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Abstract: This study presents a simple and efficient approach for grid voltage estimation based on the converter equations
in the stationary reference frame. The proposed technique is adopted for the sensorless operation of the voltage source
converter-based power conditioners. In this study, the effectiveness of the proposed estimation method when it is
combined with a proportional-resonant (PR)-based current controller is investigated. When the PR controller is
combined with the proposed voltage estimation technique, it offers an additional benefit, such that the grid voltage
synchronisation is done without using any phase-locked loop or band-pass filter. The proposed sensorless control
method shows an excellent steady-state and transient performance. It is proven through extensive simulations and
experiments that the grid voltage estimation with a very low computational burden is achieved even when the grid

voltage is distorted.

1 Introduction

Three-phase voltage source converters (VSCs) have become one of
the main components of grid connected power applications such as
renewable energy sources-based distributed power generation
systems [1, 2], power quality and transmission equipment such as
active power filter [3] and flexible ac transmission system
controllers [4] because of various advantages they offer. The main
advantages include the inherent converter current protection, fast
dynamic response, accurate current regulation with low total
harmonic distortion (THD), and controllable power factor. To
extract maximum benefits from the VSCs, many strategies have
been proposed to control them. Usually, three kinds of sensors for
(i) grid voltage, (ii) grid current and (iii) DC-link voltage are
required to implement a three-phase VSC controller. To reduce the
cost and the size of grid connected converters and also improve
the reliability, it is desirable to reduce the number of sensors. To
accomplish this objective, the grid voltage sensor is usually
replaced with a software algorithm which uses the converter
parameters and other measured quantities as its inputs to estimate
the instantaneous value of the AC voltage. So far many efforts
have been done to present the grid voltage estimation algorithm,
some of which are reviewed in the following.

The simplest voltage estimation method consists of adding the
converter output voltage to the voltage drop on the AC filter.
Despite its simplicity, it suffers from a serious drawback: it
requires the differentiation operation on the grid current, and
therefore is very sensitive to noise [5].

In voltage estimations based on instantaneous powers [5, 6],
firstly, the instantaneous active and reactive powers are estimated
using the measured currents, the measured DC-link voltage, the
switching state, and the filter inductance. Afterwards, the grid
voltages are calculated from the estimated powers and measured
currents. Similar to the pervious method, high frequency noises
owning to the differentiation operation are amplified. Furthermore,
the estimation accuracy is highly deteriorated, or even impossible,
under light load conditions (near zero currents), because the
estimated voltage is obtained from the division of the estimated
power by the amplitude of the measured current.

One of the most common methods for grid voltage sensorless
control and synchronisation is known as the virtual flux (VF) that
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is based on the integral of the converter output voltage. This
method does not require any differentiation or division in its
structure. Besides, because of the intrinsic integration existed in
the algorithm, the effect of distorted grid voltage on the control
system is reduced [7-10]. Implementation of a perfect VF
estimator is based on an ideal integrator and unfortunately is not
practically possible. Noises and the DC offset in the measured
currents cause drift and saturation. To overcome these problems,
solutions such as low-pass filtering [7, 8], band-pass filtering [8,
9], and frequency-adaptive band-pass filtering [10] have been
proposed. The steady-state error in estimated voltages, sensitivity
to frequency variations, complicated structure, and necessity of a
phase-locked loop (PLL) or a frequency-locked loop are
considered as the main shortcomings of these methods.

Observer-based voltage estimation algorithms like Kalman filters
[11], Luenberger observers [12], steepest descent techniques [13, 14]
and other mathematical optimisations [15-19] have received much
attention in recent years. These methods are used to estimate
unknown parameters and states by minimising the error between
the measured states and the predicted ones. Good dynamic and
accuracy are some of their advantages, and complexity of
estimation algorithms, difficulty of tuning the observer gain, and
high computational burden are recognised as their serious
disadvantages [11-19].

Voltage sensorless control methods based on the one-cycle control
are proposed in [20-22], which have the benefits of simple structure
and fast dynamic response because of continuous corrective action of
analogue implementation. However, these techniques suffer from
some serious drawbacks: (i) controller modification is not possible
without hardware re-design because of analogue implementation;
(ii) the assumption that the grid voltage amplitude is known and
constant, (iii) the limited operation to the unity power factor and
(iv) poor performance under light load conditions and when the
converter operates in the inverting mode.

This paper proposes a simple and efficient method for grid voltage
estimation that can be easily adopted in various control strategies of
VSC applications. The proposed estimation method needs only a few
simple operations such as sums and products, and does not require
any integral, derivative or trigonometric operations in its structure.

This paper is organised as follows; in Sections 2 and 3, firstly, the
converter system model is described. Afterwards, the proposed
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Fig. 1 Proposed control scheme for the grid connected VSC

voltage estimation method and the current regulation technique are
presented. Moreover, Section 4 is prepared to verify the feasibility
of the proposed method under various conditions through
extensive simulation and experimental tests.

2 Proposed control scheme

The block diagram of the proposed voltage estimation and current
control method is shown in Fig. 1, which consists of the current
control loop and the sensorless grid voltage synchronisation, where
the symbols are defined as follows:

Vs abe lape three-phase grid voltages and currents

Vape three-phase converter AC-side output voltages

Vs.ap iop tWo-phase grid voltages and currents under o—f frame
Vo two-phase converter AC-side output voltages under a—f frame
Vs.est,op tWO-phase estimated grid voltages under a—3 frame

iret.qp tWo-phase current references under o—f frame

Vref,op tWO-phase voltage references under a—f3 frame

Vretl o tWO-phase outputs of the resonant part of the proportional-
resonant (PR) controller under o—f frame

Prefs qref active and reactive power references

V4 DC-link voltage

L, r; filter inductance and equivalent series resistance

The current control loop uses the PR controllers and harmonic
compensators (HCs) to regulate the grid current and eliminate the
low-order harmonic components [1, 23-33].

The PR-based current control is implemented in the stationary
reference frame and provides a very high gain at its resonant
frequency (grid fundamental frequency). Therefore, in this method,
tracking of sinusoidal signals with zero steady-state error is
achieved simply. Moreover, in this method, harmonic compensation
is easily achieved with paralleling the PR controller with the HC
network that includes resonators at the desired harmonic frequencies
to be attenuated (here fifth and seventh). The HC network does not
affect the performance of the PR controller and only have impact on
frequencies close to its resonant frequency, also it can act on both
positive and negative harmonic components without any change in
its structure, which causes the PR controller with the HC network
become a successful solution for high performance applications in
networks with low-order harmonics.

2.1 Proposed voltage estimation method

In the stationary reference frame, the power-circuit dynamics of the
grid connected VSC can be represented by the following model

. dy.
Vsapg = FLlap T L& (laﬁ) + Vap (1)

Grid voltage sensors can be easily replaced by a software algorithm
that computes (1). Despite its simplicity, it requires the
differentiation operation on the grid current which is very sensitive
to noises, because the grid current includes low and high order
harmonics because of switching operation and non-linear effects of
the power converter system as written in the following equation

iy =Y pe13s.. Ly sin(not — 6,)
I, = Zn:1,3,5.m I, sin(nwt — 6, — 2n/3) )
i, = Zn:l,},S,“. I, sin(nwt — 6, + 2n/3)

By applying the ‘Clarke’ transformation to above currents, the
following orthogonal two-phase currents can be obtained (see (3))
The differentiation operation on the grid currents yields (see equation
(4) at the bottom of the page)

To avoid problems of the differentiation operation on the grid
currents (e.g. amplification of high frequency noises, difficulties of
filtering and practical implementation, necessity of a high
sampling frequency and dependency on the switching state,
because high errors of the estimated values occur at the moment of
switching), in this paper, it is proposed to replace the
differentiation terms with the simple algebraic equations follows

di, ,

—X i

dt B

di %)
_dtB = wi,

Regarding (3) and (4), the above substitution is true for the

fundamental component

harmonic components

e s
i, = 1 sin(wt— 6)) +Zn:5’7~11w1n sin (nwt — 6,)

fundamental component

©)

harmonic components

(rm————
ig = —1I, cos (ot — 6;) — 2;1:7,13,,“ 1, cos(nwt — 6,) + ans’“’”w 1, cos (nwt — 0,)
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fundamental component of the grid current as rewritten in the
following equation

di
ol _ —wig = ol cos (ot — 6))

dt 6
i ©)
Tﬁ = wi, = wl| sin(wt — 6))

while higher-order components are attenuated by the factor 1/n, as
rewritten in (7) and (8). This offers some kind of switching
harmonic filtering, which is desirable for practical implementation
of the proposed voltage estimation method. It also greatly
simplifies the filtering and extraction of the grid voltage
fundamental component. (see (7) and (8))

In summary, by substituting (5) into the estimated voltage equation
(1), the phase and amplitude of the fundamental component are
preserved, while the amplitude of higher-order harmonics are
attenuated, which is desirable for switching harmonic filtering.
Consequently, the possibility of a perfect differentiation operation
for practical implementation of the voltage estimator (1) is
achieved, while simplicity of the voltage estimator is still held.
Moreover, the voltage estimation is much less noisy thanks to the
natural filtering behaviour of the proposed method.
Finally, the equations of the proposed voltage estimation method
can be concluded as
{vSa =rpi, — Loig +v, ©)
Vsg = I'ig + Loi, +vg

It is clear from (9) that the proposed voltage estimation is basically a
simple algebraic equation that only includes a few operations, such
as sums and products. Therefore, for the proposed voltage
estimation, neither stability, nor convergence rate and conditions
are defined. The estimation performance, in terms of accuracy, is
only affected by the accuracy of the filter parameters. Therefore it
is necessary to investigate the influence of the parameter
mismatches on the performance of the voltage estimator. Due to
the fact that the voltage drop on the filter impedance, in
comparison to the converter output voltage, is small, the
steady-state error for a wide range of parameter mismatches is
negligible, as shown in Section 4.

2.2 Proposed grid voltage sensorless synchronisation
method

As shown at the top of the block diagram of Fig. 1, the reference
converter currents for the PR regulators are generated from the

estimated grid voltages and the reference powers, in accordance
with the following

|: l:ref,oz :| — % 1 [vs,esl,a vS,est,B ] |: Pref ] (10)
lref,B 3 ( 2 + V%eslﬁ) vS,est,B “Vsest,a Gref

VS est,a

In (10), Vs esto and v e s are the estimated grid voltage components
in the stationary (af) reference frame that are already calculated from
).

Converter synchronisation and providing a sinusoidal template for
the reference current generation is based on the fundamental grid
voltage component. The synchronisation with the fundamental
component is often done by using a PLL or a band-pass filter
(BPF) which adds complexity and reduces the system dynamic
response. In the proposed method, when the PR controller is
combined with the proposed voltage estimation, grid voltage
synchronisation is simply achieved without using any PLL or BPF
as will be described.

As written in (9), the voltage estimator needs the converter output
voltage as its input. In a pulse-width modulation (PWM)-VSC, it is
possible to use the converter reference voltage instead of the actual
converter voltage. This technique is simple and noise-resistant.
Although, when the reference voltage is used, some error
compensation schemes must also be used to obtain high accuracy,
such as voltage limitation and PWM delay compensation. In the
proposed voltage estimator, if the input signal to the modulator
[sum of outputs of the PR controller and the HC-network (vir)] is
used as the input signal to the grid voltage estimator, then the
actual grid voltage with all its harmonic contents will be
estimated, which is not usually necessary. On the other hand, if
only the output of the PR controller is used as the input signal to
the estimator, the voltage estimator can successfully estimate the
fundamental component of the distorted grid voltage, which is
desirable for grid synchronisation purposes. This attractive feature
is derived from the inherent nature of the PR controller and the
HC, because of the output of the resonator at any desired
harmonic frequency has information of the grid voltage at that
harmonic frequency. Also, it is worth mentioning that, in the
practical implementation and as shown in Fig. 1, v,.¢; is chosen as
the output of the resonator part of the PR controller and the effect
of the proportional component is ignored. It is clear that at the
steady-state condition, the proportional term is almost zero because
of an insignificant error signal; therefore it has no contribution to
the output of the PR controller. However, during transients, the
proportional term may experience high amplitude and fast
oscillations. Hence, it is obvious that a low-pass filter must be
inserted before the grid voltage estimator to provide some kind of

fundamental component

harmonic components

di e e,
% = wl; cos(wt — 0))+ Zn:m”w nwl, cos (nwt — 6,) \
di fundamental component harmonic components ( )
1 — e
d—f = ol sin(wt — 0)) + Zn:zw,m nwl, sin (nwt — 6,) — Zn:s,n,n,... nowl, sin (nwt — 6,)
1 |di, .
wlar| = w‘lﬁ”
di,, 7
ar = Zn:5,7,11,... nwl, cos (nwt — 6,)
wig, = =3 713, Lywcos(nwt —6,) + 3, 51117, L, cos (not — 6,)
1 |dig, )
o] = i
di @®)
B . .
dzn _ Z":u}w nwl, sin (nwt — 6,) — Zn:S,ll,W,... nwl, sin (nwt — 6,)

wian = Zn:5,7,11..“1nw8in (nwt - en)
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immunity to these oscillatory transients. Another wise solution is to
exclude the effect of proportional term on the v, fed to the
estimator, at the expense of a bit longer time to bring back the
estimated voltages to the real values in response to large transients.
Indeed, by using this simple technique, resonant part of the PR
controller has a dual role as controller and as a filter.
Consequently, an additional filter to extract the fundamental
component of grid voltage is not necessary anymore. In Section 4
and in Fig. 6a, successful operation of the voltage estimator to
estimate the fundamental component of the distorted grid voltage
is illustrated.

3 Controller parameters design

As already stated, the ideal resonators of PR controller and the HC
network have an infinite gain only at their resonant frequency and
do not affect the phase or gain at other frequencies. Indeed,
practical implementation of the ideal PR controller or the HC
network, owning to their infinite gain and high sensitivity to utility
frequency variations is not possible [27-30]. Therefore, to
overcome these problems, the non-ideal PR controller and the HC
network are proposed as

kiw.s
Ger(s) =k, + 2+ 2.5 + o
ky .8 (1
Gyc(®) = )

=575 + 2w, + (hw)y?

where k,, k;, o, w. and h are proportional gain, resonant gain,
resonance frequency, cutoff frequency and harmonic order,
respectively. Gains of the non-ideal PR and the HC are now finite
but still relatively high to effectively eliminate the steady-state
tracking errors. Another important feature of the non-ideal PR and
HC is their wider bandwidth than ideal cases that can be useful for
reducing the sensitivity to power grid frequency variations by
appropriate selection of @,.

In the following, firstly, the design procedure of the PR controller
and the HC in the frequency domain is presented. Afterwards,
system stability margins are examined by means of the Bode-plot
technique that confirms the effectiveness of the controller design
process. Finally, in the last subsection, the effect of control delay
in the system modelling and control design is investigated.

3.1 Design of PR controller

So far, many efforts have been done to design the PR controller and
the HC network [27-33]. A simple and commonly used approach for
this purpose is the conventional Bode-plot technique that represents
the frequency response of the open-loop system [27-30, 32].
Neglecting the effect of HC network on the system dynamic, the
block diagram of the current control loop in the Laplace domain is
depicted in Fig. 2. Regarding to this figure, the loop gain is
defined as

G(s) = Gpr(s) x Gp(s)

1 12
GP(S):rL+sL @

where Gp(s) is the transfer function of the inductive filter. As

;‘ op
ﬂ"‘ Gpr(s)

A 4

Gp(s)

Fig. 2 Simplified block diagram of the current control loop
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mentioned in earlier studies [23-33] and similar to the PI
controller, k, mainly determines the transient response of the
controller, while k; has effect on the steady-state error. Based on
the analysis explained in these references, the controller
parameters design can be summarised as following steps:

Step 1: Firstly, a small value for @, is selected. The lowest value is
desirable to get low bandwidth for effective operation of HC and
accurate grid synchronisation. However, the minimum possible
value of w. is limited by the slower transient response and
difficulty of implementation in some DSPs because of the
coefficient quantisation and the round-off error [27-29], then a
good compromise in our application is @, =1 rad/s.

Step 2: Afterwards, k, is chosen such that the gain crossover
frequency of G(s), given by (12), becomes about one-tenth of the
switching frequency to obtain both fast dynamic and switching
noise immunity [30, 31]. Based on the mentioned analysis and this
fact that the integral gain has almost no effect on the system
dynamic, k, can be obtained by solving the following equation

‘G(ng)‘ —1
k=0 (13)

w, = 0.1,

where @, and oy, are the decided gain crossover frequency of the
loop gain and the switching frequency of the converter,
respectively. A direct result of the above equation is as follows

ky = /1 + (Lo,) (14)

which with our parameters gives k,=12.

Step 3: Final step is to decide the proper value of k;. Indeed, &; must
be selected sufficiently high to remove the steady-state errors at the
cost of worse filtering and stability. Also, it is worth pointing out that
the PR controller, unlike the PI, does not need any voltage
feedforward for disturbance rejection; because, the high gain at
resonant frequency provides an excellent disturbance rejection.
Based on the mentioned analysis, k; can be computed so that the
following constraint is fulfilled

<G(jw,) = PM — 180° (15)

where PM is a desired phase margin. Solving (15) with respect to &;,
yields

kytan(PM + 6, — 180)((w2 — )+ 4w§w§)
' 0.0,(0? — 02) — 2020} tan (PM + 6, — 180) (16)

L
0p = arctan (—)
rL

The resonant gain with the decided PM (PM =~ 90°) is computed as
k;=5000. This PM is higher than its desired value in most power
electronic applications (30°<PM <60°), because, as it will be
shown, not considered aspects such as the control delay and the
phase reduction because of the HC will reduce the PM.

3.2 Design of HC

In this paper and in order to immune the current controller from the
grid voltage harmonic distortion, an HC including two modules
tuned at the fifth and seventh harmonic frequencies are used.
Because they are the most prominent harmonics in a practical
three-phase power source spectrum as shown for our system in
Fig. 6d. This consideration is an acceptable tradeoff between
harmonic immunity, system complexity and control processing
load [1, 25, 27-31]. In order to simplify the analysis and achieve
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the same bandwidth for all resonators, several authors proposed that
resonant gains for all resonators can be selected identical [29, 32].
Resonant gains must be selected as high as possible to ensure

disturbance rejection and minimisation of steady-state errors with
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0.25

regarding the system stability consideration. In this paper,
resonator gains are selected as kj,=k=5000 for A=5 and
7. Finally, in order to examine the system stability in presence of
the HC, the Bode-plot of loop gain which includes the HC parallel
with the PR controller is depicted in Fig. 3. As it can be seen, this
design procedure results in a gain crossover frequency and PM of
976 Hz and 81°, respectively.

3.3 Effect of control delay

In digital implementation, there always exists a time delay
(introduced by the analogue-to-digital converters, program
execution and PWM) in the control loop. As analysed in [31],
these delays cause extra loop phase lag that can affect the control
performance and the system stability. Therefore it is necessary to
check the system stability in the presence of delays in the system.
A simple and efficient relation between the control delay and the

system stability in terms of PM is presented by [31]

)

APM = —,T,

_208 i i i
.15 0.175 0.2 0.225
Time (Sec)
b

0.25
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Fig. 6 Experimental steady-state performance of the proposed method under distorted grid voltages
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b Exchanged powers
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where APM and T} are reduction in the PM and the time delay. Here,
@y =976 x 27(rad/s), which means that, for one switching period
delay, the new PM is 46°. The reduced PM is still adequate to
ensure the system stability and avoid the oscillatory response.
Different approaches for delay compensation and improving the
reliability are suggested in [32, 33].

4 Performance validation

To verify the viability of the proposed sensorless control scheme,
several simulation and experimental tests have been designed
under various operating conditions. The simulation and
experimental investigations have been conducted on a 1 kVA VSC.
The main parameters of the simulated and experimental platform
are as follows: grid voltage=70 V(rms) at 50 Hz, filter nominal
parameters L=2 mH and r,=0.7 Q. The DC-link voltage is 140

"Suivfﬂh AAAANADNNAA
AN
s VVEVYVV TREVVV VY
—}//\J VATAATAYAVAVIVAVAY

0.11 0.16 0.21 0.26 0.31 0.36

a

V, and the carrier frequency for sinusoidal pulse width modulation
(SPWM) generation is 10 kHz.

Simulation model has been established in Matlab/Simulink and
the schematic diagram and an image of the experimental test
bench are shown in Fig. 4. As depicted, the experimental setup
includes a VSC, the TMS320F28335 digital signal controller
(DSC) from Texas Instruments, a digital-to-analogue (D/A)
converter (AD7564), the Fluke 435 power quality analyser, the
power monitoring analogue board (composed of analogue
multipliers AD633) to display the instantaneous powers. The
DSC performs the proposed control scheme and sends
waveforms of the estimated and measured grid voltages through
the serial peripheral interface to the AD7564 serial D/A
converter. The D/A converts these digital data to analogue
signals to be displayed on the oscilloscope. It must be noted that
in our experimental setup, a three-phase auto-transformer feeding
a three-phase diode bridge rectifier have the role of DC power
source as shown in Fig. 4b.

0 H
200 i i i
0

11 0.16 0.21 0.26 0.31 0.36
Time (Sec)
b

Fig. 7 Simulated transient performance of the proposed method under various step changes in the references powers

a Grid voltage and current
b Exchanged powers
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4.1 Steady-state performance

Simulation and experimental results of the proposed control system
under steady-state operation are presented in Figs. 5 and 6,
respectively. As shown in Fig. 5, the proposed technique can
successfully regulate the power exchange with the grid while
achieving the unity power factor operation and simultaneously
sinusoidal grid currents. Fig. 6 demonstrates the experimental
waveforms when the grid voltage is contaminated by harmonics,
listed in Fig. 6d. Apparently, the waveforms confirm the excellent
performance of the proposed voltage sensorless synchronisation
method, even when the grid is polluted and distorted. Fig. 6a
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I
|
|
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Fig. 10  Simulation results showing the robustness of the proposed method
to mismatch in the filter impedance
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shows that thanks to the inherent feature of resonators in the PR
controller and the HC network, the proposed voltage estimator can
successfully estimate fundamental component of the grid voltage.
As it can be seen in Fig. 6¢, the THD of the injected current is
found to be 1.7%, which meets the IEEE Std 519 recommendations.

4.2 Transient performance
Simulated and experimental transient response of the proposed

method under various step changes in power references is shown
in Figs. 7 and 8. The results confirm the fast and decoupled
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Fig. 11 Simulated performance of the proposed method under grid
disturbances

a Grid amplitude changes
b Grid frequency changes
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Table 1 Comparison among the various voltage estimation methods

Method Algorithm complexity Dynamic Sensitivity to Sensitivity to Practical difficulties
and computational performance measurement parameter
burden noises mismatches
voltage estimation based low limited dynamic very high medium 1. amplification of high frequency
on instantaneous powers because of filtering noises because of differentiation
[5, 6] action operation
2. inability under light load
conditions (near zero currents)
virtual flux [7-10] low limited dynamic low medium 1. necessity of integral desaturation
because of integral techniques
action
Luenberger observer [12] high good low low 1. difficulty of tuning the observer
gains
2. sensitivity or even the possibility
of instability in the case of improper
tuning of the observer gains
Kalman filter [11] very high good very low low 1. difficulty of determining the
covariance matrices
2. possibility of instability in the
case of improper tuning of the filter
parameters

proposed method very low good medium medium none

control of active and reactive powers. Also, Figs. 7a and 8a prove
that the voltage estimator offers an excellent transient performance,
as it can successfully rebuild the estimated voltages almost
instantaneously following various step transients of the reference
powers.

4.3 Robustness to filter impedance uncertainties

Figs. 9 and 10 show the performance of the proposed estimation
method with considering the mismatch in the filter impedance.
Clearly, for a wide range of parameter mismatches the grid voltage
estimator can successfully generate the grid voltage fundamental
component with minimum errors. This error appears as a small
deviation in the injected currents and exchanged powers from their
reference values. However, the system stability is not affected at
all and a stable operation under all parameter mismatch conditions
is achieved.

4.4 Performance under grid disturbances

Fig. 11a shows the performance of the proposed estimation scheme
in response to step changes in the grid voltage amplitude, such that
the grid voltage amplitude jumps by 30% and then falls back by
30%. Also, Fig. 115 presents the converter waveforms in response
to several step changes in the grid frequency. In all circumstances,
the proper operation of the proposed scheme in successfully
estimating the grid voltage with minimum error is obvious.
Moreover, the system stability is not affected at all and stable
operation under both frequency and amplitude changes is achieved.

5 Conclusion

In recent years, the possibility of replacing grid voltage sensors with
a software algorithm has attracted considerable attentions because of
the many advantages it offers. In this paper, a simple and efficient
voltage estimation method is presented, which can be easily
applied to any VSC-based power conditioning system. The
proposed estimation method includes only a few simple
operations, such as sums and products, and does not require any
integral, derivative or trigonometric operations in its structure. A
brief comparison of the proposed voltage estimation method with
other state of the art techniques is presented in Table 1.

Moreover, when the PR controller is combined with the proposed
voltage estimation, the grid voltage synchronisation is done without

IET Power Electron., 2015, Vol. 8, Iss. 5, pp. 6566-664
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using any PLL or BPF, even when the grid voltage is distorted and
polluted. This attractive feature is achieved because of the inherent
harmonic filtering of the proposed voltage estimator and the PR
controller. Finally, the feasibility of the proposed method for
distributed power generation systems is investigated and analytical
achievements are confirmed with extensive simulations and
experiments under different operating conditions.
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