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Abstract—To overcome the drawbacks of the PI control-based
shunt active power filter (SAPF), this article proposes a Virtual 0
Oscillator Control (VOC) based control strategy for SAPF. This
VOC-based SAPF has a promising performance in mitigating the p
active and reactive power ripples. We also prove the proposed
SAPF is asymptotically stable within the rated power range. In
addition, the strategy for selecting the appropriate parameters of 0
the VOC to ensure the performance of the SAPF is discussed.
The simulation and field experimental results show that the Vv*
VOC-based SAPF significantly outperforms the PI-based one in l[*]I2
all cases.
Ziine
Index Terms—Shunt active power filter, Harmonic current
compensation, Virtual Oscillator Control. Zose
NOTATION P,
Vie DC bus voltage e
Vai, Vi, Vei Primary voltages of the three-phase Veg
transformer %
Vai, Vi, Vi Secondary voltages of the three-phase I/‘j:ax
transformer
Voas, Vosc, Voca  Output voltages of SAPF Vo
e AC current with harmonics on the
power grid P
e Compensation currents generated by rated
SAPF _ rated
L Resonant inductance Ocq
C Resonant capacitance KT
is Nonlinear voltage-dependent current
source o .
o Nonlinear current source coefficient in @
VOC |A CU|max
o Conductance parameter in VOC tr":f
K, VOC voltage gain e
Ki VOC current gain J3:1
i Virtual oscillator inductor current
v Terminal voltage of the converter En
® Angular frequency Woc
) Instantaneous phase angle of the La, Irv, Ipe
voltage P
€ Oscillator parameter
B Damping coefficient of VOC 0
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1. INTRODUCTION

A. Motivation

T HE  harmonic currents generated by the power
electronic converter(PEC) interfaced renewable energy
resources(RES) may cause safety problems in the power
system [1-2]. In particular, the improperly tuned PECs can
potentially generate harmonic currents and voltage distortions.
As a result, it may cause protection relay malfunctions or
component failures in the power system [3-5].

B. Literature review

Various methods have been proposed to suppress the
harmonic currents generated by the PECs interfaced with RES
and nonlinear loads. These approaches primarily fall into two
categories: the first involves enhancing the RES with an
additional active damping controller (ADC), and the second
consists of using an independent shunt active power filter
(SAPF). In [6], an additional ADC was embedded in a three-
phase converter to compress the power harmonics. In [7], an
adaptive additional damping control signal was introduced to
suppress the harmonic currents and improve the stability of the
converter with ADC. The authors of [8] present two ADCs for
both the d-axis and g-axis control channels of the DFIG's rotor
side and optimize the controller parameters using a particle
swarm optimization algorithm. However, these ADCs may
cause resonance shift to other frequencies, and their
performance may deteriorate significantly when the
equilibrium point or related parameters change.

Compared to the ADC, the parallel SAPF has high flexibility
and efficiency, making it more popular solution for
suppressing the current harmonics generated by RESs [9-10].
The SAPF generally consists of a voltage source converter
(VSC) and decoupling inductance connected to the grid. The
VSC can control the compensation current injected into the
system to correct the distorted current waveform. In some
literature, the SAPF is also designed to improve the reliability
and stability of weak grid-connected converters [11].

Various control schemes have been proposed in the literature
for SAPF. The vector-current controller is one of the most
common approaches. A classical Pl-based vector-current
controller is developed for SAPF in [12]. He ef al. [13] present
a proportional multi-resonant controller for harmonic
compensation. Swen Bosch et al. [14] combine the Pl-based
current control with a notch filter to realize the predictive
current control. However, the wideband-frequency resonance
may occur if the gain value of the PI-based controller is not
appropriately tuned, which limits the applicability of the PI-
based SAPF [15]. Meanwhile, the use of the phase-locked
loop (PLL) may also lead to the risk of sub- or super-
synchronization-frequency resonance. To solve these
problems, nonlinear controllers are proposed as a promising
solution. In [16] and [17], the hysteresis current controller
(HCC) is proposed for the hybrid SAPF, which shows fast
transient response and good steady-state performance.
However, it should be noted that the high switching frequency
results in a significant inductance to obtain an acceptable

current waveform. As a result, there may be a risk of high-
frequency resonance. In addition, some nonlinear control
methods are utilized for SAPF to generate the compensation
current, such as the super-twisting sliding mode controller
produced in [18]. However, the initial operating point will
affect the convergence performance and regulation of the
super-twisting sliding mode-based SAPF.

Recently, the improved virtual oscillator control (VOC) has
been applied to the power electronic inverters in some
microgrid and regional power grid scenarios [19-20]. A type
of dispatchable VOC (dVOC) has been developed to achieve
grid-connected control of PV inverters, as it enables secondary
control of active and reactive power [21]. Based on the above
literature, it is revealed that VOC presents appealing
advantages at both the inverter and system levels. From a
system-level perspective, synchronization emerges in
networks of VOC-integrated grid-connected inverters without
relying on any communication infrastructure, and primary
voltage and frequency regulation objectives are fulfilled in a
decentralized manner. At the circuit level, each inverter can
rapidly stabilize arbitrary initial conditions and load transients
to a stable limit cycle. The two characteristics, as mentioned
above, endow VOC with the application potential in SAPF
and enable it to address specific issues in existing control
schemes.

C. Contribution

This paper proposes a new SAPF by adopting the virtual
oscillator control (VOC) method to compress the harmonic
current. According to our investigation, most SAPFs are
modulated by current vector control, and the VOC strategy has
not been used in active power filters. This technique can
enhance the SAPF by reducing the system voltage ripple and
output power ripple and improving the robustness.

To the best knowledge of the authors, the main contributions
of our work are as follows:

(1) A novel configuration of the SAPF has been proposed in
which three-phase transformers are adopted instead of three
independent transformers for each phase. Additionally, each
phase circuit comprises six H-bridge units, enabling the
generation of seven voltage levels and ensuring excellent
compensation current waveforms.

(2) The VOC is first adopted and implemented for the SAPF.
We prove that the VOC-based SAPF is asymptotically stable
according to our design. Remarkably, this VOC-type SAPF
exhibits a circular limit cycle in both steady-state and transient
conditions, featuring exceptional output compensation current
quality.

(3) Strategies for tuning the parameters of the VOC are
proposed to ensure the performance of the SAPF, and the
characteristics of the critical parameters associated with the
SAPEF’s transient response are analyzed.

Numerical simulations and field tests justify the advantages
of the VOC-based SAPF. Compared to the conventional SAPF,
the VOC-based SAPF exhibits significantly improved
performance in reducing power ripple and providing voltage
support to the system, with a faster response.



The remainder of this paper is organized as follows. Section
II presents a new configuration of the SAPF. The proposed
VOC-based SAPF and the selection of its main parameters are
introduced in section III. Numerical simulations are presented
in Section IV, and filed experiments are given in Section V.
Finally, conclusions are made in Section VI.

II. DESCRIPTION OF THE SAPF

A typical SAPF consists of a DC power source, a DC side
capacitor, a series of DC-AC converters, control circuits, and a
coupling inductance connected to the grid. The DC side
capacitor serves as an energy storage element. The coupling
inductance connected to the grid affects the characteristics of
the compensation currents. Fig.1(a) shows the Pl-based
conventional SAPF, and the output of the DC
voltage(+Vdc,0,-Vdc) is fed to the primary of the transformer.
The secondary terminals of the transformer are connected in
series to generate the phase voltage[22]. It can be seen that the
traditional SAPF with cascaded multilevel converters utilizes
an independent transformer for each H-bridge IGBT, which
increases both the size and cost. Fig.1(b) shows the
configuration of our proposed SAPF, which has six H-bridges
for each phase and corresponding three-phase transformers.
Each phase of the multilevel converter is independent. Then,
the voltage across the secondary terminals of the series
transformers is connected in a string, resulting in a seven-level
output voltage that is supplied to the grid. This configuration
is critical to reduce output voltage ripple. The following
equations describe the relationship between primary and
secondary voltages of the three-phase transformer.

Vi 2 -1 -1\
Ve |=|-1 2 -1V, (1)

VCz‘ -1 -1 2 Vbi

Where the capitalized subscripts 4, B, C, represent the
secondary side of the transformer, the small letter subscripts a,
b, c indicate the primary side of the transformer, and subscript
i means the transformer number, as shown in Fig.1(b). The
output voltage of SAPF is

Voas VitV Vg
Vo | =| Va1 + Vo + Vs )
Voca Ver +Ver +Ves

Moreover, it can be observed from Fig.1(b) that the
proposed topological structure of the SAPF applies the
common leg operation with a three-phase transformer
arrangement, which significantly reduces the number of
transformers compared to conventional SAPFs. Such a
configuration is quite suitable for a grid-connected system. In
addition, the output of the SAPF depends on the accumulated
voltages, which are synthesized with corresponding reference
currents.

The AC current with harmonics on the power grid can be
expressed as:

i, () =1sin(ey+@)+ Y. I, sin(na,t+g,) 3)
n=0,n#1
From (3), it can be found that the current can be divided
into two parts, the fundamental components /isin(w1t+¢1) and
harmonic components I sin(nwatt@,). To compress the
harmonics, the compensation currents generated by SAPF i.
should be:

LO=— > I sin(nay+g,) @)

n=0,n#1
To effectively generate such compensation currents, the
control strategy of the SAPF is critical.
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(a). The configuration of the conventional SAPF.
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(b). The configuration of the proposed SAPF.
Fig. 1 Different configurations of the conventional and proposed SAPFs

III. CONTROL APPROACHES OF THE VOC-BASED
SAPF

In this section, we propose a VOC-based SAPF control
strategy to compress the harmonic currents. The virtual
oscillator control is based on the Van der Pol oscillation



circuit, which mainly consists of three parts: i) Resonant LC
circuit: the circuit sets the system frequency and resonant
frequency; ii) Nonlinear voltage-dependent current source:
is=av’, where a is a positive constant; iii) Negative
conductance damping element: -1/0. The configuration of
VOC is shown in Fig.2.

A. Dynamics of a converter based on VOC

In real practice, optimizing the characteristics of the
nonlinear oscillation circuit is a complicated task. To
accommodate the performance requirements of various
converters, the voltage gain K, and the circuit gain K; are
given to regulate the output voltage and external circuit levels
of the VOC. Figure 2 illustrates that the differential equation
of the oscillating circuit can be expressed as follows:

di, _ v
dt K,
5
v X (5)

\
4 = —(ZP-FO'V—KVZ.L _KvKii
t
v
Where iz is the inductance current of the virtual oscillator and
v is the terminal voltage of the converter.
v(f) can be expressed as:

v(t) = x/EV(t)cos(a)t + Q(t)) = x/EV(t)cos((/ﬁ(t)) (6)
Where w is the frequency, ¢(¢) is the instantaneous phase of

the voltage. To simplify the expression, the following
variables are introduced [23]:

L S 3a *
gz\E’g(v)zv_?vs’ﬁzl(vaa,mwt:(l/ﬁ)z )

Where ¢ denotes the square root of the ratio of L and C. f
represents the damping coefficient of the Van der Pol
oscillator.

Substituting formulas (6) and (7) to (5), we can obtain:

V=Z—iz%(dg(ﬁl/cos(¢))—KvKii)cos(¢) ©
. dg £ A
:_:1——< x/EVcos -K K. )Sll’l
=0 og( (¢))- K K Jsin (¢)
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Fig. 2. The control block diagram of the VOC-based SAPF.

The nonlinear differential equations (8) can be simplified
and solved by using the averaging method [24], as shown in
equation (9), the detailed derivation from equation (8) to (9) is
provided in Appendix A.

dy_o (V_EWJ_L’EE

dt 2C 2 2CV
)
d -~ KK, =
—9 =—_2
dt 2CV

Where V, 6, present the average amplitude and phase angle of
the SAPF’s port voltage. P and Q are the average active power
and reactive power output of the SAPF, respectively.

The system phase trajectory solved by the average model in
the quasi-steady state and the phase trajectory of the original
nonlinear system are shown in Fig.3, respectively. It is
indicated that the error between the average model and the
original model is only in the high-order harmonics. This
conclusion is also available in the dynamic process [25]. It can
be concluded that the differential equations of the above
average model can be used to synthesize the virtual oscillator,
which provides the ability for the SAPF to regulate the voltage
frequency and amplitude.

original
nonlinear

/» averaged

»

K ei,

Fig. 3. Superimposed quasi-steady-state limit cycles of the original nonlinear
model and the average model.

B. Dynamics of a converter based on VOC

The performance of the VOC is influenced by the
parameters set, which include i) current gain K; and voltage
gain K,, ii) voltage regulation parameters o and a, and iii)
harmonic oscillator parameters L and C.

1) System synchronization conditions

The VOC-based SAPF applies the resonance characteristic
of the oscillation circuit to realize synchronization with the
grid. It can be observed from Fig.2 that the VOC samples the
output currents as input signals for the oscillation circuit to
generate the reference voltage v* abc that matches the
frequency of the grid. Moreover, the synchronization ability of
the VOC does not depend on the inertia, but depends on the
resonance voltage condition. According to the Barbalat lemma,
the sufficient condition for the system to have spontaneous
synchronization is [26]:



| dg(v)
dv

(K.K,)'Z
KK) ' Z

Z

line osc

+7

line osc

<1 (10)

max ||
)

2
Where||*||2 is Euclidean norm. Z;,.=(1/jLs +1/jowLs,+joCp)!
is the output filter impedance of the converter and Z,,. =
(1/joL+jwC)" is the impedance of the shunt branches of the
oscillation circuit.

From (10), it can be seen that the synchronization condition
depends on the current gain K;and voltage gain K.
2) Voltage and current gain

Figure 2 shows that the parameters K, and K; determine the
converter's terminal voltage and output current ratio,
respectively. The appropriate value settings of K, and K; can
be derived from the equilibria of equation (7), it can be
expressed as follows:

eq

Where P,, and V,, are the active power output and average

)

voltage amplitude, respectively. When solving the steady-state
open circuit voltage V.. , the converter power balance
condition can be obtained from equation (11)

opV. —20V. +2K,K,P, =0 (12)
The positive root of equation (12) is
1
_ o+ o’ —6a(K,/K,)P, |
Vey =K, | ( ) (13)

3a

Equation (13) has two solutions, and the high-voltage
solution is locally asymptotically stable within the
standardization power flow approximations. It is implicit that
the terminal voltage of the VOC is set as the high solution of
equation (13) under most operating conditions. The detailed
derivation can be found in Appendix B. By substituting P bar,
subscript P, = 0, into equation (13), we can obtain the open-
circuit voltage of the inverter.

Vmax = KV 2_6

3a (14

If the capacitor voltage is 1.0 p.u. and the converter terminal

voltage is equal to the steady-state open circuit voltage Vimax,
we have

K =V

v max (15)

K; is selected to match the following situation: when the

converter output current is 1.0 (p.u.), the active power is Py..
Then, K; can be set as

K = Knin

" P

rated

(16)

3) Voltage regulation parameters o and a

According to the voltage regulation characteristic of
equations (14) and (15), the conductance o and the cubic
coefficient of the controlled current source a can be designed.
It is worth mentioning that the high-voltage root is a
decreasing function of P,,. Hence, in order to ensure 0 < P, <

P,.., it is necessary to guarantee that the terminal balance

voltage of V., is bounded between the limits: Vi < Veg < Vimax.
It can be seen from equation (13) that when K, =V max is
determined, the relationship between o and a is
20
BE
Then substitute Py, = Py and Vg
(12), it can be derived that.

amn

= V., into equation

_ o+yo? —6a(K,/K,) By, |

Vmin = Kv (18)
3a

Substitute equation (15) and equation (16) into equation
(18), and it can be obtained

14 v
o= _max — max_ 19
Vmin anax - Vrznin ( )
4) Stability analysis of the VOC amplitude and phase

dynamics
(1) Amplitude Dynamics analysis

According to the average model discussed above, phase
offsets are fixed to their average value, that is,

5=5eq, following which the terminal voltage amplitude

dynamics, recovered from (9) can be given as
7y =27, L7 |- R cos(T, ~0)+ 2,7, |
eq 20 eq eq 20 leq COS( eq gD) osc’ eq

2
(20)
Theorem 1 (Local Exponential Stability of Decoupled
Amplitude Dynamics): Consider the decoupled terminal
voltage amplitude dynamics in (37). Suppose that each
inverter is loaded according to (16). If an equilibrium V,,
satisfied:
Vmin < Veq < Vmax (21)
then it is locally exponentially stable.
Proof: Suppose the perturbation occurs of the voltage
amplitude around the equilibrium point, given that = +
, where  presents the disturbance. According to equation
(17), the differential equation for the perturbation component
can be obtained, that is, =KT , where K=K, K,, and the I'
can be expressed as:

r-2 (1L -1, (22)
2CK 2 “ 4C
If we ensure
i{l—ﬁi j—lzm <0 (23)
2K 2 ) 4

then ' is negative definite. By Sylvester’s inertia theorem
[22], the inertia (i.c., the triple of positive, negative, and zero
eigenvalues) of I and KT are identical since K; K, > 0 and K is
positive definite. Consequently, KI' is negative definite,
provided (23) is satisfied. The upper bound V,, in (12) is the
open-circuit voltage Vmax.
(2) Phase dynamics analysis

Assuming that the terminal voltage amplitudes are fixed to
the equilibrium values, that is, V=V, and the phase dynamics
presented in equation (9) can be written as



ié =Aw+ K_
dt 2¢cr,,

Theorem 2 (Local Exponential Stability of Decoupled Phase
Dynamics): Hypothesize that there exists an equilibrium 6,

i, sin(0-9) (24)

meet that

0y —9| >% (25)
Suppose there are local current sources to inject reactive
power. In that case, the condition |0,, —¢>n/2| is easily
satisfied, and the equilibrium value of the phase 6,, is locally
exponentially stable. Notably, the electrical power inverters
(i.e., PV inverters) are usually equipped with reactive power
compensation devices.

Proof: Assuming the disturbance of the phase happens
around the equilibrium point, where 5=5eq+9 , so the
differential equation for the perturbation component € can be

obtained, thatis, = KOV,

g »the O can be expressed as:

K _ _
®=—=1i,cos(b, —¢ (26)
s et

If we ensure] 5&, — | >m/2, then O is negative definite.
Consequently, KOV,, is negative definite and, therefore, the
phase dynamics are locally exponentially stable.
5) The transient response of VOC related to parameters o, L
and C

The harmonic oscillator elements L and C are determined
by the frequency regulation characteristics, rise time, and the
ratio of the third harmonic to the fundamental frequency. The
converter frequency can be obtained from the frequency
regulation characteristic of equation (9)

« KK~
w,, =0 +——0, 27
“ 207, & @7
According to the maximum frequency deviation of design
input |4o|max, substitute K, and K; in equations (15) and (16)
into (27), the maximum output reactive power under the
minimum allowable terminal voltage V.;, , and the lower
bound of capacitance C is
IRz

oc

2> —
2|Aa)|max Vm

Qrate min

D YA
7~ ok,

(28)
in
Where Q,,, is the maximum average reactive power that the
inverter can obtain. If P =0, the voltage dynamic response is
formulated as

2173]

dy_o(y_
dt 2C 2
For the integral on both sides of the ordinary differential

equation, the upper and lower limits are set as 0.1 Vmax and 0.9
Vmax, and the rise time can be obtained

_By

— 0.9 6
o @ EC
Observing from equation (30), it is deduced that the gain ¢
significantly affects the system response speed. Combining
equations (19) and (28), take the allowable maximum rise time

29)

b :i{log 7-Liog (30)
&o 2

tise as the design input, and the upper bound of capacitance C

max

is

max 7 772

The ratio of the amplitude between the third harmonic and
the fundamental component is denoted as d3.1, which can be
expressed as[27]

(32

Taking the maximum ratio as the design input, the
additional lower bound of capacitance C can be obtained by
equations (31) and (32)

V. v: -

860*531]:}ax I7min 1703 _Vn%in
Then, the range of capacitance C can be determined by
equations (28), (30) and (33). When the above conditions are
met, the inductance L can be obtained from o = +/LC. Thus,
the harmonic oscillator parameters L and C can be determined
by

j— (34)

2
¢(’)
C. The voltage reference for VOC based on the ANF

When the system is in a quasi-steady state, the phase angle
offset @ related to the system frequency w is denoted as:

. KK, =

6 ja)dt,a) 1) +2CI72Q (35)

Where w* is the nominal frequency of the grid, while the

harmonic oscillation emerges in the system, the dynamical

models for amplitude V" and frequency w are restored as:
P:i[f_ﬁwj_’(v_’ﬁ(ﬁ_ﬁ)

2C 2 2CV (36)

. KK (= A
w=0 +En-a)m,+2CI72 (Q—Q)
Where, E, is the enable signal whose value is 0 or 1, and wo. is
the harmonic oscillation frequency, which is detected by
interpolated discrete Fourier transform (IDFT) [28], and the
harmonic oscillation frequency wo.. can be formed by the
superposition of multiple resonant frequencies. P and QO
represent the average values of the system's instantaneous
power. Moreover, P and Q respectively represent the active
power and reactive power calculated from the currents Ira, I1s,
and Iy filtered by adaptive notch filters (ANF), as shown in
Fig.4 (a). A set of ANFs can be configured according to the
practical operating conditions. This paper uses four ANFs
cascaded to address different operating conditions and
harmonic coupling phenomena [29].
The transfer function of the ANF can be expressed as
follows:
2, 2
Gnutch (S) = i a)n

= (37)
52 +4’s+a)f

Where { is the quality factor, and w, is the trap frequency.
Unlike the bandpass filter, the ANF can automatically adjust



its parameters according to the actual project requirements
[30], which is suitable for the three-phase stationary
coordinate frame. Therefore, the fundamental component will
be filtered when the sampled signal passes through the ANF.
Then, by subtracting the original signal from the former, the
harmonic components can be obtained, which will be used for
the calculation of the P and Q . Then, the voltage reference of
the VOC can be obtained, as shown in Fig.4 (b).

To embed the ANF in the control system, it should be
discretized and digitized. The Tustin transformation with pre-
warping gives a better match between the continuous-time and
the discretized mode, and the transfer function of the ANF
after the Tustin transform is

G/mz‘uh (Z) = Gu()rch (S‘)‘N:;\.Zifl

z+1
(k2 +a)5)—2(k2 —a)f)z 1+(k2 +a)f)z :
(K + o) +k)-2(K =) )2 + (K + o) —k¢ )27

(38)

To simplify the number of coefficients of the transfer
function, the above equation can be rearranged as

1 (l+x2)—2xlzfl +x, (272 +1)

G(Z)ig' 1—,\'1271 +x2272 (39)
Where
2(/\'2 7(05)
Al_k2+a)f+k§’ k:i (40)
B kK + o —k¢ I
Kol +kC

The series notch frequency wn is also determined according to
the harmonic oscillation frequency identified by the
interpolated IDFT. Notably, the enable signal is asserted to 1
exclusively when the measured harmonic amplitude surpasses
the threshold. This mechanism serves to mitigate spurious
activations of the SAPF arising from transient system
perturbations or measurement noise. The value of the
threshold set in this paper is 3% of the fundamental wave
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(b) The reference for the VOC
Fig. 4. The reference for the regulation voltage of the SAPF based on VOC

IV. SIMULATION RESULTS

To wverify the performance of the proposed SAPF,
simulation tests were carried out using PSCAD/EMTDC. The
test system topology structure is shown in Fig. 4, in which the
power electronic converters are the primary sources of power
harmonics. Besides the proposed VOC-based SAPF, the PI-
based SAPF [31] and super-twisting sliding mode control-
based SAPF have also been implemented and tested for
comparison. The parameters of the VOC-based SAPF are
listed in Table L.

TABLE I
PARAMETERS OF THE SAPF
Parameters Values
Line resistance R, 0.85Q
Line inductance L; 1.0mH
Oscillating Circuit inductance L 1.82mH
Oscillating Circuit Capacitor C 980 uF

Rated Voltage V,, 220V

Rated Active Power P, ;.4 100MW
DC-bus Capacitor C 1760 pF
DC bus voltage reference Vi 254V
Voltage and Current gain K~=1.2, K=0.53
Control gains 0=1.73, 0= 1.15

A. The oscillation caused by PLL bandwidth change

The simulation case is set as follows: at 2 seconds, the PLL
bandwidth of the power converters increases from 40Hz to
120Hz; after that, the system oscillates. Fig.5(a), Fig.5(b),
Fig.5(c), and Fig.5(d) illustrate the different wave shapes of
the grid current i, in which the proposed method, the PI-based
SAPF, active damping, and no filter is adopted, respectively.

In Fig.5(a), since no measures are used to prevent the
oscillation, the FFT result (during 2~2.5 seconds) presents that
the total harmonic distortion of the current (THD) is
approximately 17.5%. Hence, the grid current suffers from
significant distortion. The PI-based SAPF is put into the
power grid at 2.04 seconds, and the current THD is reduced to
8.5%, as shown in Fig.5(b). However, there is still some
distortion in the grid current. Fig. 5(c) shows the simulation
results of the super-twisting sliding mode control-based SAPF.
Similarly, it was input to the grid at 2.04 seconds, and after
approximately 0.1 seconds, it began to take effect, resulting in
a decrease in THD to 3.52%. Fig.5(d) presents the
compensation results of the proposed VOC-based SAPF. The
VOC-based SAPF was activated at 2.04 seconds, and the FFT
results show that the harmonics of the grid current are almost
entirely eliminated. After 0.04 seconds, the current THD is
decreased to 2.6%.

The active power, reactive power, and dc bus voltage with
different compensation measures are shown in Fig.6. It can be
confirmed that the proposed method suppresses the oscillation
very fast and demonstrates the best dynamic performance.
Compared to the conventional PI-based SAPF, the proposed
method can provide a faster harmonic compensation speed.
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Fig.6 The active power, reactive power, and the dc-link voltage under
different compensation methods

B. The oscillation derived from active power change

An alternative simulation case is conducted to investigate
the suppression effect of the proposed method on oscillations
under various operational conditions. Here, the active power
reference of the electronic converters is increased to 1.05 (p.u.)
after 2 seconds and then returned to 1.0 (p.u.) after 3.75
seconds. The distinct current waveforms are shown in Fig.7
with different compensation approaches.

In Fig.7(a), no suppression strategies are implemented, the
grid current is distorted, and the THD increases to 34.7%.
Fig.7(b) shows that the PI-based SAPF cannot effectively
compensate for the harmonics. From the simulation results of
the super-twisting sliding mode control-based SAPF in Fig.
7(c), the THD is reduced to 3.64%. Compared to the other
measures, the VOC-based SAPF still exhibits the best
performance; the THD of the current decreases to 2.58%, as
shown in Fig. 7(d).
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Fig. 7 Current waveform and FFT results of the grid current under different
compensation methods

In addition, the active power, reactive power, and DC bus

voltage with different compensation methods are shown in Fig.

8. Fig. 8 also indicates that the proposed method can eliminate
harmonics with the fastest speed.

C. The Dynamic performance analysis of VOC

In this subsection, two cases are presented to compare the
dynamic performance of the proposed SAPF with that of the

PlI-based one, particularly in terms of response speed.

without filters with PI-based SAPF
with super-twisting sliding-based SAPF with proposed strategy
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Fig. 8 The active power, reactive power, and the dc-link voltage under
different compensation methods

In case one, the harmonic current suppression effect of three
different SAPFs is compared under two different oscillation
modes. In scenarios 1 and 2, the oscillation is generated by
raising the PLL bandwidth. As for scenario 3, the oscillation is
produced by increasing the connection impedance between the
converters and grids (decreasing the short-circuit ratio (SCR)).
Fig. 9 compares the dynamic behavior and response speed of
implementing the PI control-based SAPF, the super-twisting
sliding mode control-based SAPF, and the VOC-based SAPF
in all scenarios, respectively. The horizontal axis represents
time, while the vertical axis denotes the error in terms of the
quadratic norm between the compensated currents and the
reference currents, which is expressed as

s —iei], k=abic (1)

From Fig. 9, the VOC-based SAPF can reduce distortion
much faster than the super-twisting sliding mode control-
based SAPF and PI control-based SAPF in scenarios 1 and 2.
In scenario 3, the compensation effect of the VOC-based
SAPF is significantly better than that of the other SAPFs in
terms of response speed and damping of oscillations. Note that
only phase “a” current errors are presented here, but the other
two phases have similar results. From this simulation, we can
conclude that the VOC-based SAPF has predominant dynamic
performance for mitigating system resonance caused by either
increasing PLL bandwidths or decreasing power grid strength.

In practice, improper parameter settings of the power
converters can lead to harmonic oscillations when operating
conditions change. To investigate the dynamic performance of
the proposed method, we increase the inner loop control
bandwidth of the converters to enhance the output power, and
the test results are presented in Fig. 10. It is evident that the
VOC-based SAPF reduces harmonics more rapidly. These
waveforms also indicate that the VOC-based SAPF
outperforms the PI control-based SAPF and super-twisting
sliding mode control-based SAPF in suppressing harmonic
oscillation.

Therefore, the numerical tests demonstrate that the VOC-
based SAPF can more effectively compress harmonics in
terms of the time response speed and the final current
waveform.
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Fig.9 Dynamic performance of different SAPFs for mitigating
harmonics incurred by the change of PLL bandwidth and SCR.
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Fig.10 Dynamic performance of different SAPFs for harmonic mitigation at
different output power levels of converters.

D. The Impact of critical parameters on the transient
response of the VOC-based SAPF

From equation (30), it is evident that the parameter o
dictates the transient response characteristics of the VOC
output. A larger o corresponds to a smaller maximum rise time
¢t thereby enhancing the transient response speed of the
VOC. However, as the preceding analysis suggests, an
excessively large o leads to a reduction in the dynamic
processing of voltage magnitude, thereby deteriorating the
system's disturbance rejection capability and stability. Figure
11 presents an analysis of the VOC transient response
characteristics under different scenarios with varying o. As
depicted, for a relatively large o (6=2.38), the current error
demonstrates rapid decay, yet the system exhibits
compromised disturbance rejection capability, potentially
leading to an increase in current error under certain conditions.
Conversely, for a relatively small ¢ (¢ =1.14), the current error
decay of the VOC output is sluggish, resulting in suboptimal
dynamic performance.

Furthermore, as deduced from Equations (30) and (7), the
capacitance C of the oscillatory circuit exerts a significant
influence on the transient response characteristics of the VOC
output, with a positive correlation established between C and
the maximum rise time #jos . A larger C is associated with an
extended trise max, thereby retarding the transient response
speed of the VOC. However, Equation (33) indicates that C
cannot be designed below a critical threshold, as this would
compromise system stability and induce harmonic distortion in
the VOC output. Figure 12 illustrates the VOC output
characteristics under different scenarios with parameter C
varied. It is revealed that the calculation results of the error
current match up with the theoretical analysis.
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V. FIELD EXPERIMENT

To validate the proposed VOC-based scheme, a SAPF of a
125 kW three-phase LCL-type grid-connected converter
controlled by the wvirtual oscillation method has been
implemented in a power supply area of the Shandong province
in China, and the connection structure is shown in Fig.13.
There are four grid-following PV inverters with a rated power
of 125 kW connected to the grid. The power conversion
system is used to supply DC power to the SAPF, IGBT
switches, and the main inverter components. In addition, the
AC side voltage of the PV inverters and the SAPF is 220V,
and the high-voltage side of the transformer in the power
supply area is 10kV.
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Fig. 13 Wiring diagram of the field experiment.

The experimental test one is as follows: after all four PV
inverters are connected to the grid and run stably for 5 seconds,
increasing the PLL bandwidth causes the system to oscillate.
Then, the SAPF is applied in 1 second. Fig. 14 compares the
dynamic experimental waveform of the proposed method with
that of the PI-based SAPF. Fig. 14 shows that the grid voltage
becomes distorted when the PLL bandwidth is increased. After
applying the VOC-based SAPF for 0.22 s, the grid voltage
tends to become a sinusoidal wave. However, when the same
conditions are set, the super-twisting sliding mode control-
based SAPF consumes approximately 0.28 seconds to respond.
Meanwhile, the Pl-based SAPF takes effect about 0.32
seconds after the filter is applied, while the QPR-based SAPF
is slightly faster than the PI-based SAPF. As shown in Fig. 14,
the grid current, i,, is kept in phase with v,, with a similar
transient observed after the SAPF is applied. Additionally, as
illustrated by the THD of the system post-harmonic
compensation in Fig.14, the VOC-based SAPF proposed in
this paper demonstrates optimal compensation performance
for the grid current i,.

Test 2 is carried out as follows: when all four PV inverters
are operating in a steady-state condition, the system’s load is
ramped up, and the PV inverters’ output power is increased
from 1.0 (p.u.) to 1.08 (p.u.). At the same time, system voltage
and current experience waveform distortion. The comparison
of the phase-A voltage and current waveforms at the PV
inverter output after deploying different types of SAPFs is
shown in Figure 15. It is revealed that the SAPF based on the
proposed method has the fastest response speed while also
demonstrating the best suppression effect. The SAPFs based
on PI and QPR control exhibit comparable performance.
However, possibly due to the improper setting of control
parameters, the sliding mode control-based SAPF performed
worse in experiments than in simulations, resulting in a
slightly higher system THD after its deployment.

Test 3 procedure: After the system operates stably for 5
seconds, the phase A voltage is short-circuited to ground,
reducing the voltage to approximately 66.7% of the rated
value. The inverter output current experiences an immediate
transient increase, and the SAPF is activated. As shown in
Fig.16, all types of SAPFs can provide voltage support. The
VOC-based SAPF proposed in this paper takes effect within
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0.22 seconds after activation, restoring phase A voltage to
approximately 93% of the rated value. PI-based and QPR-
based SAPFs exhibit comparable performance, recovering
voltage to approximately 85% of the rated value. Notably, the
Pl-based SAPF suffers from instability after approximately 0.4
seconds of operation, possibly due to PLL issues. The super-
twisting sliding mode control-based SAPF raises voltage from
166V to 197V, yet the current THD is somewhat high (6.98%).
The test results demonstrate that the proposed method
outperforms other SAPF types under voltage disturbances,
providing rapid voltage support, suppressing short-circuit
currents, and reducing harmonics.
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Fig.14 Dynamic experimental waveforms of the grid based on different
SAPFs.

QPR

Sliding
"]

THD=3.88% | A

T, [168A - | | L TI76A]
N \/W/’\/\\/\/:/\/\\/\v/]\f/\ﬁw.{«\/\ e
THD=5.85% \/\/M\/\I\A/AM\V/\/J\A/MN
|

THD=5.28%- : | N\ /T

I N N

Time=0.21s

THD:l‘92%\/\/%,"72@\/'\/\/\I/\/\/K\/\/\'/\/\/
THD=2.76% \/ \//\ /\\/ \//\, /\\/ ‘\/’/\, /\/\/\//\\/\/\/
27K AN AN ANV AANANS
2924~ ANAANANVANANNANANN

Fig.15 The dynamic responses of different types of SAPFs after experiencing
power disturbances.

In summary, the proposed VOC-based SAPF demonstrates
superior performance across various experimental scenarios,
capable of rapidly providing voltage support, reducing
harmonics, and enhancing system stability in response to
power and voltage disturbances.
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VI. CONCLUSION

In this paper, a virtual oscillator control-based synchronous
active power filter (SAPF) is proposed to compensate for the
unwanted harmonic components of the grid currents. The
dynamic performance of the proposed control strategy was
evaluated by theoretical analysis. The method for selecting the
appropriate parameters to ensure the SAPF's performance is
also presented. The simulation and field experiment results
demonstrate the satisfactory performance of the proposed
method in all cases. In addition, the field tests show that the
proposed VOC-based SAPF significantly outperforms other
conventional SAPFs in terms of response speed and mitigation
of harmonic currents and powers.

APPENDIX A

The instantaneous
expressed as

P(t)=v()i(t), O(t)= v(t —%}i(z)

active-and reactive-power can be

(AT)

The average real and reactive power over an ac cycle of

period T are given by
— (27w — @ 27lo
P=— P(s)ds, Q:— Q(v)a’v (A2)
27 Js=0 27

From equation (8), the following equation can be obtained

P £ og(\2V cos(4)) - K, K i)cos(¢)
V2 (o ) (A3)

- _ﬁ(gg(\/chos(qﬁ)) - KL,K,-i)sin(qﬁ)

Where ¢ = t + 6. The dynamical systems above are 27-
periodic functions in z. In the quasi-harmonic limit &->0,
following (A3), we obtain the averaged dynamics:
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Transitioning (A4) from 7 to wt coordlnates and retaining only
O(¢) terms, we get
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Recalling the definitions of the instantaneous real and reactive
power in (A5), we get

B P(1)
4 y-Lp3 o Zl T
aVi_o 2V +MIw Vol (ae)
dtlo| 20 0 4z C o)
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Then the equation (9) can be obtained.

APPENDIX B

From a small signal point of view, it can be proved that the
high voltage root in (10) is locally asymptotically stable. It is
worth noting that the voltage amplitude and phase dependence
of the real and reactive power output are described by

Py p( oq> eq) and Ocq= q( o> eq) respectively. By
linearizing (11) around the equilibrium point ( oq> eq) , the
linearized system can be obtained.

_ _ oP oP
af c [ %V:j"' KVIEV; P:)L _ KVIE: « _ KVIEV‘ e
2C 2 ) 2V 2Cy, ov 2CV,, 06
o, = K€< KK2 20, AT + KK2 a0, N
Vo oo2cv. oV 2CV;} 00

(B1)
When the line is inductively loaded, the following is assumed
to decouple the linearized amplitude and phase dynamics
oP, _
o0
In order to guarantee the stability of the average amplitude
dynamics, we ensure that

i(l 3/3%) NS
2c0C 2°%) acv, ¥

(B2)

KvKi aéq
20V, ov

<0 B3)

The stability condition obtained from equation (B3) shows
that the stable RMS voltage satisfies

@174—01/2 K KP_ >0 (B4)
2 eq ieq
For Py > 0, then V satisfies
2 5 )2
_ o+4o"+18(K;/K,)aP, _
7o 2 - o qu Vin (B
a

Also, if both roots are made to be real, P.yneeds to satisfy



2
0<P, <P, =—o

= m (B6)

Where P is referred to the critical value of the real power.
Then, we can bound V;,, as follows:

1
0'+\/0'2+302 2 o

I71im < Kv = Kv P Vcr (B7)
9a 3a
From (B7), it follows that Vel:gh>Vﬁm. Thus, the high

voltage solution is locally asymptotically stable.
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