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ABSTRACT The moving-average-filter-based quasi-type- 1 phase-locked loop (MAF-QT1 PLL) can provide
zero steady-state phase error in the presence of frequency drifts, achieving a high filtering capability.
However, in the presence of an MAF and frequency drift, MAF-QT1 PLL cannot achieve a fast transient
response and frequency-dependent characteristic under adverse grid conditions. To overcome this drawback
of the MAF-QT1 PLL, this paper proposes a frequency-adaptive improved moving-average-filter-based
quasi-type-1 PLL (FAIMAF-QT1 PLL). Aiming at the shortcoming of the slow dynamic response of the
MAF-QT-1 PLL, a correction link is introduced, and an improved moving-average-filter-based quasi-type-
1 PLL (IMAF-QT1 PLL) is obtained. To improve the anti-interference ability of the IMAF-QT1 PLL in
response to grid frequency changes, a FAIMAF-QT1 PLL and a corresponding digital implementation
scheme are proposed. The regulator parameter setting method is proposed based on the small-signal model
of the FAIMAF-QT1 PLL. Simulation and experimental results show that the FAIMAF-QT1 PLL can
accurately track the grid voltage phase in the presence of power grid frequency fluctuations, phase angle
jumps, distorted harmonic injections and unbalanced voltage drops and has good steady-state and dynamic
performance.

INDEX TERMS Phase-locked loop, moving average filter, frequency adaptive, synchronization,

quasi-type-1 PLL.

I. INTRODUCTION

A phase-locked loop (PLL) is a closed-loop feedback control
system whose output phase is related to the input phase and
can be used in a variety of applications, especially for most
grid-connected power electronic equipment and power gener-
ation based on renewable energy sources [1]-[4]. To improve
the dynamic response and filtering capabilities of standard
PLLs under adverse grid conditions, various PLLs have been
proposed in the literature [5]-[9] and consist of three different
parts: a phase detector (PD), a loop filter (LF) and a voltage-
controlled oscillator (VCO) [10]. Type-2 PLLs are the most
widely used three-phase PLLs due to their steady-state phase
error during phase angle jumps and frequency drifts. Under
ideal grid conditions, three-phase type-2 PLLs can achieve
fast and accurate detection of the phase angle and frequency
of the grid voltage [11], [12]. However, when the grid voltage
is distorted and unbalanced, the performance of a three-phase
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type-2 PLL becomes unacceptable, because the traditional
loop filter cannot effectively block the grid disturbances [13].
Additional filters are usually added in the PLL control loop
to solve this problem. For instance, the notch filter [14]-[16],
moving average filter (MAF) [17]-[19], multiple-complex-
coefficient filter [20], [21], linear Kalman filter [22], delayed
signal cancellation operator [23]-[25], and conventional low-
pass filter (LPF) are typical choices that are used to obtain
a high filtering capability. Among these filters, an MAF is
a linear-phase finite-impulse-response (FIR) filter that can
realize an ideal low-pass filter characteristic under certain
conditions and is a widely used technique in PLL due to
its simple digital realization and low computational burden.
Reference [19] presented the control design guidelines of a
typical MAF-based PLL. The frequency-dependent attenu-
ation characteristic is a practical challenge of an MAF, and
some theoretical solutions have been provided to overcome
this challenge. However, a frequency-adaptive digital real-
ization and hardware implementation were not considered in
this paper. In [26], a phase-lead compensator was introduced
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to improve the dynamic response of the standard MAF PLL
However, this scheme would result in a high digital imple-
mentation cost and does not address the presence of frequency
drifts.

A type-1 PLL is characterized by only one integrator in
its control loop and has a high stability margin. However,
a type-1 PLL cannot realize zero steady-state phase error
when the grid voltage frequency deviates from its nominal
value [27], [28]. Reference [28] provided an MAF-based
quasi-type-1 PLL (MAF-QT1 PLL) by using an MAF as the
LPF in the structure, which can provide a zero steady-state
phase error in the presence of frequency drifts, achieving
a high filtering capability. However, the MAF would pro-
duce a considerable phase delay and slow down the tran-
sient response of the PLL. Additionally, a frequency-adaptive
digital realization and hardware implementation were not
considered in the MAF-QT1 PLL. The MAF-QT1 PLL can-
not accurately track the grid voltage phase when the power
grid frequency fluctuates, especially under adverse grid
conditions.

In this paper, a frequency-adaptive improved moving-
average-filter-based quasi-type-1 PLL (FAIMAF-QT1 PLL)
is proposed. The principles and operational characteristics
of the typical type-1 PLL are presented in section II. The
expression of the improved MAF-QT1 PLL is derived by
introducing a correction link in section III, solving the slow
dynamic response of the MAF-QT1 PLL. Additionally, a
frequency-adaptive digital realization is presented in order to
improve the anti-disturbance capability when the frequency
of the power grid changes. Section IV presents the param-
eter tuning method based on the small-signal model of the
proposed PLL. Then, the feasibility and effectiveness of the
proposed scheme are verified by simulation and experiment
results in section V and section VI, respectively. Conclusions
are drawn in the final section.

II. TYPICAL TYPE-1 PLL
Fig. 1 shows the schematic diagram of a typical three-phase
type-1 PLL. The phase discriminator consists of a Clarke
transformation and a Park transformation, converting the
three-phase grid voltage into a DC component in the syn-
chronous rotating reference frame. In addition, a lead/lag
controller with a continuous transfer function is considered
as the loop filter in a typical type-1 PLL. Then, the estimated
phase angle signal is obtained by integrating the estimate
angular frequency signal by means of the voltage-controlled
oscillator. Finally, the estimated phase angle signal is sent to
the Park transformation as a rotation transform angle. Then,
the small-single model of the typical type-1 PLL is shown
in Fig. 2.

The phase tracking error of a typical type-1 PLL under
phase and frequency step changes can be obtained, respec-

tively, as
6. =0
1
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FIGURE 1. The schematic diagram of a typical type-1 PLL.
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FIGURE 2. The small-single model of a typical type-1 PLL.

Equation (1) shows that the typical type-1 PLL can track
a step change in the phase angle. However, the typical type-
1 PLL cannot track a step change in the grid frequency. The
tracking error can be reduced by increasing the proportional
gain k,. Nevertheless, increasing k, reduces the filtering
capability of a typical type-1 PLL. Thus, the phase-locked
performance of a typical type-1 PLL is reduced, especially
under adverse grid conditions.

Ill. PROPOSED QUASI-TYPE-1 PLL
A. MAF-BASED QUASI-TYPE-1 PLL
The moving average filter is a linear phase filter that can be
considered to be an ideal LPF. The MAF transfer function in
the s-domain can be described as [22]

1 — e Tws

GMAF(S) = T ()

where T, is the window length of the MAF.

The transfer function (2) indicates that the transient
response time of the MAF is equal to its window length.
Assume that the window length of the MAF contains N
samples of its input signal and N = T,,/Ts, where Ty is the
sampling time of the control system. The transfer function
and pole-zero expression of the MAF in the z-domain can be
obtained as

1_—N

N
1 Z 1 7= %
G 7)) = — = — 3
MAF(2) N1 Nklzllz_pl 3)

It can be seen that the MAF has N zeros and one pole.
Meanwhile, the MAF has unity gain at zero frequency and
zero gain at notch frequencies m/T,, (im = 1,2,3...).

A schematic diagram of the MAF QT1 PLL is shown in
Fig. 3. The amplitude normalization scheme is included in
the MAF-QT1 PLL structure to remove the dependence of
the phase tracking error under an off-nominal grid frequency
on the input voltage amplitude. Additionally, the arctangent
function is used to remove the nonlinearity of the control
loop. As a result, the phase tracking error of the MAF-
QT1 PLL under frequency step changes can be described as

b = Awi[ky = Aw, [ky “)
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FIGURE 3. Schematic diagram of the MAF-QT1 PLL.
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FIGURE 4. The Bode plot of the open-loop transfer function of the
MAF-QT1 PLL.

Notice that Aw, is equal to Aw; under the phase-locked
condition. The phase tracking error of the MAF-QT1 PLL
becomes linearly proportional to Aw,, which can be com-
pensated based on equation (4), as shown in Fig. 3.

Generally, the disturbance frequency of an MAF is equal
to the twice the fundamental grid frequency, 7,, = 10 ms.
In addition, the sampling frequency of the control system is
10 kHz, with Ty = 0.1 ms. Then, selecting the parameter of
the proportional regulator according to the method proposed
in reference [28], k, = 92.34. The Bode plot of the open-loop
transfer function of the MAF-QT1 PLL is shown in Fig. 4.
It can be seen that the MAF-QT1 PLL can pass the DC
component and block the notch frequency components com-
pletely. Additionally, Fig. 4 shows that the MAF-QT1 PLL
has a phase margin (PM) of 45.8° and a gain margin (GM)
of 27.7 dB, ensuring the stability of the MAF-QT1 PLL. Note
that the cut-off frequency of the MAF-QT1 PLL is 27 - 32.9
rad/s, indicating that the dynamic response is slow, which is
the drawback of MAF.

B. IMPROVED MAF-BASED QUASI-TYPE-1 PLL
The correction link in the s-domain is introduced based on the
MAF transfer function

1+ Tws/2
14 BTys

where f is the attenuation factorand 0 < 8 < 1.
The improved MAF (IMAF) transfer function in the
s-domain can be described as

Ge(s) = &)
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FIGURE 5. The Bode plot of the open-loop transfer function of the
IMAF-QT1 PLL.
(1—e 1) (1+ Tys/2)
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Tys (1 + BT,s)

The transfer function of the improved MAF in the z-domain
can be obtained as

(1-zM)2+N(1-z7")
AN (1—zY) (14BN (1—-271))

GiMAF(2) = (N

This paper selects the parameter of the proportional regu-
lator according to the section IV.B: k, = 76. Then, the Bode
plot of the open-loop transfer function of the IMAF-QT1 PLL
is shown in Fig. 5. It can be seen that the phase margin of the
IMAF-QT1 PLL increase as the attenuation factor increases.
However, the amplitude margin and the cut-off frequency
decrease as the attenuation factor increases. To ensure the
stability of the system, the phase margin within the range of
30° ~ 60° is suggested; the cut-off frequency is higher than
0.3/T,, Hz to ensure the dynamic response of the system. This
paper selects the parameter of the attenuation factor according
to the stability and dynamic response of the PLL: 8 = 0.25;
the IMAF-QT1 PLL has a phase margin of 45° and a cut-
off frequency of 45.3 Hz. The IMAF-QT1 PLL cannot only
maintain the stability but also improve the dynamic response
compared with an MAF-QT1 PLL.

C. FREQUENCY-ADAPTIVE REALIZATION

The moving average filter cannot block the disturbance com-
ponents completely if the grid frequency drifts. In such cases,
the IMAF-QT1 PLL needs to adjust the IMAF sampling
order, according to the variations in the grid voltage fre-
quency. Then, the IMAF sampling order N is given by means
of the “WMV” (weighted mean value) approach

Ny = floor ([ Tsw,)
N, = ceil (m /Tsw,) ®)
a = (T — NfTy) [Ty

where « is the weighting factor.

54147



IEEE Access

W. Luo, D. Wei: Frequency-Adaptive Improved MAF-QT1 PLL for Adverse Grid Conditions

v y(k)

FIGURE 6. Digital implementation schematic diagram of the
FAIMAF-QT1 PLL.

Fig. 6 presents a digital implementation schematic dia-
gram of the FAIMAF-QT1 PLL. The diagram shows that
the FAIMAF-QT1 PLL is easily implemented and computa-
tionally efficient. The digital implementation method of the
FAIMAF-QT1 PLL can be described as

1— k—1 k—1
)= —— | Yx k=i = Y x (k=i
f i=0 i=Ny
o k—1 k—1
N gx(k—i)—i;x(k—i) )

where x(k) is the input variable at sample time k and y(k) is
the output variable at sample time k.

IV. CONTROL DESIGN GUIDELINES

A. SMALL-SINGLE MODELING OF THE PROPOSED PLL
Let the three-phase input voltage of the FAIMAF-QT1 PLL
be represented by

ug = Ugcos(6f)

k=1,5,7,...

up = Z Uy cos (Gk —27r/3) (10)
k=1,5.7,...

Ue = Z Uk cos (6 + 27 /3)
k=1,5,7,.

where Uy and 6 (k = 1,5,7, 11, 13 .. .) represent the ampli-
tude and phase angle of the kth harmonic component of the
input voltage, respectively. Note that the even harmonic com-
ponents and DC offset are neglected as they have negligible
magnitudes compared to the magnitudes of the odd harmonic
components in most practical cases.

Equation (10) can be rewritten in the dqg reference frame by
applying the Clarke transformation and Park transformation

ug = Z Uy, cos (6k — 6,)

k=1,5,7,... (11)
ug= >y Uysin( —06,)
k=1,5,7,...

Under the phase-locked condition, equation (11) can be
approximated by

{ud ~ U cos 0, + f Qwy, 4wy, 6wy, .. .) (12)

ug ~ Uy sin€, + fQwy, 4wy, 6wy, . . .)
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FIGURE 7. Small-signal model of the FAIMAF-QT1 PLL.

The disturbance frequency of the FAIMAF is equal to twice
the fundamental input voltage frequency. Equation (12) can
be simplified as

13)

ug ~ Uy cos b,
ug ~ Uy sinf,

Then, convert the input voltages’ g axis component into a
per-unit value expression

=% Ug
U, = Z ~ 0, = Ab; — Ab, (14)
The phase tracking error of the FAIMAF-QT1 PLL in the
presence of frequency drifts can be compensated by an online
calculation of equation (4), and adding the result to the output
of the PLL. Then, the small-signal model of the FAIMAF-
QT1 PLL can be obtained as shown in Fig. 7, where F(s) = L
[f Qwy, 4wy, 60w, ...)] (L denotes the Laplace operator).

B. PARAMETER DESIGN GUIDELINES
The MAF window length can be simply selected according
to the anticipated harmonic components in the PLL’s input
voltage. In this paper, the even harmonic components and
DC offset are neglected because they have much smaller
magnitudes than the odd harmonic components in most
practical cases. The MAF can pass the DC component and
block the notch frequency components completely. There-
fore, the MAF window length should be set equal to half the
fundamental period of the grid voltage, or 7,, = 0.0l sin a
50 Hz system. As a consequence, the MAF can block even
harmonic components of the grid voltage in the synchronous
rotating frame.

The open-loop transfer function of the FAIMAF-QT1 PLL
can be described as

Goi (s) = |:1

15)
— FAIMAF (s) s

Fig. 8 shows the proportional coefficient k, and cut-off
frequency f, variations in the FAIMAF-QT1 PLL as a func-
tion of the phase margin (PM) based on equation (15).
As shown in the figure, the PM of the FAIMAF-QT1 PLL
decreases with the growth of k,. The phase margin with a
range of 30° ~ 60° is recommended to ensure the stability of
the system. In this paper, PM = 45° is considered to obtain a
sufficient stability margin, which corresponds to k, = 76.

FAIMAF () } <s +k,,)

V. SIMULATION ANALYSIS

Based on the MATLAB/Simulink platform, this paper sim-
ulates the FAIMAF-QT1 PLL, which is compared with
the MAF PLL and MAF-QT1 PLL. Among these PLLs,

VOLUME 8, 2020



W. Luo, D. Wei: Frequency-Adaptive Improved MAF-QT1 PLL for Adverse Grid Conditions

IEEE Access

1807

1504

(45,76)

(45.453) 1

I IR

T T T T T T T T T 1
30 35 40 45
PM (deg)
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TABLE 1. Control parameters of the PLLs.

MAF MAF-QT1 FAIMAF-QT!1
T/s 0.01 0.01 -

k, 8333 9234 76

ki 2893.5 - -

B 025

the regulator parameter of the MAF PLL is based on the
symmetric optimal method, and the regulator parameter of
the MAF-QT1 PLL is based on the method proposed in
reference [28]. The FAIMAF-QT1 PLL uses the regula-
tor parameter adjustment method proposed in this paper.
Table 1 presents the control parameters of the three phase-
locked loops.

Four test conditions are designed to investigate the steady-
state performance and dynamic performance of the FAIMAF-
QT1 PLL.

Test condition 1: At 40 ms, the three-phase grid voltage
undergoes a frequency step change of +5 Hz; At 160 ms,
the phase angle of the three-phase grid voltage exhibits a jump
of +20°.

Test condition 2: At 40 ms, the three-phase grid voltage
undergoes a frequency step change of +5 Hz; At 160 ms,
the three-phase grid voltage is injected with 20% of the 5th
harmonic and 10% of the 7th harmonic.

Test condition 3: At 40 ms, the three-phase grid voltage
undergoes a frequency step change of +5 Hz; At 160 ms, the
voltage amplitude of phase B sags by 50%, and the voltage
amplitude of phase C sags by 30%.

Test condition 4: At 40 ms, the three-phase grid voltage
undergoes a frequency step change of +5 Hz; At 160 ms,
the phase angle of the three-phase grid voltage exhibits a jump
of + 20 °, and the three-phase grid voltage is injected with
20% of the 5th harmonic and 10% of the 7th harmonic. The
voltage amplitude of phase B sags by 50%, and the voltage
amplitude of phase C sags by 30%.

To verify the effectiveness of the frequency adaptation of
the FAIMAF-QT1 PLL, the frequency steps by +5 Hz at
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40 ms during each test condition. After the frequency step,
the phase angle error and frequency error of the MAF PLL
reach zero within 120 ms and 130 ms, respectively; the phase
angle error and frequency error of the MAF-QT1 PLL reach
zero within 80 ms and 90 ms, respectively; and the phase
angle error and frequency error of the FAIMAF-QT1 PLL
reach zero within 70 ms and 80 ms, respectively. The
FAIMAF-QT1 PLL has the fastest dynamic response and the
smallest overshoot among the three phase-locking methods,
which indicates that the FAIMAF-QT1 PLL has improved the
steady-state and dynamic characteristic.

The simulation results of the three phase-locked loops
under test condition 1 are shown in Figure 9 (a). The phase
angle jumps by +20° at 160 ms. The phase angle error and
frequency error of the MAF PLL reach zero within 130 ms
and 140 ms, respectively; the phase angle error and frequency
error of the MAF-QT1 PLL reach zero within 80 ms and
100 ms, respectively; and the phase angle error and frequency
error of the FAIMAF-QT1 PLL reach zero within 70 ms
and 80 ms, respectively. The FAIMAF-QT1 PLL has the
smallest phase angle error and frequency error. When the
phase angle jumps, the FAIMAF-QT1 PLL proposed in this
paper improves the dynamic response of the phase lock while
ensuring that the phase angle error remains stable.

The simulation results of the three phase-locked loops
under test condition 2 are shown in Figure 9 (b). The har-
monics are injected at 160 ms. The phase angle error and
frequency error of the MAF PLL fluctuate slightly around
zero. The phase angle error of the MAF-QT1 PLL fluctuates
sharply near zero, the frequency error fluctuates slightly near
zero, and the phase locked cannot be achieved. The phase
error and frequency error of the FAIMAF-QT1 PLL reach
zero within 70 ms and 80 ms, respectively. When harmonics
are injected, the FAIMAF-QT1 PLL improves the dynamic
response while ensuring that the phase is locked accurately.

The simulation results of the three phase-locked loops
under test condition 3 are shown in Figure 9 (c). The unbal-
anced grid voltage drops at 160 ms. The phase angle error
and frequency error fluctuate slightly around zero. The phase
angle error of the MAF-QT1 PLL fluctuates sharply near
zero, the frequency error fluctuates slightly near zero, and
the phase lock cannot be achieved. The phase angle error
and frequency error of the FAIMAF-QT1 PLL reach zero
within 50 ms and 60 ms, respectively. When the unbalanced
grid voltage drops, the FAIMAF-QT1 PLL improves the
dynamic response speed while ensuring that the phase is
locked accurately.

The simulation results of the three phase-locked loops
under operating condition 4 are shown in Figure 9 (d).
A comprehensive fault occurs at 160 ms. The phase angle
and frequency error fluctuate around zero. The phase angle
error of the MAF-QT1 PLL fluctuates sharply near zero,
the frequency error fluctuates slightly near zero, and the
phase lock cannot be achieved. The phase error and frequency
error of the FAIMAF-QT1 PLL reach zero within 80 ms
and 90 ms, respectively. When the comprehensive fault
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FIGURE 9. Simulation waveforms of the PLLs.

occurs, the FAIMAF-QT1 PLL technology improves the
dynamic response speed while ensuring that the phase is
locked accurately. Among the three phase-locking methods,
the FAIMAF-QT1 PLL has the fastest phase and frequency
dynamic response, and the phase and frequency peak-to-peak
steady state errors are minimal.
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VI. EXPERIMENTAL RESULTS

The dSPACE platform is used in the experiments to ver-
ify the effectiveness and hardware implementation of the
FAIMAF-QT1 PLL proposed in this paper. The processor
platform is RTI1202. The control algorithm is divided into
two parts: the nonideal voltage generation and phase-locked
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TABLE 2. Experimental results of the PLLs.

Test conditions Index MAF MAF-QT1 FAIMAF-QT1

2% frequency settling time / ms 77.67 40.12 46.68

Frequency step change Maximum phase angle error / deg 19.03 7.79 5.39
Frequency overshoot / % 36.4 4.2 0

2% phase angle settling time / ms 73.38 29.96 17.66

1: Frequency step change and phase angle jump Phase angle overshoot / % 36.07 34.65 47.25

Maximum frequency error / Hz 4.52 3.96 3.53
. L Phase angle steady-state error peak-to-peak/deg 0.23 2.79 0
2: Frequency step change and harmonic injection Frequency steady-state error peak-to-peak/Hz 0.04 0.05 0
. Phase angle steady-state error peak-to-peak/deg 0.22 2.07 0
3: Frequency step change and unbalanced sag Frequency steady-state error peak-to-peak/Hz 0.11 0.16 0
. . Phase angle steady-state error peak-to-peak/deg 0.29 423 0
4: Frequency step change and comprehensive fault Frequency steady-state error peak-to-peak/Hz 0.11 0.17 0
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FIGURE 10. Experimental waveforms of the PLLs.

loops implementation. The sampling frequency of the CPU is
10 kHz. The internal variables are output to the oscilloscope
(MSO058, Tektronix) through the analog output board. The
control parameters of the phase-locked loops are consistent
with the simulation, as shown in Table 1.
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It can be seen from Fig. 10 that the experimental wave-
forms of the phase angle and frequency errors of the three
phase locked loops under four different operating conditions
are consistent with the simulation results. Under the test
condition of the phase angle jumps, harmonic injections,
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unbalanced sags and comprehensive fault after frequency
steps, the frequency dynamic response of the MAF-QT1
PLL is fast, but the steady-state error of the phase angle
and frequency are too large to meet the requirements of the
phase-locked loop. The phase angle and frequency steady-
state error of the MAF PLL are small, which can meet
the requirements of the phase-locked loop, but the fre-
quency dynamic response is too slow to obtain the phase
and frequency information of the grid immediately. The
FAIMAF-QT1 PLL proposed in this paper has a frequency
adaptation ability, which can ensure that the phase angle and
frequency steady-state error reach zero, and has the fastest
phase angle and frequency dynamic response. The experi-
mental results verify the feasibility and effectiveness of the
parameter tuning and frequency-adaptive implementation of
the FAIMAF-QT1 PLL proposed in this paper. See Table 2 for
detailed technical indicators of the experimental results for
the three phase-locked loops.

VII. CONCLUSION

The MAF-QT1 PLL cannot accurately track the grid volt-
age phase when the power grid frequency fluctuates, espe-
cially under adverse grid conditions. This paper proposes
a FAIMAF-QT1 PLL by introducing a correction link and
presents a corresponding regulator parameter setting method
and frequency-adaptive digital implementation scheme. Sim-
ulation and experimental results show that compared with
the MAF PLL and MAF-QT1 PLL, the FAIMAF-QT1 PLL
has a good phase-locking capability and dynamic response
when the frequency of the power grid changes, which
can meet the grid-locking requirements under adverse grid
conditions.
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