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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.

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 CO, emitted quantity which

reached 32381 MtCO, in 2014 as

International Energy Agency, the global warming, the fossil
resource depletion, the considerable increase of the world

reported by the

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 CO, 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.
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Fig. 1 A microgrid architecture example

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 wunit 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
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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.

Vbe Source
Inverter
Cr
7 1

PWM

Voltage [y ; Re L v j Re Le Vg

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].

R, , L, and C, are, respectively, the resistance, the
inductance and the capacitance of the output LC filter. R, and
L, 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 @, , the mathematical

model of the system is described by the following equations as
in [10]:

— =, +wl,+— Vv, -V 1
dt L. d o'q I ( d od) ( )
/ f
di R, 1
q : S
— =—w,l —1l, +— (v, -V 2
dr o“d L/ q Lf( q Uq) ()
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dvod 1
=w,v,, +—(,; —% 3

dt 0V oq Cf (d od) ( )
Doy — oy, o (i, —t,,) )
dt 0"V od Cf q oq
di,, R 1

L= @+ — (v, —V 5
dt LC od o' oq LC ( od gd) ( )
di R 1

oq . c .

dt :_wolod__clnq +Z(voq _vgq) (6)

Vg, Vq» ig and 1, are the d-q axis inverter’s voltages and

currents, Vv , , V i,g and 7, are the d-q axis output

oq °
voltages and currents of the studied system, v,, and v,, 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:

. R, 1
xl =——x1 +a)o.X2 __.X3 +—u1 (7)
Ly s Ly
R 1 1
).CZ =_a)0.x1 __fo —— Xy +_u2 (8)
Ly Ly Ly
. 1 1
X3 =——X| + @, X4 ——— X )
’ Cy
Xy = ! Xy —@,X X (10)
4 T Xy T WXy~ ——Xg
Cy Cy
X —Lx ——S x5 +m,x —Lv (11)
5 Lc 3 Lc 5 06 . gd
. 1 R 1
Xg =— X4 —W Xs ——=Xc ——V 12
6 Lc 4 o5 LC 6 LL, gq ( )

Where x;, x5, X3, X4, X5, X¢, u; and u, are, respectively,

the average values of i, , iy, Voys Vog» igas log» Vg and v, .
X = [xl,xz,x3,x4,x5,x6] is the state vector.

u= [u1 Uy ] is the input vector.

o, 1s calculated using the droop control method.
Instantaneous active power p is calculated from the
measured output voltage and output current as in [12].
D = X3X5 + X4 Xg 13)
The instantaneous active power is passed through a low-
pass filter, where @, 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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N

P= (14)
s+,
The angular frequency of the output voltage is [10]:
, = -mP (15)

Where @ 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:

Dmax ~ Pmin
—_— 16
P (16)

max

m =

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 v,;, and
v, to track the reference voltages v, and v:q . The controller
is elaborated in two steps for each output voltage.

Let us start by the output voltage v, .

Step 1:

We introduce the first error z, defined by

*

— (17)
The aim is to enforce z, to vanish.
Differentiating z, and substituting from (9), we get

21 =1/Cp)x; +w,x4 —(1/Cp)xs —v:d (18)

In (18), (1/C,)x, stands as a virtual control input, to

which a stabilizing function ¢, is associated.

Furthermore, z, vanishes if

1/ Cp)x = (19)
To enforce z, to vanish, we can choose

zZy=—c1zy , ¢ >0 (20)
¢, is a design parameter.
From (18), (19) and (20), we get

) =—w,x, +(1/C)xs +7,y — 2, 1)

A second tracking error z, is introduced and defined as
2, =(1/Cp)x - (22)

If z, vanishes, then z, vanishes.

Substituting (1/C ;)x; in (18) and using (21) and (22), we

get

21 =25 =12 (23)
Step 2:
Let us differentiate z,

2, =(1/Cp)x — (24)
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Substitute in (24) and using (7), (10), (11), (21) and (23)

1 Lk
Z, = up+f(x)+ Ved ~Vod
CrLy CyL. (25)
+CIZZ —6‘1221
Where
Bi(x) = Biyx + Pioxy + Biaxs + @,%4
(26)
+ Biaxs — PiaXe
With
Bu=-R;(C;L;) (27)
B =20,/C; (28)
Bz =—(; +1/(C L)+1/(C /L)) (29)
B =R NC,L,) (30)

In the new coordinates (z;,z,) , the controlled system is

represented by (23) and (25).
Let us define the Lyapunov function as

V, =0.5(zf +23) (31)
The time derivative of V) along the (z,,z,) trajectory

using (23) is:

Vi=—czf +2,(4 +2) (32)
To haveV <0 , we choose

Zy+2Z] ==Cyzy, €5 >0 (33)
C, is a design parameter.

V=-az -6z (34)
From (25) and (33), we get the first control law u, :

w=CLile Doz e am

CUC LY 473 ]
We follow the same steps to enforce X, to track v:q , with
the tracking errors:

23 = X4~ V:q (36)

2y =(1/Cp)xy —ay 37
The stabilizing function is:

ay = ,x3 +(1/Cp)xg +7,, — 32 (38)
The Lyapunov function is:

V, =0.5(z5 +25) (39)

V, =—cyz3 —c4z; (40)
c;and ¢, are design parameters.
The second control law 1, is:

Uy = CrLy|z3(3 ~D=zy(cs +¢) - B () an

-(1/(C L)), + v;]

Where
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Bo(x) ==Pox; + Pi1X; — @,%5 + fi3x4
+ Piaxs + Piaxg
Bis Py Pizand By, are defined by (27)-(30).

(42)

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

(21,22,23,24), the closed loop undergoes the following

equation:
Z - 1 0 0 |z
Z, |- 1 —-¢, O 0 |z, 43)
Z4 0 0 —c3 1 |z

N

Z, 0 0 -1 —-c¢,z,

Where the design parameters (c;,c,,c3,c,) 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,

.. . * *
if) The tracking errors z; = x3 —v,,; and z3 = x4 —v,,

vanish.
Proof
Let us consider the following Lyapunov function candidate:
V=V1+V2=0.5(212+z§+z32+zi) (44)
Its time derivative, using (34) and (40), is
V=—czf —cyz3 — 323 — 423 (45)

Since ¥ >0 and ¥ <0, the (21,22,23,24) 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.

N p i(a,b,c) -
= v, b 2
71w i) System io(a’ :c) >
- o(a,b,c) S
2l M =
i
Ya [abc V4 € U dq /l&—
vi < Backstepping |_ Vo(d,q)
Ya| Ccontroller |lo(dg
Ve < =
dq abc|
Toe
— 1 Votd.q)
w, calculation [ o
- ola,q,

Fig. 3 The simulation model for the studied system
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The system and the controller parameters are given in Table 1.

TABLEI
SYSTEM AND CONTROLLER PARAMETERS
L, =1.5mH R, =0.05Q ¢, =1000
R, =0.15Q m=133¢"*rad/s/W | ¢, =1000
C,=45ur f =50Hz ¢; =1000
L, =0.53mH ®, =30rad /s ¢4 =1000

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
325sin(wt) .

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

Fig. 5 gives the system response in grid connected mode with
a  distorted grid  voltage  which is set to
325sin(wt) —32.5sin(3at) — 32.5sin(5at) . The distorted grid

voltage can be seen in Fig. 6.
Fig. 7 illustrates the system behaviour in islanded mode.
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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
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Fig. 6 The distorted grid voltage
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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.
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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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