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This study aims to introduce a new structure based on a nonlinear controller for controlling and analyzing
the stability of the microgrids. In the proposed model, AC and DC resources and loads are located on
two different sides. In addition, an AC/DC bidirectional interface converter is applied to supply loads by
AC/DC sources. There are AC/DC products on both sides of the converter and each side can supply the
load of the other side via a bidirectional interface converter and its load. Alternatively, an energy storage
system is used for the system stability on the DC side. The nonlinear microgrid controller is designed to
adjust the AC bus side frequency and the DC bus side voltage properly. In this structure, the coordinated
optimal power exchange and precise regulation of control signals lead to constant improvement. Thus,
system performance is improved. The results show that the proposed model is efficient for both reduction
of the fluctuations and improvement of the system stability
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1. INTRODUCTION

A microgrid (MG) is a combined distributed generation
unit (DG), load-bearing unit, and energy storage system
operating as connect to the network, island, or transition
between two modes. There are some advantages in
applying microgrids such as enhancing the level of
reliability and customer satisfaction, improvement of the
power quality and voltage profile levels, also an increase
level of the flexibility while minimizing the energy losses
[1, 2]. The structure of existing microgrids is in the form
of AC, DC, or combined AC/DC, where the advantages
of both AC and DC microgrids in the combined structure
are applied. Nevertheless, the growing trend of applying
combined AC/DC microgrids has significantly led to
increase sustainability problems in these interconnected
structures. The problem of sustainability in microgrids is
mainly due to the lack of energy resources in the islanded
operation mode as well as the inertia required for
responding to dynamic frequency variations in
manufacturing  units.  Thus, maintaining stable
performance in power changing conditions and
occurrence of faults is considered a key issue in
controlling microgrids [3, 4]. Accordingly, in order to
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maintain the system stability, proper control decisions
should be made by the control system based on dynamic
network changes. Hence, the main goal of the distribution
system operator in using microgrids is optimal power-
sharing in islanded mode and grid-on, frequency control,
and stable operation in sudden power changes conditions
as well as during fault occurrence [5]. Different methods
have been proposed by Li et al. [6] and Dragicevi¢ et al.
[7] to analyze and improve the stability of microgrids.
These studies have mainly focused on improving control
methods. Note that the structure of microgrid and its
operational features are very different from those of
traditional networks.

The studies related to microgrid stability have mainly
focused on the mathematical model of microgrid stability
analysis to improve its stability [8]. Microgrid stability is
improved through optimizing droop benefits. The
microgrid model affects the accuracy and speed of
calculation. However, many studies have been conducted
on the proposed models to improve the accuracy of
microgrid stability analysis. When the load fluctuates, the
DGs adjust their output power dynamically and
participate in the voltage regulation as well as microgrid
frequency. The system stability improvement is achieved
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by adding a complementary control loop, creating three-
level control, and other optimization methods [9, 10].

Nikos [11] has improved AC/DC hybrid microgrid
controller method which was applied to model, control,
and simulate the microgrid. Employing a linear droop
controller such as voltage feedback led to increased
microgrid voltage stability in the islanded mode. Note
that numerous converters were employed and their
fluctuations were considered. Dheer et al. [12] have
introduced a method analogous to the normal droop
control in which the feedback was taken from the phase
angle instead of sampling the voltage magnitude, and the
phasor area was analyzed. The DC side loads and
resource had not been considered. Implementing this
control method in the grid-on microgrids involving an
AC/DC source resulted in more precision in the reactive
power distribution to control the voltage. A hierarchical
control method with three control levels was suggested
by Khorsandi at al. [13], in which droop control was
performed at the primary level. Then, the deviations
generated in the primary controller were compensated at
the secondary level and the load section was managed by
the microgrid at the third level. Complex implementation
could be considered a disadvantage of this method. A
dynamic analysis of the DC link on the energy storage
along with the generation resources was performed by
Tejwani and Suthar [14]. In that model, the strategy of
droop control was used for various operational modes,
power distribution between units, and microgrid
frequency control. Furthermore, in the storage source,
there was a boost converter which would charge and
recharge the battery. The droop values of the control loop
were set at two levels in order to maintain the small-
signal stability and allowable system frequency [15].

Additionally, optimization methods are used to
determine droop values. Yu et al. [15] have presented a
small signal stability model for voltage control and
microgrid current. The equations were based on state-
space equations. This model included nonlinear
equations converted to a linear equation after
simplification. Note that AC/DC coordination was not
considered which barely affects the system efficiency.
Thale and Agarwal [16] have analyzed the small-signal
stability for two parallel inverters connected to a
network-independent AC system. Analyzing the small-
signal stability helps choose the optimal droop utility and
the cutoff frequency of the system. However, it is hard to
describe the dynamic behavior of connected parallel
inverters which cannot be applied to every system.

In this research, a new structure based on a nonlinear
controller is proposed to analyze the stability of
microgrids in the presence of renewable energy sources
as well as energy storage. Based on this model, several
challenges of hybrid microgrids are solved. First, the
hybrid microgrid is defined as two independent AC and
DC buses. In this way, each bus prevents increase in the

number of converters on each side by providing loads on
its side. In addition, a bidirectional AC/DC interface
converter is employed to connect these two buses, which
is the criterion for power exchange between these buses
through the interface converter of DC side voltage
changes and AC side frequency changes. Meanwhile,
independent nonlinear control for each element is defined
based on the value of error relative to the reference value.
As a result, eliminating the error of all system elements
will lead to system stability. Finally, to improve the
stability of the system, a suitable algorithm is used to
charge and discharge energy storage resources. A battery
and a capacitor bank are utilized to model the energy
storage resources, which can act as system backups in
different charging and discharging modes.

In the following, the dynamic modeling of PV and
wind resources as well as energy storage is provided first.
Then, the structure of the proposed model for accurate
control and coordination of AC/DC sectors is described.
Finally, the study system and simulation results are
presented.

2. MODELING RESOURCES AND CONVERTERS

The model to be introduced involves production sources
and AC/DC loads, and can connect to the network.
Similar to solar cells (PVs), batteries, and direct winds,
the DC resources connect to a DC link through their
interface converter. Using this bus, they feed the loads
that require the DC power. As with diesel generators, AC
power supplies are connected to the AC bus, through
which AC loads are also fed. The DC power generated in
the DC bus may be transmitted to the AC bus by a
bidirectional converter and vice versa. In the main model,
all sources and converters are required to be dynamically
modeled.

Figure 1 displays the diagram of the microgrid
structure such as two AC and DC sections with interface
converter. In such a system, changes in load or generation
on one side can affect the other side. The power required
to maintain the stability of the system is supplied through
the same bus or the other side.

The controllers are designed in a decentralized model
to generate their power according to the needs of each
part, while stabilizing the DC voltage and AC frequency.
The AC/DC hybrid microgrid consists of a PV unit with
a DC/DC converter, a wind permanent magnet
synchronous generator with an AC/DC converter. The
energy storage system is connected to the DC bus via a
DC/DC bidirectional converter. On the AC side, a
synchronous generator is directly connected to the AC
bus, and both buses are connected to each other by a
bidirectional VSC converter with an LC filter. The
dynamic model of resources and converters are described
as follows.
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Figure 1. The diagram of AC/DC microgrid structure

2. 1. Modeling PV Power System in DC Microgrids
The simulated PV energy system consists of a PV module
and a boost converter [17]. Figure 2 reveals the diagram
of the converter circuit. This system includes GBT
switch, L inductance, Cpv input capacitor, D diode, and
Cdc output capacitor. The converter is assumed to
operate continuously in the steering mode.
dx, 1

A o

dx, 1o =X

W c, @
dx, _ 1 .
f=§[(1fﬂ1)><rlo] 3

where, X1, X2, X3, and p1 represent the PV current (ip),
mean values of input voltage (Vy), PV output voltage
(Vopv), and control signal (p1), respectively. Cpy, Cqc, L,
Iev, R, and i, are the PV voltage stabilization capacitor,
DC voltage stabilization capacitor, inductance, output
current of PV cell, resistance, and output current of PV
converter, respectively.

2. 2. Modeling the Wind Power System Figure
3 illustrates the wind power supply mechanism
performed by a permanent magnetic synchronous
generator. In this figure, an intermediate rectifier is used
between the generator and the DC bus plus the boost
converter. Since the output power changes according to
the wind speed change, the output voltage should be
adjusted to the desired level [18]:

dx, V, R, X
% Vo Ry o) @
it L, L, L,
— AN M H =
>, + v R L D +7,
13 (At JE—} €=V,
Array #

Figure 2. PV source converter circuit diagram

dx X |

df;’=(1—uz)é—(°%'”“ 5)
where, Xa, Xs, and L are the mean values of wind source
current (iw), wind source output voltage (Vw), and control
signal (u2), respectively. lowind and Vi, denote the output
current of the converter and voltage generated by the
wind source, respectively. In addition, this model
includes Ly input inductor with Ry, series resistance, D
diode (rectifier), Cy output capacitor, and IGBT switch.

2. 3. The Dynamic Models of Diesel Generator and
Turbine’s Controller In this paper, a two-axis
model of the diesel generator is implemented. The
dynamic model contains both mechanical and electrical
dynamics. The excitation system is the main part of diesel
generator where an excitation controller is used to
maintain the terminal voltage at the desired level. The
turbine control system adjusts the generator power
output.

The complete dynamics model of the diesel generator
with the presence of mechanical and electrical structures
as well as the dynamics of the turbine and excitation
system can be represented by the following equations
[19]:

w

dx g

W:Xf"wo (6)
dx D , o)
T;:_E(X7_w0)+ﬁxll_ﬁ(x8lq+X9|d) @)
dx, 1 (Xg —xg) 1
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I ©

Oy _ Xy Ky

=_Z10_2a V, -V
dt TA TA (Vref + c t) (10)

Turbine’s controller system:

dxll Xll |<T
=——=+—-X
dt T, T, ¢ 1

Boost
Converter

Figure 3. The diagram of wind circuit and its converter
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where, Xe, X7, X8, X9, X10, X11, and X1 are the values of the
angular load (3), rotor velocity (o), leakage flux field
variable of g axis (Eg), leakage flux variable of d axis
(Eq), excitation field voltage (Es), mechanical power
(Pm), and reactance distribution (Xm). In addition, other
parameters have their usual definitions as discussed by
Abdullah et al. [19].

2. 4. Modeling the Combined Energy Storage
System The storage device connected to the DC
bus is shown in Figure 4. The combined system includes
a battery and a capacitor bank. The battery connects to
the DC bus through a boost-buck converter, consisting of
an inductor, Rbat series resistor, output filter capacitor,
and two IGBT switches [1]. Both switches are controlled
through their signal. The converter is used to adjust the
DC bus voltage. It can operate in a charge and discharge
mode depending on the load demand. Further, the
capacitor bank (CB) is connected to the DC bus through
the boost converter. These two states are expressed
mathematically as follows.

1 if (iper >0 1 if (i >0

7 = ) (-ba!f ) ,Y _ ] (-b f ) (13)
0, if (i <0) 0, if (iper <0)

where, inaref is the battery’s reference current generated

through controlling its level based on electricity demand.

If ibarer >0 and inc>0, then the battery converter is modeled
by the following differential equations:

iy :Vbat R i —(l—,%)vi
dt Ly Ly Low (14)
e Voo Reoy o, Ve
CB 5
dt L L Lee

where, ipa, ics, W, Vba, and Vg represent the battery
output current, capacitor bank output current, control
signal, battery voltage, and DC bus voltage, respectively.
In addition, Rpat, Loa, and Cgc, are the series resistance
with battery source, the inductor series with battery
source, the converter output capacitor. If iparer<O and
icerer<0, then the differential equations are stated as
follows:

Do Vo R ()Y

dt Lbat Lbat Lbat (15)
dicg :Vﬂ_hiw _(ﬂe)Vdc

dt LCB LCB LCB

In order to simplify the system, a virtual control
signal is introduced as follows:

Uy =[K _(1_/’3)"'(1_ K )/‘4]

Hes =L (1- )+ (1- L) g | (16)

Finally, Equations (14), (15), and (16) lead to the
following equations.

dX 13 V bat Rhat X 3
18 _ " bat X — 3
dt Lbat Lba1 ® ﬂBal Lbat (17)
dX 14 VCB RCB X 3
— 14 __B By _ 3
it L L L (18)

where, X1z and X1+ denote the mean values of (iva) battery
current and the capacitor bank current (icg), while pgat
and pcg are the mean values of control signals.

2. 5. Bidirectional Converter Model of DC Bus
Interface, AC Bus, and Filter The interface
converter between AC and DC sections should have both
rectifier and inverter capabilities. If the output power of
the AC side is less than its power consumption, it would
be necessary to receive part of the required power
through the DC side. In this case, the converter acts as an
inverter. Also, if the output power of the DC side is low,
it is necessary to receive part of the required power
through the AC side. In this case, the converter functions
as a rectifier. The converter receives the changes
according to DC voltage and AC voltage as well as
frequency and acts accordingly. The following equations
indicate the relationships between the various variables
of the system [20, 21].

dx,; R

dt =_fX15+X7X16+ud1

aX 4 R (19)
W:_fxm+x7x19+ud2

dx

dtlﬁ =—X7Xy5 _fxm —Ugp

2

dx R 20)
W:_fxlg_)ﬁxw*’uqz

dx,, _ ajsqlxl(i _L_

dt 2x,, C ’1
dx ,, _ X0 +LL @)
dt Xx, C

DC BUS

Battery #{ Bidirectional DC/DC Converter ]—p
Tl-lﬂ

[ Control System ]
l Hss
Capacitor Bank 45{ Bidirectional DC/DC Converter ]—0

Figure 4. Combined storage system model and control
algorithm
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where, Usd1, Usg2, Usq1, and Usqz are the components of the
d and g axes of the source voltage related to both rectifier
and inverter modes, respectively. Further, Xis, X5, X1s,
and xi9 are the line current components while Urg1, Urd,
Urq1, and urge are the input voltage components of the
converter in both inverter and rectifier modes.

3. NONLINEAR CONTROL METHOD

The backstepping nonlinear control method is developed
based on the dynamic model of each microgrid
component. PV, wind, energy storage, and synchronous
generator resources along with the corresponding
converter are controlled by their respective control
system. The most important part of this model is the
bidirectional converter. This converter is controlled
through the signals of voltage and frequency on both
sides. The control method for each section is shown in
Figure 5. In this model, the resources are controlled based
on backstepping method. Each production source and
interface converter will be controlled independently.
Specifically, the sum of the error of each unit becomes
zero. The error of each unit independently tends to zero.
Hence, the derivative of the sum of Lyapunov's functions
also tends to be zero. In this way, both the error of each
unit and the error of the entire system are zero. This
indicates the stability of the system whereby the system
will be practically stable. The main role of stability is
played by the control variable. Each unit generates a
control signal that always sets the system error to zero.
To prove the equation of the control variable, the
derivative of the Lyapunov energy function is set to zero
where the equation of the control variable is obtained.
Next, initially, the error of each unit is compared with its
reference value after which it is solved using the
backstepping method.

In this method, the error of each unit is measured first
and then compared with the base value. Thereafter, via
the backstepping method, the system output is stabilized
by the control and input changes. In the proposed model,
the sources are controlled independently and by their own
error. Practically, the main criterion is the voltage of DC
bus as well as voltage and frequency of the AC bus. The
value of error in each unit is measured by its own control
system, which tends to zero. It can be stated that the total
errors of the entire system will be equal to zero. The
design method is summarized as follows:

1) Calculating the errors for each control target or state
variable.

2) Calculating the dynamics of the error.

3) Calculating Lyapunov function and its derivatives
based on errors.

4) Repeating the first three steps until the control rules
appear.

5) Calculating control rules to stabilize the error
dynamics in the last step.

6) Stability analysis of the entire system with the derived
control rules.

Load supply is the most important issue in hybrid
microgrids. Voltage changes are a good operational
indicator for controlling load changes in DC bus. To
evaluate these changes, the power balance on the DC side
must first be checked. Accordingly, the amount of net
power (Pret) in the microgrid can be defined as follows:

Pnet = F)w + va + PESS - PIoss _Pload,DC * Ptransfer (22)
Pov, Pw, and Pess are the output power of PV, wind source,
and storage system, respectively, Proagpc is the power
required for the DC side load, Pyanster denotes the power
exchanged between the AC and DC bus, and P reflects
the system loss. Under these circumstances, Pess plays an
important role in maintaining the microgrid stability. The
dynamics of the DC bus voltage in a microgrid can be
adjusted based on the following principle of power
balance:

av, .
Ve dtd =P » Pocror =Vaclaror (23)

where, V¢ , idetot, and Pgctor represent DC bus voltage,
sum of the current injected into the DC bus by the
sources, and the sum of DC power, respectively. C
capacitance is equivalent to the output for all converters.
From the above equation, it can be seen that the DC bus
voltage depends on the power balance in this bus and the
elevation or reduction of DC bus voltage indicates excess
or lack of power. To adjust the DC bus voltage, the power
balance in the DC bus must be maintained. PV, wind, and
storage sources first receive the error relative to the
reference value and then generate a proportional control
signal to compensate for this error. If the DC side sources
cannot respond to the load increase, the power required
from the AC side is provided by a bidirectional interface
converter.

3. 1. PV Control The main goal is to control the
DC output voltage of the DC-DC converter by changing
the duty cycle in relation to the solar radiation variations.
First, the error equation of each state variable is
calculated with respect to the reference value. The design
method of PV control scheme and connected converter
goes through the following steps:

Step 1: Depending on the purpose of the design, the first
tracking errors are defined as follows:

e1:X2_VP\/(ref) (24)
The dynamics of e; is as follows:

%_ 1. dVPv(ref)

o q('w X (25)
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Figure 5. The control system model

where, x1 is a stabilizing function, for which the
Lyapunov function is:
1.,

V= 591 (26)

Incorporating Equation (25) into Equation (26) yields:

av 1 AV o
dt1261( oy Xl)zlt(f)] (27)

To ensure the dynamic stability the derivative of ey, the
derivative of V; should be a definite or semi-definite
negative. To achieve this, the system parameters are set
as follows:

<& (28)

Where, ¢ is used to set the output response. Embedding
Equation (28) into Equation (27) yields:

—1l=_¢e*<0 29
at 1€ (29)

The combined value a of i can be determined from
Equation (29) as follows:

dVpy (e .
achv( — Cle1]|Pv (30)
dt
Step 2: To achieve zero tracking error, the i, inductor
current should be equal to a. Hence, another error
variable is defined as follows:

€,=X -« (31)
Derivation of Equation (31) leads to the dynamics of
the error as follows:

de, 1
d—tzzf(—Rx1 +X, —(1—M)x3)

_da

e 32)

In this case, Lyapunov second function is equal to:

1
V, =V, +§e22 (33)

its derivative is:

av, 2 de,

—2=—cp’+c,—2 34

dt ~1 2 dt ( )
The stability of the dynamic error (derivative of e2) is

obtained only if the derivative of V; is less than or equal

to zero. Hence,

de, 1

d
I—E(—Rx1 +X, = (1= 4)%;) - a

E:_CZEZ (35)
Using Equations (34) and (35), the main function is
determined as follows:

av,
dt

=g/ +ce’<0 (36)

Which is a definite or semi-definite negative. The
proposed control law, along with the sustainability
analysis of the entire PV system, is shown in the next
step.

Step 3: Since the condition shown by Equation (35) is
not correct, it is necessary to analyze the overall stability
of the system. For this purpose, the final error based on
Equation (36) is defined as follows:

da

1
eszf(—Rx1+x2—(1—,u1)x3)—R+c2e2 (37)

The dynamics of which is written as follows:

—-R dX1+dX72+d7‘u1

X3 2
de; _ 1 dt  dt ot d’a ,  de,

)dx73 dt?  Zdt
dt

(38)
~(1-

At this stage, Lyapunov function is presented as
follows:

1
V,=V,+ Eeg (39)

By substituting the derivative of V. of Equation (36)
and é3 of Equation (38) in Equation (39), the derivative
V3 is stated as follows:

_R%+&
1| Tdt o dt
av, L| dg dx,
—3=cge Ay, —(1— )2
dt BT (-14) dt (40)
_d’a  de,
dt? % dt

—Cel —Cg;

Now, the final control law is selected as follows:
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dyy dx
e —(l-m) (1)
d’a de,
- a2 +C2E+Cze2

where, 0<p1<1, then the presented control law is used to
generate the duty cycle of the PV converter. Similar steps
are used to obtain control rules for the bidirectional
DC/DC converter of the storage system plus the
excitation system of  synchronous generators.
Accordingly, the derivative of these control laws is
discussed in the following sections without repeating
these steps.

3. 2. DC/DC Converter Control for Wind Energy

Integration The tracking error for the wind
converter is expressed as follows:
e4:x4_|ref (42)
€ =X;—-0 (43)

The first function of the Lyapunov V4 is selected to

analyze the stability of the system as follows:
1

Vi=2e (44)

The derivative of V4 should be semi-definite for the
system to be completely stable (V4<0). To ensure the
uninterrupted stability of the wind power system, the
second combined set of Vs sets is written as follows:

1
V.=V, + Eeg (45)

By taking the derivative Vs and substituting the value
V4 of Equation (41), we have:

(46)

Substituting es of Equation (43) into Equation (46), we
have:

dt c,
+e (_ 1 _Iowind] 47
Tam c, @)
+e.| —ce. — o .d'uz_FM
5 5~5 (1*#2) dt I_W

To keep the wind system dynamics constant, Vs should
run as follows:

dv

Wsz—czlef +cel (48)
LW Vin dlref Rw

=W |ce,+—n e _wy

T e L “9)

where cs> 0 and cs> 0 are the constant parameters. The
control signal for p, is obtained as follows:

dt o L,
+;[+5(c4—c5)(1-ﬂ2)+“‘éljv) XAJ 0)
+1(_(1_ﬂ2)|0wind j
o} C,

where, 0<pp<l. Then the presented control law is
employed to generate the time cycle of the wind turbine
energy converter. The stability control system ensures
asymptotic stability and convergence of error dynamic to
zero.

3. 3. Controlling DC/DC Converters for Storage
Source The control process of the storage source
is presented as follows: 1. Adjusting the direct current
bus voltage of the microgrid under the variations of load
demand, 2. Tracking battery’s fast current and capacitor
bank current to their reference values, 3. Analyzing the
asymptotic stability of the storage resource.

It is not possible to directly track the Vqc voltage from
the Vet value. Thus, the indirect voltage regulation
method is used to achieve this goal where Ip is tracked
by its reference value, obtained as follows:

V ot X13 =V el care
(. :( deref 1&)\/ cB'cB f] (51)
bat

where, @ represents the switching losses coefficient in
the converters whose value should be greater than 1. To
achieve control goals, the tracking error is defined as
follows:

X
_ _ Xy
€ =Xig~ lpuer + €7 = L -5 (52)
bat

The chosen Lyapunov functions, Ve and Vy, for
analyzing the stability of the system are as follows:

1 1
Vs:Eeez Vs :Ve+Ee72 (53)

The virtual control o should be written as follows:

1 \ bat Rbat dl batref
=——|cC, + D& — _baly Dl
fo ﬂm( o s (54)

bat
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The pga control law is defined as follows:

d 24, 1 R R
dtBl = ﬁ0|:e7#§a[ - /’léal X13E?tdc — Hpa C:E: j|
(95)
+ L X8 cee
2 Hpat L,.Co. HpaCeCe

Similarly, the signal control converter is obtained in the
capacitive bank system as follows:

d g _LCB[VCB Res _dchref ]

- Xy —Cs8
dt X1 14~ V707

L Les dt (56)
Where, 0<pga<1 and O<ucg<1 represent the control law
used to create a time cycle for the bidirectional converter
connected to the battery. Bo0 and cee7>0 are the gain of
controller in the controller design, and the pcg is
employed to generate a time cycle of the bidirectional
converter connected to the capacitor bank.

3. 4 Excitation Control and Backstepping Valve
Steam for Synchronous Generator  Applying the
proposed backstepping control scheme can contribute to
control the excitation system and steam valve. The
chosen Lyapunov function, Vg, for analyzing the stability
of the system is as follows:

1,

Vg = Eee (57)

The excitation control input is defined as:

X T, dg T
V, =12 — V)+-A B __Ace
“7K, (Vref 1) K, dt K, B (58)

Also, the steam valve position control input is:

P :TG[XH+ KoX, 45 +Cseg] (59)

Ksl Ts Ry dt
where:
T, [ X
Bi=—Cry ., B =T( H—ec ]
1 ™8 2 KT TT 8v8
X D 2H 2H d g
ﬂ3—Tn | ( 7_a)o)+| (X7_ 0)+| 'Tlr
q 1@ a@ 1@ t
2H
ﬂzl_l Ce€s
q0
ﬂs :X8+(Xd _Xc'i)ld +Td:1ﬁ3 _Td:JCSGS )
X D 2H 2H d
A= e @)t (e m )+ Fﬁl
a  1q% a@ a®

where, ci1-Cg are positive constant parameters and ei-eg
are error variables.

3. 5. Bidirectional Converter Control between
Two Sides If the output power of the DC side is less

than its power consumption, it is necessary to receive part
of the required power through the AC side. In this case,
the converter acts as a rectifier. There are two controlled
variables: ianc and Vpc. Based on Equations (19)-(21), a
controlling mathematical model can be expressed. First,
the equations for the rectifier mode are described as
below:

dx,
dt

=f.(x)+gu,, y=hx) (60)

where, x is the rectifier state vector, u; denotes the
rectifier control input vector, y represents the rectifier
output vector, while f and g are smooth vector fields.

R
_fxls +X7X 46

X5 f

r1 R
Xo=|xe |, f,(x)=|f,|= _X7X15_fxla

X17 fr3

usqlxls_L
2Cx C
. S . (61)
— 0
L
g = 0 l u —|:ur1:|_|:usd1 urdl}
' L| u, Usgr —Urgs
0 0

The system has two control inputs in this case. Since
some variables affect the system performance directly, it
is better to use their effects for the feedback control law.
The chosen Lyapunov function, Vs, for analyzing the
stability of the system is as follows.

1.,

Vy= Ee9 (62)

Hence, the output is chosen as:
Yi=lg1 » Y2 =V (63)

The differential equations as well as the inputs and
outputs are obtained based on Equations (60) and (62).
The direct relationship between the inputs and outputs is
easily obtained as below:

ay,
dt Uy
=Br+A{ } 64
d?y, u, 4
dt’
frl
Br = &qul a“lsqlxm I 1
2 'r2 2 fr377
20x 2 2Cx 2, c
65
% 0 (65)
A =
’ 0 3qul
2CLx,,
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If the AC side output power is less than its power
consumption, it is necessary to receive part of the
required power through the AC side. In this case, the
converter acts as an inverter. Thus, its state-space
equations are of the second-order and with two inputs.

dx
i u., 66
at (X)) +g,u; (66)

Here we have:

R
r ——Xyg + XX
X - X1s:| f_(X)=|:fi1:|= L 18 719

X19 fiz R
- XX — T X9
L

0 (67)
i u _{Ui1:|_{usdz_umz}

L Ui, Usgz ~Um2 7

0

Where, Usdz, Usqz, Urdz, Urq2, id2, and iqz denote the inverter
state electrical parameters. Then, the output is chosen as:

© e

g, =

W1:id2 ) W2:iq2' (68)
Control inputs are displayed as follows:

u WZref _k41ei2 _k42-|.ei2dt

i2
Figure 6 indicates the nonlinear design diagram of the
bidirectional converter.

3. 7. Stability Analysis The stability of a system
refers to the system’s ability to return back to its steady
state after disturbance. The stability of isolated hybrid
microgrids has been of major concern in electrical
distribution systems. The stability of isolated hybrid
microgrids determines whether the generation system can
settle down to a new or original steady state once
transients disappear. The stability of the distributed

: | T g

PMW [0 1] o 7
v " ‘ Vet

U,y 4

Figure 6. Nonlinear design diagram of the bidirectional
converter

generation system depends on the loading and sudden
changes in load which can cause the instability.
Resources are controlled independently by their own
error. The value of error in each unit is measured by its
own control system, which tends to zero. Thus,
practically the sum of the errors of the entire system will
be equal to zero. In order to analyze the stability of a
hybrid microgrid, the total energy functions of the system
must be examined. These functions are as follows:

Vi =V 3V +V, +V +V +eL, +ely

+ (kg +Kgp)eye +(Ky +K o)

total (70)

Vi =V 3V +V, +V +V +EL, +ELg

! ’ (71)
+(Kay +Kgp)Ep0+ (Kyy +Kyp )6, <0

The Viwa must be negative semi-definite, which is
calculated as below:
It can be observed that above equation is negative semi-
definite. Thus, the stability of the entire hybrid microgrid
system can be guaranteed. In other words, in cause of
occurrence of a disturbance, the system will remain
stable after the transition.

4. POWER CONTROL ALGORITHM

Power division or control between both sides is
considered as the most important issue in AC/DC
combined microgrids. Indeed, all resources, load, and
bidirectional interface converters between both areas
should be involved in this management. It is first
assumed that resources, loads, and converters are
controlled in a decentralized manner. Thus, a system is
practically required to distribute the power. Then, if there
is not enough generation on one side, the power should
be compensated on the other side, and if the system
power is not sufficient, the load must be cut off or
reduced. Figure 7 depicts the power control algorithm.
This algorithm is compatible with power converters
connected to power resources by providing reference
signals. The power equation in such a system is defined
as below:

PW + va - I:)Ioss = IDload + PESS x Ptransfer (72)

Where, PW, va, Ploss, Pload, PESS, and P[ransfer are the W|nd
power, PV power, power loss, load power, energy storage
resource power, and diesel generator power, respectively.
Note that load changes on the AC side are practically
modelled according to the power transmitted from or to
the DC. The resources use a battery and a capacitor bank
that can charge and discharge as well as support part of
the system in different modes. Thus, both resources are
employed to boost stability and provide an algorithm to
control power. The predicted modes are as follows:
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Figure 7. Energy management algorithm

1. The power in DC is surplus.

2. The power in DC is not enough to supply the load.

3. When the DC system gets disconnected due to fault.

In the first mode, the power generated by the

resources on DC is greater than that of the load required
in this sector. Hence, the surplus power is spent on
recharging the energy source. The equations on DC are
as follows.

P

transfer

:Pload _(Pw +va -PR

loss ) <0
(73)
P, +P, —P

loss

= Pload = Ptransfer

Puanster IS the power given or taken from the AC. If it is
negative, it means the power in DC is surplus. In this
mode, both the distributed resources of generation and
the energy storage system will share the load demand.
The surplus power is utilized to charge the energy storage
source or is sent to the other side. The battery does not
change until it reaches 80%. In the second mode, the
power generated by the resources on DC is less than the
power required by the load in this section. Thus, there is
a power shortage on this side, which should be supplied
through an energy storage source from AC. The
condition for power supply by the storage source is that
it should be charged. The minimum charging capacity for
power injection is 20%. The equations on DC are as
follows.

P

transfer2 —

Pload _(Pw + va - Ploss ) >0 (74)

In the third mode, AC is separated from DC due to a
fault or repair. In this case, there is no exchanging power.
Thus, the DC system should supply the power required
for this side. If the power is not sufficient to supply the
load, the storage system will supply at least 20% of the
load capacity if it is charged; otherwise, the load should
be cut off. If the power is surplus, the storage system can

start the charging process for optimal use of the energy,
where charging continues up to 80%.

5. NUMERICAL STUDIES

Figure 8 displays the combined microgrid including AC,
DC, and DC resources, load, and load bus along with the
main interface converter between both sides. The AC
voltage is 600 V and the frequency is 60 Hz, while the
DC voltage is equal to 400 V. In AC and DC, there are
potential resources such as wind and PV. The line
resistance and inductance between the buses are
considered in AC. In this section, sustainability is
analyzed on a combined network. Initially, stability
analysis is performed on a hybrid network. AC and DC
power output are 3 MW [22].

As mentioned, this study aims to survey if there is a
combined network of AC/DC resources and loads that
can provide their loads for each separate region.
Meanwhile, both regions of this network are connected
through a bidirectional interface converter. In addition,
the system can operate in the network and islanded mode.
These islands occur on any side. Eigenvalue analysis is
widely used to evaluate dynamic stability in power
systems. To find system eigenvalues, system operating
points must be obtained by load distribution analysis or
via time domain simulation. The operational points of the
stable simulation mode are obtained through the
MATLAB Simulink. Figure 9 indicates the diagram of
the Eigenvalue of AC/DC microgrid. In addition, the
eigenvalue of the AC/DC system is shown in Figures 10
and 11.

Higher droop values in AC microgrids are required to
share the appropriate power between resources as well as
to improve the system transient response. However, a
higher droop in DC microgrid leads to increase power-
sharing, voltage drop, and stability reduction. The main
goal is to control and maintain the voltage stability and
system frequency as fast as possible. The loads on both
sides should be supplied with a stable voltage and
frequency. In the islanded mode, the system stability
should be studied when a fault occurs on the generation
side or when the load suddenly changes. In case of
reduction of production or increase of load, power
exchange occurs in such a way that the network has the
minimum voltage and frequency changes. Further, the
stability impact on each side is reduced compared to the
other side.

In this study, nonlinear control is used for stability
analysis in AC/DC hybrid microgrid with bidirectional
interface converter. To evaluate the performance of this
model, comparisons between the performance of this
model and the linear control method proposed by Dheer
et al. [12] are presented, in different operating scenarios.
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Some scenarios have been explored to evaluate the
effectiveness of the proposed control system.

1) Combined microgrid equilibrium mode, where the
load power of each side is less than the production
power;

2) Changing load and power exchange from AC to DC
and vice versa;

Separation of AC side from the DC side.

In the first scenario, the microgrid is initially operated
in the islanded mode. In this case, the load power of AC
and DC is equal to 2.5 and 1 MW, respectively. In the
first second, the load power of each AC and DC side
grows by 0.5 MW. The control system of each source
raises its output power by changing the voltage on the DC

Bus DC Bus AC

Ess DC-DC
. *  Converter ’
C?;.‘gfu ) Bidirectional

converter

Wind ACDC
Converter

DC Load

Figure 8. The diagram of AC/DC microgrid model
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Figure 11. The eigenvalue of DC in the hybrid microgrid

side as well as the voltage and frequency on the AC side
to augment the load. Since the generating power capacity
of each side is equal to 3 MW and the load power to the
AC and DC side has increased by 3 and 1.5 MW,
respectively. The load power is supplied by the same side
sources and will not pass through the power interface
converter. In this state, the hybrid microgrid is normal
and the independent control system of each source can
boost production and supply load on each side.

For evaluation and better expression of the
performance, the proposed independent nonlinear control
method has been compared with the conventional linear
control method. Figures 12 and 13 depict the AC and DC
power, respectively. As displayed in the figure, the power
oscillates in 1 s due to the increase in load and stabilizes
in less than 0.2 s with the minimum oscillation. Figures
14 and 15 indicate the AC and DC voltages, respectively.
The voltage fluctuations generated in 1 shave been
controlled and it can be seen that the independent
nonlinear control very well controlled the voltage
fluctuations at the same time as the load changes. Figure
16 also reveals the frequency fluctuations per second.
The power changes in the bidirectional converter in 1s
are also shown in Figure 17. The power passing through
the bidirectional converter in this case is zero. The
comparison of the proposed method and conventional
linear control suggests that the independent nonlinear
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Figure 12. Production power by AC side sources
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DC Bus Voltage (V)

a1oF T T T - —
——— DC Bus Voltage (V) linear contrel
= DC Bus Vaoltage (V) Nonlinear control
405
s
o 400
) -
3 403} -
°
> 3950 402
')
2 401
Q L
a 390 400
399
Err 398
397
0.9 1 11 1.2 1.3 14
380 . L L L L L . L |
[ 05 1 1.5 2 25 3 35 4 4.5 5
Time[s]
Figure 15. DC bus voltage during load changes
Frequency (HZ)
T T
604 —— Frequency (HZ) linear control
" ——— Frequency (HZ) Nonlinear control
60.2
N
I 60
z t\\&m
s N
FR 60.05 f
o
E 60
59.6 1
59.95
59.4F 59.9 4
59.85 = H
59.2 L L I L 08 1 (12 1.4
) 0.5 1 15 2 25 3 35 4 45 5
Time[s]
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Figure 17. The power flow of the bidirectional converter

control system has followed the load changes within the
shortest time and with the minimum fluctuations.

In the second scenario, to express the efficiency of the
independent nonlinear control system and to control the
bidirectional converter, the power exchange challenge
from AC to DC and vice versa is examined. AC and DC
side loads are 2.5 and 1 MW, respectively, and the system
is in equilibrium. Initially, the DC side load power rises
to 2 to 3.2 MW per second. Since the power capacity of
each side is equal to 3 MW, the DC side required0.2 MW
of power to supply the load. To this aim, the interface
converter must transfer a power equivalent to 0.2 MW
from AC to DC. The sources on the DC side try to supply
the load at their maximum capacity. Figures 18 and 19
depict the AC and DC power output, respectively.

In 2s to supply power to the DC side, the output power
of the AC side increases to 2.7 MW. Figure 20 illustrates
the transfer power of the converter in rectifier mode.
Also, the AC and DC voltage changes are shown in
Figures 21 and 22. According to the comparison, the
fluctuations due to power changes in the interface
converter and DC and AC side are well controlled by the
independent nonlinear control system; compared to
conventional linear control, the combined microgrid
system is stable with minimum time and oscillation.

In the next mode of the second scenario, the AC side
power grows from 2.5 to 3.5 MW in 2s. DC microgrid
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Figure 18. Production power by AC side sources




1762

M. Khanalizadeh Eini et al. / IJE TRANSACTIONS A: Basics Vol. 34, No. 7, (July 2021) 1750-1765

DC Power(MW)

T T T T T T
——— DC Power (MW) linear control
35+ ~—— DC Power (MW} Nonlinear control
3k <. 1
335
% 250 33
‘g;-f 3.25
- 3.2
8 2
T 315
[=]
15 31
3.05
1
05 . L : i . | . H i
0 05 1 1.5 2 25 3 35 4 4.5 5
Time[s]
Figure 19. Production power by DC side sources
P Interface Converter (MW)
0.3 T
0.25-
0.21
g %2 02
=
£ 045F 019
3
H
+o.18
8 0.1
é 005l 017 Inverter Mode
H 2 202 204 206 208 21 e
£ 5 Vs
a
0,05+ | = P IC (MW) linear control linear control
! == P IC (MW) Nonlinear control linear control
04 s s s . "
0.5 1 15 2 25 3

Time[s]

Figure 20. The power flow of the bidirectional converter
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Figure 22. DC bus voltage during load changes

power is 1 MW. Since the load power required by the AC
side is less than the output capacity of that side, the
interface converter need to be able to transfer 0.5 MW
from the DC side to the AC. Figures 23 and 24 show the
power changes on the AC and DC sides, respectively.
Also, the bidirectional converter operates in the inverter
mode and transmits a power equivalent to 0.5 MW to AC
(Figure 25). In addition, voltage changes on both sides
are shown in Figures 26 and 27. Considering the precise
performance of independent nonlinear control and its
comparison with the conventional linear control method,
it can be stated that changes and power exchange in each
direction are handled by the proposed control system in

the shortest time, which ensures system stability.
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Figure 27. DC bus voltage during load changes

In the third scenario, the bidirectional converter is
challenged. In 2s, due to repairs or faults in the system,
the bidirectional converter is taken out of the circuit and
then returned to the system in 3.5s. Figure 28 reveals the
power changes in the bidirectional converter. In this case,
it is assumed that the increase in load on each side is
controlled and the necessary measures are taken to reduce
the load. Figures 29 and 30 indicate the AC and DC
voltage changes; while, Figure 31 depicts the frequency
changes in 2 and 3.5s.

In this case, the major fluctuations will be on the
voltage and frequency of the combined microgrid. This
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Figure 28. The power flow of the bidirectional converter
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is because the two parts are separated and the
independent nonlinear control system must be able to
supply the loads on each side as well as keep the system
voltage plus frequency constant. by comparison, it can be
seen that the independent nonlinear control system
follows the changes very accurately. also, by controlling
the power changes on both ac and dc sides by
independent controllers, it ensures the stability of the
voltage and frequency of the combined microgrid.
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6. CONCLUSION

In this paper, a nonlinear controller was introduced to
improve the stability of microgrids in islanded mode. In
the proposed model, AC resources and loads on one side
were related to DC resources and loads on the other side
through a bidirectional AC/DC interface converter. Also,
the hybrid microgrid would maintain its power balance in
each part and use the other side for the power supply if
there is unbalancing. In this model, each part, in addition
to its load, could provide the other side load through a
bidirectional interface converter. Accordingly, a
nonlinear controller was used to properly stabilize the AC
bus frequency and the DC bus voltage proportionate with
the load changes on both sides. Also, the coordinated
exchange and optimal regulation of control signals in this
structure led to improve stability and in turn improved
system performance. Here, the control systems existing
for each source first increased the load deficiency and
changed the system power with voltage and frequency
variations while generating the maximum required
power. Meanwhile, once changes are received by AC and
DC buses on both sides of the converter, the control
system would receive load changes, power shortages or
faults and act accordingly. In such a system, a central
converter was responsible for power exchange instead of
using several converters. In addition, an energy storage
system was used to improve the stability. With this
proposed method, voltage and frequency fluctuations
became stable during the first few cycles. What maintains
stability in this network has been the correct exchange of
power between two parts. This is performed by designing
the bidirectional interface converter control system
carefully and practically. This nonlinear control system
ensures system stability.
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