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Abstract: Proper work of grid-connected converters requires an accurate detection of phase angle, frequency and amplitude of
grid voltage. Phase locked loops (PLLs) based on synchronous reference frame theory can be used for estimation of these grid
parameters. One of the issues that could appear during estimation of grid parameters is appearance of DC offset in measured grid
voltage. This DC component (offset) is usually entered in PLL structure via measurement and A/D conversion process.
Undesirable induced DC offset could appear as part of the reference sine current of photovoltaic inverters or other
grid-connected converters. A lot of standards define allowed PV inverter’s DC current injection in the grid. In this study, we
propose an improved PLL structure with capability to fully reject DC offset and noise which could appear in measured input
grid voltage. The key component of the proposed PLL is two-phase generator with a closed control loop for DC offset and
noise rejection. Obtained simulation and experimental results show that the proposed PLL structure can solve important issues
of presence of noise and DC offset in measured grid voltage. The proposed PLL structure shows excellent dynamical
performances in conditions of fast changes of grid parameters.
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1 Introduction

For proper operation and control of various grid-connected
converters, such as photovoltaic (PV) inverters, pulse width

Wp(s) open-loop transfer function of the modulation rectifiers, uninterrupted power supplies (UPSs),
proposed novel two-phase distributed power systems and other, it is very important to
generator . have information about phase angle, frequency and

D(s) characteristic polynomial of the amplitude of grid voltage. For estimation of mentioned grid
transfer functions of band-pass parameters are commonly used different phase locked loop
filters Wqo(s) and Ws(s) , (PLL) structures [1-5]. In other words, PLL is a key

4; magnitudes of filters” responses in component of control structure in those converters and has
time domain , great influence on the power quality, stability and reliability

T, T2 time constants of filters” responses of whole power conversion system. Regardless of the type,
in time domain each PLL structure should have possibility to reject
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disturbances, such as injected harmonics, frequency
variations and phase shifts in the grid voltage etc.

Special attention should be paid to appearance of the DC
offset in measured grid voltage during estimation process of
the grid parameters. In [4] is shown that estimation errors of
the grid parameters which appear because of the induced
DC offset have fundamental harmonic component which
makes estimation process impossible.

In general, the grid interface circuit should perform three
tasks: voltage sensing, filtering and A/D conversion. The
non-linearity of voltage sensors, A/D conversion process
and the thermal drift of analogue components may cause
the existence of DC offset in measured grid voltage, even if
the grid interface circuit is well designed.

The introduced DC offset inevitably appears as undesirable
part of the reference sine signal on the output of the PLL
structure. This reference sine signal is usually used for
forming reference current in PV or other grid-connected
converters. A lot of standards, such as: IEEE 1547-200 [6],
EN61000-3-2 [7] and IEC 61727 [8], define maximum
allowed DC current injection in grid caused by PV or other
grid-connected converters. Induced DC offset in measured
grid voltage could be removed using different methods.

One simple method is using a band-pass filter at the output
of grid voltage sensing circuit before entering in a control
structure of the grid-connected converters in general.
Adding band-pass filter in order to reject induced DC offset
could degrade the dynamic performances of overall control
structure, because it would be appear in serial connection
with other components of control structure. In addition, as
has been stated in [9], the addition of this filter could
degrade the dynamic performances of PLL structure, which
is unacceptable.

Therefore it would be useful that a PLL structure by itself
as a part of the control structure in grid-connected converters
has capability to reject this DC offset or limit it to maximum
allowed value according to the mentioned standards, without
adding any external filters.

The single-phase PLL structure based on synchronous
reference frame (SRF) theory (PLL-SRF) is widely used [3,
5, 9, 10, 16]. The most important part of the PLL-SRF
structure is two-phase generator which should accurately
produce two quadrature signals (phase-shifted for 7z/2) from
single-phase input grid voltage, regardless of the grid
disturbances. If any of the grid disturbances caused that the
phase difference between signals at the output of two-phase
generator is not exactly z/2, the error in estimation of the
grid parameters would appear later. This generator based on
inverse Park’s transformation is described in [3, 11]. These
quadrature signals can also be generated using Hilbert
transformer [12].

One method for effective DC offset rejection based on a
PLL-SRF technique is proposed in [9]. The rejection of DC
offset is performed by inserting a low-pass filter in the
structure of the two-phase generator as part of the PLL, but
there is no trace of its design. In [10] is proposed PLL-SRF
structure with separate part for DC offset rejection
consisting of two parts. The first part is integrator for
estimation of DC offset error from the synchronous d-axis
voltage and the second one is proportional-integral (PI)
controller for removing DC offset error. The presented
method is more complicated for realisation than the method
presented in this paper. In addition, there is no evidence
how parameters of the PI controller are chosen.

In [13] we proposed a single-phase PLL-SRF structure with
novel two-phase generator which has capability to fully reject
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induced DC offset and noise. Our basic idea is modification of
two-phase generator (1) and (2) and addition of the simple
control loop in its structure in order to simultaneously make
necessary phase shift and reject induced DC component and
noise without adding any additional external filter. Obtained
simulation results confirmed suggested idea for rejecting
induced DC offset and noise in measured grid voltage. In
addition, simulation results confirmed robustness of the
proposed two-phase generator with regard to the fast
changes of the grid parameters. The proposed generator also
possesses excellent grid voltage noise attenuation
performance. In [14] we have gone one step further and
besides some frequency and stability analysis we have
presented experimental verification of the proposed
PLL-SRF structure with novel two-phase generator for DC
offset and noise rejection.

Besides the main contributions of mentioned published
conference papers, this paper covers many points including
comprehensive analysis of frequency, stability and response
behaviour of the proposed novel two-phase generator as
part of PLL-SRF structure. A rigorous optimisation
procedure for proper selection of control parameters of
novel two-phase generator is also described in detail.

The suggested PLL-SRF structure with a novel two-phase
generator can be used for both, grid-connected systems (e.g.
PV and wind turbines) and power condition equipment (e.g.
UPS and active filters) which rely on PLL-based
synchronisation.

This paper is organised as follows. Section 2 describes the
PLL-SRF structure with the proposed novel two-phase
generator. Section 3 includes derivation of transfer
functions and also stability and response analysis of novel
two-phase generator. In Section 4 are provided
corresponding simulation results. Experimental verification
of the proposed PLL-SRF structure with novel two-phase
generator is given in Section 5. Section 6 is the conclusion.

2 Novel two-phase generator with DC offset
and noise rejection

The single-phase PLL-SRF structure frequently used in
grid-connected converters is shown in Fig. 1.

The key component of single-phase PLL-SRF structure is
two-phase generator which produces two signals in
quadrature v, and vz from single-phase grid voltage which
is usually distorted. Typically, it consists of second-order
filters described in [2, 5, 13, 15]. Transfer functions of
these filters, in continuous time domain are given by

ws

W) =5———— 1
2
w
) = st o @
Vo >
Vi i

Two-phase Park’s
transformation

Fig. 1 Block diagram of single-phase PLL-SRF structure
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Fig. 2 Novel two-phase generator with simple closed control loop
Jfor DC offset rejection

Filter W,(s) is band-pass and Wjy(s) is low-pass filter, so both
filters can successfully attenuate only high-frequency noise
and cannot reject induced DC offset if it appears in
measured grid voltage. This is the main drawback of
two-phase generator and this fact has been shown in [4]. In
addition, described two-phase generators (1) and (2) will
work properly only if the w.; is matched with the
frequency . Therefore it is necessary to make adjustment
of filters” resonant frequency, which is achieved through the
feedback within PLL structure (resonant filters’ frequency w
is actually estimated grid frequency weg).

Induced DC offset in measured grid voltage, as it has been
proved in [4], will cause the undesired ripple in estimated
values of grid voltage amplitude and frequency. Magnitude
of the induced ripple depends on the percentage of DC
offset value and it also has fundamental grid frequency.

Hence, the existence of DC offset in measured grid voltage
makes the estimation process of the grid parameters
practically impossible. A new method for eliminating
induced DC offset, which is based on a simple closed
control loop with pure integral action as part of two-phase
generator, is presented in this paper. Block diagram of this
novel two-phase generator is shown in Fig. 2.

Suppose that measured input grid voltage r(f) contains
certain DC offset. Estimated value of the DC offset at the
control loop output will be obtained and would be further
subtracted from input voltage which contains superimposed
DC offset, if it exists. The key parameter of the proposed
control loop is integral gain k;. The value of &; determines
the dynamics of the system’s transient response. This value
has main influence on speed of eliminating the estimation
errors caused by induced DC offset in measured grid voltage.

The next section of this paper gives more detailed analysis
of the proposed novel two-phase generator with better insight
into influence of parameter &; on overall system response.

3 Transfer function, stability and response
analysis of novel two-phase generator

3.1 Transfer function analysis

Transfer functions of new filters that make novel two-phase
generator can be derived in following steps, according to
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Fig. 2

Vols) = WoS)EG) = W, (5HRES) — Z(5)
= W (R(s) = W, ()Z(s)
Vo(s) = WoOEG) = Wae)R®) — 26s) O

= Wg(s)R(s) — W(s)Z(s)
where V,(s), Vp(s), R(s), Z(s) and E(s) are Laplace

transformations of signals v,(?), vs(t), 7(¢), z(t) and e(?),
respectively

26)="5[0~ (V) ~ R6) + 20)]

= B[94 R - 209

= o+ R - bz = "
Z(S):sfkiR(s)_ s—liik Ve

1

Replacing Z(s) from (4) in (3) and after simplification we
obtain

Vals) __ s
R6) = Woals) = St h(L— W) (5)
Replacing W,(s) from (1) in (5) we obtain
B (w5°/(5* + ws + o))
W) = (T + D) /(7 + w5 + o)) ©
. w52
TS (0t k)s? + ofs + ko?
Va(s)
Vo(s) = WaS)E) = Wy(s) Wa(i)
) ORG) = W, 4(6) ™
Wa(S) ma mpB
_ Vg(s) B Ws(s)
=R6) ~ ) W a(s)

Replacing (1), (2) and (6) in (7) we obtain

(a)z/(s2 + ws + wz)) ws®

Wmﬁ(s) = (a)S/(S2 + ws + wz)) S3 + ((,L) + ki)sz + (U2S + kl(l)z

2
w S

TSt (ot k)s? + o?s + ko?

@®)

Note that both filters W,,,,(s) and W,4(s) are band-pass and
have the identical denominators, but they have different
numerators. The filter W,,,(s) has ws?, but the filter Wp(8)
has w’s term in numerator. This difference is the key for
generating the phase difference of 7/2 between the voltages
Vo(t) and vg(¢) at the output of two-phase generator. Let us
replace s = jwey in both of filters W, and W, and it is
easy to conclude that the filter W,,, entries the zero phase
delay, whereas on the other side the filter W, entries the
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7/2 phase delay regarding to the input measured grid voltage
r(t). As band-pass type these filters do not pass both induced
DC offset and high-frequency noise if they exist in measured
grid voltage. In the previous structure of the two-phase
generator (1) and (2) this was not the case, as it was
previously discussed.

Stated assertion that the proposed novel two-phase
generator does not pass induced DC offset becomes easy to
prove using the final value theorem in Laplace domain.

For example, input measured grid voltage can be expressed
as: 7(t) =vin(t) = vino(t) + C, where vi,o(t) = Vipsin(wt) is pure
sine measured signal without DC offset and C is induced
DC offset value. Laplace transformations of voltages v, and
vp are given by

C
Va(s) = Wma(s) VinO(S) + Wma(s); (9)

C
Vp(s) = Woup($)Ving(8) + Wyp(s) (10)

Using  final  value theorem:

tlim f= lin?) sF(s),
whereF(s) = L{f(t)}, components of voltages v, and vg
caused by DC offset C vanish in stationary state

. C .
!g% <S Wma(s) ;) - }E%(Wma(s)c)

i (1)
= lim s C =0
_s~>0 s3+(w—|—ki)s2+w2s+kiw2 -
. C .
!E;I’(l] <SWmB(S) ?) - }%(VVmB(S)C)
(12)

w’sC
sg%(ﬁ + (0 + k)s? + w?s + kiwz)
From (11) and (12) is obvious that the proposed two-phase

generator could successfully eliminate induced DC offset if
it appeared in measured grid voltage.

3.2 Stability analysis

From (6) transfer function W,,,(s) can be written as

(cus/(s2 + ws + wz))

W) = (8 + )/ + s + )
Wo(s) (13)
_ )
1+ W, (s)

where W,(s) is open-loop transfer function of the proposed
novel two-phase generator.
The same procedure can be followed for transfer function

Wmﬁ(s)

((1)2/(52 + ws + wz))

WmB(S) - 14+ (ki/s)((s2 + a)z)/(s2 + ws + wz))
Wiy(s) (14)
_ "
14 Wp(s)
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Thus, the open-loop transfer function Wp(s) is equal to

ki Sz + (1)2
W=7 (m) (15

The root locus of transfer function Wy(s) is given in Fig. 3.

It is obvious from the presented root locus that the
proposed novel two-phase generator is stable for every
positive gain value k. However, the value of gain k; has
influence on system’s dynamics because it determines the
position of roots of characteristic polynomial D(s)=1+
Wp(s)=s3+(a)+ki)s2+a)2s+kiw2 in complex s-plane.
When gain k; increases, the real part of complex conjugate
roots of D(s) increases and approaches the imaginary axis,
whereas the real root of D(s) decreases. When gain k;
decreases, the real part of complex conjugate roots of D(s)
decreases, whereas the real root of D(s) increases and
approaches the imaginary axis. Thus, there is a
contradiction when choosing a proper value of gain £
because the real root and real parts of complex conjugate
roots directly determine time constants of response of
two-phase generator. Therefore the optimisation process for
selection of gain k; must be performed.

3.3 Response analysis

Supposing that measured input grid voltage contains DC
offset and can be expressed as: v, (f)=Vi, cos(wf)+C.
After performing inverse Laplace transformation of (9) and
(10) follows that voltages v, and vz are equal to

v (1) = Vi, cos(wt) — Ae™"™ — 4,7/ cos (w,1)
(16)
+ /136_”72 sin (w,t)

vg(t) = Vyy sin (f) + A,e™M — A5
(17

x cos (w;f) — Age™"'™ sin (w,t)

Obviously, after transition of several time constants 7, and 7,
voltages v(t) = Vi, cos(w?) and vg(t) = Vi, sin(w?) at the output
of two-phase generator are phase-shifted for /2. From (6) and
(8) is clear that integral gain &; determines position of poles of
Wauels) and W,4(s) in s-plane and therefore the gain k;
actually determines the values of time constants 7; and 7,
amplitudes 4;, i=1, 2, ..., 6 and frequency ®; in time
domain, which affects the response of two-phase generator
in transient process.

If we denote the real root and complex conjugate roots of
characteristic ~polynomial D(s) as —a (a>0) and

—{w, + jw,\/1— 2= —{w, + jw,, respectively, where {

N——
@)

(0<¢<1) is damping factor and w, is natural frequency,
the following applies

S+ (0+ ki)s2 + s+ kiw2 =(s+ a)(s2 + 2{w,s + wﬁ)
=5 + (a+ 2§wn)s2 + ((ui + 2{w,a)s + awi
(18)
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Fig. 3 Root locus of transfer function Wy(s)

From (18) it follows

w+k=a+2w, (19)
W = wi + 2{w,a (20)
kia)2 = awﬁ 21)

The expressions of a, { and w,, in terms of the gain &; are given
in (19)—(21). Thus, time constants 7, = 1/a, ™ =1/{w, and
frequency w; from (16) and (17) are determined by gain ;.

The optimal value of gain k; can be determined from
condition of equality of real root (—a) and real part of
complex conjugate roots (—{w,). Using a ={w,, in (19)—(21)
we obtain

w+k =3a (22)
o’(a— k) =2d° (23)

Using o =2xf, f=50 Hz, and solving (22) and (23) for @ and
k;, we obtain

a=133.1576 (24)

k = 85.3135 = £, 25)

iopt
The obtained value of gain %; in (25) is optimal.
Step responses (signals v, and vg) of the transfer functions
Winals) and W, 4(s) for three different values of gain &; are
presented in Fig. 4.
If we compare step response (Fig. 6b) in [9] of the
closed-loop transfer function H,(s) given by (3) in [9], which
is the same transfer function as Wy(s) in (2) from this paper,
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with step response of the closed-loop transfer function
W.p(s) from (8) (Fig. 4, solid black line), it is obvious that
we obtained better step response for our proposed DC offset
rejection method than the one provided in [9].

4 Simulation results of proposed PLL
structure

If proposed PLL structure is used as part of control structure
of grid tied PV inverters in order to perform islanding
detection or abnormal grid conditions (trip time) for
example, its behaviour in steady state and its transient
response must be tested according to requirements of
standards such as IEEE 1547 [6] and IEC 61727 [8].
Performances of the proposed PLL structure were tested
through simulations in MATLAB/SIMULINK. The
behaviour of the proposed PLL structure in steady state was
first tested. The sine input voltage v;,(t) = 230+/2 sin(wt)+
100 V with large, ~30%, DC offset, was entered to the
two-phase generator. Two cases were analysed. The first
one is without closed loop for DC offset rejection, whereas
the second one includes proposed control loop. Integral
gain k; had fixed value and equal to optimal value kiop; from
(25). The simulation results are shown in Fig. 5.

In first case (no control loop for DC offset rejection) it is
obvious that estimated grid voltage amplitude and
frequency in steady state contain fundamental ripple
component (50 Hz) and it is not possible to accurately
determine these parameters. In second case (included
control loop) induced DC offset is completely removed and
there is no ripple in estimated parameters.

To test transient response of the proposed PLL structure
and determine the influence of parameter k; on estimation
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Fig. 4 Step responses of transfer functions W,(s) (dashed line) and W,g(s) (solid line) for different values of k;

process, simulations were performed for three different values

of gain ki:1, kiop and 500. The results are shown in Fig. 6.
At the point in time of 1 s the grid amplitude was suddenly

changed from 310+/2 to 115+/2 V and reversed at the point in

org

time of 2.5 s. In the same points in time, grid frequency was

suddenly changed from 51 to 49 Hz and vice versa. The value

of induced DC offset in grid voltage was 100 V in both cases.
The best response was obtained for &; = kiop, Whereas for the
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Fig. 5 Estimated grid amplitude and frequency in steady state: without (dotted line) and with control loop for DC offset rejection (solid line)
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Fig. 6 Transient response of proposed PLL structure: estimated amplitude (top) and frequency (bottom) of grid voltage for k; =1, ki

and 500

k=1 and 500 oscillations appeared. The worst case was
noted when k;=1.

For lower value of gain (k;=1), damped oscillations in
estimated grid voltage amplitude and frequency appear
(Fig. 6) and estimation process is not too fast. These
oscillations contain fundamental ripple component (51 or
49 Hz), because this small value of gain k; very slowly
rejects the introduced DC offset in measured input voltage,
as it is pointed in [4]. When high value of gain (k;=1500) is
used, in transient response large oscillations also appear
with frequency being depend on the roots of characteristic
polynomial D(s).

From Fig. 6 it is easy to conclude that for k; = k;p transient
response is finished for ~0.1 s and estimated parameters have
taken steady-state values. This transient response time of the
proposed PLL structure is lower than given trip time of PV
grid tied inverters defined in IEC 61727 standard (response
for abnormal grid voltage 50%V ominal < V' < 135%V ominal
— 2 s and response on over/under frequency 49 Hz <f<51
Hz—-0.2s) and the proposed PLL structure can be
successfully used for detection abnormal grid conditions.

5 Experimental results of proposed PLL
structure

In addition, performances of the proposed PLL structure were
verified through several experiments in real time. The
developed experimental platform (Fig. 7a) has three
components:
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e grid interface board — galvanic isolation, filtering and
scaling of measured grid voltage according to requirements
of analogue input of multifunctional input/output (I/O) board;
e multifunctional /O board MF624 - supported from
MATLAB ‘real-time windows target’ (RTWT) toolbox for
connecting ‘real world” with MATLAB/SIMULINK
environment; and

e PC computer with MATLAB/SIMULINK and installed
RTWT toolbox - for rapid prototyping and fast
development of control structures.

The grid interface board accepts a real grid voltage
Vin = 230+/2 sin(wf) V, performs galvanic isolation by
isolation transformer, filtering and scaling its value
according to requirements of analogue input of /O board
(£10 V). The filtered and scaled signal is further brought to
analogue input at I/O board and sampled by 14 bit A/D
converter. In MATLAB/SIMULINK environment, it gets
accepted via analogue input block as part of RTWT
toolbox. All parts of the proposed PLL structure were built
in MATLAB/SIMULINK environment as shown in Fig. 7b.
For real-time operation, fundamental sampling time 7 of
50 pus was chosen.

Since input grid voltage does not necessarily have to possess
DC offset in real measurement process, it was necessary to
artificially inject DC offset in measured grid voltage in order
to evaluate performances of the proposed PLL structure. It
was done by summing actual measured grid voltage with a
constant value from SIMULINK. In addition, in order to test
performances of the proposed PLL structure under noise
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Fig. 7 Implementation of proposed PLL structure
a Experimental platform for testing of proposed PLL structure
b Realisation of proposed PLL in SIMULINK (for real-time processing)
conditions, it was possible to add some white noise together 5.1 Robustness of two-phase generator with

with measured grid signal. This was performed by adding
band limited white noise generator output from SIMULINK
to measured grid voltage with DC offset.

The possibilities of adding noise and DC offset artificially
(independently) from SIMULINK to the measured grid
voltage makes this experimental platform very powerful for
testing performances of PLL.

regard to added input noise

The nominal value of grid voltage
Vi = 230+/2 sin(1007t) V was applied on input of grid
interface board. The measured grid voltage was accepted in
MATLAB environment and summed with white noise
generator at input of two-phase generator, in order to check
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Fig. 9 Estimated grid parameters in steady state: input grid voltage v;, = 230+/2 sin(wt) + 100V with 30% added DC offset (top); grid
amplitude (middle) and grid frequency (bottom), without (solid line) and with control loop for DC offset rejection (dotted line)

its response on input grid voltage with added white noise. The
height of the power spectral density of added white noise was
0.0095. Fig. 8 shows response of two-phase generator (v, and
vpg) on input grid voltage with added white noise. It is obvious
that the proposed two-phase generator has ability to
successfully attenuate induced noise because of existence of
the band-pass filters in its structure.

5.2 Estimated grid parameters without/with
control loop for DC offset rejection

To test ability of the proposed PLL to reject DC offset in
measured grid voltage, DC offset (~30% of magnitude of
grid voltage) was artificially added in the measured grid
voltage and several experiments were performed. Steady-state
analysis was first done. Fig. 9 shows the waveforms of
estimated grid parameters: amplitude and frequency, in cases
without and with control loop for DC offset rejection.

The value of added DC offset in measured grid voltage is
quite large, about 100 V (the same value was used in
performed simulations), so applied voltage on the input of
the  PLL structure  can  be  expressed  as:
v, = 230+/2 sin(wt) + 100 V. It is obvious that added DC
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offset causes a large ripple component in estimated values
of amplitude and frequency of grid voltage (Fig. 9), in case
without control loop for DC offset rejection.

When novel two-phase generator with control loop for DC
offset rejection was used, a large ripple component in
estimated values of grid amplitude and frequency completely
vanished in steady state (Fig. 9). The used gain in control loop
for DC offset rejection k; was kiope. The obtained experimental
results are very similar to given corresponding simulation results.

5.3 Response of proposed PLL structure against
fast changes of grid parameters

As it is mentioned earlier in this paper, if PLL structure is
used in grid tied PV inverters, its transient responses must
satisfy mentioned standards. Therefore it was very
important to verify robustness of whole PLL structure with
regard to fast changes of the grid parameters for different
values of gain k; in real time. For this purpose, two
analogue channels of multifunctional I/O card were used.
The first one is for measured real grid voltage (interface
board). The second one is for function generator that
simultaneously mimics: extreme grid conditions [smaller
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Fig. 10 Real-time response of proposed PLL structure: estimated grid amplitude and firequency for k; = 1, ki, and 500

grid amplitude (280 V) and lower frequency (47 Hz)] and
failure in grid interface board such as induced DC offset
(roughly 30% of magnitude of grid voltage). Change of
grid voltage was done according to standard IEC 61727 for
continuous operation of grid tied PV inverters, but
frequency change was done in wider range according to
requirements of design of PV microinverters on market.

By switching between these sources, it was possible to
simultaneously simulate rapid changes of grid parameters
(frequency, amplitude or both) under failure in the grid
interface board. At the point in time of 1s, input of
two-phase generator was switched from grid to function
generator and reversed at the point in time of 2.5 s. Three
different values of gain k; were used (1, kjope = 85.3 and 500).

To obtain consistent experimental results and to more
clearly prove the theory analysis, we performed experiments
under the same conditions for each value of gain k. By
using external trigger circuit, we ensured event-related
synchronisation which means that instantaneous values of
grid voltage and output of function generator were equal in
switching points in time for all performed experimental tests.

The experimental results are shown in Fig. 10. When lower
value of gain is used (k;=1), it is obvious that large
oscillations in estimated grid voltage amplitude and
frequency appear and it is possible to accurately estimate
these parameters only after enough time, which is much
longer than for higher values of gain ;. These oscillations
contain fundamental ripple component (50 or 47 Hz), as it
has been explained and proved with our obtained simulation
results. When k; =500 is used, in transient response large
oscillations also appear, but they do not contain
fundamental ripple component. Instead the response
contains frequency which depends on the roots of
characteristic polynomial D(s) as it was mentioned earlier in
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this paper. In addition, the settling time for this response is
much shorter than for the value of gain &;=1.

From Fig. 10 is obvious that the response of the proposed
PLL structure against fast changes of grid parameters is the
best when the optimal value of gain &; = kjop is used.

Comparing the experimental results from Fig. 10 with
the simulation results from Fig. 6, it is obvious that the
obtained experimental results are matched with the
simulation results and obtained transient response time is
lower than given trip time defined in mentioned standards.

5.4 Generating reference sine current for PV
grid-connected inverters

The main task of PLL, as part of control structure in
grid-connected PV inverters, is generating a sine signal in
phase with grid voltage which can be used as reference
current i, = f, sin 6, of PV inverter, as shown in Fig. 11.

It is very important that this sine reference current signal
does not contain DC offset and higher harmonic
components [17-20], as it has been defined according to the
mentioned IEEE, EN and IEC standards.

In Fig. 12 is shown waveform of grid voltage with added
DC offset v, = 2304/2 sin(wf) + 100 V, supplied on the
input of the proposed PLL structure, and also a waveform
of generated reference sine signal v, at the output of PLL
structure. It is common that reference sine signal at the
output of PLL structure is normalised to one, but in Fig. 12
this signal is scaled (gained) by 230+/2 in order to compare
it with input grid voltage with induced DC offset. It is
obvious that output sine signal does not contain DC offset
and other higher harmonic components. This means that
this undesired induced DC offset was successfully
eliminated by the proposed PLL structure.
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Described PLL-SRF structure with novel two-phase
generator was designed in continuous time domain, but
experimental results were obtained by multifunctional I/O
card in real time in SIMULINK RTWT environment. A/D
conversion process by self behaves as zero-order hold
circuit and converts signal from analogue to digital form.
On this way our PLL structure was actually implemented in
digital form, where we used double format for data
presentation in RTWT SIMULINK environment. It is clear
that is not possible to obtain a ‘pure’ sine signal, but digital
staircase sine signal at the output of such realised PLL
structure. However, the speed of measuring and processing
data (fundamental sampling time 7,=50pus) in our
experimental setup was enough fast to obtain the quite
satisfying sine reference signal at the output of the PLL, as
shown in Fig. 12.

Applied real-time signal processing is suitable for use for a
number of reasons: it allows us to make algorithms in
graphical environment, which can be much easier then
textual programming; the algorithm can be changed and
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updated quickly and even during real-time processes; the
results (variables, signals and other) can be easy monitored
in various ways (scopes, displays, recording values to files
etc.). One of the main advantages of RTWT environment is
excellent speed of data processing because of used
multifunctional I/O card which has very good performances.

6 Conclusion

In this paper was presented PLL-SRF structure with novel
two-phase generator for DC offset and noise rejection.
Corresponding simulation and experimental results were
provided. Obtained results show that the proposed
PLL-SRF structure can solve important issues of presence
of noise and DC offset in measured grid voltage. In
addition, the whole PLL-SRF structure preserves excellent
dynamical performances in conditions of fast changes of
grid parameters. This PLL-SRF structure could be excellent
solution as part of control structure of PV inverters and
other grid-connected converters. The further steps should be

IET Power Electron., 2014, Vol. 7, Iss. 9, pp. 2288-2299
doi: 10.1049/iet-pel.2013.0413

850807 SUOWIWOD 8AIea.D 3ol |dde ayy Aq peusenoh ae sspife YO ‘esn Jo sejn. 1o} Areiqi8UIIUO AB|IM UO (SUORIPUOD-PUE-SWLBIW0D A8 | 1M AeIq Ul UO//:SANY) SUOIIPUOD pue SWia | 8u18eS *[2202/2T/20] uo AriqiTauluo A8 |IM ‘TdN HeulH euinoBezieH pue elusog Aq ET0'ET0Z' d-B1/6F0T 0T/I0pAW0D A8 | IM AleIq Ul UO"YD s 1//Sdny WOy pepeojumod ‘6 ‘vT0Z ‘ErGrSS.T



made in two directions. First is improvement of presented
PLL-SRF structure to enable it to fully reject low-order
harmonics (3rd, 5th,...) if they exist in measured grid
voltage and the second is implementation of the proposed
PLL structure to certain digital platforms such as digital
signal processor (DSP), field programmable gate array

(FPGA)

circuits as part of control structure in

grid-connected converters.
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