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Abstract

Recently, DC microgrids (DC-MGs) have gained an immense popularity due to
their unique characteristics such as structural simplicity and implementation, high
efficiency, high power quality, and their capability of incorporating hybrid energy
storage system (HESS). But nonlinear nature of power conversion units and effect
of external disturbances pose a challenge in designing an effective control strat-
egy for the control of DC-MG. Therefore, this study proposes an adaptive barrier
function-based robust nonlinear controller for regulating the DC bus voltage by
tracking the desired currents of the power sources in the presence of time-varying
disturbances of unknown upper bound. Furthermore, ANN-based reference gen-
eration scheme is employed for acquiring the maximum power from PV system
under changing irradiance and temperature. The designed controller reduces the
overestimation of adaptive gains which was the problem of conventional adap-
tive sliding mode-based controllers (ASMC). Lyapunov stability criterion is used
to analyze the stability of the system. The proposed controller is simulated in
MATLAB/Simulink and has been compared with ASMC. The results show better
dynamic performance of the system under disturbances/uncertainties. The con-
troller has also been experimentally validated using MS320F28379D Dual-Core
microcontroller in hardware in loop-based setup.

xii



Chapter 1

Introduction

1.1 Background

The growing electricity demand today leads to excessive use of conventional power
sources (CPSs). However, these CPSs raised a lot of concerns about environmental
protection due to the emission of green house gases [1]. These issues lead us to the
adoption of renewable energy resources (RES) which produce clean energy with
some negligible impact on climate change [2]. Moreover, their effective utilization
at a distribution level is necessary for an efficient energy supply to local loads and
utility grids. For the past years, PV array or Wind turbine (WT) has been used
as a single source distribution generation (DG) system [3–5]. But they are less
effective in operations where there is high energy demand from the constant power
loads (CPLs). Combining two or more RES for energy production at a distribution
level would enhance the overall stability of the system and its efficiency. [6–8].
Based on this framework, this paper presents a PV-based RES for distribution
and generation level as primary source. But, due to its unpredictable nature, it
cannot provide a reliable and steady power supply for the CLPs. Therefore, for
resolving this issue and enhancing the stable operation of the grid, a combination
of other RES with the PV array can serve as an efficient scheme. Fuel cell (FC) is
used along with PV array system for an effective and efficient power production[9].
It provides clean, safe, flexible, reliable, and an efficient energy. Practically, the
energy generation from FC is done via a chemical reaction that occurs between
hydrogen and oxygen in the presence of electrolytes[10]. In this regard, the choice

1



Chapter 1: Introduction

Figure 1.1: DC Microgrid

of FC used in this paper is the proton exchange membrane FC (PEMFC). PEMFC
is an electrochemical energy source which operates at a lower temperature, and
put a low stress on system’s components. It is durable and can provide a constant
power supply for varying loads [11]. However, the use of PEMFC has its limitation
of slower dynamic response to transient power. It is also required to add the
storage devices in HESS in order to have the storage capability of the system
[12, 13]. The integration of HESS with the PV and FC reduces the mismatch
between the utilization of power and generation profile[13, 14]. Battery is one of
the cheaper and most frequently available energy storage device but it has the
limitations of low power density and it does not compensate for high-frequency
transients [15, 16]. While on the other hand, UC has the capability to charge and
discharge quickly, therefore it can meet the transients in load current [17, 18]. In
this paper, battery and UC are both used as energy storage devices in HESS along
with PV and FC. Battery, FC and PV meet the normal load demand according
to the proposed energy management scheme shown in Fig. 2.1

2



Chapter 1: Introduction

1.2 Problem Statement

The control of DC-MG in the presence of external disturbances is still a challenge.
Most of the nonlinear robust controller like sliding mode, integral terminal sliding
mode and supertwisting sliding mode-based controllers require the information of
disturbances for their real-time implementations which is one of the short coming
because in real world, it is hard to get the exact information about the distur-
bances. Therefore, it is required to design the controller which can regulate the
DC bus voltage by tracking the reference currents in the RES and HESS of DC-
MG. The required controller for the control of DC-MG should have to cater for
the time-varying disturbances of unknown upper bound. Moreover, the proposed
controller should reduce the overestimation of adaptive gains which is the draw-
back of many robust nonlinear controllers. Along with this, energy management
scheme is required to enhance the stability of the system.

3



Chapter 2

Review of Literature and

Proposed Approach

MGs have the merits of operating as a grid-connected mode or off-grid ( i.e.,
standalone) electricity source to serve local loads and exchange power with the
utility grid [19]. The MGs can be classified as an alternating current microgrid
(AC-MG), DC-MG, or a combination of both. Due to good working efficiency and
capability to incorporate HESS, DC-MG appears to be a better choice [20]. More-
over, the DC-MGs do not need synchronization or reactive power compensation
problem as compared to AC-MG [21, 22]. But due to intermittent characteris-
tics of RES, complex control strategies and energy management techniques are
required to ensure maximum power harvesting, high power quality, system stabil-
ity, and efficient power transfer. Control strategies for AC-MG can not be applied
directly for the control of DC-MG [23, 24]. Tracking of desired currents of respec-
tive power sources in HESS and regulation of DC bus voltage in the presence of
time-varying external disturbances is one of the challenge. Moreover, nonlinear
behavior of power converters adds more complexity in achieving control objectives
in DC-MG.
Linear controllers are proposed for the control of DC-MG while some of them
are also robust against some external disturbances which belong to some specific
class [25, 26], [27, 28]. However, they shows better dynamic performance when
they are tuned carefully. But, in order to tune these controllers, the values for
the parameters of the system should be known which is not the case for much of
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Chapter 2: Review of Literature and Proposed Approach

the time. Another drawback of these controllers is their local behavior because
they need the condition of linearization of a system around a fixed point, to be
fulfilled [29]. Moreover, they don’t exhibit the satisfactory response in the pres-
ence of disturbances and nonlinear nature of system. Due to dynamic operating
points of DC-MG, linear controller cannot give good dynamic response in the pres-
ence of external disturbances [30]. In [31], a classical droop control technique for
voltage regulation is presented but it cannot perform well with multiple sources
such as PV system, wind turbine system, FC, and different energy storage devices.

Nonlinear controllers can deal with the nonlinear nature of the system under vary-
ing loads. In [32], Lyapunov redesign-based controller is designed for the control of
DC-MG. This controller adjusts the output voltage and tracks the desired currents
with some good dynamic performance. However, this controller is sensitive to ex-
ternal disturbances. Similarly in [33], backstepping-based controller is proposed
for regulating the DC bus voltage. The designed controller shows better perfor-
mance in tracking the output voltage but its overall response is deteriorated by the
influence of external disturbances. Adaptive sliding mode controller (ASMC) is de-
signed in [34] to regulate the DC bus voltage. ASMC is robust against parametric
uncertainties and external disturbances but it exhibits the problem of chattering
which causes heat and power losses in the system. Moreover, in [35], integral
terminal sliding mode controller is designed for the control of microgrid in order
to ensure energy management in the presence of varying load. The designed con-
troller proves to be robust against external disturbances but there is the problem
of overestimation of gains when there is no disturbance. There is a need to track
the reference trajectories with pre-defined errors which would be independent of
time-varying disturbances. The contribution of this work is given as:

• Adaptive barrier function based sliding mode controller is proposed for the
control of DC-MG with ANN-based reference generation framework for ac-
quiring MPP from PV.

• The designed controller regulates the DC bus voltage by tracking the refer-
ence currents of multiple power sources.

5



Chapter 2: Review of Literature and Proposed Approach

• The proposed proves to be robust against time-varying disturbance of un-
known upper bound.

• Barrier function-based adaptive framework reduces the overestimation of
adaptive gains which was the drawback of adaptive robust nonlinear con-
trollers.

• BASMC ensures the tracking of reference trajectories with pre-defined errors
which don’t depend upon the upper bound of disturbance which is unknown.

• The stability of the system is studied using Lyapunov stability analysis.

• The experimental verification of the proposed controller is done using MS320F28379D
Dual-Core microcontroller in HIL-based setup

In this paper, a bi-level control scheme namely: high level and low level control, has
been proposed for the efficient working of DC-MG. High level control is responsible
for generating the references for the power sources and storage devices of HESS.
While the low level controller is responsible for tracking the reference currents in
order to regulate the DC bus voltage.

2.0.1 Energy management scheme (EMS)

Energy management scheme is required to ensure the smooth operation of DC-
MG by managing the energy among the power sources. The proposed algorithm
generates the references for power sources according to the defined policy based on
SoC and load current of different sources in the system. Basically, EMS triggers
the power converters by varying their duty cycles to the switches with the help of
proposed control framework [6, 18]. The power balance equation is given as:

PLOAD + PLOSS + (Pbat + PUC) = PPV + PFC , (1)

where PPV , PFC , Pbat, PUC and PLOAD represent the powers of PV, FC, battery,
UC and load. While PLOSS denotes the power loss in the system.

6



Chapter 2: Review of Literature and Proposed Approach

Figure 2.1: Energy management scheme

Operation of EMS

Different modes of EMS are discussed in Fig. 2.2 The primary responsibilities of
the proposed EMS are:

• To avoid overcharging/discharging the HESS by maintaining its SoC within
a local limit to improve its lifetime.

• To ensure power balance under varying load demand.

• To reduce the current stresses on the battery in order to increase its lifespan
using the UC bank during a fast transient response period ( power spikes ).

There are two main modes namely: low power mode and excessive power mode.
In the first mode, both RES and HESS have to supply power in order to achieve
the demand of load current. PV along with FC and battery would supply power
during normal load conditions while UC would meet transients in load current.
HESS will continue to supply power until the SoCs of energy storage devices falls
from 40%. After that, the command for charging these devices will be generated

7



Chapter 2: Review of Literature and Proposed Approach

Figure 2.2: Hybrid energy storage system

accordingly. At this instant, power will be cut off in order to keep the balance. The
mathematical expressions of the SoC for the battery and UC are defined as follows:

SoCbat = SoC0 −
qe

C(i, θ) , (2)

SoCUC = SoC0 −
qe

C(i, θ) , (3)

where qe, SoC0, θ, C, and i are the electron charge, initial SoC of the battery
and UC, electrolyte temperature, load capacity, and discharge current in Amp
respectively. Similarly, C0, kc, ε, and δ represent the constant parameters. The
calculated value of qe and C(i, θ) is given as:

qe =
∫ t

0
ibatdt, (4)

C(i, θ) =
kcC0(1− θ

θf
)ε

1 + (kc − 1)times(| i
in|)

δ
. (5)

8



Chapter 2: Review of Literature and Proposed Approach

By putting Eqs. (4) and (5) into Eqs. (2) and (3) respectively, we get:

SoCbat = SoCbat0 −
1

Cbat(i, θ)

∫ t

0
ibatdt, (6)

SoCUC = SoCUC0 −
1

CUC(i, θ)

∫ t

0
iUCdt, (7)

where SoCbat0 , SoCUC0 , ibat, in, and iUC are the initial values for SoC, the available
charge capacity, the rated current of the battery and UC, and the instantaneous
value of the charging or discharging currents for battery and UC respectively [36].

In the second mode storage devices will be charged due to excessive available
power until their SoCs reach 90% while other power sources can be operated in
OFF-MPPT mode in order to reduce stress on the system.

Fig. 2.2 shows the architecture of the DC-MG which contains the RES and HESS.
PV and FC units are connected to the DC bus through the unidirectional DC-DC
converter. While the battery and UC uses bi-directional DC-DC converters for
bi-directional flow of power.

u12 and u3 are the control inputs for uni-directional buck-boost and boost converter
respectively. While the bi-directional flow of power for battery and UC have been
controlled by u45 and u67.

The mathematical modeling of all the sources has been discussed in the next
chapter:

9



Chapter 3

Averaged Mathematical Modeling

of DC-MG

3.0.1 Modeling of the PV system

Fig.3.1 shows the working of PV module which has been interfaced with the DC
link via buck-boost converter. Buck-boost converter consists of an inductor LPV
with an internal resistor RPV . The switch S1 and S2 is the bipolar junction
transistor. CPV represents the input filter capacitor which is connected in parallel
with the PV system.

Figure 3.1: PV Energy System

The average mathematical model for buck-boost converter of PV unit by the
method of volt-second and capacitor charge balance is given as:

10



Chapter 3: Averaged Mathematical Modeling of DC-MG

diPV
dt

= VPV
LPV

u12 −
RPV

LPV
iPV − (1− u12) vout

LPV
, (8)

dvPV
dt

= −iPV u12

CPV
+ IPV
CPV

, (9)

where iPV , VPV and vout are the input current, voltage, and the output volt-
age of PV system respectively. Extracting maximum power from the PV unit
is required under changing environmental conditions. Therefore, maximum power
point tracking (MPPT) algorithm is required along with the design of the proposed
controller [37, 38]. In this study, due to large amount of data for the characteristic
curves of the PV system, feed forward artificial neural network (ANN) with six
neurons is used to determine the relationship between temperature and irradiance
and one output which is the maximum power point voltage VMPP . After training,
ANN is intended to produce the reference voltage. The proposed controller has
to track the desired voltage reference given by ANN in order to ensure MPPT
of PV system under changing environmental conditions. Characteristic curve for
the PV array changes for any small variation in the value of the temperature and
irradiance. Various sets of MPP values against the different values of temperature
and irradiance, have been recorded by first maintaining the temperature constant
at 250C and changing the irradiance values from 250W/m2 to 3500W/m2. Simi-
larly, another set of values for MPPs are observed by keeping the irradiance value
constant at 1000W/m2 and then varying the temperature from 180C to 600C.

After training, ANN is deployed. The deployed ANN has three distinct layers
namely: input layer, hidden layer and the output layer. The structure of ANN
in generic form is shown in Fig. 3.2 The estimation function property of the feed
forward neural network is given below:

f(ξ, α) =
n∑
i−0

αibi(ξ) = αT b(ξ), (10)

where ξ is the input vector which contains temperature and irradiance. From
Eq. (10), the variables α = [α0, α1, ...., αn]T are the modeling parameters. Sim-
ilarly, b = [b0, b1, ..., bn]T denotes the basic nonlinear parameters. However, the
expression that shows the basic function of the nonlinear parameters is as follows:

11
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Figure 3.2: Structure of Neuron

bi(ξ) = g

 a∑
p=0

ψ
(1)
ip ξ

n

 , (11)

where ψip [ψi0, ψi1, ..., ψin]T and Eq. (11) has an updated weighted values of the
trained data and g is nonlinear and differentiable actuation function. Moreover,
Eq. (11) shows the relationship between the input and ith node of the hidden
layer. The generalized mathematical expression for the output of ANN is given
as:

yω (ξ, ψ) =
n∑
i=0

ψ
(2)
iω bi(ξ) =

n∑
i=0

ψ
(2)
iω g

 a∑
p=0

ψ
(1)
ip ξ

p

 . (12)

Similarly, ψiω(2) with ω 1,2,.....,ωn, is the weight vector. While Eq. (12) represents
the interconnection of hidden and ith node of output layer.

For bench marking purposes, multiple linear regression technique is also used to
determine the relationship between input and output data which will be compared
with ANN later. Its mathematical expression is given as:

VMPP = 1.30987ξ1 − 0.01579ξ2 + 337.74789, (13)

where ξ1 and ξ2 represent the temperature and irradiance. Similarly, the mathe-

12



Chapter 3: Averaged Mathematical Modeling of DC-MG

matical expression for the output of ANN is given as:

VMPP =
n∑
i=0

ψ
(2)
iω bi(ξ) =

n∑
i=0

ψ
(2)
iω g

 a∑
p=0

ψ
(1)
ip ξ

p

 . (14)

The trained neural network model is then tested against different inputs in order
to obtain different outputs which are then compared with the other model which
is given by using multiple linear regression technique. Both these models are
compared in Fig. 3.3. Here irradiance is kept constant while temperature is varied
to get the values of VMPP from ANN and multiple linear regression algorithm.
It can be seen that the trajectories of both ANN and multiple linear regression
techniques converge after some time which proves the validity of ANN.
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Figure 3.3: Comparison of ANN model with multiple linear regression technique

3.0.2 Modeling of the FC unit

FC provides clean and safe energy. Fig. 3.4 shows the circuit diagram of the
FC with an integrated unidirectional boost converter. This converter serves as an
interface between the FC unit and the common DC bus. It consists of an induc-
tor LFC with an internal resistor RFC and an output capacitor Cout. Its average
mathematical model is given as:
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Chapter 3: Averaged Mathematical Modeling of DC-MG

Figure 3.4: FC Energy unit

diFC
dt

= VFC
LFC

− RFC

LFC
iFC − (1− u3) vout

LFC
, (15)

dvout
dt

= (1− u3) iFC
Cout

− ĪFC
Cout

, (16)

where iFC , ĪFC , vout, vFC , and u3 represent the input current, output current,
input voltage, output voltage of FC and control input of the FC converter respec-
tively.

Modeling of the hybrid energy storage system

In HESS, the buck-boost converter of the battery consists of an inductor Lbat with
an internal resistor Rbat. This converter acts as boost converter when ibatref

> 0
and will be switched to buck mode when ibatref

< 0. The control input u45 signal
to the switches of the battery can be defined as follows:

u45 = (1−M)u4 + (1− u5)M, (17)

Where u4 and u5 are the control input applied to switches S4 and S5 respectively.

The state space model for the battery’s buck-boost converter is given as:

dibat
dt

= Vbat
Lbat
− Rbat

Lbat
ibat − u45

vout
Lbat

, (18)

dvout
dt

= u45
ibat
Cout

− Ībat
Cout

. (19)
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Chapter 3: Averaged Mathematical Modeling of DC-MG

Similarly, UC is also interfaced with DC bus link via buck-boost converter which
comprises an inductor (LUC) in series with the resistance (RUC) which represents
its internal resistance, the two IGBT switches S6 and S7 which are controlled by
the control signal u67. The converter will act as a boost mode when iUCref

> 0
otherwise it will be in buck mode.

diUC
dt

= Vbat
LUC

− RUC

LUC
iUC − u67

vout
LUC

, (20)

ĪUC = u67iUC . (21)

However, by using KCL in the circuit of HESS as shown in Fig.3 , output current
can be expressed as:

I0 = Ībat + ĪUC . (22)

Put the value of ĪUC from Eq. (21) into Eq. (22) we get:

Ībat = I0 − u67iUC . (23)

The overall averaged state space model for DC-MG can be given as:

ż1 = vPV
LPV

u12 −
RPV

LPV
z1 −

(1− u12)
LPV

z6, (24)

ż2 = IPV
CPVin

− u12

CPVin

z1, (25)

ż3 = vFC
LFC

− RFC

LFC
z4 −

(1− u3)
LFC

z6, (26)

ż4 = vbat
Lbat
− Rbat

Lbat
z5 −

u45

Lbat
z6, (27)

ż5 = vUC
LUC

− RUC

LUC
z5 −

u67

LUC
z6, (28)

ż6 = (1− u12)
Cout

z1 + (1− u3)
Cout

z3 −
u45

Cout
z4 −

(I0 − u67z5)
Cout

, (29)

where z1, z2, z3, z4,z5, and z6 represent the PV current, PV input voltage, FC,
battery, UC currents, and the DC bus voltage respectively. Where Cout is the
common output filter capacitor which is shared among the sources of RES and
HESS respectively.
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Chapter 4

Design of Barrier function-based

Robust Nonlinar Controller for

DC-MG

4.1 Design of Proposed Controller

In order to achieve aforementioned control objectives at the end of section 1,
BASMC is designed in two stages, in first stage, equivalent and switching control of
sliding mode is designed while in second stage, barrier based adaptation framework
is presented. By using the power input power output theorem, input power is to
be equal to the output power, by using this theorem, FC reference current can be
given as:

z2F Cref
= γ

{
z6ref i0 − vbatibatref

− vUCiUCref
− vmppz1P Vref

vFC

}
, (30)

where z1P Vref
, z2F Cref

, and z6ref
indicate the PV reference current, FC reference

current and the DC bus reference voltage respectively. Similarly, γ denotes the
converter ideality factor which represents the switching losses. Its value is taken
to be 1.00.

Let’s define the error in order to track the states to their desired trajectories.
These errors are the differences between the actual states of the respective energy

16



Chapter 4: Design of Barrier function-based Robust Nonlinar
Controller for DC-MG

sources and their reference values.These errors can be defined as:

ei = zi − ziref
,where i = 1, 2, 3, .., n, (31)

where ei,denotes the given errors, zi denotes the actual states currents and ziref

represents the reference values of respective sources. The value of n is 5

By taking the derivative of the given error we get:

ėi = żi − żiref
. (32)

By substituting the values of ż1, ż3, ż4, and ż5 from Eqs. (24)-(28) into Eq (32),
the following equations are obtained:

ė1 = vPV
LPV

u12 −
RPV

LPV
z1 −

(1− u12)
LPV

z6 − ż1ref
, (33)

ė2 = vFC
LFC

− RFC

LFC
z4 −

(1− u3)
LFC

z6 − ż3ref
, (34)

ė3 = vbat
Lbat
− Rbat

Lbat
z4 −

u45

Lbat
z6 − ż4ref

, (35)

ė4 = vUC
LUC

− RUC

LUC
z5 −

u67

LUC
z6 − ż5ref

. (36)

The sliding surfaces can be represented as:

s = s1, s2, s3, s4.., sn, (37)

where s1, s2, s3, and s4 indicate the sliding surfaces of the PV, FC, battery, and
UC current sequentially.

s1 = b1e1 + b2z2, (38)

s2 = b3e2, (39)

s3 = b4e3, (40)

s4 = b5e4, (41)

where b1, b2, b3, b4 and b5 represent design constants of the sliding surface. By
taking the derivative of the the above mentioned sliding surfaces, we get:
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Controller for DC-MG

ṡ1 = b1( vPV
LPV

u12 −
RPV

LPV
z1 −

(1− u12)
LPV

z6

−ż1ref
) + b2( IPV

CPVin

− u12

CPVin

z1),
(4.1.1)

ṡ2 = b3( vFC
LFC

− RFC

LFC
z3 −

(1− u3)
LFC

z6 − ż3ref
), (43)

ṡ3 = b4( vbat
Lbat
− Rbat

Lbat
z4 −

u45

Lbat
z6 − ż4ref

), (44)

ṡ4 = b5( vUC
LUC

− RUC

LUC
z5 −

u67

LUC
z6 − ż5ref

). (45)

The stability of the system can be validated by using Lyapunov stability criterion.
Lets take the following Lyapunov candidate function as:

V = s2
1

2 + s2
2

2 + s2
3

2 + s2
4

2 . (46)

By taking the derivative of V we get:

V̇ = s1ṡ1 + s2ṡ2 + s3ṡ3 + s4ṡ2. (47)

Substituting the values of ṡ1, ṡ2, ṡ3, and ṡ4 from Eqs. (42)-(45) into Eq. (47) we
get:

V̇ = s1

{
b1( vPV

LPV
u12 −

RPV

LPV
z1 −

(1− u12)
LPV

z6 − ż1ref
) + b2( IPV

CPVin

− u12

CPVin

z1)
}

+s2

{
b3( vFC

LFC
− RFC

LFC
z3 −

(1− u3)
LFC

z6 − ż3ref
)
}

+s3

{
b4( vbat

Lbat
− Rbat

Lbat
z4 −

u45

Lbat
z6 − ż4ref

)
}

+s4

{
b5( vUC

LUC
− RUC

LUC
z5 −

u67

LUC
z6 − ż5ref

)
}
(48)

In order to stabilize the system, there is a need to design a controller which
can stabilize the system by making the derivative of Lyapunov function negative
definite. For making V̇ negative definite, let’s add the following constraints in the
form of reachability law by equalizing it to ṡi as:

ṡi = −ki|si|ζsign( si
φi

),where i = 1, 2, 3, ...n. (49)
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However, this reaching law increases the reaching speed of the given states to their
reference trajectories. ki represents a constant gain which is responsible for the
robustness of the controller. Moreover, |si|ζ acts as a parameter in order to ensure
the fast convergence and φ is the design constant which is used to reduce the
chattering effect in the system.

The constraints can be added as:

ṡ1 = −k1|s1|αsign( s1

φ1
), (50)

ṡ2 = −k1|s2|βsign( s2

φ2
), (51)

ṡ3 = −k3|s3|ηsign( s3

φ3
), (52)

ṡ4 = −k4|s4|ζsign( s4

φ4
), (53)

By putting the values of ṡi in Eqs. (50-53) we get:

−k1|s1|αsign( s1

φ1
) = b1( vPV

LPV
u12 −

RPV

LPV
z1 −

(1− u12)
LPV

z6−

ż1ref
) + b2( IPV

CPVin

− u12

CPVin

z1),
(54)

− k2|s2|βsign( s2

φ2
) = b3( vFC

LFC
− RFC

LFC
z3 −

(1− u3)
LFC

z6 − ż3ref
), (55)

− k3|s3|ζsign( s3

φ3
) = b4( vbat

Lbat
− Rbat

Lbat
z4 −

u45

Lbat
z6 − ż4ref

), (56)

− k4|s4|ξsign( s4

φ4
) = b5( vUC

LUC
− RUC

LUC
z5 −

u67

LUC
z6 − ż5ref

), (57)

where α, β, η, and ζ are design parameters which have positive values. Their
values lie in between 0 and 1. Where sgn represents the signum function which
maintains the trajectories on the sliding surface. The final control laws are given
as:

u12P V
=

b1RP V z1
LP V

+ b1z6
LP V

+ b1 ˙z1ref
− b2IP V

CP Vin
− k1|s1|αsign( s1

φ1
)

( b1vP V

LP V
+ b1z6

LP V
− b2z1

CP Vin
)

, (58)

u3F C
= LFC
b3z5

{
RFCz3

LFC
+ b3z6

LFC
− b3vFC

LFC
+ b3ż3F C

−k2|s2|βsign( s2

φ2
),

(59)
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u45bat
= Lbat
b4z6

{
b3vbat
Lbat

− b3Rbatz4

Lbat
− b3ż4ref

+k3|s3|ζsign( s3

φ3
),

(60)

u67UC
= LUC
b5z6

{
b5vUC
LUC

− b5RUCz5

LUC
− b5ż5ref

+k4|s4|ξsign( s4

φ4
).

(61)

By putting the constraints of Eqs. (54-57), V̇ is given as:

V̇ = −s1k1|s1|αsign
(
s1

φ1

)
− s2k2|s2|βsign

(
s2

φ2

)

−s3k3|s3|ηsign
(
s3

φ3

)
− s4k4|s4|ζsign

(
s4

φ4

) (62)

The above equation can be further simplified as:

V̇ = −s1k1|s1|αsign
(
s1

φ1

)
− s2k2|s2|βsign

(
s2

φ2

)

−s3k3|s3|ηsign
(
s3

φ3

)
− s4k4|S4|ζsign

(
s4

φ4

)
≤ 0.

(63)

Eq. (64) indicates that the V̇ is negative definite which infers that the designed
controller stabilizes the system. In next portion, barrier function-based adaptive
framework is added in the designed control laws.

4.1.1 Design of the BASMC

Barrier function are of two types namely: positive definite and positive semi-
definite barrier function. But in this work, positive definite barrier function is
used in order to make the controller robust against time-varying disturbance of
unknown upper bound. Moreover, barrier function based adaptive framework will
reduce the overestimation of adaptive gains like the one in [39–41]. In order to add
the barrier based adaptive framework into the SMC which is designed in previous
section, let’s convert the following constant gains into time-varying gains:

k1 = g1(t, sPV ), (64)
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k2 = g2(t, sFC), (65)

k3 = g3(t, sbat), (66)

k4 = g4(t, sUC), (67)

where sPV , sFC , sbat, and sUC are the sliding surfaces of the PV, FC, battery,
and UC respectively. Similarly, g1(t, sPV ), g2(t, sFC), g3(t, sbat), and g4(t, sUC)
represent the adaptive time-varying gains. This adaptive algorithm first increases
the value of gain until the sliding variable reaches the predefined neighborhood
of zero ε

2 . But once the state trajectory enters the prescribed region, adaptive
gain will switch to the positive definite barrier function and then it would keep
the state trajectory within the prescribed region ε with a time interval of 0 < t1.
Adaptive barrier function-based framework can be mathematically expressed as:

g1(t, sPV (t)) =


gaP V

(t), ġaP V
(t) = ḡPV |sPV (t)|, if 0 < t ≤ t1

gbP V
(sPV (t)), if t > t1

(68)

g2(t, sFC(t)) =


gaF C

(t), ġaF C
(t) = ḡFC |sFC(t)|, if 0 < t ≤ t1

gbF C
(sFC(t)), if t > t1

(69)

g3(t, sbat(t)) =


gabat

(t), ġabat
(t) = ḡbat|sbat(t)|, if 0 < t ≤ t1

gbbat
(sbat(t)), if t > t1

(70)

g4(t, sUC(t)) =


gaUC

(t), ġaUC
(t) = ḡ|sUC(t)|, if 0 < t ≤ t1

gbUC
(sUC(t)), if t > t1

(71)

where ḡPV , ḡFC , ḡbat, and ḡUC are the positive constant design parameters and
gaP V

, gaF C
, gabat

, and gaUC
are the adaptive gains for the controllers of respective

sources. When t > t1 these adaptive gains switch to the BFs where they maintain
sliding variables within the predefined neighborhood of zero |S(t)| < ε irrespective
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of the unknown upper bound of time-varying disturbances. The barrier function-
based adaptive gains are mathematically expressed as:

gpsdb(t, si(t)) = |si|
ε− |si|

, (72)

and
gpdb(t, si(t)) = P̄ |si|

ε− |si|
,where P̄ > 0 (73)

Where ε is a fixed given positive constant parameter.
In this paper, the PDBFs has been prioritized with proposed adaptive gains due to
its unique characteristics with it global minimum value greater than zero P̄ > 0.
Therefore, the adaptive gain-based with PDBFs of the respective sources were
defined as follows:

gpdbP V
(t, sPV (t)) = εP̄

ε− |z1|
, (74)

gpdbF C
(t, sFC(t)) = εP̄

ε− |z3|
, (75)

gpdbbat
(t, sbat(t)) = εP̄

ε− |z4|
, (76)

gpdbUC
(t, sUC(t)) = εP̄

ε− |z5|
, (77)

where gpdbP V
(t, sPV (t)), gpdbF C

(t, sFC(t)), gpdbbat
(t, sbat(t)), and gpdbUC

(t, sUC(t)) are
positive definite barrier function-based adaptive gains. While P̄ is the global
minimum value for the positive definite barrier functions.
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Chapter 5

Simulation Results and

Discussions

MATLAB/Simulink platform is used to simulate the proposed controller. Table 5.1
lists the specification of PV array. The electrical components of power conditioning
units for RES and HESS are given in Table 5.2. These values are chosen in order to
operate the power converters in continuous conduction mode. Similarly, the gain
values of the proposed controller are enlisted in Table 5.3. Different techniques
such as machine learning-based algorithms, ANN techniques, optimization-based
strategies etc, can be used to select the optimal values of these gains but in this
study these values are selected on the basis of hit and trial basis at which the
controller shows the satisfactory performance.

Table 5.1: Specifications of PV Array

Parameters Values

Series-connected modules per string 10

Parallel strings 1

Voltage at maximum power point, VMPP 290 V

Current at maximum power point, IMPP 7.35 A

Open circuit voltage, VOC 36.3 V

Short circuit current, ISC 7.84 A

Maximum Power 213.15 W
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Table 5.2: Parameters of power conditioning units and HESS

Parameters Values

Inductors (LPV , LFC , Lbat, LUC) 0.011, 0.0033, 0.0033, 0.0033 H

Resistors (Rfc, Rbat, RUC) 0.002, 0.002, 0.002 Ω

Capacitors (CPV , Cout) 0.000067, 0.00166 F

Switching frequency 100 KHz

FC module (PEMFC) 350/250 V/A

Battery (Li-ion) 288/13.9 V/Ah

UC module 205/2700 V/F

Table 5.3: Gains of Proposed Controller

Constants Symbols Values

Design constants of sliding surfaces b1, b2, b3, b4, b5 100, 50, 5, 1, 1

Gains of controller k1, k2, k3, k4 1e3, 3e3, 2e3, 4e3

Design coefficients φ1, φ2, φ3, φ4 0.5, 0.5, 0.5, 0.5

Design parameters of controller α, β, η, ζ, 0.5, 1, 1, 1

Sinusoidal time-varying disturbance of increasing amplitudes is given to the system
in order to test the robustness of the controller. It is shown in Fig. 8. From time
t = 0.5s, the amplitude of sinusoidal waveform is increased, it remains constant
for some time and then its amplitude is increased from t = 2s.

Fig. 9 shows the profile of load current at different instants of time. It can be
seen that the load varies at different instants of time which shows the demand side
variation from the user side. It is required to meet the load demand by supplying
the required power.

The validation for the robustness of the proposed controller is carried out under
varying load current and in the presence of subjected external disturbance which is
time-varying and has unknown upper bound. The effect of this disturbance causes
overshoot/undershoot in DC bus voltage and UC current, as shown in Fig.13.and
Fig.14. It can be observed that growing amplitude of sinusoidal disturbance badly
affects the performance of the traditional ASMC and causes overshoots and under-
shoots in its response. While BASMC shows negligible overshoot and undershoot
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Figure 5.1: Sinusoidal Disturbance of Increasing Amplitude

in its response which shows that the proposed BASMC caters for the time-varying
sinusoidal disturbance of unknown upper bound.

Fig.9 shows the load current profile operating under different varying load demand
from the user and therefore, the performance of the proposed controller is tested
under these changing load demands.

Fig.10. shows the output response of the PV load current profile operating un-
der varying changing environmental conditions like changing weather conditions.
For any minute change in temperature and irradiance, operating characteristic
curve will change and it leads to change in reference output voltage given by ANN
which has to be tracked by the proposed controller in order to ensure MPPT of
PV system. Moreover, the proposed controller exhibits robustness against these
varying environmental conditions and tracks the desired peak power voltage with
a lower settling time and negligible overshoot/undershoot in its dynamic response.

The response of proposed controller in tracking the desired FC reference current
is shown in Fig. 11. It is observed that the controller tracks the FC reference
current in the presence of disturbance of unknown upper bound. Moreover, it is
also compared with the conventional ASMC, where BASMC exhibits less settling
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Figure 5.2: Load Current

time than that of ASMC in tracking the reference current.

Fig.12. shows the comparison of proposed BASMC with traditional ASMC in
tracking the reference current of battery. The BASMC shows better dynamic
performance with less settling time while conventional ASMC shows delayed con-
vergence which proves that BASMC shows good response than that of ASMC and
it is not sensitive to time-varying disturbance.

The response of BASMC in case of tracking the UC reference current is shown in
Fig. 13. Moreover, the performance of the proposed controller is also compared
with the conventional ASMC. It can be observed that the proposed BASMC ex-
hibit quick response and shows the overall good response. While ASMC shows
oscillations of higher amplitudes than that of BASMC, which shows that ASMC is
effected from the external disturbance while BASMC shows negligible oscillation
which proves the robustness of the proposed BASMC.

Fig.14 shows the comparison of BASMC and ASMC in tracking the desired DC
bus voltage. It can be seen that the proposed BASMC controller tracks the ref-
erence voltage of 700v with a low settling time at t = 0.0025s with negligible
overshoot/undershoot in its response under varying load. While ASMC exhibits
high settling time at t = 0.056s and also shows huge overshoot/undershoot.
It has been shown that the proposed BASMC shows the overall better dynamic
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Figure 5.3: PV Current Profile

performance in tracking the reference currents of sources and in tracking the ref-
erence DC bus voltage under the effect of time-varying disturbance of unknown
upper bound. While ASMC shows delayed convergence and it exhibits oscillations
of higher amplitudes due to the effect of external disturbance. While BASMC
shows negligible oscillations, overshoot and undershoot which proves that exter-
nal time-varying disturbance of unknown upper bound has a negligible effect on
the proposed controller.

5.1 Experimental Validation through HIL

The experimental validation of the proposed controller under variable load demand
has been carried out using MS320F23879D dual-core microcontroller in HIL-based
setup as shown in Fig.15. This dual-core microcontroller is used to generate the
control signals which are then converted to duty cycles in order to give them to
the switches of the power converters in RES and HESS. The microcontroller is
connected with the PC via USB cable which acts as the channel for the serial
communication.

HIL-based response of the FC current is shown in Fig. 16 in tracking the reference
trajectory under both the constant and varying loads. The proposed controller
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Figure 5.4: Fuel Cell Current

shows some steady state error with the simulation and reference trajectory due to
some discretization effect but after some time it starts to track the reference with
good dynamic response.

Fig.17. depicts the experimental and simulation profiles of the BASMC in tracking
the battery reference current. However, it is observed that the proposed controller
exhibits satisfactory response with negligible overshoot/undershoot. While the re-
sponse of BASMC in tracking UC desired current, is given in Fig. 18. Here both
simulation and HIL trajectories of BASMC shows better performance in tracking
the reference current.

In Fig.19, HIL-based response of BASMC in tracking DC bus reference voltage
is shown. It is observed that the HIL response contains some oscillations, these
oscillations can be due to some discretization effect or can be due to some noise.
But, it is clear that the HIL trajectory of BASMC tracks the reference trajectory
with better dynamic performance which validates the effectiveness of the proposed
controller.
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Figure 5.8: HIL-based Setup
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Chapter 6

Conclusion and Future Work

In this paper, barrier function based adaptive sliding mode controller is proposed
for the control of DC-MG in the presence of time-varying disturbance of unknown
upper bound. In DC-MG, RES with PV and FC while HESS with battery and
UC is considered. The proposed controller is designed for tracking the desired
currents of multiple power sources and for regulation of DC bus voltage at the
desired level under the effect of external disturbance whose upper bound is not
known by the controller. The designed controller is simulated in MATLAB where
it is compared with the ASMC, it is shown that the proposed BASMC tracks the
desired currents of energy sources and ensures DC bus voltage regulation with bet-
ter dynamic performance while conventional ASMC exhibits delayed convergence
and shows oscillations. There are undershoots and overshoots in the response of
ASMC while BASMC exhibits negligible oscillations under the effect of distur-
bance which proves its robustness. The use of positive definite BASMC reduces
the overestimation of adaptive gains which was the problem of conventional ASMC
in controlling DC-MG. HIL-based experimental results show the better response of
BASMC which proves the applicability of the proposed adaptive robust nonlinear
control framework for DC-MG in the presence external disturbances.
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Chapter 6: Conclusion and Future Work

6.1 Future Work

The succeeding work will focus on the use of adaptive barrier function-based higher
order sliding mode control of DC-MG in order to increase the overall efficiency
of the system and to eliminate the overestimation of adaptive gains. However,
different optimization algorithms can also be used to minimize/maximize the cost
function for the control of power conversion in the DC-MG.
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