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Abstract— Microgrids represent a new and flexible form of 
electrical networks. This form is based on the use of Distributed 
Generators which are connected to a microgrid through Voltage 
Source Inverters (VSI).  In this paper, we propose a nonlinear 
controller that allows the regulation of the output voltage and 
frequency of a VSI. The system consists of a VSI and an LC filter 
associated to a coupling inductor. The main objective is to 
enforce the system output voltage to track a given reference. 
After the system modeling, the controller is designed using the 
backstepping technique. Once the control law is elaborated, 
several simulations are carried out to evaluate the performance 
of the proposed controller. The simulation results and formal 
analysis show that the output voltage tracks perfectly the 
reference voltage with a global asymptotic stability. It is worth 
mentioning that the designed controller can operate in the both 
microgrid modes: grid connected mode and islanded mode. 1 
 
Keywords— Microgrid, distributed Generation, backstepping, 
VSI, LC filter, coupling inductor, modeling, stability, tracking.  

I. INTRODUCTION 
In the last decades, the use of Distributed Generation (DG) 

units has been significantly increased. A DG unit is a 
generation unit which can produce electricity near customers. 
Many technologies can be found in DG, for instance, 
photovoltaic systems, wind turbines, microturbines and fuel 
cells. Some of these technologies combine the heat and power 
production (CHP); it is the principal of cogeneration. The 
increase of the distributed production is owing to the 
following reasons: the rise of the 2CO  emitted quantity which 
reached 32381 2MtCO  in 2014 as reported by the 
International Energy Agency, the global warming, the fossil 
resource depletion, the considerable increase of the world 
power consumption and the technological development of DG. 
The network to which DG units are connected is called a 
microgrid. 
A microgrid can be defined as a cluster of DG units that are 
generally combined to DC/AC or AC/DC/AC converters [1], 
storage systems and loads. Compared to a traditional grid, a 
microgrid has the following advantages: less 2CO emission, 
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less transmission losses, higher efficiency for energy 
utilization and flexible installation location [2]. Fig. 1 shows 
an example of microgrids. 

A microgrid has two operating modes: grid connected mode 
where the microgrid is connected to the utility grid and 
islanded mode where the microgrid operates autonomously 
disconnected from the main grid. Indeed, if any fault occurs 
while operating in grid connected mode, microgrid has an 
ability to disconnect itself, by opening the isolation device in 
Fig. 1, from the main grid and operate independently 
supplying its local loads [3].  

Controlling voltage and frequency, operating more than one 
DG unit in islanded mode, power quality issues, 
implementation and protection represent the most important 
problems, discussed in [4], that should to be taken in account 
in a microgrid. 

Most of DG units can’t be directly connected to the 
microgrid; they need a DC/AC or AC/DC/AC converter as 
interface device with the network. The Voltage Source 
Inverters (VSIs) are the converters widely used in microgrids. 
Many technologies have been used to control the VSIs as an 
example: proportional integral (PI), proportional resonant 
(PR), predictive deadbeat (DB) and hysteresis current 
controller (HCC). The PI controller has the ability to eliminate 
the steady state error, however, it has a negative impact on the 
system overall stability and speed response [5]. The PR 
controller gives a good tracking to a sinusoidal reference and 

Fig. 1 A microgrid architecture example 
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eliminates the steady state error but it resonant frequency 
requires being identical to the varying grid frequency [6]. The 
DB controller is widely used for current error compensation, 
although, it is complicated and sensitive to the system 
parameters. The HCC controller is simple and gives fast 
responses, but it leads, in high and variable frequencies, to 
high current ripples, poor current quality, and difficulties in 
the output filter design [7]. 

In this paper, we propose a nonlinear controller using the 
backstepping technique. The frequency of the output voltage 
is calculated using the Droop Control Method.  We aim to 
enforce the output voltage to track a given reference.  

This paper is structured as follows: section 2 gives the 
system presentation, section 3 includes the system modeling, 
section 4 describes the controller design, section 5 presents the 
simulation results and we end the paper with the conclusion 
and a reference list. 

II. SYSTEM PRESENTATION 
Fig. 2 shows the studied system. It includes the VSI, an LC 

filter and a coupling inductor.  

 
Fig. 2 Single phase diagram of the VSI, the LC filter and the coupling 

inductor 

The LC output filter is used to attenuate the output voltage 
ripple and to limit the high frequency ripple current of inverter 
switches [8]. The coupling inductor allows separation of the 
(sinusoidal) microgrid voltage and the (possibly distorted) 
grid voltage and also facilitates the control of the real and 
reactive power exchange between the microgrid and the main 
grid [9]. 

fR , fL and fC  are, respectively, the resistance, the 

inductance and the capacitance of the output LC filter. cR  and 

cL  are, respectively, the resistance and the inductance of the 
coupling inductor.  

III. SYSTEM MODELLING 
In Park’s d–q frame that rotates synchronously with the 

inverter output voltage angular speed oω , the mathematical 
model of the system is described by the following equations as 
in [10]: 
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dv , qv , di  and qi  are the d-q axis inverter’s voltages and 

currents, odv , oqv , odi and oqi  are the d-q axis output 

voltages and currents of the studied system,  gdv and gqv  are 
the d-q axis grid voltages. 

     
The VSI switching frequency is significantly higher than 

the power system frequency [11], for this reason, we have 
used the average version for the above model. The average 
model is given by the following equations: 

 

13211
11 u

L
x

L
xx

L
R

x
ff

o
f

f +−+−= ω&   (7) 

24212
11 u

L
x

L
x

L
R

xx
fff

f
o +−−−= ω&   (8) 

5413
11 x

C
xx

C
x

f
o

f
−+= ω&    (9) 

6324
11 x

C
xx

C
x

f
o

f
−−= ω&               (10) 

gd
c

o
c

c

c
v

L
xx

L
R

x
L

x 11
6535 −+−= ω&              (11) 

gq
cc

c
o

c
v

L
x

L
R

xx
L

x 11
6546 −−−= ω&              (12) 

Where 1x , 2x , 3x , 4x , 5x , 6x , 1u and 2u are, respectively, 
the average values of  di , qi , odv , oqv , odi , oqi , dv and qv . 

 
[ ]654321 ,,,,, xxxxxxx =  is the state vector. 
[ ]21,uuu = is the input vector. 

 
oω is calculated using the droop control method. 

Instantaneous active power p is calculated from the 
measured output voltage and output current as in [12]. 

6453 xxxxp +=     (13) 
The instantaneous active power is passed through a low-

pass filter, where cω  the filter cutoff frequency and s is the 
Laplace transform operator, to obtain average active power 
corresponding to the fundamental component; therefore, a 
high power quality injection is ensured [10]. 
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The angular frequency of the output voltage is [10]: 
 

mPo −= *ωω    (15) 

Where *ω  is the nominal frequency set point and m is a 
static droop gain which can be calculated for a given range of 
frequency as follows: 
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P
m

ωω −
=    (16) 

The nonlinearity in (13) makes the studied system a 
nonlinear system. 

IV. CONTROLLER DESIGN AND STABILITY ANALYSIS 
In this section the backstepping technique, that is described 

in [13]-[15], is used to enforce the output voltages odv  and 

oqv  to track the reference voltages *
odv  and *

oqv . The controller 
is elaborated in two steps for each output voltage. 

Let us start by the output voltage odv . 
Step 1: 
We introduce the first error 1z defined by  

*
31 odvxz −=                           (17) 

The aim is to enforce 1z  to vanish. 

Differentiating 1z  and substituting from (9), we get 

  *
5411 )/1()/1( odfof vxCxxCz && −−+= ω   (18) 

 
In (18), 1)/1( xC f stands as a virtual control input, to 

which a stabilizing function 1α  is associated. 

Furthermore, 1z  vanishes if 

11)/1( α=xC f     (19) 

To enforce 1z to vanish, we can choose 
0c   ,    1111 >−= zcz&     (20) 

1c is a design parameter. 
From (18), (19) and (20), we get  

11
*
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A second tracking error 2z  is introduced and defined as  

112 )/1( α−= xCz f     (22) 

If  2z  vanishes, then 1z  vanishes. 
Substituting 1)/1( xC f  in (18) and using (21) and (22), we 

get                    
1121 zczz −=&      (23) 

Step 2: 
Let us differentiate  2z  

112 )/1( α&&& −= xCz f     (24) 

Substitute in (24) and using (7), (10), (11), (21) and (23)  
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In the new coordinates ),( 21 zz , the controlled system is 
represented by (23) and (25). 

Let us define the Lyapunov function as 
)(5.0 2

2
2
11 zzV +=     (31) 

The time derivative of 1V  along the ),( 21 zz  trajectory 
using (23) is: 
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2
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To have 0≤V& , we choose  
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2c is a design parameter. 
2
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From (25) and (33), we get the first control law 1u : 
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We follow the same steps to enforce 4x  to track *
oqv , with 

the tracking errors: 
*

43 oqvxz −=      (36) 

224 )/1( α−= xCz f     (37) 
The stabilizing function is: 
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The Lyapunov function is: 
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3c and 4c are design parameters. 

The second control law 2u is: 
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11β , 12β , 13β and 14β are defined by (27)-(30). 
 

Proposition 
Consider the closed loop system consisting of the system (7)-
(12) and the control laws (35) and (41). In the coordinates  

( )4321 ,,, zzzz , the closed loop undergoes the following 
equation:  
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Where the design parameters ( 1c , 2c , 3c , 4c ) are positive and 
freely chosen. Hence, the error system (43) is globally 
asymptotically stable. It follows that: 

i) All signals in closed loop are bounded, 

ii) The tracking errors *
31 odvxz −=  and *

43 oqvxz −=  
vanish. 

Proof 
Let us consider the following Lyapunov function candidate: 
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Its time derivative, using (34) and (40), is  
2
44
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Since 0>V  and 0≤V& , the ( )4321 ,,, zzzz system is globally 
asymptotically stable.  

V. SIMULATION RESULTS 
The designed controller performance is evaluated using 
Matlab/Simulink. The system and the controller are modelled 
based on the scheme of Fig. 3. 

 
Fig. 3 The simulation model for the studied system 

The system and the controller parameters are given in Table 1. 
TABLE I 

SYSTEM AND CONTROLLER PARAMETERS 

mHL f 5.1=  Ω= 05.0cR  10001 =c  

Ω= 15.0fR  Wsradem //33.1 4−=  10002 =c  

FC f µ45=  Hzf 50=  10003 =c  

mHLc 53.0=  sradc /30=ω  10004 =c  
 
The simulation parameters are considered as in [9] and [10]. 
In this section many simulations have been carried out to 
ensure that the proposed controller enforce the output voltage 
to track the reference; the reference voltage is set to 

)sin(325 tω . 
 
Fig. 4 shows the system behaviour in grid connected mode 
with an undistorted grid voltage. The grid voltage is set to 

)sin(325 tω . 
 
Fig. 5 gives the system response in grid connected mode with 
a distorted grid voltage which is set to 

)5sin(5.32)3sin(5.32)sin(325 ttt ωωω −− . The distorted grid 
voltage can be seen in Fig. 6. 
Fig. 7 illustrates the system behaviour in islanded mode. 
 

0 0.02 0.04
-400

-200

0

200

400
Output voltage (V)

0 0.1 0.2
46

48

50

52

54
Output frequency  (Hz)

Time (s)
0 0.1 0.2

-400

-200

0

200
Vod error (V)

Time (s)
0 0.1 0.2

10 -3

-2

0

2

Voq error (V)

 
Fig. 4 The system behaviour in grid connected mode with an undistorted grid 

voltage 
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Fig. 5 The system behaviour in grid connected mode with a distorted grid 

voltage 

 

 
Fig. 6 The distorted grid voltage 

 

 
Fig. 7 The system behaviour in islanded mode 

 
In all previous simulations, that have been carried out in grid 
connected mode and islanded mode, the output voltage of the 
system tracks perfectly the reference voltage and the steady 
state is achieved after a very short time which is about 
15.22ms. Consequently, the aim of our paper is reached. 

VI. CONCLUSION  
  
In this paper, we studied a system that is composed of a 

VSI, an LC filter and a coupling inductor. We aim to enforce 
the output voltage of the studied system to track a reference 
voltage. To achieve this purpose, we designed a nonlinear 
controller using the backstepping technique. According to 
formal analysis and simulation results, the proposed controller 
allows a perfect tracking of the reference voltage and an 
asymptotic stability of the closed loop system. This 
asymptotic stability and that perfect tracking are obtained in 
grid connected mode with an undistorted grid voltage and 
with a distorted one and, also, in islanded mode. 
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