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Abstract— In this paper a sensorless cur-
rent control for grid connected inverters is pre-
sented. The use of a grid voltage sensor is
avoided, estimating the fundamental compo-
nent and the harmonic content of the grid volt-
age via a reduced order observer. The proposed
observer is frequency adaptive. The current
control scheme is realized through a propor-
tional resonant algorithm, using a scaled ver-
sion of the estimated grid voltage fundamental
component as current reference. The control
algorithm is made frequency adaptive using the
estimated frequency provided by the proposed
observer. Simulation results are presented to
validate the proposed scheme.

Keywords— Distributed Generation, Sen-
sorless Grid Current Control, Frequency Adap-
tive Control.

1. Introduction

Nowadays the trend for the expansion of electric en-
ergy generation is the usage of distributed generation
systems ([1], [15], [4], [3]). Most of these systems in-
teract with the electric grid through the use of DC-AC
converters ([5], [6]). To improve the reliability and re-
duce the cost it is desirable to use the minimum num-
ber of sensors. One option is to avoid the use of line
voltage sensor, replacing it with an observer, which
should estimate the grid voltage fundamental compo-
nent and its harmonic content. There are several tech-
niques for the estimation of sinusoidal signals ([16],
[7]). In [10] a convergent variable frequency sinusoidal
signal estimator is proposed for the case of a pure si-
nusoidal signal. In [9] a linear tracking-differentiator
is proposed. The mathematic treatment given to the
problem in this paper is simpler than the one in [10],
still the estimation algorithm remains relatively com-
plex, and it is only shown for the case of a pure sinu-
soidal signal. In [14] the results of [10] are extended
to explicitly demonstrate the local convergence of the
proposed algorithm in the presence of harmonics.
Besides the grid voltage estimation, an adequate
control of the injected current it is necessary. In many

distributed generation systems the main objective is
to maximize the injected power and to minimize the
harmonic distortion. One way to achieve this is to
inject a sinusoidal current of fundamental frequency
in phase with the fundamental component of the grid
voltage. In [2] a deadbeat predictive current control
is presented. The control scheme makes use of a grid
voltage estimator based on the Adaptive Steepest De-
scent method and has power tracking steady state er-
ror compensation. Nevertheless, the results are shown
for a pure sinusoidal grid with no harmonic content,
and the proposed algorithm is not frequency adaptive.
In [8] a sensorless resonant current control is proposed,
where only the grid voltage is measured and a sliding
mode observer is used to estimate the grid currents.
There the results are also shown only for a pure sinu-
soidal grid with no harmonic content. In this case the
proposed scheme is not frequency adaptive either. In
[11] a grid voltage sensorless current controller for an
unbalanced grid with harmonic content is presented.
As in the previous articles, the proposed algorithm is
not frequency adaptive.

In this paper a method to control the grid injected
current which only requires the grid current and dc
bus voltage measurements is proposed. This method
allows to diminish the perturbation effect that the grid
voltage imposes on the coupling inductance, enabling
a simple current controller. It is also robust to grid fre-
quency variations. The paper is organized as follows.
In section 2 the proposed current control scheme is
presented. In section 3 a pure sinusoidal grid voltage
is considered. Afterwards, in section 4 a distorted grid
voltage is considered. Finally, in section 5 simulation
results are shown for both cases.

2. Control strategy with voltage sensor

In this section the current control scheme is presented.
It is designed to track sinusoidal reference signals of
fundamental grid voltage frequency with zero steady
state error. Lets assume that the grid voltage v, is
known. If this is the case, then it is possible to try
to cancel the perturbation effect of the grid voltage on
the coupling inductance through a feedforward term
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Figure 1: Controller.

(see Fig. 1). This way the controller reduces to the
current control on an inductance. To inject sinusoidal
current in phase with the fundamental component of
the grid voltage a second order generalized integrator
(SOGI [18)]) is implemented. When properly tuned, it
yields zero steady state error to a sinusoidal reference
current. In this case, the SOGI is tuned to the nominal
grid frequency and a full state feedback is realized to
ensure that the system is stable. The control scheme
is shown in Fig. 1. In this figure the control action
is u = vy — [k1 ko k3]X, where X is the system state
vector. The feedback gains are computed in order to
place the closed loop poles at the desired locations. To
compute them, the system is described in the following
state variable form:

X — AX + Bu, (1)

where X — [i o1 52,

000 ~1/L
A=|-201|,B=| 0 |,
0-60 0

where x4 and 4 are the SOGI states and 6 = w? is
the square of the nominal steady state grid fundamen-
tal component angular frequency. The steady state
closed loop poles are obtained finding the eigenvalues
of A — B[k ko ks3]. The gains can be chosen using the
linear quadratic regulator method ([17]). The above
proposed controller requires the use of a grid voltage
sensor. In the following sections a grid voltage and fun-
damental frequency observer will be developed. The
estimated voltage and frequency will be used to re-
place the measured voltage and to make the proposed
controller frequency adaptive. This will be achieved
by replacing v, by v, and 6 by 6 in the block ”Con-
trol” of Fig. 1. A comparison between the controller
with measured and estimated grid voltage will be in-
troduced in section 5 by means of simulation results.

3. Sensorless control in presence of a sinusoidal
grid voltage

In this section the system model when the grid voltage
is a pure sinusoid is presented. Based on this model
an observer will be developed in order to estimate the
grid voltage and frequency.

Figure 2: Grid coupling system model.

3.1. System model

Figure 2 shows the coupling inductance that is usually
used in distributed generation systems to interact with
the grid (see plant block in Fig. 1). In this figure, u
is the control voltage (which usually comes from an
inverter), v, is the grid voltage and ¢ is the current.
In this system the current is related to the voltage
through, .

i:Z(vgfu). (2)
Assuming that the grid voltage is a pure sinusoid given
by vy = Acos(wt + ¢), it is easy to see that v, is
solution to the following differential equation,

Uy + 6 vy =0,

where § = w?. A possible representation of this equa-
tion in state variables is given by

i‘l =0 Z2,
Ty = —x1,
where vy = 21 = Acos(wt + ¢) and x4 = —% sin(wt +

¢). Then, using these equations and (2), and assum-
ing 6 constant, the system can be described by the
following set of differential equations:

vg =21, (3)
. 1
i= (v~ u), ()
:i'l =0 x2, (5)
I.g = —T, (6)
6=0. (7)

3.2. Reduced order observer

A reduced order observer for the presented model will
now be developed ([13], [12]). This observer allows to
estimate the instantaneous value of the grid voltage
and its fundamental component frequency.

From equations (5)-(7) the following observer is pro-
posed,

by = &1, (8)
1 =01 + g (vy — ), (9)
By = —41, (10)

6 =al, (11)
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where g is an arbitrary positive constant which deter-
mines the convergence speed of the observer, and al is
the adaptation law, that is defined to keep the system
stable through Lyapunov’s method. The observer as
it is requieres the knowledge of the grid voltage v,. To
avoid the measurement of this signal, from (2) the fol-
lowing open loop model based estimator is proposed:

o1
= Z(i;g —u). (12)
If this equation is subtracted to (2) then
vy — 0y = L(i — 1). (13)

Replacing this equation in (9) and choosing the adap-
tation law al to keep the system stability, the proposed
observer results,

by = 21, (14)
b1 =080+ g L(i — 1), (15)
by = —4, (16)
=~ iy LG —1), (17)

with v an arbitrary positive constant that determines
the convergence speed of the adaptation law. In the
appendix the stability proof which leads to the obten-
tion of al is shown.

As formulated in equations (14)-(17), the proposed
observer needs the derivative of the current 7. To avoid
computing this derivative a change of variables is pro-
posed. First (12) is replaced in (15) and in (17) ob-
taining

i1 =08y +g Lifg(f)gfu),
0=n iy Li — 7y 29(0y — u).

Then, the new variables are defined by subtracting
the terms that contain ¢ to the left hand side of these
equations. That is,

(20)
(21)

IL}1 :fl—gLi:éig—g(@g—u),

Vg =0 — &g Li = — do(y — u).

It is easy to see that &1 and 6 can be rewritten as a
function of the new variables in the following way,

01 + g Li,

é:@g+7L/£2i5t.

(22)

I

(23)

Equation (23) is solved by part integration, which
leads to

where the last equation was replaced with (16). Con-
sequently, the resulting observer is described by the
following set of differential equations:

i1 =01 + g Li, (26)
by = &1, (27)
0=tp+ L(&2 i + Vaus), (28)

oy = 02g — 9(bg —u), (29)
Bo=—@1, (30)
159 =7 ff?z(@g —u), (31)
Daus = 21 1, (32)

As can be seen in these equations, the observer requires
the measurement of only one output (the current ¢ in
the coupling inductance).

4. Sensorless control in presence of a distorted
grid voltage

In this section the extended model to consider the case
of a grid with harmonic content is presented. Based
on this model an observer will be developed in order
to estimate the grid voltage and frequency.

4.1. Extended system model

Based on the model equations presented in section 3.1
and assuming that the grid only has an nth harmonic,
the system is described by

vg =1 + 3, (33)

i= %(vg —u), (34)
o1 = Oxa, (35)
To = —x1, (36)
i3 =n%0xy, (37)
T4 = —2x3, (38)

6=0, (39)

where 21 = A cos(wt + ¢), xo = —g sin(wt + ¢), x5 =

Ay cos(nw t + ¢y,), 14 = —A2sin(nw t + ¢,,) and 0 =
2

nw
w”.

4. 2. Extended Observer

Now the proposed observer will be extended to include
an nth grid harmonic.

Based on the equations of the observer presented
in section 3. 2 and the extended model presented in
section 4. 1, the following observer is proposed for a



grid with an nth harmonic:

i1=01 491 Li, (40)
T3 =103+ go L 1, (41)
by = &1 + @3, (42)

0= +YL(Z2 i + Vauz), (43)

b1 =029 — g1(0y — ), (44)
fo=—121, (45)
by =n20i4 — go (D, — ), (46)
Gy = —i, (47)
g = —yi2 (g — u), (48)
Daus = 21 14, (49)

where g1 and g, are two arbitrary positive constants.
0 is saturated between (2748)% < 6 < (2752)2, since
no global convergence proof is given at the time being.
If the nth harmonic was a dc level then only one state
would be required to estimate it. This state can be ob-
tained making n in (46) equal to zero and eliminating
equation (47).

Note that this observer can be used for the three-
phase case if we consider that imbalances can be mod-
eled through their positive and negative sequence com-
ponents.

5. Simulation results

In this section simulation results are presented. A grid
voltage with 5th, 7th, 11th and a DC level was used.
Harmonic content rms values are shown in table 1. A
coupling inductance L = ImHy is used in the simula-
tions.

Table 1: Simulated grid harmonic content.
Harmonic N° 0° 1° 9% 7% 11°

10 220 77 77 2.2

Vrms

In figures 3, 4 and 6 simulation results for a grid
with harmonic content are shown. In this case the
grid has 5th, 7th, 11th harmonics plus a DC level.
Figure 3a shows the reference current and the mea-
sured current for a controller with measured vg. The
reference current was x1/100. The figure shows that
the current almost instantly converges to the reference
value. In Figure 3b the reference and measured cur-
rents are shown for the controller with estimated grid
voltage and frequency. The reference current was set
to be £1/100. As can be seen in this figure, the current
quickly converges to the reference value, even though
the frequency estimator has not converged yet (Fig-
ure 6). Figure 3c shows the error between the mea-
sured current and the reference current for the con-
troller with measured v, and estimated vy. As shown,
both cases have zero steady state error after the tran-
sient. In Figure 3d the grid voltage and estimated

a) iyey VS 4 wiFh v, measured ‘

Current (A)
JI; ’{J o N b

Current (A)

Current (A)

0.05 0.1 0.15 0.2
Time (s)

Figure 3: Grid with harmonic content. a) Reference
current vs. measured current with measured v,. b)
Reference current vs. measured current with esti-
mated vy. c¢) Error between measured current and
reference current for the controller with measured v,
and estimated vy d) Grid voltage vs. estimated grid
voltage. e) Error between the grid voltage and the
estimated grid voltage.

grid voltage are shown. As can be seen in Figure 3e
there is error between the actual and estimated val-
ues, since the frequency estimation has not converged
yet. Figure 4 shows the same as Figure 3, but for the
time instant where the frequency estimator converges
to the grid fundamental component frequency. Fig-
ure 5 shows the fast Fourier transform (FFT) of the
injected current. As can be seen, the total harmonic
distortion (THD) is negligible. As shown in Figure 4c¢
the grid voltage estimation error converges to zero. Fi-
nally, in Figure 6 the grid voltage fundamental compo-
nent frequency and the estimated frequency are shown.
A 0.5H z frequency variation is introduced in order to
appreciate the frequency tracking capabilities of the
estimator. The simulation shows that the estimated
frequency does not track the grid frequency during
the transients with zero steady state error, but con-
verges when the grid frequency reaches steady state.
The convergence speed is slower than in the pure sinu-
soidal grid case. This is due to the saturation of the
estimated frequency between 48Hz and 52Hz, since the
estimator is not proven to be globally convergent.
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Figure 4: Grid with harmonic content. Zoom near 0
convergence time. a) Reference current vs. measured
current. b) Grid voltage vs. estimated grid voltage.
¢) Error between the grid voltage and the estimated
grid voltage.
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Figure 5: Grid with harmonic content. Injected cur-
rent FFT.

6. Conclusions

A sensorless current control for distributed generation
systems that avoids the use of grid voltage sensor has
been presented. For a pure sinusoidal grid voltage a
simple Lyapunov global convergence proof has been
given, backed up by simulation results. The presented
algorithm has also been shown to work empirically
when the grid has harmonic content. Even though
the results presented are for a single-phase case, the
algorithm is easily extended for the three phase case.
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Figure 6: Grid with harmonic content. Grid frequency
vs. estimated grid frequency.
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Appendix

Let ep1 = 1 — 1, €0 = 22 — To and ey =6 —0 be
the estimation errors. Then, subtracting (15) from (5)

and (16) from (6), the derivatives of the error functions
result:

(A1)
(A2)

o1 =0eqz + gy — gean,
€22 = —Cgzl,
where (13) has been used to replace
L(i — i) =e,1.
Let 1
V= 5 (€31 +0e2y +77"ef)

be a candidate Lyapunov function, with  an arbitrary
positive constant, then, the derivative of the candidate
function is given by,

. . —1 .
V = ep1€a1 + Oexaéuo + 7 "egéo.

Replacing (A1) and (A2) in this equation and operat-
ing, the following equation is obtained:

V =—ge2, + (22601 +77é9) eo.

In order for V to be negative it is necessary to make
the second term of this equation equal zero, that is,

Toez1 + '771659 =0,
which implies that
0=~ daL(i —1), (A3)

that is the update algorithm for 0.
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