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Abstract

In this paper, a Backstepping Global Integral Terminal Sliding Mode Controller (BGITSMC) with the view to enhancing
the dynamic stability of a hybrid AC/DC microgrid has been presented. The proposed approach controls the switch-
ing signals of the inverter, interlinking the DC-bus with the AC-bus in an AC/DC microgrid for a seamless interface and
regulation of the output power of renewable energy sources (Solar Photovoltaic unit, PMSG-based wind farm), and
Battery Energy Storage System. The proposed control approach guarantees the dynamic stability of a hybrid AC/DC
microgrid by regulating the associated states of the microgrid system to their intended values. The dynamic stabil-
ity of the microgrid system with the proposed control law has been proved using the Control Lyapunov Function.

A simulation analysis was performed on a test hybrid AC/DC microgrid system to demonstrate the performance of
the proposed control strategy in terms of maintaining power balance while the system’s operating point changed.
Furthermore, the superiority of the proposed approach has been demonstrated by comparing its performance with
the existing Sliding Mode Control (SMC) approach for a hybrid AC/DC microgrid.

Keywords Dynamic stability, Hybrid AC/DC microgrids, Power balance, Robust backstepping controller, Global
integral terminal sliding mode controller, Switching control signals

1 Introduction

With ever-increasing electricity demand, dwindling fos-
sil fuel reserves, and the Greenhouse Gas (GHG) impact
on electrical power systems, green Renewable Energy
Source (RES) has emerged as the preferred alternative
to nonrenewable energy sources or fossil fuels [1, 2]. The
Distributed Generation (DG) concept has played a signif-
icant role in the transition from conventional fossil fuel-
based energy sources to cleaner RES over the last two
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decades [3]. RES, such as Solar Photovoltaic (PV) and
wind energy, are abundant around the world, and they
are regarded as the key contributors to improving carbon
sustainability [4, 5]. And it is commonly adopted along-
side an Energy Storage System (ESS) to form a Microgrid
(MG) and serve local electricity demand. The primary
benefits of an MG includes to increase dependability,
autonomous control, and the flexibility to satisfy local
load needs in both islanded (without grid support) and
grid-connected modes [6, 7].

However, the intermittencies associated with the RES
and the fluctuations in load demands are considered the
major issues for MG operators [8, 9]. For example, the
generation of wind and solar energy systems, which are
the most common RES that features in the MG, depends
on the weather conditions (solar irradiation and wind
speed). In order to mitigate the intermittencies associ-
ated with RES and best utilize their benefits, the Battery
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ESS (BESS) has become an indispensable component in
an MG system [9]. Solar energy and BESS primarily deal
with DC electricity, which can be directly used to power
DC loads [10, 11]. This will simplify the control structure
because the frequency and reactive power regulation
are not required in DC operation [12, 13, 26]. Similarly,
RES that generates AC power can be utilized to power
the AC loads, obviating the need for rectifiers to power
DC loads [14]. As a result, hybrid AC/DC MGs with
RESs are quickly increasing and capturing the attention
of many researchers [15, 16]. An AC/DC MG combines
the advantages of both the AC and DC MGs [17, 18],
which can handle both the AC and DC loads without the
requirement for further AC-to-DC and DC-to-AC con-
versions. Furthermore, for a hybrid AC/DC MG, when
both AC and DC MG are connected with a Bidirectional
Voltage Source Converter (BVSC) reduces the number
of conversion steps while simplifying control operations
in the MG [13, 19, 26]. However, dealing with intermit-
tencies in RES and fluctuations in loads, and the energy
management of diverse components is regarded as a key
challenge for the MG operator. Therefore, robust control-
lers are essential for hybrid AC/DC MGs to provide resil-
iency against the aforementioned challenges.

Different linear and nonlinear controllers for control-
ling individual DC and AC MGs have been designed and
implemented in the existing literature [20-23]. The over-
all aim of these controllers is to maintain the dynamic
stability of a MG regardless of whether they are DC or
AC. Liu, et al, [23] and Ma et al., [24], identified that a
model free Proportional-Integral (PI) controller can be
used to manage the output power of each of the compo-
nents in hybrid AC/DC MGs where power regulation is
achieved by coordinating the actions of individual com-
ponent controllers. However, the PI controller is not
capable to ensure the dynamic stability of hybrid AC/
DC MGs under severe system transients. Sowmmiya
and Govindharajan, [25] proposed a similar controller
for a hybrid AC/DC MG to manage the grid voltage and
frequency. In contrast, a distributed control system is
proposed in [26] to coordinate the Multiple Parallel Bidi-
rectional Power Converter (MPBPC) in a hybrid AC/DC
MG. However, the dynamical stability of DC-and AC-bus
voltages has not been considered in the control approach
in [26], though the regulation of these voltages is essen-
tial for the desired power-sharing in the MG.

Loh et al. [27] proposed a generalized droop control
strategy that assures the dynamic stability of the DC-bus
voltage in a hybrid AC/DC MG while ensuring accept-
able power-sharing. However, Loh et al. [27] did not con-
sider the power-sharing between the AC and DC sides
of the hybrid MG. Moreover, it is well-known that linear
controllers suffer from performance deficiencies while
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seeking to reduce quick transients, such as an abrupt
change in generation, a sudden shift in load, a short-cir-
cuit fault, etc. To overcome this drawback, an improved
droop control approach has been proposed in [28] to
derive the switching signals for the bidirectional VSC,
allowing power to be exchanged between the AC and
DC-sides of a hybrid MG. The fundamental issue with
such droop controllers is their sensitivity to voltage fluc-
tuations at the DC-or AC-buses of the MG where com-
ponents of the MG are connected. Furthermore, as droop
controllers in a hybrid AC/DC MG are developed using
linear characteristics of individual MG components,
there is a greater risk of such voltage fluctuations. Also,
the unpredictability of RES causes the MG to operate
over a wide spectrum. Therefore, the linear droop con-
trollers are incapable of maintaining the dynamic stabil-
ity of a hybrid AC/DC MG due to their wide operating
range.

Besides linear controllers, several nonlinear control
techniques for enhancing the transient stability of hybrid
AC/DC MGs have been proposed in the current litera-
ture [29-31]. The nonlinear controllers are expected to
provide better performance as compared to linear con-
trollers since these controllers are developed based on
the nonlinear dynamical models of a hybrid AC/DC MG,
which can describe the system dynamics under a wide
range of operating conditions [24]. Adaptive Neural Net-
work (ANN-based controllers have been presented in
[32—34], to capture nonlinearities associated with differ-
ent components of a hybrid AC/DC MG. However, the
performance of this ANN based controller is depend-
ent on the adequate amount and accuracy of the train-
ing data set. This issue associated with the training data
set can be solved by the application of model-based con-
trol strategies. A model based nonlinear backstepping
controller for a hybrid AC/DC MG has been presented
in [1, 35], which considers dynamics associated with
each of the components in the MG to ensure acceptable
dynamic performance under a wide range of operating
conditions. Though the controller in [1, 35] can attain
the desired power balance, it is vulnerable to external dis-
turbances (EDs), such as generation or load variations,
parameter variations, and faults, which are common dur-
ing the operation of the MG. To alleviate this limitation,
Armghan et al. [29, 31] proposed an adaptive backstep-
ping-based nonlinear control scheme that assures DC-
bus voltage regulation. However, the proposed approach
is only applicable to the islanded mode operation of the
MG.

EDs can be included in the dynamic model as unknown
disturbances to capture the modeling errors, paramet-
ric uncertainties, and measurement noises associated
with a hybrid AC/DC MG. Wang et al, [36] presents a
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nonlinear disturbance observer-based control technique
for a hybrid AC/DC MG, where the observer is used to
estimate the unknown disturbance and to assist the con-
troller in adjusting the DC bus voltage to the desired
value under these disturbances. However, the control
actions are derived using PI scheme, which is expected to
be compromised due to the estimation error of the dis-
turbance observer.

As discussed in [37, 38], the Sliding Mode Controller
(SMC) is well known for its resilience against parametric
uncertainty and EDs. A nonlinear SMC with droop char-
acteristics has been proposed in [39], where the primary
goal was to regulate the grid voltage and current consid-
ering only the dynamics associated with the BVSC. The
presented control approach does not include the dynam-
ics associated with the RES and BESS, even though they
have a major influence on the overall dynamic stability of
a hybrid AC/DC MG. Considering these facts, Baghaee
et al. [40] demonstrated a nonlinear SMC scheme for
all the associated components in a hybrid AC/DC MG.
Though the SMC approach can properly accomplish DC-
bus voltage regulation, it exhibits an unexpected chat-
tering issue. To address the chattering issue, Armghan
et al. [29, 31] explored a double-integral based SMC for
a PV and wind-based grid-connected hybrid AC/DC MG
without considering any ESS. Furthermore, Armghan
et al. [29, 31] did not consider neither parametric nor
external uncertainties. To overcome this drawback, Has-
san et al.,, [41] designed an adaptive Lyapunov redesign
strategy for power converters connected to RES and
hybrid ESS considering uncertainties associated with the
system. Though it ensures DC-bus voltage regulation and
energy management, it does not consider the dynamics
of the associated DC—AC converter.

Based on the presented literature review, it is evident
that a hybrid AC/DC MG with different types of RES-
based distributed energy sources, ESS, and associated
AC/DC loads are difficult to maintain within the desired
operating boundary. With a view to addressing this chal-
lenge, this paper proposes a Backstepping Global Inte-
gral Terminal Sliding Mode Controller (BGITSMC) for
a hybrid AC/DC MG with RES and ESS incorporating
EDs associated with MGs, which builds on the approach
in [36]. The proposed BGITSMC approach assures the
overall dynamic stability of the hybrid AC/DC MG by
deriving control inputs in such a way that assures all the
associated system states of the MG converge to their
intended values. EDs have been incorporated into the
dynamical models of various components in hybrid AC/
DC MGs, and the proposed control is designed consid-
ering the effects of these disturbances. Overall dynamic
stability of the MG with the proposed controller has been
demonstrated using the control Lyapunov function. The
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superior performance of the proposed control approach
has been demonstrated through rigorous simulation
studies and compared with that of the existing SMC
(ESMCQ).

2 Brief overview of a hybrid AC/DC MG

A schematic diagram of a hybrid AC/DC MG is presented
in Fig. 1. As illustrated in the figure, a hybrid AC/DC
MG comprises a DC part and an AC part. The DC part
includes all the DC components: DC energy source (solar
energy source, PMSG-based wind energy sources), BESS,
DC loads, and associated power electronic device [DC—
DC Boost Converter (DBC)], and forms a DC MG. On
the other hand, the AC part includes the AC loads, which
are interfaced with the DC side using a BVSC. Due to the
influence of weather intermittencies on the generation
of the RES and the load variation, a hybrid AC/DC MG
exhibits transients if there is any variation in its operating
condition. The control actions associated with the con-
trollable entities in the MG are required to be adjusted
to deal with such transients and ensure the dynamic sta-
bility of the MG. For example, the DBCs associated with
the solar PV units in a MG are required to be regulated
to manage output power while assuring the extraction of
maximum possible power under varying weather condi-
tions. Similarly, the associated PMSG’s switching con-
trol inputs are regulated to extract the maximum output
power from the wind farm, while the DC-DC Bidirec-
tional Converter (DBBC) associated with the BESS is
regulated to control its charging and discharging current.
Also, the switching signal driving the BVSC interfacing
the DC and AC sides of the MG must also be adjusted
according to the intended power exchange between the
two sides of the MG to maintain its dynamic stability
under varying loads and generation as well as EDs. The
accuracy and completeness of the model describing the
MG, while deriving its controller. Moreover, the dynamic
models of each components of a MG are required to be
considered to capture the complete dynamics and to
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Fig. 1 Schematic diagram of the proposed hybrid AC/DC MG
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ensure the overall stability of the MG. In the following,
first dynamic modeling of the individual components of
a hybrid AC/DC MG is developed, followed by the deri-
vation of the proposed controller using the developed
dynamic model of the MG.

3 Dynamical model of a hybrid AC/DC MG

This section presents a dynamic model describing each
of the components of a hybrid AC/DC MG, which will be
used in the following section to develop the proposed con-
troller for the MG. A dynamic model of the BVSC with an
output LC filter, which is used to interface the DC and AC
sides of the hybrid MG, is presented first. This is followed
by a dynamic model of a solar PV unit with DBC, a PMSG-
based wind farm with a DBC, the BESS with a DBBC.

3.1 Modeling of the BVSC with an output LC filter

The equivalent circuit of a BVSC with an output LC filter
is shown in Fig. 2, and the dynamical model of this con-
verter can be developed using circuit theories which are
described as follows [22]: with an LC filter.

d Ve o

dt - C_dc B 2V3.Cye Vealod
dﬁzil'd+wv —le

dt Cf ! “ Cf 0
Weg _ L ovy— L

dr Cf iq cd Cf oq (1)
Da _ 1y 4 oly+LveM

dt Lf ¢ i Lf defd

di:—i\/c — ol +iV M

dt Lf q id Lf dctVig

Common Bidirectional power flow
DC-bus voltage source inverter
Fig. 2 An equivalent circuit diagram of the BVSC
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where V. is the DC-link voltage across the capacitor Cj,
io is the current flowing in or out at the DC-bus, V,; is
the direct-axis voltage across the filter capacitor (Cr), Vey
is the quadrature-axis voltage across the filter capacitor,
o is the angular frequency, [;; is the direct-axis current
at the input of the LC filter, I;; is the quadrature-axis
current at the input of the LC filter,],; is the direct-axis
current at the output of the LC filter, I,; is the quadra-
ture-axis current at the output of the LC filter, Ly is the
filter inductance, M is the direct-axis switching signal of
the VSC, and M, is the quadrature-axis switching signal
of the VSC. By incorporating external EDs into Eq. (1), it
can be written as:

dVy, iy 3
—=—— — — V4l d
At Ca  2VaCq ol T4
aV.y 1 1
— = —1 Veg — — d
dt Cf id + @V Cf od T a2
dVCq 1 1
7 = ?f'[iq — Cl)VCd — Ef[gq + d3 (2)
Alia L+ oy + VMg +d
—, = 7 Ved TWlig T —V4cVlg 4
dt Lf Lf
dqu 1 1
=——Vy —olyy+ —VyMy+ds
dt Lf Lf

where d1, ds, d3, da, and ds are EDs for the BVSC with an
output LC filter and the proposed control approach will
be used to obtain the switching control inputs, S; and S.

3.2 Modeling of the solar PV unit with a DBC

The comparable circuit shown in Fig. 3 will be used to gen-
erate a dynamical model of a solar PV unit with a DBC,
with the PV cell assumed to be a single diode model. The
detailed dynamical model can be represented by the equa-
tions shown below [1]:

LC filter

AC-bus
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diy 1 .
d:v = ?pv [—i’valev - (1 - Mpv)Vdc + va}

avgc 1 . . (3)
ar Cu [(1 — Wpw)iLpy — lOPV]

where vpy, irpv, Cies iopvs and ppy are the solar PV unit’s
output voltage, the current flowing through the internal
inductance (L), and resistance (ry,y) of the converter,
DC-bus capacitance, load current, and control signal,
respectively. With the EDs in the PV unit with the DBC,
the dynamical model in Egs. (3) can be written as follows:

dinv 1 .
g Lip [=Rpvizpy — (1 — tpw) Ve + vpv] + de
avy. 1

ar Ca [(1 - upv)inv - iopv] +d7

(4)
where dg, d7 are the EDs for the DBC in the PV system.

3.3 Modeling of the PMSG-based wind farm

The rectifier is directly linked to the stator in a PMSG based
wind farm, as illustrated in Fig. 4, and the rectifier’s output
is connected to the DC-bus through a DBC. The DC-bus
dynamic, on the other hand, is not considered while build-
ing the controller for this PMSG-based wind because it has
already been addressed by all other components. The stator
current dynamics may be used to illustrate the dynamical
model of a PMSG-based wind farm, as shown below [20]:

dig _ R, oo 1
=——1i sl —Vaem
dt L, sd slsq L dcMsd (5)
disq Ry . . ws P n 1
= ——lyy — Wsigg — —— + — Vyem
dt L sq 'slsd L, L dcMsq

where i, is a direct-axis component of the stator current,
isq is a quadrature-axis component of the stator current,
R, is the stator resistance, Lg is the stator inductance, w;
is the angular frequency of the synchronously rotating
frame, v is the stator flux, m; is the direct-axis switch-
ing control signal for the rectifier, and i, is the quadra-
ture-axis switching control signal for the rectifier. The AC
power from the PMSG is converted to DC power before

i i i
pU Lpv____5 < opv
L]
“ erv LLpli D +
Vi . C dc—”vdc
Solar PV system DC-DC boost converter DC-bus

Fig. 3 The DBC equivalent circuit for the solar PV system

Page 5 of 13

being fed into the DC-bus through a rectifier. The recti-
fied current of a diode rectifier can be computed using an
average value model, which is expressed as follows:

. 1
dﬂ _ <w€£ — VR — BLSa)SiR) (6)

dt ~ 2L\ w T

where ir is the rectifier current, E is the per phase rms
value of the PMSG, and v is the output voltage of the
rectifier. As previously stated, the rectifier’s output is
fed to the DC-bus through a DBC. As a result, the DBC
dynamic can be written as follows:

dip 1 .
i —[—rrir — (1 — up)vge + V]
t Lp
avgc _ 1 a )i o] @)
ar Cae UR)IR — LoR

where igr, ior, and up represent the current flowing
through the inductance (Lg), and internal resistance (rg)
of the converter, load current, and control signal, respec-
tively. When the effects of various environmental con-
ditions are factored into Egs. (7), the following result is
obtained:

di 1 .
7R = —[—rpir — (1 — up)v4. + vr] + ds
t  Lg 8)
dvd 1 : ;
dtc = (1 — ur)ir, — ior] + do

where dg and dg are the EDs which are used to capture
variations or modeling errors in the relevant equa-
tions. Using the proposed robust control technique, this
dynamical model is utilized to develop the control input.

3.4 Modeling of the BESS with the DBBC
The equivalent circuit of a BESS along with a converter is
shown in Fig. 5 and the dynamical model can.

be obtained based on this figure which can be written
as:

—AM—— P}

+ 1L diode|+ | I,
= L L Ty R ode Lor
AAA TR o
D1 | D3| D5
- o =
VR R [ =
de| C e
A1, -
Wind power D2 [ D4] D6 —
generator Uncontrolled rectifier DC-DC boost converter ~ DC-bus

Fig. 4 The equivalent circuit diagram of the PMSG with an
uncontrolled rectifier converter
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dipgt _ ,
dr L, (Vbat — Thatibat — MbatVdc)
at
dvdc 1 ( . . ) (9)
= — pat — L
dr Cie Mbatlbat obat

where iyt Voats Lbats Vhats Lobat> and ey, are used to repre-
sent the output current of the BESS, the terminal voltage
of the battery, the inductance of the converter, the inter-
nal resistance of the inductance, the load current, and
the switching control signal, respectively. The dynamical
model of the BESS with a DBBC in Egs. (9) can be repre-
sented by integrating external disturbances:

diy, .
Y o (Vbat — Thatlbat — PbatVae) + dio
dt Lblll'
(10)
vy 1 ( . . ) +d
= — ipgr — i
dt Cdc Mbatlbat obat 11

where the EDs dj and di; represent the fluctuations or
modeling mistakes in the appropriate equations. The
switching control input for the DBBC is designed using
the dynamical model described by Eq. (10).

In the following section, these dynamic models describ-
ing different components of the hybrid MG are used to
develop the proposed controller.

4 Proposed controller design

The switching signals for all the power electronic con-
verters associated with different components of the MG
are designed using the proposed BGITSMC. Since the
design process is the same for each of the MG compo-
nents, the detailed controller design process is only pre-
sented for the BVSC converter with an output LC filter.
While, for all other MG components, only the derived
control inputs are shown.

4.1 BGITSMC design for the BVSC

The BGITSMC approach is employed on a BVSC with an
output LC filter to coordinate power-sharing between the
AC and DC buses by allowing all state variables linked to
the converter to converge to the appropriate steady-state
position. Because the suggested approach evaluates the
convergences of all connected state variables, the switch-
ing control input will be gathered in stages.

ibat——> T iobat

+ That  Lpat H +

VUpat Hbat CdC::de
Balter_\r‘ energy DC-DC bidirectional DC-bus

storage system power flow converter

Fig. 5 The equivalent circuit diagram of the BESS with a DBBC
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Step 1 1f the desired value of Vi is Vi (e, then the
tracking error can be written as follows:

e1vsc = Vac — Vicirer) (11)
The dynamic of this error is
.. Vealoa +d1 =V,
e = - -
1 Cdc 2Vdc Cdc cdtod 1 dc(ref) (12)

To analyze the convergence of ej, the CLF can be writ-
ten as:

1,
W1 = 24 (13)
Using Eq. (12), W1 can be written as follows:
W Jo. > Ly +di—V,
=e
1=e€ Cdc 2Vdc Cdc Vedlod 1 = Vdc(ref)
(14)

It is critical at this stage to choose a stability function
(@) that corresponds to the state variable (V;) in Eq. (14)
so that Ve = Vie(rer) i-€., e1vsc converges to zero. The
following options can be used to do this:

2V, C ip -
= dCdC<CO Vdc(ref) k161> (15)

3

where ki is a positive design parameter. Using Eq. (15),
W1 in Eq. (14) can be simplified as follows:
W = —kle% + e1d; (16)

Step 2 In this step, the error can be defined as fol-
lows:

ea=Vy—a (17)
Using Eq. (2), the dynamic of e, can be written as:

. 1 1 .

e = @Iid + oV — @Iod +dy—a (18)

If Veg(rer) is the reference value of V¢, the correspond-
ing tracking error (e3) can be defined as follows:

€3 = ch - ch(ref) (19)
and its as:
b= ol Ve — o s Vegp) (20)
f f

At this time, the second CLF can be selected as follows:
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1 2 1 2
W2 =W+ 5@2 + 5@3 (21)

The derivative of W, is expressed as follows:

. 1 1
Wy = —kle% +eidi1 + ey [7 idt+ oV — —=Iog + dy — (5!:|
Cr Cr

1 1 .
+e3 {C}qu — oV — ¢l +ds — ng(ref):|

(22)
Now the stabilizing functions for two-state variables

Iiz and I;; need to be selected and these stabilizing
functions are as follows:

1 .
lig=04=-Cf (chq - Fflod —a+ kz@z)

1 .
liy=a4 = —Cf [—a)Vcd — Efloq — ch(ref) + k3€3:|
(23)

with ky and ks as positive control parameters. Equa-
tion (22) can be simplified as:

Wy = —kie} — koe — ksel + erds + exds + e3ds
(24)
If e1, ep, and e3 converge to zero, WZ = 0 which indi-
cates the negative semi-definiteness of W.
Step 3 Since az and a correspond to states /;; and
Iig, these can be defined as in terms of their error
variables as defined below:

es =lig — oy

2
es =qu—0{q (25)

These errors’ dynamics can be expressed as follows:

. 1 1 .
ea = ——Veg + 0lig + —VacMy +da — cq
Ly Ly
(26)

. 1 1 .
e5 = _fch —wlg + deCMq +ds —ay
f f

At this point, the global integral terminal sliding sur-
face can be defined as follows:

S;=es+ 11 [feydt + ([ e4dt)x/y

27
Sq =e5+ 11 [esdt + 'L’z(f%dt)x/y @7)

where x and y are odd values that must meet the condi-

tionl < % < 2, while 77 and 7 are positive constants. The
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dynamic of S; and S, using the values of ésysc and
ésysc, can be written as:

. 1 1 .
Si=—7Vut+olg+ —ViMag+ds—ay

L L

f f
X x_1
+ 1184 + T2 —eq ([ e4dt)”

. 1 g 1 (28)
Sq = —fVCq — a)],'d + 7Vchq +d5 - dq

Ly Ly

X X _
+ T1e5 + fz;es(f esdt) !

The CLF should be chosen as follows to analyze con-
vergences of all errors connected with the BVSC:

Lo, 1o
W3 =Wy + ESd + ESq (29)
whose derivative can be written as:
W3 = —kie? — kaed — kse? + e1ds
+ exdy + e3d3 + Sgda + Syds
1 1
+ Sa [— Vea + olig + —VacMy
Ly Ly
. X x 1]
—d&y + 164 + Tz;m(f eadt)y ! (30)

1 1
+5, [—L Veg = wlia + 7 VacMy
of of

. x x_
—ag + n1es + fz;es(f%dt)y !

For the stability of the entire converter, W3 in Eq. (30)
needs to be negative semi-definite or negative-definite
i.e., W3 <0 which will be possible if M; and M, are
selected as follows:

M Ly 1 v L 4G .
= — — Wl Qg — 2
d Vi Lf cd iq d 1€4

_,2234(fe4dt)§*1 — Fysgn(Sy) — k45d}

— e—lFlsgn(el) - einSgn(BZ)

Sq Sd
Ly [1 3D

M, = = lig +aq —

—rz’yfeg,( [esdt)) ™' — Fssgn(S,) — k5sq}

_*3g()
aneg
q
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where k4 and ks are positive control parameters.
With the switching control inputs in Eq. (31), W3 in
Eq. (30) can be written as follows:

W3 = —kie} — koed — kse3 — kye? — kse? + e (dv — Fisgn(er))
+ ex(da — Fasgn(er)) + e3(ds — Fasgn(es))
+ S, (d4 — F4sgn(5d)) + 84 (d5 — Fssgn (Sq))
(32)
If the following criteria are met, Eq. (32) will be nega-
tive semi-definite:
ld1] < F1, |da| < B, |d3| < F3, |dy| < Fa, and |d5| < Fs.
with Fj, F>, F3, F4, and F5 as known bounds. Therefore,
the control law as described by Eq. (31) can stabilize the
BVSC with an output LC filter. The switching control
inputs for the remaining converters can be determined in
the same way. However, these design techniques have not
been repeated in this paper.

5 Proposed controller for the DBC in conjunction
with the solar PV unit

The control input for a DBC with a solar PV unit is cal-

culated using the dynamical model provided by Eq. (3).

The control input for the DBC in conjunction with

the solar PV unit can be obtained using the BGITSMC

approach as follows:

. 1 . 12 . .
Ppv == Mpy + CZ: [(1 = mpw)itpy — iopy]
. e
+koée + kye; + Frsgn (Spv) + S—6F6sgn(e6)
pv
X x_q
+1367 + T4;67(f ezdt)”
(33)
where e and e; are error variables; and

M, = ﬁ [Vpv — TpviLpy — Vac| with ke and k7 as positive
control parameters while Fs and F; are known bounds to
EDs with |d6| < Fgand |d7| < F5.

6 Proposed controller for the DBC in conjunction
with the PMSG farm

In this subsection, he control input will be derived

from the dynamical model of the DBC in conjunction

with the PMSG-based wind farm, which is represented

by Eq. (8). The control law for the PMSG-based wind

farm using the BGITSMC approach can be expressed as

follows:

€g

. L
iR = ———[N + koSpysG + Fosgn(Spmsc) + Fgsgn(es)]
Ve SpmsG
(34)
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where N = Lr’45dc [(1 — UR)ir, + Vdc} + My + t5€9 + t6§

diy
¥ 1 __ 1 : _ _R(ref)
eg(f egdt)? My = I, (rRlLR + Vdc) ar + kges,
eg and eg are error variables with kg and k9 as positive

control parameters while Fg and Fg are known bounds to
EDs With|d8’ < Fg and|d9| < Fo.

7 Proposed controller design for the DBBC

in conjunction with the BESS
The switching control input for the DBBC in a BESS is
obtained using the dynamical model in Eq. (10). The
switching law for the bidirectional DC-DC converter in
a BESS can be written using the BGITSMC approach as
follows:

. 1 y Mbat . . .
Ppar = — | M3 — —— (Uparipar — iobar) + K10€10
Vdc Cac

€10
+k11Spar + Fllsgn(sbat)gFIOSgn(elo)
at

X X _
+17e9 + Ts;ell(f endt)’

(35)

where ej9p and e;; are error variables; and

Mz = ﬁ(‘/bat — Thatibar — %ibat(ref) with k19 and k17 as
positive control parameters while Fig and Fi; are known
bounds to EDs with |d10’ < Fipand |d11| < Fi1.

8 Controller performance evaluation

The dynamic performance of the hybrid AC/DC MG
with the proposed controller has been evaluated in this
section. A set of simulation studies have been carried
out on the MG shown in Fig. 1 using the MATLAB/
SIMULINK SimpowerSystem software. Under nominal
operating conditions, the DC bus voltage is considered
to be 640 V, and the power rating of the solar PV unit is
considered to be 12 kW under standard test conditions
(1 kW/m? and 25 °C) in the test MG. It is noted here that
in this work, the conventional Perturb & Observe (P &
O) method is used as a Maximum Power Point Tracking
(MPPT) algorithm to extract the maximum power from
the solar PV unit. The PMSG-based wind farm is rated at
25 kW. A Lithium-ion battery with a capacity of 150 Ah
and a nominal voltage of 300 V has been considered for
the MG. The maximum load demand on the DC side of
the MG is considered to be 25 kW, while the maximum
load on the AC side is considered to be 30 kW. The gen-
eralized implementation block structure of the proposed
control scheme is presented in Fig. 6. The developed con-
troller, as seen in this diagram, employs physical attrib-
utes like voltage, current, and so on as feedback from the
system, while the system model incorporates EDs such as
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(Va'vblvulavlb-lc) .
Vg, ip VR, LoR , .
e e
Robust A
BGITSMC: .
E i 34 obus
VR(ref) 5 &) BGITSMC:
Equation (35)

Vdc' iap

Robust
BGITSMC:
Equation (33)

Vpv (ref)

Fig. 6 Implementation block diagram of the proposed control scheme

parameter fluctuations, measurement noises, and mod-
eling errors. The impacts of measurement noises are
captured in the form of white Gaussian noises, and the
bounds on EDs for individual components are derived
based on deviations in parameters from their nominal
values, combined with modeling errors. These physical
attributes, combined with the ED boundaries and nomi-
nal parameters of the individual components, are utilized
to create the control signal, which is then employed to
assure the system’s dynamic performance. The control
signals for all components of the MG are derived from
MATLAB/SIMULINK SimPowerSystems, as illustrated
in Fig. 1. The switching frequencies of the converters dur-
ing the simulation study are set to 5 kHz, while the sam-
pling frequency of the simulation study is considered to
be 10 kHz. The system parameters of the proposed hybrid
MG system and the gain parameters of the designed con-
troller are mentioned in Tables 1 and 2, respectively.

The DC part of the hybrid AC/DC MG is assumed
to run initially in this scenario, with the DC-bus volt-
age being produced by the first activation of the solar
PV unit. The PMSG-based wind farm is then put into
service, followed by the BESS and the DC load. Once
the DC component is completely operational, AC loads
are turned on. By evaluating a variety of operating sce-
narios, the performance of the developed BGITSMC is
compared to that of a typical SMC as reported in [39]. It
should be mentioned that the existing SMC is designed

PWM
i)

Measured output

4
PWM

Electric

Vcd' chilidiliq

power

Switchgear | £rid

My, M,

BGITSMC:
Equation (31)

equipment

Robust I

.

by considering an integral sliding surface along with the
inclusion of a conventional reaching law.

During the simulation study, from time t=0 to 2 s,
the irradiation is considered to be 880 W/m?, which
causes a solar PV power output of 9.52 kW. The PMSG-
based wind farm is considered to produce 13.7 kW
of power during this time period, while operating
under a wind speed of 9 m/s. The load demand during
this period is considered to be 5.85 kW DC load and
10.44 kW AC load, respectively. During the time period
t=0-2 s, the overall power generation on the DC-side
is 23.22 kW, while the DC load demand is 5.85 kW.
This indicates that there will be a surplus generation
of 17.37 kW of DC power. Depending on the SOC of
the battery and the loads in the system, the additional
power from the DC side can be either stored or trans-
ferred to the AC side. Since the AC load requirement
during the time period t=0-2 s is 10.44 kW, this load
demand is met by importing power from the DC side
by modulating the bidirectional VSC’s switching con-
trol signal. The battery stores the energy equivalent to
the remaining residual power on the DC-side because
it still has the potential to store energy. However, the
battery charging power is 4.098 kW, i.e., the power
loss is 2.8 kW. Figure 7 shows the breakdown of the
power in different components of the MG during this
time period. The DC-link voltage is shown in Fig. 8,
which is maintained at its desired value. As can be seen
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Table 1 Nominal parameters of the proposed hybrid AC/DC MG

Parameters Values
BVSC

Capacitor of a LC filter, Cf 6.85 uF
Inductor of a LC filter, Lf 2 mH

AC load 0~30 kW
Solar PV unit

Maximum output power of a PV system, Ppv 12 kW
PV voltage at MPPT, Vmp 31V

PV current at MPPT, imp 8.06 A
Resistance of the DBC, rLpv 0.050
Inductance of the DBC, LLpv 0.352 mH
Input capacitance of the solar PV unit 2200 uF
BESS (Lithium-ion battery)

Nominal voltage of a BESS, vbat 300V
Rated capacity of a BESS, Qbat 150 Ah
Resistance of the BDDC converter, rbat 0080
Inductance of the BDDC converter, Lbat 1 mH
PMSG unit

Output power of a wind generator, Pwind 25 kw
Stator resistance of a wind generator, Rs 04250
Stator inductance of a wind generator, Ls 1.67 mH
Stator flux of a wind generator, { 0433
Resistance of the DBC, rR 0040
Inductance of the DBC, LR 0.2mH
Common DC-bus

Rated voltage of the common DC-bus, V(dc-ref) 640V
Capacitance of the common DC-bus, Cdc 1200 pF
Range of the DC load power, PDC-Load 0~25 kW

Table 2 Control parameters of the proposed control scheme

Parameters

Values

Control parameters for a BVSC

k1, k2, k3, k4

k5, 71,12, F1,F2

F3,F4,F5, %y

Control parameters for a solar PV unit
k6, k7,13

4, F6, F7

Control parameters for a PMSG unit
k8, k9, 15

6, F8, F9

Control parameters for a BESS unit
k10, k11,77

78,F10, F11

150, 180, 200, 170
250,30,40,0.8,0.8
0.8,08,08,13,7

220,250, 25
35,0.8,08

180, 250, 15
18,08,0.8

260, 290, 40
50,0.8,08

from Figs. 7 and 8, the performance of the proposed
BGITSMC and the ESMC are the same during this time
period, as there is no transient event during this period.

Poyv (kW)

wing (KW)

P

PA(}Lond (kW) PD(}Load (kW)

PBESS (kW)
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In order to demonstrate the performance of the pro-
posed controller at t=2 s, the following change in condi-
tion is considered:

+ The power generation from the solar PV unit
decreases from 9.52 to 7.98 kW as shown in Fig. 7a.

All other conditions, however, remain the same as
in the time period t=0-2 s until t=4.5 s. During this
time period, the DC-side continues to generate more
power than the load demand, while the AC-side contin-
ues to have a shortfall in power generation. The gener-
ated from the DC side, on the other hand, is exported to
the AC side to maintain power balance. The battery will
now retain less power since the overall power surplus is
lower than in the previous stage, as seen in Fig. 7e. Tran-
sients disrupt the power profiles of different components
and the DC-link voltage in a hybrid AC/DC microgrid
at t=2s, as illustrated in Figs. 7 and 8, and the designed
BGITSMC handles these transients better (in terms of
overshoot and settling time) than the ESMC. As shown
in Fig. 7d, the AC load changes from 10.44 to 15.4 kW
at t=4.5 s. All remaining components’ power profiles
are comparable to those of the prior operating state, i.e.,
fromt=4.5stot=5s.

The hybrid AC/DC microgrid experiences another
transient event from t=5-6 s due to the following
changes:

+ As shown in Fig. 7a, the sun irradiation decreases
from 700 to 500 W/m?, causing the output power of
the solar PV unit to decrease from 7.98 to 5.42 k.

All other conditions remain unchanged. During this
time period, the bidirectional VSC will export the same
amount of power from the DC side to the AC side as
previously explained. However, as total generation is less
than total load demand, the energy released by the bat-
tery is used to maintain power balance, as illustrated by
the BESS power profile in Fig. 7e.

The power profiles of the hybrid AC/DC microgrid are
disturbed at t=6 s due to the following event:

+ As illustrated in Fig. 7b, the wind speed increases
from 9 to 13 m/s, raising the output power of the
PMSG-based wind farm from 13.7 to 18.5 kW and

+ Asseen in Fig. 7c, the DC load increases from 5.85 to
16.09 kW.

Other operating conditions remain unchanged as those
of the previous time period (i.e., from t=5 s to t=6 s) and
until t=6.5 s. The overall generation on the DC side is
23.9 KW during this time period, whereas the load demand

(2023) 8:8
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is 16.09 kW. At the same time, the AC-side load require-
ment is 154 kW. At this moment, to maintain the power
balance, the battery discharges its power as shown in Fig. 7e.
In comparison to all other scenarios, the DC-link voltage is
drastically disrupted during these transients. However, as
compared to the ESMC, the proposed BGITSMC can effec-
tively stabilize this. The AC load is reduced from 15.40 to
10.44 kW at t=6.5 s while all reaming components run with
power profiles comparable to the preceding phase, and this
operation is monitored until t=8s.

Finally, at t=8s, the solar PV unit power changes from
5.41 to 8.5 kW, while all reaming components operate
with comparable power profiles to the previous period,
and this operating condition remains unchanged until
t=10 s. The bidirectional VSC transfers 10.44 kW of
power from the DC-side to the AC-side in this scenario,
and the BESS releases less energy than in the previous
time period. Because the intensity of this transient is
minor, it has little effect on the power profiles of different
components, as seen in Fig. 7. However, as seen in Fig. 8,
the DC-link voltage is marginally influenced, but the
effect is significantly less severe than under normal con-
ditions. Tables 3, 4, 5, 6, 7 and 8 display the overshoot/
undershoot and settling time for the solar PV unit power,
PMSG power, DC load power, AC load power, BESS

Table 3 Quantitative analysis for a solar PV unit

Transient Settling time (ms) Overshoot/undershoot
time (s) (%)

Proposed Existing Proposed Existing
2 0 100 0 2.50
5 0 150 0 5
8 0 210 0 5.88

Table 4 Quantitative analysis for a wind power system

Overshoot/
undershoot (%)

Transient time (s)  Settling time (ms)

Proposed  Existing Proposed  Existing

6 50 210 0 2.70

Table 5 Quantitative analysis for DC load power

Overshoot/
undershoot (%)

Transient time (s) Settling time (ms)

Proposed  Existing Proposed  Existing

6 25 200 0 12.50
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Table 6 Quantitative analysis for AC load power
Transient Settling time (ms) Overshoot/undershoot
time (s) (%)
Proposed Existing Proposed Existing
4.5 50 200 3.50
6.5 40 190 0 3.70
Table 7 Quantitative analysis for BESS power
Transient Settling time (ms) Overshoot/undershoot
time (s) (%)
Existing Proposed Proposed Existing
31 60 11.88 20.78
45 99 210 40 70
50 130 25 40.25
6 100 250 4422 80.50
6.5 90 210 42.30 75.15
80 170 29.12 52.62
Table 8 Quantitative analysis for DC-bus voltage
Transient Settling time (ms) Overshoot/undershoot
time (s) (%)
Existing Proposed Proposed Existing
35 70 0.10 0.156
4.5 100 200 032 0.468
42 120 0.26 03125
100 205 042 0.625
6.5 90 170 035 0.468
8 50 130 0.27 0.3125

power, and DC-bus voltage, respectively under various
transient scenarios for both controllers. The designed
controller outperforms the existing controller in terms of
overshoot and settling time, as shown by the quantitative
findings shown in Tables 3, 4, 5, 6, 7 and 8.

The efficacy of the developed BGISMC to maintain the
dynamic stability of the hybrid AC/DC MG by balanc-
ing power is clearly demonstrated by simulation results
under various transient events. This demonstrates the
resiliency of the proposed controller against any variation
in MG operating conditions.

9 Conclusion

A robust backstepping global integral terminal sliding mode
control approach to ensure the dynamic stability of hybrid
AC/DC MGs under varying operating conditions has been
presented in this paper. The control system derives control
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inputs for different components of the hybrid MG, while
ensuring convergence of all the MG states to their desired
values. The rate of change of energy associated with distinct
states is observed, and the dynamic stability is theoretically
studied using control Lyapunov functions. External distur-
bances are characterized in terms of parametric uncertain-
ties, modeling errors, and external disturbances that are
constrained in such a manner that the proposed controllers
maintain dynamic stability in every situation. To support
the theoretical conclusions, simulation tests were under-
taken, and it was discovered that the developed control-
lers increase the dynamic stability of hybrid AC/DC MGs
by reducing overshoots and settling periods compared to
existing approaches. However, certain problems arise dur-
ing the implementation of the planned controller, which are
mostly related to the controller’s gain parameter selection.
To avoid these difficulties, artificial intelligence can be inte-
grated with the control strategy created.

Abbreviations

BGITSMC  Backstepping global integral terminal sliding mode controller
PV Solar photovoltaic

BESS Battery energy storage system

CLF Control Lyapunov function

SMC Sliding mode control

GHG Greenhouse gas

RES Renewable energy source

DG Distributed generation

ESS Energy storage system

MG Microgrid

Pl Proportional-integral

MPBPC Multiple parallel bidirectional power converter
ANN Adaptive neural network

EDs External disturbances

BVSC Bidirectional voltage source converter
DBC DC-DC boost converter

DBBC DC-DC bidirectional converter

P&O Perturb & observe

MPPT Maximum power point tracking
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