bus voltage into the AC
supply so that the number of loads used in power industry
can be integrated into the SN premises. Now, consider Iln is
the inductor current signal passing through the SN that can be

written as,

VL (t ) = L1
dIln(t )

dt
. (4)

Applying Laplace transform, we get

Iln(s) =
VL (s)

sL1
=

Vsw (s) −V1(s)
sL1

. (5)

In (5), the switching voltage Vsw(s) is carrying the multiplication
of the 𝛼(s) duty ratio and bus voltage Vdbus

(s).
Accordingly, the capacitor voltage V1, which is mainly the dis-

tribution voltage among the load that needs to consider as the
controlled parameter, passes via the SN voltage as,

dV1

dt
=

1
C1(t )

Icn(t ). (6)

Applying Laplace transform, we get

V1(s) =
1

sC1(s)
Icn(s) =

1
sC1(s)

(Iln(s) − IN (s)). (7)

In (7), Icn and IN describe the capacitor current and load current,
respectively. Now the state-space representation of the single
phase SN with disturbance can be written as:

d

dt

[
Iln

V1

]
=
⎡⎢⎢⎣

0 −
1

L1
1

C1
0

⎤⎥⎥⎦
[

Iln

V1

]
+

[
1

L1
0

] [
Vsw

]
+

[
0

−
1

C1

] [
IN

]
,

(8)
and the system output equation is

y =
[
V1

]
=
[
0 1

] [ Iln

V1

]
, (9)

which can be considered as T (s) = TG (s) +△(s), where
the transfer function of the nominal system TG (s) = C (sI −

A)−1B + D. Here, A =
⎡⎢⎢⎣

0 −
1

L1
1

C1
0

⎤⎥⎥⎦ is the system matrix, the

input/contribution matrix B =

[
1

C1
0

]
, C =

[
0 1

]
presents the

output matrix, and the transition matrix D = 0; uncertainty to

output from input Δ(s). The term △(s) =

[
0

−
1

C1

]
IN (s) indi-

cates the uncertainty added with the system output from the
input. The parameters for single phase SN are chosen from
[7] so that it can act like a real-time load corresponding to the
controlled DC bus and consume power to enable the SN load
premises via the LC filter with a value of 2 mH and 15 𝜇F .
The controller is designed for the voltage control of the SN
associated with the PV, battery and utility grid through the elim-
ination of the non-linear disturbance current IN in the state
space representation.
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TABLE 1 Parameter values for three phase secondary network associated DC bus

Description

Voltage of

inverter terminal

(Vbase)

Transformer

ratio (Y∕𝚫)

Carrier

frequency

( fsw )

System

frequency

( f0)

Filter

resistance

(R2)

Rated power

(Sbase)

Filter

inductance

(L2 )

Filter

capacitance

(C2)

Value 260V (1 pu) 0.6/13.8 1980 Hz 60 Hz 1.5mΩ 3MVA(1 pu) 100𝜇H 100 𝜇F

2.4.2 Dynamic modelling of three phase SN

A schematic of the three phase secondary network is presented
in Figure 2 carrying the six pulses VSI, step-up transformer,
filter, and industrial loads. The loads are connected in a paral-
lel manner to observe the dynamic performance. A LC filter
is connected in series to reduce the ripples produced during
the switching of voltage. The capacitor C2 in LC filter mainly
focuses to reduce the load harmonics. Consider, the three phase
secondary network presented in Figure 2 is balanced and sym-
metric in its initial operating point. Now, from Figure 2, we can
write as

d Ĩs,abc

dt
= −

R2

L2
Ĩs,abc +

1
L2

Ṽs,abc −
1

L2
Ṽ2,abc , (10)

dṼ2,abc

dt
=

1
C2

Ĩs,abc . (11)

Equations (10) and (11) can be converted into dq frame in order
to allow the system to be controlled by single controller.

d Ĩs,dq

dt
= − j𝜔0 Ĩs,dq −

R2

L2
Ĩs,dq +

1
L2

Ṽs,dq −
1

L2
Ṽ2,dq

(12)

and

dṼ2,dq

dt
= − j𝜔0Ṽ2,dq +

1
C2

Ĩs,dq
. (13)

From (12) and (13), according to state-space formula, A =⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 𝜔0
1

C2
0

−𝜔0 0 0
1

C2

−
1

L2
0 −

R2

L2
𝜔0

0 −
1

L2
𝜔0 −

R2

L2

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
, B =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

0 0

0 0

1

L2
0

0
1

L2

⎤⎥⎥⎥⎥⎥⎥⎥⎦
,

C =

[
1 0 0 0
0 1 0 0

]
and Dp = 0 where x =[

Ṽ2,d Ṽ2,q Ĩs,d Ĩs,q
]T

, u =
[
Ṽ2,d Ṽ2,q

]T
and y =

[
Ṽ2,d Ṽ2,q

]
.

Thus, the transfer function of the nominal three phase sec-
ondary network system can be represented as TGN (s) =
C (sI − A)−1B + Dp. The parametric values of the three-phase
secondary network is given in Table 1 selected from [36].

3 PROPOSED HYBRID CONTROL
STRATEGY

This section contains a discussion about the design of pro-
posed hybrid control strategy for stable and tracking operation
of the HMG against the uncertainties caused by the variation
of loads and meteorological factors. The following challenges
need to be solved leastwise through implementing the neces-
sary control strategy into the studied system for its reliable
operation.

∙ To control the stable DC bus voltage regardless of the
variation of temperature and irradiance.

∙ To develop a control scheme for the fast power-sharing
between the PV, and battery to assist in keeping the stable
input voltage for the secondary network regardless of varying
system conditions.

∙ To implement a proper control method in the inverter based
secondary network to confirm the high tracking performance
with the corresponding reference command.

∙ To establish a unified robust control method in the SNs to
deal with high performance over the external uncertainties.

∙ To synchronize the operation between the AC and DC side of
the system so that proper power-sharing among the primary
grid and DC side can be made.

To deal with the above-mentioned challenges, the design of
the controller has been divided into the two parts. The first
control part designed with the use of a partial feedback lineariza-
tion method addresses the first pair of mentioned challenges,
whereas the second part deals with the next two pairs through
the design of a unified controller. A flow chart stating the
overview of the proposed control method on the studied system
is reported in Figure 4. Additionally, a grid-tied inverter is imple-
mented to maintain the operational synchronization between
the grid and DC side of the system where a PI controller is
applied to control the grid-tied inverter. The detailed develop-
ment of the mentioned two control parts is discussed in the
following section.

3.1 Design of the non-linear controller for
DC bus voltage regulation

The variation of meteorological factors like temperature and
irradiance creates the possibility to generate deficient or excess
power at the DC bus terminal. This variation of power is
responsible for varying the DC bus voltage. A study on proper
control of the DC-DC converter used with PV and battery is
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FIGURE 4 A flow chart stating the overview of the proposed control
method on the studied system

required to regulate the variation and keep the stable DC bus
voltage. In this study, a non-linear partial feedback linearization
controller (PFLC) is designed by using the generalized model
of the converter exposed in Figure 3a. Here, the design of the
proposed PFLC does not deal with the power-sharing between
the battery, PV, and the main AC grid, rather it is designed
by a voltage control technique for the regulation of DC bus
voltage. It also does not require estimation of SOC of battery
in the design. The electrical dynamical model of the battery
is used to serve the purpose of the design of the PFLC con-
troller. The reason behind the selection of this controller is
its ability to work on a single state of the system; that is, it
does not require measuring all the states associated with the
system. This requirement enables the controller to make fast
regulation of any dynamical system, for instance, the PV-battery
system.

3.1.1 Partial feedback linearization controller
for converter control

The dynamic model of any time-variant system can be presented
as:

ẋ j = f j (x j ) + g j (x j )u j

y j = h j (x j )
(14)

In (14), x j , u j , y j 𝜖R
j are the state, control input and output vec-

tor in j dimension. Here, the function f j (x j ) and g j (x j ) are the
same dimensional state-space, and h j (x j ) is output function in
the state variable x. Now, we can write Equation (3) in the form
of Equation (14) as,

⎡⎢⎢⎢⎣
dIm

dt

[9pt ]
Vdbus

dt

⎤⎥⎥⎥⎦ =
⎡⎢⎢⎢⎣

Vm

Lm

[9pt ]−
Im

Cd

⎤⎥⎥⎥⎦ +
⎡⎢⎢⎢⎣
−

Vdbus

Lm
0

[9pt ]0
Im

Cd

⎤⎥⎥⎥⎦Km, (15)

where the control aim/output is y j = h j (x j ) = Vdbus
. The

design of PFLC of any non-linear system depends on the three
steps. The first step among them is to determine the relative
degree. The system needs to partially linearized using the Lie
derivative until the relative degree of the linear system less than
the order of the system. The second step deals with the transfor-
mation of non-linear co-ordination to form the partial feedback
law whereas the last part makes the PFLC through the using
of partial feedback law. The required definitions and details of
these steps have been discussed in [37, 38]. Now, applying the
Lie derivative, we can derive the following inequality for the
f j (x j ) and g j (x j ) with respect to the output DC bus voltage

Vdbus
,

V̇dbus
= L f Vdbus

+ LgVdbus
Km . (16)

Here,

L f Vdbus
=
𝜕Vdbus

𝜕x
f =

[
0 1

][ Vm

Lm

−
Im

Cd

]
= −

Im

Cd
(17)

LgVdbus
=
𝜕Vdbus

𝜕x
g =

[
0 1

][−Vdbus

Lm

0

0
Im

Cd

]
=

Im

Cd
. (18)

From (17) and (18), it is perceived that the relative degree
is one where the order of the system is 2. Then, we can move
forward to form the partial feedback control law by using the
transformation of non-linear co-ordinates. Now, consider a new
co-ordinate,

z1 = h j (x j ) = L1−1
f

h j (x j ) = Vdbus

ż1 = V̇dbus
= Up fl = L f Vdbus

+ LgVdbus
Km

. (19)
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In (15), Up fl is the control input obtained applying PFLC tech-
nique that is used to form the partial feedback control law. Then,
the PFLC law for the generalized DC-DC converter associated
with the system can be presented as,

Km =
Up fl − L f Vdbus

LgVdbus

=
Up fl +

Im

Cd

Im

Cd

=
Up fl Cd + Im

Im
. (20)

This law is applied to control the DC-DC converter which
enables the converter to make a fast transient response of the
DC bus voltage. This controlled DC bus voltage is used as
the source of input for the operation of the secondary net-
work associated with several industrial AC loads. The varying
of these loads may be responsible to change the state of the sys-
tem or create non-linear dynamics which makes poor tracking
performance. This performance initiates the need for a reli-
able controller to empower the tracking performance over the
change of loads.

3.2 Design of the linear unified controller
for SN voltage control

This section contains a brief discussion about the development
of a unified control strategy named integral linear-quadratic-
Gaussian (ILQG) for the tracking operation of the secondary
network. A layout of this control model is presented in
Figure 3b. This controller carries the fusion of a linear-
quadratic-Gaussian (LQG) and an integral controller (IC). The
controller is designed upon the expansion of SN dynamics with
the utilization of IC. The integral action of this controller cor-
roborates the improved bandwidth. The increasing bandwidth
enables the controller to show the reliable tracking perfor-
mance. The development of this controller can be done using
the three steps which are described in the following parts.

Step 1:
The first step starts with the development of the linear-
quadratic-Gaussian (LQG) controller. Let the state-space
representation of any time-invariant model can be exposed as

ẋl (t ) = Axl (t ) + Bul (t ) + N1𝜈(t ), (21)

yl (t ) = Cxl (t ) + N2𝜈(t ), (22)

where xl , ul and yl are the state, input and output of the
linear plant, respectively; 𝜈 and 𝜈 convey white Gaussian dis-
turbance noise associated with the system; and N1 and N2 are
noise matrices acting on the plant. The matrices A, B, and C
are defined in Section 2.4. This controller is constructed to
minimize the following quadratic cost function:

J = lim
T →+∞

E

[
1
T ∫

T

0
(xl (t )T Qxl (t ) + ul (t )T Rul (t ))dt

]
.

(23)

Here, Q≥0 and R>0 are symmetric weighting matrices, and
E[.] is the expected value to minimize the states and the size
of the inputs, respectively. The selection of Q and R in (23)
relies on the desired behaviour of the plant. However, the LQG
controller cannot deal with high bandwidth that results in show-
ing a lack of robustness and tracking performance. Thus, a
low order control strategy needs to integrate with the LQG
to improve tracking performance through the increasing of
control bandwidth.

Step 2:
An integral controller (IC) is merged with the cost function (23)
to enhance the bandwidth as the IC has the ability to expose
superb tracking performance in the low-frequency range. The
block diagram of the proposed mixed controller is shown in

Figure 1, where G(s) is the transfer function of the plant,
1

s
is

the transfer function of an integral controller I(s) and C(s) is the
LQG controller. Now, the updated plant P(s) can be formed by
utilizing the IC with the plant and expressed as

dxp

dt
= Apxp(t ) + Bpul (t ) + Bp𝜈1,

zp(t ) = Cpxp(t ) + 𝜇.
(24)

Here, the term 𝜈1, 𝜇 = [𝜈2 𝜈3]T exhibits the noises from sys-
tem and sensors which correspond to require variance 𝛽2

1 , 𝛽2
2

and 𝛽2
3 . The augmented state for the updated model is xp =

[xl ∫ yl dt ]T and the updated output zp = [z1 z2]T . The matri-

ces for the augmented system are defined as Ap =

[
A 0
C 0

]
, Bp =[

B

0

]
, and Cp =

[
C 0
C I

]
. As stated earlier, the LQG controller

cannot deal with bandwidth and robustness issue; the selection
of 𝛽2

1 , 𝛽2
2 and 𝛽2

3 enables a way to meet these issues. The criteria
used to determine these three parameters are as follows:

∙ Increasing the value of 𝛽1 enhances the closed-loop band-
width of the secondary network.

∙ Decreasing the value of 𝛽2 enhances the closed-loop band-
width of the secondary network.

∙ Increasing the level of bandwidth creates needy robustness
on its performance.

∙ Leveling of integral action depends on the size of the 𝛽2 and
𝛽3. Decreasing 𝛽3 enhance the integral action.

This updated plant is constructed by defining a quadratic cost
function in the form as

J = lim
T →+∞

E[
1
T ∫

T

0
(xl (t )T Qxl (t )

+ f (yp)T QI f (yp) + ul (t )T Rul (t ))dt ], (25)

where f (yp) = ∫ T

0
y(𝜏)d𝜏, Q,QI ≥ 0, and R> 0 are the weight-

ing matrices integrated with the control command, integral and
system state.
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TABLE 2 Parameters used for designing the components of PV-battery-based hybrid microgrid system and the proposed two-stage controller

Selected parameters for simulated system

Grid-side parameters Parameters of PV panel Parameters of battery

Power rating, 4 kVA Maximum power, 2 kW Type, Lead-acid

Resistance, Rg , 4 mΩ Resistance, Rp, 0.002 mΩ Resistance, Rcs = 0.002 Ω and Rb=0.002 Ω

Capacitance, Cg , 30 𝜇F Capacitance, Cp,Cd , 1.5 𝜇F Capacitance, Cb 1 𝜇F

Inductance, Lg , 0.8 mH Inductance, Lp, 1.52 mH Inductance, Lb, 15 mH

Transformer ratio, 20/0.4 kV Voltage and current at maximum power point,
298 V, 73.545 A

Rating 250 V, 10 A.h

– Switching frequency 5 kHz Switching frequency 5 kHz

Selected parameters of implemented controllers

PFLC combined with PI Unified controller for SNs

For PV panel, Kpi=3.578, KIi = 23.7 𝛽1=1 × 108, 𝛽2 = 1 × 10−5, 𝛽3=1 × 10−7

For battery, Kpi=13.564, KIi = 87.4 Qint= 1 × 10−3 and r = 1 × 105

Step 3:
The updated plant described in previous step is considered
to design the proposed unified/ILQG controller and can be
represented as

̇̂xp(t ) = Apx̂p(t ) + Bpul (t ) + K (z f −C f x̂ f ),

uc (t ) = −Lx̂p.
(26)

Here, x̂p contains the augmented state evaluated by Kalman
filter and the term K is the Kalman gain obtained by solving
K = PmC T

p R−1
m . Here,

Ṗm = ApPm + PmAT
p − PmC T

p R−1
m CpPm + Qm . (27)

Here, Qm ≥ 0 and Rm > 0 are process and measurement noise

matrices defined as Qm = 𝛽2
1 and , and RK =

[
𝛽2

2 0
0 𝛽2

3

]
. Now,

the feedback gain matrix L in (26) is given by L = R−1
int BpPn.

Here, the value of Pn can be determined by solving the following
inequality,

Ṗn = ApPn + PnAT
p − PnC

T
p R−1

int CpPn + Qint . (28)

Here, Rint=r is the weighting matrix of the unified controller

and Qint = C T
p

[
1 0
0 q

]
Cp.

4 RESULTS AND DISCUSSION

This section presents a brief discussion about the performance
of the controllers stated in Section 3. To evaluate the controller
performances, a microgrid model exposed in Figure 2 is con-
sidered and simulated in MATLAB by varying the loads. In
Table 2, we present all of the parameters used in simulating and
implementing the studied system and proposed controller. The
given parameters for the proposed controller are selected based
on the trial and error method so that the controller offers an

augmented performance for the HMG, while the system param-
eters are chosen to mimic the operating situation of real-time
HMG. The analysis under this section consists of the following
two parts.

4.1 DC bus voltage control using non-linear
PFLC with PI regulator

A control strategy consisting of a partial feedback linearization
controller combined with PI regulator (PFLC-PI) is imple-
mented to control the DC side of the studied MG presented in
Figure 2. The major components of the DC side includes a PV
generation unit and a battery. A DC link capacitor connects the
PV and battery unit via the DC-DC and bidirectional converter
that provides the DC bus voltage based on the temperature and
irradiance. The variation of temperature and irradiance may rea-
son to imbalance the DC voltage. Thus, a controller is designed
by using the partial feedback linearization technique and imple-
mented in the DC side of the system to control the DC-DC
converter. The main task of this control is to maintain the con-
stant DC bus voltage by generating an equivalent current which
is to be inserted or taken from the DC link. The performance
of PFLC-PI regulator is studied by varying the meteorologi-
cal factors of the PV unit exposed in Figure 5a, and the result
is compared with the conventional PI controller as shown in
Figure 5b. This result shows that the PFLC-PI regulator pro-
vides a fast control to set the reference voltage of DC bus
as compared to PI regulator. The controlled voltage using the
PFLC-PI regulator is then used as the source input voltage to
run both secondary networks.

4.2 Secondary network control using linear
unified controller

The control efficiency of the UC is tested by considering a
couple of SNs associated with DC/AC converters. The rea-
son behind the selection of DC/AC converter is to operate
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FIGURE 5 (a) Input temperature and irradiance for PV panel with their variation at t = 0.2–0.3s, and (b) regulation of DC bus voltage using PFLC-PI and
conventional PI regulator for the input of (a)

FIGURE 6 (a) Time-domain response of single-phase secondary network with and without unified controller, and (b) frequency-domain response of
single-phase secondary network with and without unified controller

a number of AC type industrial loads. Here, the pulse-width
modulation (PWM) method is used to control the duty ratio of
DC/AC converters used in single- and three-phase SNs. The
generation of the PWM is done by comparing a triangular car-
rier signal and a sinusoidal reference signal. The generated pulse
signal from the above comparison allows maintaining the duty
ratio of the DC/AC converters so as they can always inject same
level of power at the load terminal. The detailed performance of
the UC in regulating the SNs over the several industrial loads is
discussed in the following section.

4.2.1 Performance of the single phase
secondary network

The single-phase secondary network performance regulated
using the proposed unified controller is appeared here. A study
on open- and closed-loop single-phase SN performance in
terms of time and frequency domain is exposed in Figure 6.
It can be noted from Figure 6a that the open-loop response
of single-phase SN is marginally stable as there is a couple of
poles having only the imaginary values of 0 + i5.77 × 103 and
0 − i5.77 × 103. This type of system never returns any com-
mon steady-state related to the stability or never goes away
from any state associated with the instability. Rather, it contin-
uously makes an oscillatory/swinging response to set the state
of single-phase SN as shown in Figure 6a. Here, the proposed

FIGURE 7 Root locus plot of the critical eigenvalues for the controller
dominant mode

UC controller creates a force to dominant the imaginary poles
and makes the system pole stable as shown in Figure 7. Thus,
the closed-loop response having with UC sets the system states
quickly and enables the system to reach the transient response
within approximately 6 ms. Figure 6b indicates the behaviour of
the single-phase SN in terms of frequency domain where the
open-loop response shows an un-damped resonance frequency.
At the same time, the closed-loop response expresses a smooth
response through the damping of 150 dB resonance frequency
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FIGURE 8 Load voltage tracking performance of the single-phase secondary network with reference voltage associated without (open-loop) and with unified
controller (closed-loop) against (a) consumer load, (b) harmonic load, and (c) asynchronous machine load

and makes a high bandwidth of 6.86 × 104 rad/s. The increasing
bandwidth makes the controller to empower its tracking
performance over a variety of industrial loads.

Different single-phase industrial loads are designed and con-
nected with the corresponding secondary network to record the
tracking performance of the proposed unified controller. The
detailed modelling of these loads and their behaviour over the
controller are described as follows:

For the modelling of single-phase consumer load, the line
resistance and load resistance are chosen as 0.45Ω and 40Ω,
respectively. The performance of the tracking controller against
single phase consumer load is measured and exposed in
Figure 8a. From the result, it is perceived that the controller pro-
vides better tracking control in case of voltage regulation of the
secondary network associated with the consumer load.

Again, the tracking ability of the unified controller is checked
by installing a harmonic load in the secondary network premises.
This type of load more appears in the local market and con-
tinuously increases its demand to the consumer. Indeed, the
loads like television, computer, printer, fluorescent light, etc.,
are considered as the harmonic load that produces more har-
monics during their operation at high-frequency region. For the
designing of the harmonic load, a 7A − 150 Hz current source
is used and a 30Ω resistance is connected in series with this
current source. The open- and closed-loop behaviour of the sec-
ondary network associated with the harmonic load is presented
in Figure 8b. From the result, it is exposed that the integration of
the controller gives a chance to provide better tracking voltage
for the harmonic load.

Further, the tracking efficacy of the controller is checked with
the integration of an asynchronous machine load. An induction
motor is used as the asynchronous machine load which may rea-
son to degrade the system performance due to their dynamic
nature. A dq stator with zero steady state condition is consid-
ered for the modelling of this load and is associated with the
SN in parallel manner. When the machine is in running condi-
tion, the active and reactive power continuously changes. This
alteration in power may be the reason for poor performance.
This poor performance can be reduced by the inclusion of the
unified controller into the SN. The controller lessen the varia-
tion in power by reducing the voltage variation. From Figure 8c,
it is seen that the proposed method gives high voltage tracking
against the asynchronous machine load and ensures the reliable
performance for the single phase secondary network.

A discussion about the robustness capability of the uni-
fied control algorithm is done with the addition of external
uncertainty exposed in Figure 3c. Here, an augmentative output
inverse type uncertainty is considered that gives the possibil-
ity to change the system dynamics. In Figure 3c, G(s) conveys
the SN dynamic model in the form of the transfer function,
and the term 𝜔o(s) and Δo(s) indicate the parametric uncertain-
ties whose values are varied to mimic an operating environment
associated with uncertainty. The variation of these parameters
are done to deviate the open-loop system performance in 25%
from its nominal behavior. A response to measure the robust-
ness is depicted in Figure 9a, where the frequency domain
response is used to determine the control ability of the con-
troller over the uncertainty. From this simulated result, it clearly
declares that the controller ensures robustly stable closed-loop
performance by keeping the same closed-loop response; that is,
it provides same bandwidth and damping capability with and
without uncertainty.

The single-phase SN also carries a great number of oscil-
lations in its time-domain behavior for the same uncertainty
exposed in Figure 9b, which raises the chance to reduce closed-
loop performance. The controller including with same control
parameters is applied, and its result presented in Figure 9b
reveals that the controller is also capable to set desired response
within about 6 ms. The robustness capability is further mea-
sured under the variation of the filter capacitor value that is
responsible to introduce a variety of un-damped resonance
frequency in the SN. Figure 9c examines the open- and closed-
loop performance of the single phase SN for varying the filter
capacitor values which guarantees the stable performance of
the proposed controller by exhibiting higher damping of the
un-damped resonance frequency. Thus, the exposed results
conclude that the controller is capable of expressing robust
control performance for the uncertainty with achieving higher
bandwidth and reducing time to set transient response and
un-damped resonance frequency.

4.2.2 Performance of the three phase secondary
network

The control ability of the proposed unified controller for the
three phase SN system is evaluated in this part. The increasing
number of subsystems hamper the safeguard of the SN system.
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FIGURE 9 Open-loop (OL) and closed-loop (CL) performance of the single-phase secondary network against the uncertainty (a) frequency-domain, (b)
time-domain and (c) frequency-domain performance for varying capacitor values

FIGURE 10 Modelling of three phase industrial loads used to operate the three-phase SN (a) consumer, (b) balanced, and (c) unbalanced load

FIGURE 11 Performance of three-phase secondary network in terms of (a) voltage, (b) current and (c) power for consumer load without UC ,and
performance of three-phase secondary network in terms of (d) voltage, (e) current and (f) power for consumer load with UC

All the subsystems are designed with two or more power elec-
tronics elements that increase the effort to control the system
parameters. This incremented controlling parameters cause the
control of three phase SN more alarming. For this, several three
phase industrial loads are modelled and their performances are
noticed in the following part.

A model for the three phase consumer load is reported in
Figure 10a, and the control action of the controller against this
load is recorded. The open-loop response of the three phase
SN over this load is shown in Figure 11a–c in terms of volt-
age, current, and power, respectively, where it is figured out that

an unintended operation is appeared over the reference signal
Ṽ2,d = 0.6 and Ṽ2,q = 0.8 pu voltage. The controller having
the same design parameters is applied against this load and con-
trol efficiency is presented in Figure 11d–f. This result shows
the controller ability on SN to regulate the voltage, current, and
power in the desired point.

A circuit diagram of the three phase unbalance load is
depicted in Figure 10c and used in SN load terminal at t = 0.35
s. The load is constructed by three resistors having the value
of Ra = 21.65Ω, Rb = 17.32Ω, and Rc = 8.66Ω, respectively,
and an inductor with the value of Lc = 100mH . As the load
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FIGURE 12 Performance of three-phase secondary network in terms of (a) voltage, (b) current and (c) power for un-balance load without UC, and
performance of three-phase secondary network in terms of (d) voltage, (e) current and (f) power for un-balance load with UC

FIGURE 13 Performance of three-phase secondary network in terms of (a) voltage, (b) current and (c) power for balance load without UC ,and performance
of three-phase secondary network in terms of (d) voltage, (e) current and (f) power for balance load with UC

is included to the system, its instantaneous voltage gets imbal-
anced and the open-loop response for voltage, current, and
power is given in Figure 12a–c. The closed-loop behaviour,
using the proposed unified controller, against this condition is
presented in Figure 12d–f, which proves that the controller is
able to track the set point in the case of the unbalance load
associated with the three-phase SN.

The control margin of the unified controller is further
checked by enabling a three phase balance load in the three
phase SN terminal exposed in Figure 10b. The modelling of
the load consists of a resistive load of 3 KW active power and
60 V of phase-to-phase voltage and the load is applied to the
SN after t = 0.2 s. In Figure 13a–c, open-loop voltage, current,
and power of the three phase SN including with balance load
are demonstrated where a level of power deviation appears for
a certain period at the time of load installation. However, the

implementation of unified controller enables the SN to set its
performance in reference command without any power devi-
ation and the simulated results are illustrated in Figure 13d–f.
Although a little deviation appears in the controlled SN voltage
and current for a little period of time, the controller is capable to
keep the constant active power. This results ensure that the con-
troller gives extensive control of the three phase SN parameters
and takes a bit amount of time to reach the transient response
and track the reference signal.

5 COMPARATIVE ANALYSIS

This section conveys a comparative study in connection with
the proposed control strategy and existing control technologies.
The obtained results using the proposed control strategy are
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FIGURE 14 Comparative performances of the single-phase SN associated with consumer load in terms of the (a) frequency-domain performance, (b)
closed-loop gain, and (c) load voltage tracking error performance using various control methods

FIGURE 15 Open- and close-loop comparative performances of the three-phase SN associated in terms of the (a) frequency-domain performance and (b)
time-domain performance. The solid and dashed line represents the open- and closed-loop performance, respectively

not thoroughly compared with other existing control methods
as diverse system parameters and operating conditions are exist
in literature. However, the comparison section is composed of
two parts in which the first part consists of a quantitative com-
parison between the proposed unified controller and others.
A study about the benefits of the proposed two-level con-
trol technology and other control methods is reported in the
second part.

A dedicated comparison between the proposed unified con-
troller and existing control techniques is illustrated in Figures 14
and 15 in terms of time- and frequency domain performance of
both SNs, and their quantitative measurement are reported in
Figures 16 and 17. Various control features like control band-
width, tracking error between expected and actual value, gain
and phase margin, rise and settling time are considered to mea-
sure the comparative responses. From Figure 16c, it is realised
that the proposed UC offers high bandwidth with a value of
6.86 × 104 which is at least 10 times more than others, except
LQG controller. Although the LQG controller achieves less set-
tling time than the proposed UC, it is quite sensitive in regards
to load performance and rise time. On the contrary, the abil-
ity to obtain high bandwidth makes the proposed UC show
high gain and phase margin, and low tracking error as compared
to existing control approaches. Considering all of the measure-

ment values, it is perceived that the proposed UC provides a
competitive performance with the state-of-the-art. To justify the
high performance of the proposed UC, another comparison in
terms of time- and frequency domain performance is studied
by considering the three-phase SN and is shown in Figure 15.
The quantitative comparative measurement to explicit the aug-
mented performance is shown in Figure 17. It is again observed
that the proposed UC offers high bandwidth and low set-
tling time in the case of multi-phase secondary network. This
performance ensures that the proposed UC has the capabil-
ity of making enhanced performance than the other existing
control methods.

Another indication to clarify the competitive performance
is reported in Table 3 which conveys a list of merits and
demerits of the proposed two-level decentralized controller and
other same dimensional control algorithms. Although some
controllers provide an expected performance in normal operat-
ing conditions, their performances are limited toward the noisy
environment or changes of meteorological factors of RESs.
Conversely, the proposed two-level decentralized controller
offers nearly similar performance toward the above changes.
Considering all the cases, it is proved that the proposed con-
troller ensures an augmented performance in terms of transient
stability and tracking accuracy.
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FIGURE 16 Quantitative comparison of single-phase SN performances between the proposed and other existing controllers in terms of (a) gain and phase
margin, (b) rise time and consumer load voltage tracking error, (c) control bandwidth and (d) settling time

FIGURE 17 Quantitative comparison of three-phase SN performances between the proposed and other existing controllers in terms of (a) control bandwidth
and (b) settling time

6 CONCLUSION

This paper develops a new hybrid voltage control strategy, con-
sisting of a PFLC-PI regulator and UC, for the augmented
transient and tracking performances of HMG. The transient
performance of the HMG was maintained via the non-linear
PFLC-PI regulator, and its efficacy was tested by varying the PV
parameters changes. At the same time, the tracking performance
of the HMG under various industrial loads was maintained
by enabling the linear UC, and its effectiveness was measured
by studying a single-phase SN. The obtained results in both
cases implied that the developed PFLC-PI regulator ignored
the parameter variation of RESs and offered a stable and track-
ing performance, while the UC was capable of achieving a high
gain, phase margin and bandwidth with a value of 13.3 dB, 43.5
degree, 6.86×104 rad/s, respectively. Also, we demonstrated
a comparative study to confirm the augmented responses for

developed controllers where it was seen that the PFLC-PI con-
troller performed better than the conventional PI regulator in
terms of transient stability, and the UC achieved 10 times high
bandwidth than the IC, LQR, LQG controllers. The extended
bandwidth allowed the controller to make an augmented track-
ing performance as compared to other controllers for various
single-phase industrial loads. The tracking efficacy of the UC
was further checked by considering the three-phase industrial
loads. It observed that the UC also achieved a reliable track-
ing performance in case of multi-variable control parameters.
Considering all of the obtained outcomes, it can be concluded
that the proposed hybrid control method augmented the tran-
sient stability and tracking performance of the HMG under the
variation of RESs and industrial load parameters. The high per-
formance of the proposed controller may suffer due to lack of
HMG parameter in every critical operating point. In the context
of HMG, the use of a model-free/data-driven technique for the
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TABLE 3 Comparisons of advantages between the proposed controller
and other existing controller

Name of the

controller Advantages Limitations

Proposed
Controller

(i) Controls bandwidth high, (ii)
Maintains high tracking
performance over the varying
load power, (iii) Offer large
amount of damping, (iv) Handle
the effect of uncertainty, (v)
Control the DC and AC bus at a
time

−−

Ref. [[7]] (i) Provides large level of damping,
(ii) Robust

(i) Order of the
controller relies on
order of the plant

(ii) Unable to deal with
DC bus voltage

Ref. [[24]] (i) Provides large level of damping (i) Low bandwidth

(ii) Robust against a set of
uncertainties

(ii) Unable to deal with
DC bus voltage

development of proposed controller could be a future scope of
this research.
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APPENDIX

TABLE A.1 Summary of typical challenges and existing control solution of PV-battery-based HMG coupled with industrial loads

Challenges

Droop control

[14]

PI control

[39] IC [15] SMC [16] LQR [40] MPC [24]

Hybrid

Control

(PI+RC) [29]

Proposed

Controller

(PFLC-

PI+UC)

Stable DC bus voltage at
fixed operating
condition

Yes Yes Yes Yes No Yes No Yes

Stable DC bus voltage for
the variation of
meteorological factors
of RESs

No Yes Yes No No Yes No Yes

Rapid power-sharing
between the PV and
battery to make fast
transient response of
DC bus for varying
power conditions

No No No Yes No No No Yes

Maintain high-tracking
performance against the
running with several
industrial loads

No No No No Yes No Yes Yes

Require to maintain robust
performance over the
uncertainties

No No No No No Yes Yes Yes
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