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A B S T R A C T  
 

 

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 

doi: 10.5829/ije.2021.34.07a.20 
 

 
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 Dragičević  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. 



1752                               M. Khanalizadeh Eini et al. / IJE TRANSACTIONS A: Basics  Vol. 34, No. 7, (July 2021)   1750-1765                                      

 
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. 

(1 ) ( )1
1 2 1 3

1
1

dx
R x x x

dt L
= −  + − −    

(2 ) 
12 pv

pv

I xdx

dt C

−
=

 

(3 ) ( )3
1 1

1
1 o

dc

dx
x i

dt C
=  − −    

where, x1, x2, x3, and μ1 represent the PV current (iL), 

mean values of input voltage (Vpv), PV output voltage 

(Vopv), and control signal (μ1), respectively. CPV, Cdc, L, 

IPV, R, and io 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]: 

(4 ) ( )4 5
4 21in w

w w w

dx V R x
x

dt L L L
= − − − 

 
Figure 2. PV source converter circuit diagram 

(5 ) ( )5 4
21 owind

w w

dx x I

dt C C
= − − 

where, x4, x5, and μ2 are the mean values of wind source 

current (iw), wind source output voltage (Vw), and control 

signal (μ2), respectively. Iowind and Vin denote the output 

current of the converter and voltage generated by the 

wind source, respectively. In addition, this model 

includes Lw input inductor with Rw series resistance, D 

diode (rectifier), Cw 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]: 

(6 ) 6
7 0

dx
x

dt
= +  

(7 ) ( ) ( )7 0 0
7 0 11 8 9

2 2 2
q d

dx D
x x x I x I

dt H H H

 
= − − + − +  

(8 ) 
( )

( )8
8 10

1 1d d

d

do do do

x xdx
x I x

dt T T T

−
= − − +

  
 

(9 ) 
( )

9
9

1 q q

q

qo qo

x xdx
x I

dt T T

−
= − +

 
 

(10 ) ( )10 10 A
ref c t

A A

dx x K
V V V

dt T T
= − − + −  

Turbine’s controller system: 

(11 ) 
11 11

12
T

T T

dx x K
x

dt T T
= − + 

 

 
Figure 3. The diagram of wind circuit and its converter 
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(12 ) 
12 12

7

0

G G
C

G G r G

dx x K K
P x

dt T T R T
= − + − 

where, x6, x7, x8, x9, x10, x11, and x12 are the values of the 

angular load (δ), rotor velocity (ω), leakage flux field 

variable of q axis (Eq), leakage flux variable of d axis 

(Ed), excitation field voltage (Efd), 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. 

(13 ) 
( )

( )

( )

( )

1, 0 1, 0
,

0, 0 0, 0

batref bcref

batref bcref

if i if i
Z Y

if i if i

       
= =   

       

 

where, ibatref is the battery’s reference current generated 

through controlling its level based on electricity demand. 

If ibatref >0 and ibc>0, then the battery converter is modeled 

by the following differential equations: 

(14 ) 

( )

( )

3

5

1

1

bat bat bat dc
bat

bat bat bat

CB CB CB dc
CB

CB CB CB

di V R V
i

dt L L L

di V R V
i

dt L L L





= − − −

= − − −

 

where, ibat,  iCB, μ, Vbat, and Vdc represent the battery 

output current, capacitor bank output current, control 

signal, battery voltage, and DC bus voltage, respectively. 

In addition, Rbat, Lbat, and Cdc, are the series resistance 

with battery source, the inductor series with battery 

source, the converter output capacitor. If ibatref<0 and 

iCBref<0, then the differential equations are stated as 

follows: 

(15 ) 

( )4
bat bat bat dc

bat

bat bat bat

di V R V
i

dt L L L
= − −

( )6
CB CB CB dc

CB

CB CB CB

di V R V
i

dt L L L
= − −  

In order to simplify the system, a virtual control 

signal is introduced as follows: 

(16 ) 
( ) ( )3 4[ 1 1 ]Bat K K  = − − + −

( ) ( )5 61 1CB L L  =  − + −    

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

following equations. 

(17) 
13 3

13
bat bat

Bat

bat bat bat

dx V R x
x

dt L L L
= − −  

(18) 
14 3

14
CB CB

CB

CB CB CB

dx V R x
x

dt L L L
= − −  

where, x13 and x14 denote the mean values of (ibat) battery 

current and the capacitor bank current (iCB), while μBat 

and μCB 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]. 

(19 ) 

15
15 7 16 1

18
18 7 19 2

d

d

dx R
x x x u

dt L

dx R
x x x u

dt L

= − + +

= − + +

 

(20 ) 

16
7 15 16 1

19
19 7 18 2

q

q

dx R
x x x u

dt L

dx R
x x x u

dt L

= − − −

= − − +

 

(21 ) 

1 1617

17

2 1920

20

3

2

3

2

sq L

sq L

u xdx i

dt C x C

u xdx i

dt C x C

= −

= +

 

 

 
Figure 4. Combined storage system model and control 

algorithm 
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where, usd1, usd2, usq1, and usq2 are the components of the 

d and q axes of the source voltage related to both rectifier 

and inverter modes, respectively. Further, x15, x16, x18, 

and x19 are the line current components while urd1, urd2, 

urq1, and urq2 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 (Pnet) in the microgrid can be defined as follows: 

Ppv, Pw, and PESS are the output power of PV, wind source, 

and storage system, respectively, PLoad,DC is the power 

required for the DC side load, Ptransfer denotes the power 

exchanged between the AC and DC bus, and Ploss 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: 

(23) , ,,dc
dc net DC TOT dc dc TOT

dV
CV P P V i

dt
= =  

where, Vdc , idc,ToT, and Pdc,ToT 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: 

(24 ) 1 2 ( )PV refe x V= −  

The dynamics of e1 is as follows: 

(25 ) ( ) ( )1
1

1 PV ref

PV

PV

dVde
i x

dt C dt
= − −  

(22 ) ,net w pv ESS loss load DC transferP P P P P P P= + + − −   
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Figure 5. The control system model 

 

 

where, x1 is a stabilizing function, for which the 

Lyapunov function is: 

(26 ) 
2

1 1

1

2
V e=  

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

(27 ) ( ) ( )1
1 1

1 PV ref

PV

PV

dVdV
e i x

dt C dt

 
= − − 

 
 

To ensure the dynamic stability the derivative of e1, the 

derivative of V1 should be a definite or semi-definite 

negative. To achieve this, the system parameters are set 

as follows: 

(28 ) ( ) ( )

1 1 1

1 PV ref

PV

PV

dV
i x c e

C dt
− − = −  

Where, c1 is used to set the output response. Embedding 

Equation (28) into Equation (27) yields: 

(29 ) 
1

21
1= e 0

dV
c

dt
−  

The combined value α of iL can be determined from 

Equation (29) as follows: 

(30 ) 
( )

PV 1 1=C
PV ref

PV

dV
c e i

dt


 
− − 

 
 

Step 2: To achieve zero tracking error, the iL inductor 

current should be equal to α. Hence, another error 

variable is defined as follows: 

(31 ) 2 1=xe − 

Derivation of Equation (31) leads to the dynamics of 

the error as follows: 

(32 ) ( )( )2
1 2 1 3

1
= 1

de d
Rx x x

dt L dt


− + − − − 

In this case, Lyapunov second function is equal to: 

(33 ) 
2

2 1 2

1

2
V V e= + 

its derivative is: 

(34 ) 
22 2

1 1 2

dV de
c e c

dt dt
= − + 

The stability of the dynamic error (derivative of e2) is 

obtained only if the derivative of V2 is less than or equal 

to zero. Hence, 

(35 ) ( )( )2
1 2 1 3 2 2

1
= 1

de d
Rx x x c e

dt L dt


− + − − − = − 

Using Equations (34) and (35), the main function is 

determined as follows: 

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: 

(37 ) ( )( )3 1 2 1 3 2 2

1
= 1

d
e Rx x x c e

L dt


− + − − − + 

The dynamics of which is written as follows: 

(38 ) 

( )

1 2 1
23

3 2
22

3
1

1
=

1

dx dx d
R x

de d dedt dt dt
c

dxdt L dt dt

dt







 
− + + 
  − +
 
− − 
 

 

At this stage, Lyapunov function is presented as 

follows: 

(39 ) 
2

3 2 3

1

2
V V e= + 

By substituting the derivative of V2 of Equation (36) 

and ė3 of Equation (38) in Equation (39), the derivative 

V3 is stated as follows: 

(40 ) 
( )

1 2

1 13
3 13 3

2

2
22

2 2

1 1 2 2

1

1

dx dx
R

dt dt

d dxdV L
xc e

dt dtdt

d de
c

dt dt

c e c e






  
− +  

  
  

+ − −=   
 

 
 
− + 
 

− −

 

Now, the final control law is selected as follows: 

(36 ) 
2

2 22
1 1 2 0

dV
c e c e

dt
= − +  
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(41 ) ( )

1 2 1
3

31
1

3

2

2
2 2 22

1

1
1

dx dx d
R x

dt dt dt

dxd L

dtdt x

d de
c c e

dt dt








  
− + +  

  
  

− −= −   
 

 
 
− + + 
 

 

where, 0<μ1<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: 

(42 ) 4 4 refe x I= − 

(43 ) 5 5e x = − 

The first function of the Lyapunov V4 is selected to 

analyze the stability of the system as follows: 

(44 ) 
2

4 4

1

2
V e= 

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 V5 sets is written as follows: 

(45 ) 
2

5 4 5

1

2
V V e= + 

By taking the derivative V5 and substituting the value 

V4 of Equation (41), we have: 

(46 ) 
( )2 425 5

4 4 5

1

w

edV de
c e e

dt dt L

 − 
= − + + 

 
 

Substituting e5 of Equation (43) into Equation (46), we 

have: 

(47 ) 

( )

( )

( )

2 425
4 4 5

5

2

2 42
5 5 5

2

1

1

(1 )

1

1

w

owind

w

w

xdV
c e e

dt C

I
e

C

ed
e c e

dt L





 



 − 
= − +  

 

 
+ − − 

− 

 −
+ − −  +  − 

 

To keep the wind system dynamics constant, V5 should 

run as follows: 

(48 ) 
2 25

4 4 5 5

dV
c e c e

dt
= − +  

(49 ) 
( )

4 4 4

21

w in ref w

w w

L V dI R
c e x

L dt L




 
= + − − 

−  
 

where c4> 0 and c5> 0 are the constant parameters. The 

control signal for μ2 is obtained as follows: 

(50 ) 

( )

( )( )
( )

( )

2

4 22

2

2 4

5 4 5 2

2

11

11
1

11

w

w

owind

w

ed

dt L

x
e c c

C

I

C














 −
 =
 
 

 −
 + − − − +
 
 

 − 
+ − 

 

 

where, 0<μ2<1. 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 Vdc voltage from 

the Vdcref value. Thus, the indirect voltage regulation 

method is used to achieve this goal where Ibat is tracked 

by its reference value, obtained as follows: 

(51 ) 
13dcref CB CBref

batref

bat

V x V I
I

V

 −
=  

 
 

where, Φ 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: 

(52 ) 
13

6 13 7 0,batref

bat

x
e x I e

L
= − = −  

The chosen Lyapunov functions, V6 and V7, for 

analyzing the stability of the system are as follows: 

(53 ) 
2 2

6 6 7 6 7

1 1
,

2 2
V e V V e= = +  

The virtual control β0 should be written as follows: 

(54 ) 0 5 6 13

1 bat bat batref

bat bat bat

V R dI
c e x

L L dt




 
= + − − 

 
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The μBat control law is defined as follows: 

(55 ) 

2 2

7

0 13

13
6 6

0

1

1

Bat bat bat
Bat Bat Bat

dc dc

Bat Bat

bat dc

d R R
e

dt x C C

x
c e

L C


  



 


 
= − − 

 

 
+ − 

 

 

Similarly, the signal control converter is obtained in the 

capacitive bank system as follows: 

(56 ) 14 7 7

14

CB CB CB CB CBref

CB CB

d L V R dI
x c e

dt x L L dt

  
= − − − 

 
 

Where, 0<μBat<1 and 0<μCB<1 represent the control law 

used to create a time cycle for the bidirectional converter 

connected to the battery. β0≠0 and c6&7<0 are the gain of 

controller in the controller design, and the μCB 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, V8, for analyzing the stability 

of the system is as follows: 

(57 ) 
2

8 8

1

2
V e=  

The excitation control input is defined as: 

(58 ) ( )10 5
8 8

A A
c ref t

A A A

x T d T
V V V c e

K K dt K


= − − +  − 

Also, the steam valve position control input is: 

(59 ) 
12 7 6

8 9

0

G G
c

G G r G

T x K x d
P c e

K T R T dt





 
= − − + − + 

 
 

where: 

( ) ( )

11
1 7 8 2 8 8

11 1
3 7 0 7 0

0 0 0

4 8 8

0

, ,

2 2
,

2

T

T T

q q q q

q

T x
c e e c

K T

x D H H d
x x

I I I I dt

H
c e

I

 


  

  




 
= − = − 

 

= − − + − + 

=

 

( )

( ) ( )

5 8 3 8 8

11 1
6 6 0 6 0

0 0 0

,

2 2

d d d do do

q q q q

x x x I T T c e

x D H H d
x x

I I I I dt

 


  

  

  = + − + −

= − − + − + 
 

where, c1-c8 are positive constant parameters and e1-e8 

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: iabc and VDC. Based on Equations (19)-(21), a 

controlling mathematical model can be expressed. First, 

the equations for the rectifier mode are described as 

below: 

(60 ) ( ) , ( )r
r r r

dx
f x g u y h x

dt
= + = 

where, x is the rectifier state vector, ur denotes the 

rectifier control input vector, y represents the rectifier 

output vector, while f and g are smooth vector fields. 

15 7 16

15 1

16 2 7 15 16

317
1 16 1

17

1 11

1 12

, ( ) ,

2

1
0

1
0 ,

0 0

r

r r r

r
sq

sd rdr

r r

sq rqr

R
x x x

Lx f
R

X x f x f x x x
L

fx
u x i

Cx C

L
u uu

g u
u uuL

 
− + 
    
    

= = = − −    
        

− 
 

 
 
 

−   = = =     −    
 
  

 
(61 ) 

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, V9, for analyzing the 

stability of the system is as follows. 

(62 ) 
2

9 9

1

2
V e=  

Hence, the output is chosen as: 

(63 ) 1 1 2 1,d dcy i y v= = 

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: 

(64 ) 

1

1

2
22

2

r

r r

r

dy

udt
B A

ud y

dt

 
   
  = +  
   
    

(65 ) 

1

1 1 16

2 32 2

17 17

1

17

3 3 ,

2 2

1
0

.
3

0
2

r

sq sqr L
r r

r
sq

f

u u xB i
f f

Cx Cx C

L
A

u

CLx

 
 

=  − −
  

 
 
 =
 
 
 
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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. 

( ) ,i
i i i

dx
f x g u

dt
= +  (66 ) 

Here we have: 

(67 ) 

18 7 19
18 1

19 2
7 18 19

2 21

2 22

, ( ) ,

1
0

1
0 , ,

0 0

i

i i

i

sd rdi

r i

sq rqi

R
x x x

x f L
X f x

x f R
x x x

L

L
u uu

g u
u uuL

 
− +    

= = =     
    − −
  

 
 
 

−   = = =     −    
 
  

 

where, usd2, usq2, urd2, urq2, id2, and iq2 denote the inverter 

state electrical parameters. Then, the output is chosen as: 

(68 ) 1 2 2 2, .d qw i w i= =  

Control inputs are displayed as follows: 

(69 ) 
1 13 1 32 11

2 2 41 2 42 2

ref i ii

i ref i i

w k e k e dtu

u w k e k e dt

 − − 
 = 
 − − 
 




 

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  
 

 

 
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: 

5 73 8 9 8 8 9 9

31 32 10 41 42 11( ) ( )

totalV V V V V V e c e c

k k e k k e

= + + + + + +

+ + + +
 (70 ) 

8 95 73 8 8 9 9

31 32 10 41 42 11( ) ( ) 0

totalV V V V V V e c e c

k k e k k e

= + + + + + +

+ + + + 
 (71 ) 

The Vtotal 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: 

(72 ) w pv loss load ESS transferP P P P P P+ − = + 
 

where, PW, Ppv, Ploss, Pload, PESS, and Ptransfer are the wind 

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. 

(73 ) 

( ) 0transfer load w pv lossP P P P P= − + − 
 

w pv loss load transferP P P P P+ − = 
 

Ptransfer 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.  

(74 ) ( )2 0transfer load w pv lossP P P P P= − + − 
 

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 

 

 

 
Figure 8. The diagram of AC/DC microgrid model 

 

 

 
Figure 9. The eigenvalue of hybrid AC/DC microgrid 

 

 

 
Figure 10. The eigenvalue of AC in the hybrid microgrid 

 
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 
 

 

 
Figure 12. Production power by AC side sources 
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Figure 13. Production power by DC side sources 

 

 

 
Figure 14. AC bus voltage during load changes 

 

 

 
Figure 15. DC bus voltage during load changes 

 

 

 
Figure 16. AC bus frequency during load changes 

 
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 
 

 

 
Figure 18. Production power by AC side sources 
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Figure 19. Production power by DC side sources 

 

 

 
Figure 20. The power flow of the bidirectional converter 

 

 

 
Figure 21. AC bus voltage during load changes 

 

 

 
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 . 
 

 

 
Figure 23. Production power by AC side sources 

 

 

 
Figure 24. Production power by DC side sources 

 

 
Figure 25. The power flow of the Bidirectional converter 
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Figure 26. DC bus voltage during load changes 

 

 

 
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  

 

 

 
Figure 28. The power flow of the bidirectional converter 

 
Figure 29. AC bus voltage during the islanded and 

reconnection mode 

 

 

 
Figure 30. DC bus voltage during the islanded and 

reconnection mode 

 

 

 
Figure 31. AC bus Frequency during the islanded and 

reconnection mode 
 

 

 

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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Persian Abstract 

 چکیده 
  DCو    AC  ی ، منابع و بارهایشنهادی. در مدل پدهدارائه می   ی ترکیبی هازشبکه یرثبات    یل و تحل  یه کنترل و تجز  یبرا  یرخطی غ  کنندهکنترل بر    ی مبتن  یدیساختار جد،  مطالعه  ینا

در هر دو  AC / DC تولیدات . شده استاستفاده  AC / DCبار توسط منابع  ینتأم یبرا AC / DC دوطرفهمبدل رابط  یک،  ین در دو طرف مختلف قرار دارند. علاوه بر ا

  DCدر سمت    یستمس   یداریپا  ی برا  یانرژ  یره ذخ  یستم س  یک ،  همچنینکند.    ینمبدل رابط دو طرفه تأم  یق را از طر  یگر بار طرف د  تواندی مطرف مبدل وجود دارد و هر طرف  

ساختار، تبادل هماهنگ و    ینشده است. در ا  یراحط  DCو ولتاژ سمت باس    ACفرکانس سمت باس    یحصح  یم تنظ  یبرا  ریزشبکه  یرخطیغ  کنندهکنترل شده است.  استفاده  

  شکاه  یبرا  یشنهادیکه مدل پ  دهدی منشان    یج. نتاابدیی مبهبود    یستم ، عملکرد سین. بنابراشودی م  یداریکنترل منجر به بهبود پا  یهاگنال ی س  یقدق  یم تنظتوان همراه با    ینهبه

 کارآمد است. یستمس یدارینوسانات و بهبود پا
 

 

 


