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Abstract

In a three-phase system, three-phase AC signals can be translated into two-phase DC signals through a coordinate transformation.
Thus, the PI regulator can realize a zero steady-state error for the DC signals. In the control of a three-phase grid-connected
inverter, the phase angle of grid is normally detected by a phase-locked loop (PLL) and takes part in a coordinate transformation.

A novel control strategy for a three-phase grid-connected inverter with a frequency-locked loop (FLL) based on coordinate

transformation is proposed in this paper. The inverter is controlled as a current supply. The grid angle, which takes part in the
coordinate transformation, is replaced by a periodic linear changing angle from —x to m. The changing angle has the same
frequency but a different phase than the grid angle. The frequency of the changing angle tracks the grid frequency by the
negative feedback of the reactive power, which forms a FLL. The control strategy applies to non-ideal grids and it is a lot simpler
than the control strategies with a PLL that are applied to non-ideal grids. The structure of the FLL is established. The principle
and advantages of the proposed control strategy are discussed. The theoretical analysis is confirmed by experimental results.
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I. INTRODUCTION

Three-phase PWM controlled grid-connected inverters are
widely applied in the field of new energy power generation
[1]-[4]. A coordinate transformation provides a time-invariant
model of the inverter, which makes the control design similar
to that of a DC/DC converter [5], [6]. The phase-locked
technique of a three-phase grid-connected inverter is important.
The synchronous reference frame phase-locked loop (SRF-
PLL) is a conventional PLL method [7], [8]. It includes a
phase detector (PD), a loop filter (LF) and a voltage controlled
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oscillator (VCO) [9], [10]. However, the performance of a
SRF-PLL is deteriorated when the utility grid is non-ideal.

To adapt to non-ideal grids and to avoid the compromise
between steady-state accuracy and a fast transient response,
many advanced PLL methods have been proposed. The
positive and negative sequence components of grid voltage
are separated by a pre-filter in methods such as the decoupled
double synchronous reference frame PLL (DDSRF-PLL) [11],
the second-order generalized integrator PLL (SOGI-PLL)
[12], [13] and the delayed signal cancellation PLL (DSC-PLL)
[14]. The DDSRF-PLL employs two sets of oppositely rotating
dg-frames to separate and cancel the negative-sequence
components in grid voltage. Hence, it avoids the steady-state
error caused by voltage unbalance. The SOGI-PLL has a
generalized integrator (GI) as the main block, which generates
the in-phase and quadrature-phase sinusoidal components of
the input signal [15]. The DSC-PLL can effectively eliminate
the oscillatory errors due to voltage unbalance by combining
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the original a-components and B-components of the grid
voltage and their quarter-cycle delayed versions [16].

To simplify the control system, control strategies without a
PLL have been proposed. In the traditional control strategy of
three-phase grid-connected inverters, the grid angle takes part
in the coordinate transformation. In fact, the grid angle can be
replaced by a periodic linear changing angle from —x to =.
The changing angle should have the same frequency as the
grid angle. However, the grid frequency is changing and this
control strategy cannot explain how to realize frequency
locking. In [17], a structure simplification of the SOGI-PLL
that replaces the PLL with a frequency-adaptive loop SOGI-
FLL is introduced. To reject harmonics from the grid, a
multiple SOGI (MSOGI-FLL) that uses a cross-feedback
network consisting of multiple-SOGIs is proposed in [18].
The FLL estimates the frequency of the input signal and is
used to tune the GI with the grid voltage frequency. It also
needs a complex pre-filter to deal with a non-ideal grid. A
new structure of the Adaptive Linear Neuron (ADALINE)
with a Frequency Locked Loop (ADALINE-FLL) is presented
in [19]. It offers good transient and steady state responses for
frequency tracking, orthogonal signals generation and
harmonics estimation. If the ADALINE-FLL is used in a three-
phase inverter system based on coordinate transformation
control, the ADALINE neuron can also be seen as a pre-filter
of the grid voltage. These kinds of FLL have a common
characteristic. When compared to PLLs with pre-filters, the
FLLs do not need loop filters. However, complex pre-filters
cannot be avoided.

In [20], [21], a current reference is generated by using the
instantaneous power control scheme and a positive-sequence
voltage detector. The closed-loop control is realized in the
o-p coordinate system instead of the d-q coordinate system
and a PLL is not necessary. Under this condition, the current
reference is an AC signal and a double resonant filter is
applied to realize zero steady state. When the grid frequency
is changing, the parameters of a double resonant filter are
difficult to design. In [22], a synchronization function is
embedded into the power controller and a PLL unit is not
required. A PR regulator is applied in the current loop. In a
grid with a changing frequency, a regulator with fixed
parameters cannot completely realize zero steady state. These
kinds of PLL-less methods have some common characteristics.
The references of the control loop are no longer DC signals
and the loop filters should deal with the problems caused by
an unfixed frequency. The design of the filters needs further
research.

Grid synchronization techniques without a dedicated
synchronization unit have attracted a lot of attention [23],
[24]. However, the inverter should be controlled as a voltage
supply. The proposed grid synchronization technique does
not apply to current type inverters with a current control
method. Inverters controlled as a current supply can provide

high steady state and dynamic features [25]. This is most
suitable for strong grid applications in which the output
voltage of the inverter is clamped by the grid [26]. Non-ideal
conditions also exist in strong grids. Therefore, when a
inverter is controlled as a current supply, research on control
strategies without a PLL is significant.

In this paper, a novel current control strategy of three-
phase grid-connected inverters without a PLL is proposed.
The frequency synchronization is realized by a FLL. A
periodic linear changing angle from —m to m with the
frequency of the grid is generated by a DSP controller, and it
takes part in coordinate transformations instead of the grid
phase angle. The FLL is realized by negative feedback of the
reactive power. The frequency of the changing angle does not
affect the frequency of the output voltage. Therefore, the
proposed FLL is not incompatible with the theory that the
frequency mainly affects the active power of an inverter.
When compared to the traditional current control strategy, the
proposed strategy can realize a balance and a low THD of the
grid current in a non-ideal grid. In addition, there is no need
to design the complex pre-filters of PLLs.

This paper is organized as follows. Section II discusses the
impact of the changing angle that takes part in coordinate
transformations. Section III describes the principle of the grid
frequency tracking method. Section IV shows the proposed
control strategy, which is applied to a non-ideal grid. A
complex pre-filter is necessary in the traditional control
strategy with a PLL. However, it can be saved in the proposed
control strategy without a PLL. Control diagrams of the FLL
and PLL are established and compared. Section V presents
experimental results obtained with an 18 kW three-phase
grid-connected inverter with the proposed control strategy.
Section VI is the conclusion of this work.

II. IMPACT OF COORDINATE TRANSFORMATIONS

A Dbasic topology of a three-phase grid-connected inverter
is shown in Fig. 1. e,, e, and e, are the grid voltages. i,, i, and
i, are the grid currents. u,, u, and u, are the output voltages of
the inverter. L,, L, and L. are the AC side filters.

The control strategy based on a coordinate transformation
is shown in Fig. 2. In Fig. 2(a), 6, is the grid angle which is
detected by a PLL. It takes part in coordinate transformations
and the three-phase grid current can be transformed into a
two-phase DC current. A PI regulator can realize zero steady
state error of the current loop. u, and uq* are the references of
the output voltage in the dg-frame. After a coordinate
transformation, they are transformed into two-phase AC
voltages u, and uﬁ*. The frequencies of u, and u[;* are the
same as those of u,, u, and u,.

The control strategy without a PLL proposed in [24] is
shown in Fig. 2(b). The differences between control strategies
with and without a PLL are reflected in the dashed box. f; is
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Fig. 2. Control strategy based on coordinate transformation: (a)
With a PLL, (b) Without a PLL.

given directly. This is the frequency of the periodic linear
changing angle. With the integration of f;, it is possible to
generate 0, to take part in coordinate transformation. 6,
changes linearly from —n to m with a frequency of fi. The
initial value of 8, is random. It depends on the parallel time.
6, takes part in both the coordinate transformation and the
inverse transformation. Therefore, the initial value does not
affect the control loop. It is unnecessary to determine the
initial value of the integration. Therefore, ¢, is not the grid
phase angle. They have the same frequency. However, their
phase difference can be random.

However, the grid frequencies are different in different
grids. For example, the frequency of an aircraft power grid is
400Hz, the frequency of a US city power grid is 60Hz, and
the frequency of a Chinese city power grid is S0Hz. In addition,
even in a certain grid, the grid frequency is continuously

changing within an allowed range. It cannot always keep a
standard value. If f| is given directly, it may be different from
the real grid frequency, which is defined as f;. The phase angel
of the grid is 6,. If the initial phase angle of 6, is set as 0, 6,
and 6, can be expressed as:

6, =2rfit )

0, =27ft+A0
where Af is the initial phase of 8. The value of A8 is random.
The three-phase grid voltages can be expressed as:

e,=FE, cos6,
e, =E, cos(8,-2x/3)
e, =E, cos(6,+27m/3)

2

0, takes part in the coordinate transformation, and the
projection of the grid voltage on the dg-axis can be expressed
as:

e, =E cos(6,-6)=E, cos[2x(f, — fi)t+Ab] 3)
e, =E, sin(0,-6)=E,[27(f, — f)t+A0]

The phase angle of the grid current is defined as 6,. In a
current type inverter, the frequency of the grid current and the
grid voltage are the same. #, can be expressed as:

0, =2rxfit+Agp “)

where Ag is the phase difference of the grid current and the
grid voltage. The grid current can be expressed as the
following equations in the d-q frame:

i,=1,cos(0,—-6)=1,cos[2x(f,— f))t+A0—Ap] (5)
i,=1,sin(0,-6)=1, sin[2z(f, — f)t+A0-Agp]

According to (3) and (5), the relationship among ey, e, iq
and i, can be expressed as:

{ide‘, +ie, =E,I, cosAp 6)

ije I, sinAg

m*m

P A =F

The output active and reactive powers of the inverter Pand
Q can be expressed as:

3 3 . .
P=5E 1 cosA¢=5(zded+zqeq) 7)

m=m

0= —%Emlm sinAgp = %(ideq —ie,;)

A@ is cancelled in this equation, which means that (7)
applies to the dg-frame with different values of A6. In Fig. 2
(b), if AG is not 0, iy and iq* are no longer the references of the
active and reactive currents. They should be calculated by the
following equations:

.2 edP*-i—qu*

1
43 e(,2+eq2 ) (8)
a2 eqP*_edQ*
=3 a7
e,/ +e,
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where P* and Q" are the references of the active and reactive
powers of the inverter. e; and e, are projections of the grid
voltage on the dq-axis, with 6, taking part in the coordinate
transformation.

According to (3) and (8), the reference current can be
obtained by using the following equation:

— )t +AG]+ O sin[27(f, - f;)t +AB]
1.5E, ©))

i Q' cos[2x(f; — f,)t+AO)— P’ sin[27(f; — f;)t + AG]

‘- 1.5E,

it P cos[2x(f,

d

The frequency of ig and iq* is the difference of f; and f,. If
fi is equal to f;, iy and iq* are DC components. On the other
hand, i;" and iq* are AC components. There are two ways to
realize zero steady-state error of the current error regulator.
One is to use regulators with zero steady-state error to AC
signals. The other is to force f; to be equal to fy. Thus, the PI
regulator can realize zero steady-state error to DC signals. The
authors of [27] proposed regulators with zero steady-state
error to AC signals. However, the difference between f; and f
should be obtained to design the parameters of the regulators,
which are difficult to realize.

According to (7), I, and Ag can be obtained as:

I :% PP+Q*/E,

m

cosAp=P/P*+0Q*
sinAp =—Q /P> +Q’

If the current error regulator can realize zero steady-state
error, the feedback is equal to the reference current. i.e. i4 is
equal to iy, and iq is equal to iq*. According to (5), (9) and
(10), the relationship among P, Q and P" can be expressed as:

(10)

Acos[2z(f, — f)t + AG]-Bsin[2x(f, — f)t+A0]=0 (i
Asin[27(f, — f)t + A0+ Beos[2x(f, — f)t + AO]=0
where 4 and B can be expressed as:
{A =P -P (12)
B=0'-0

The premise of (11) is that the current error regulator can
realize zero steady-state error. According to (11), th
relationship between A and B can be expressed as:

A*+B*=0 (13)

Regardless of whether f) is equal to f; or not, 4 and B are 0.
P is equal to P* and Q is equal to Q". Through an analysis, it
can be concluded that a FLL is necessary to force f; to be
equal to fo. Only in this way is the premise of (11) possible.

iy and zq may be AC components without a FLL, and a PI
regulator has steady-state error for the AC components. iy , l
and iy, iy have phase differences. The closed-loop transfer
function of the grid current to the current reference can be
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Fig. 3. Impact of coordinate transformation: (a) Magnitude and
phase-frequency characteristic curve, (b) Relationship between f;
and both P and Q.

expressed as:

[.f b (s) _ G ()G y (8)Gy () (14)
Iref () 1+Gp ()G (8)Gpy (5)

where Gp(s) is the transfer function of the PI regulator,
G(s) is the transfer function of the inverter, and Gy (s) is
the transfer function of the AC side filter. Fig. 3(a) shows the
magnitude and phase-frequency characteristic curves of (14).
The current loops of the control methods shown in Fig. 2(a)
and 2(b) are the same. Thus, the PI regulator in Fig. 2(b) can
be designed as a normal error regulator of the inverter current
loop. According to the conventional design, the proportional
coefficient of the PI regulator is 0.15 and the integral
coefficient is 20.

G (s)=

The references of the three-phase current have the same
phase as the grid voltage. The phase-frequency characteristic
curve shows different Ap at different frequencies. The
magnitude-frequency characteristic curve shows different
amplitude ratios at different frequencies. Thus, Ap and 7, can
be obtained. Fig. 3(b) shows the relationship between f; and
both P and Q, which is obtained by (7). The grid frequency f,
is 50Hz, P"is 18kW and Q" is 0. P and Q can only track the
reference when f; and f; are the same.

III. THE PROPOSED CONTROL STRATEGY

A. Grid Frequency Tracking Method
In Fig. 3(b), the relationship between Q and f; is a
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one-to-one correspondence. If f; does not track f;,, O cannot
track Q". However, P - f; is not a monotonic function. For
example, the dot ‘A’ and ‘B’ both correspond to 18kW of P.
A certain value of P may correspond to more than one value
of f;. The negative feedback of O can clamp the value of f,.
The control strategy is shown in the dashed box in Fig. 4. It
can replace the dashed boxes in Fig. 2. Another PI regulator
PI, is applied as the error regulator of the reactive power. O
can be calculated by (7).

The output of PI; is f;. When f; increases, it becomes higher
than f;. According to Fig. 3(b), Q increases. In addition, the
input of PI; increases. The proportional regulation leads to
increment of f. If fy is reduced, f; is larger than fy. Similarly,
fi tends to reduce. The grid frequency tracking method can
ensure that f; is equal to f; in the steady state. This method is
applicable to any value of Q.

It should be noted that f; is the frequency of the changing
angle. It is not the frequency of the output voltage u,, u, and
u.. According to the above analysis, the difference between f;
and f; can affect the phase and amplitude of u,, u, and u,
which may result in the output power of the inverter deviating
from the reference. However, the frequency of u,, u;, and u, is
always f, regardless of whether f; is equal to f;. Therefore, the
grid frequency tracking method is not incompatible with the
theory that the frequency mainly affects the active power of
the inverter.

B. Solution of Non-Ideal Grid

The proposed control strategy is shown in Fig. 4. A Low
Pass Filter (LPF) is added to separate the positive sequence
fundamental component of the grid voltage. Negative sequence
voltage compensation is always added to inhibit the negative
sequence grid current in unbalanced grids [28]. In this paper,
the negative sequence fundamental component and the
harmonics of the voltage are compensated. es” and e,” are the
positive-sequence fundamental grid voltages. The feed-forward
of e minus e’ and e, minus e, are added to inhibit the
negative sequence component and the harmonics of the grid
current. u, and u, are references of the output voltage after
compensation. After SVPWM is applied, the driving signals
can be obtained. d,, d, and d, are the driving signals of the
inverter.

In a non-ideal grid, the positive and negative sequence
component of the grid voltage should be separated to take
part in the control of the inverter. Therefore, a filter of the
grid voltage is necessary. Filters such as the MCCF, CDSC
and MSOGI are applied as the pre-filtering stage of a PLL or
a FLL. In the proposed control strategy, the complex pre-
filter is replaced by a simple LPF, which can simplify the
control strategy.

C. Comparison of FLL and PLL

The feedback of negative power forms a FLL, which is
shown in Fig. 5(a). Afis the difference between f, and f|. Aw

1

Fig. 4. Proposed control strategy.

TABLE 1
HARMONIC ORDER IN THE ABC FRAME AND THE CORRESPONDING
ORDER IN THE DQ FRAME

Harmonic order Harmonic order in dq-frame

in abe-frame Positive sequence Negative sequence
1 0 2
2 1 3
3 2 4
4 3 5
k k-1 k+1

is the angular frequency of Af. J is the integration of Aw. It is
close to zero. According to (5), iq* can be approximated as:

it —2P"cosAB
¢ 3E

m

S (15)

iq can be obtained after the current loop. According to (4),
(14) and (15), Q can be expressed as:

Q:P*é‘GCL(S)GLPF(S) (16)

where Gci(s) is the closed-loop transfer function of the
current loop, and G pr(s) is the transfer function of the LPF. It
can be seen that the current loop is the inner loop of the FLL.
To design the parameters of the FLL, the closed-loop transfer
function of the current loop Gci(s) can be seen as 1. The
transfer function of the LPF can be expressed as:

1 17
Gror(8) = a7
s
—+1
o,
where @, is the cut-off angular frequency of the LPF. Table I
shows the harmonic order of the grid voltage in the abc-frame
and the corresponding order in the dg-frame. It can be seen
that in the dq-axis, only the projections of the fundamental
positive sequence component are DC signals. To filter the AC
components of e; and e,, the value of o, should less than the
grid angular frequency. When the grid frequency is 50Hz, w,
can be chosen as 310 rad/s.
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Fig. 5. Control diagrams: (a) FLL, (b) PLL.

Fig. 5(b) shows a control diagram of the PLL. The PLL
and the current loop are separated. Gpg(s) is the transfer
function of the loop-filter, which can also be designed as a PI
regulator. The transfer function of PI; in Fig. 5(a) and the
loop-filter in Fig. 5(b) can be expressed as:

G, () =K, +K, /s
G, ,(5)=K,+K,/s

(18)

where K, and Kj; are the proportional and integral
coefficients of PI,. K, and Kj; are the proportional and
integral coefficients of the loop-filter.

Gp.(s) in Fig. 5(b) is the transfer function of the pre-filter.
It can be seen as an inertial element and is expressed as:

! (19)
Tds+1

Gy p(8)=

If T, is short enough, the pre-filter can be regarded as an
ideal filter and its transfer function is 1 in the grid frequency.
It can be seen that the LPF in Fig. 5(a) is also a pre-filter
and that Ty is 1/w.. This can be replaced by a complex
pre-filter to improve the dynamic performance. In that case,
the FLL and the PLL can be expressed as a unified form.
Their closed-loop transfer function without any pre-filters can
be expressed as:

2§a)ns + Cl)nz (20)

G, 8)=G,, (s)=
FLL( ) PLL( ) S2 +2§wns+a)nz

where ¢ is the damping coefficient and w, is the natural
frequency. They can be expressed by the parameters of the
FLL and the PLL.

o, =\27P'K, =\|\2E K,

21
* 2 2
ce =P'K,’ _|EK,
2K, 22K,

In order to realize system stability, { can be chosen as the
empiric value 1/4/2 , and o, is 314rad. In addition, K, and
K;; can be calculated as 0.08 and 1.74. According to the
Lienard-Chipard criterion, the characteristic equation of the
FLL transfer function has positive coefficients. Thus, the
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Fig. 6. Input and output of a FLL and a PLL: (a) FLL with an
ideal pre-filter, (b) FLL with a LPF, (c) PLL with an ideal
pre-filter, (d) PLL with a LPF.

system is stable.

A LPF can be applied in the FLL as a pre-filter. However,
it cannot be applied in the PLL because the LPF would cause
a phase delay. The input of the PLL is 6, It changes
periodically. If a LPF is applied, the output 6, cannot track
the input. On the other hand, the input of the FLL is f;. The
LPF may slow down the speed of response. However, the
output f; can track the input.

Fig. 6 shows the input and output of a FLL and a PLL with
different values of 7;. When an ideal pre-filter is applied, 7y
is 0. When a LPF is applied, Ty is 1/w.. The grid frequency
changes from 50Hz to 100Hz at 0.1s. In Fig. 6(a), an ideal
pre-filter is applied to the FLL. In Fig. 6(b), a LPF is applied
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TABLE II TABLE III
FREQUENCY TRACKING TIME EXPERIMENTAL PARAMETERS
SRF-PLL  FLL without LPF  FLL with LPF L Filter K K; Ky Ki Koe Ki¢
Tracking time/ms 3.27 3.31 14.65 SmH 0.08 1.74 0.15 20 0.12 2.37
to the FLL. In Fig. 6(c), an ideal pre-filter is applied to the & [400Vidiv]

PLL. In Fig. 6(d), a LPF is applied to the PLL.

According to Fig. 6(b) and Fig. 6(d), 6, in the FLL is the
integral result of f. f; is able to track f;. §; may have a phase
difference with a grid angle of 6,. However, this is allowed.
6, in the PLL is the output of the system. It cannot track 6,
which is the input of the system. According to Fig. 6(a), Fig.
6(b) and Fig. 6(c), the dynamic performance of a FLL with a
LPF is worse than that of a FLL or a PLL with an ideal
pre-filter. A pre-filter is necessary to ensure that the inverter
works well in a non-ideal grid. However, it is hard to design a
pre-filter with a short time delay. In an overall consideration,
the FLL with a LPF is very simple and it can achieve a
balance and a low THD of the grid current in a non-ideal grid.

Table II shows the frequency tracking times of a SRF-PLL
and the proposed FLL both with and without a LPF. The
dynamic response of the proposed control strategy may be
worse than that of the traditional PLL. However, it adapts to a
non-ideal grid and is simple.

When compared to the linear control mentioned above,
nonlinear control can further improve the whole system
performance. There are many nonlinear control strategies.
The transient behavior of the observer can be quantitatively
analyzed [29]. Thus, the design of the controller is not
complex. However, a changing grid frequency results in new
transient behavior of the observer. In order to use a linear
controller, further analysis should be developed.

IV. EXPERIMENTAL RESULTS

An 18 kW three-phase grid-connected inverter based on a
TMS320f2812 has been built. The parameters are designed
through the theoretical analysis mentioned above. The
DC-link voltage is 700V. The switching frequency is SkHz.
The grid frequency is 50Hz. The parameters are listed in
Table III, and were designed in Sections II and III.

The grid voltage is supplied by a programmable source.
Fig. 7 shows experimental results when f; is given directly
instead of the output of a FLL. The waveforms in Fig. 7(a)
are the grid voltage and current. The values of f; and f; are the
same. In Fig. 7(b), f; is 60Hz. It can be seen that without a
FLL, f; may be different from fj, which would reduce the PF
of the inverter.

Fig. 8 shows experimental results with a FLL in an
unbalanced grid. The peak voltages of e, and e, are set as
311V. The peak voltage of e, is set as 250V. In Fig. 8(a), the
waveforms are the grid voltage e,, e,, e. and the angle 6,.
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Fig. 7. Experimental results without a FLL: (a) Grid voltage and
current when £ is 50Hz, (b) Grid voltage and current when f; is
60Hz.
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Fig. 8. Experimental results with a FLL in an unbalanced grid: (a)
Waveforms of the grid voltage and 6, (b) Waveforms of e, and
the grid current without the feed-forward of the grid voltage, (c)
Waveforms of e, and the grid current with the feed-forward of
the grid voltage.

Here 6, is a liner changed variable and it takes part in
coordinate transformation. It is the integral of £}, which is the
output of the FLL. Fig. 8(b) shows waveforms of ¢, and the
grid current without the feed-forward of the grid voltage. The
grid current changes sinusoidally. However, it is unbalanced.
Fig. 8(c) shows waveforms of e, and the grid current with the
feed-forward of the grid voltage. The three-phase grid current
is balanced.

Fig. 9 shows experimental results with the SRF-PLL in an
unbalanced grid. In Fig. 9(a), the waveforms are the grid
voltage e,, e, e, and the angle 6,. Here 6, is the output of the
PLL. It does not change linearly. Fig. 9(b) shows waveforms
of e, and the grid current with the feed-forward of the grid
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Fig. 9. Experimental results with the SRF-PLL in an unbalanced
grid: (a) Waveforms of the grid voltage and 6, (b) Waveforms of
e, and the grid current with the feed-forward of the grid voltage.
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Fig. 10. Experimental results with a FLL when the grid contains
harmonics: (a) Waveforms of the grid voltage and 6, (b)
Waveforms of e, and the grid current without the feed-forward of
the grid voltage, (c) Waveforms of e, and the grid current with
the feed-forward of the grid voltage.

voltage. A comparison between Fig. 8(c) and Fig. 9(b) shows
that with the SRF-PLL, the feed-forward method cannot
completely avoid the distortion of the grid current in an
unbalanced grid.

Fig. 10 shows experimental results with a FLL when the
grid contains harmonic. The peak voltages of e,, e, and e, are
set as 311V. Fifth-order harmonics with a peak voltage of
15V are injected. In Fig. 10(a), the waveforms are the grid
voltage e,, e, e. and the angle #,. Fig. 10(b) shows
waveforms of e, and the grid current without the feed-
forward of the grid voltage. Fig. 10(c) shows waveforms of e,
and the grid current with the feed-forward of the grid voltage.
The three-phase grid current changes sinusoidally. It can be
seen that the feed-forward method can eliminate current
distortion.

Table IV shows the THDs of the grid current with different

PI regulator parameters of the FLL. K, and Kj; are the PI

Journal of Power Electronics, Vol. 18, No. 5, September 2018

TABLE 1V
THDS WITH DIFFERENT PI REGULATOR PARAMETERS OF A FLL
Kpi Ki Ky K THD
0.08 1.74 0.15 20 3.09%
0.05 2.74 0.15 20 3.07%
0.08 1.74 0.25 15 3.13%
0.05 2.74 0.25 15 3.11%
TABLE V

THDS OF THE GRID CURRENT WITH THE FEED-FORWARD METHOD
UNDER DIFFERENT CONDITIONS

Phase a b c
. FLL 3.11% 3.17% 3.18%
Unbalanced grid
SRF-PLL  598% 6.25% 6.55%
Fifth-order harmonic FLL 3.17% 3.24% 3.21%
injection SRF-PLL  7.68% 7.89% 8.43%

regulator parameters of the FLL. K, and Kj, are the PI
regulator parameters of the current loop. The THD has low
sensitivity to the control parameters, which shows that the
system has high stability.

A change of the parameters affects the dynamic performance
of the system. It is a typical problem of closed-loop systems,
which has been analyzed in section II. When the grid
frequency changes, the feedback and reference values of the
reactive power are offset. The reactive power loop works and
fi1 tracks the grid frequency. However, the PI regulating effect
is limited for a rapid periodic variation signal. If the grid has
a high frequency oscillation, further research on an improved
error regulator should be considered.

Table V shows the THDs of the grid current with the
feed-forward method under different conditions. It can be
seen that the proposed control strategy can realize a low THD
of the grid current in a non-ideal grid.

V. CONCLUSION

This paper proposes a novel control strategy without a PLL
for three-phase grid-connected inverters. The PLL in the
traditional control strategy of inverters is replaced by a FLL.
The principle of the control strategy is analyzed. A comparison
of a FLL and a PLL is given. The proposed control strategy
has the following characteristics.

(1) With the proposed control strategy, the inverter can
realize a high PF and a low THD in a grid which is
unbalanced or has harmonics.

(2) The complex pre-filters of existing PLLs or FLLs can
be saved. Therefore, the control system can be simplified. In
addition, the grid frequency can be detected. Therefore, the
problems caused by an unfixed frequency which occur in
existing PLL-less methods can be solved.

(3) Nonlinear control should be applied instead of linear
control with the PI regulator in the next step to obtain a good
performance in grids with a frequency oscillation.
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